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The Selection, Analysis and Implications of Rare AGN in Large Surveys
by C. L. Greenwell

There is a known connection between supermassive black hole growth and galaxy evo-
lution (e.g., Kormendy and Ho, 2013). Grasping the nature of this connection requires
understanding of both the growth of black holes via accretion, and how these processes
can affect their host galaxies. In order to understand the feedback between them it is
necessary to work towards a full census of the highly diverse population of AGN types.
This thesis aims to address the work needed to complete this census by assessing the
‘missing” AGN, applying different selection techniques to fill the gaps, and analysing
the AGN found in this way.

Lack of a complete census of AGN means that knowledge of vital population statistics
such as accretion rates or obscuration depths is incomplete. This thesis takes a first step
to solving this problem through all-sky searches in the immediate, local universe via the
Local AGN Survey (LASr; Asmus et al., 2020). In Chapter 2 we construct an unbiased
sample of local AGN, including both known AGN and candidate AGN. We select these
candidates using mid-infrared techniques, to identify AGN that have been missed in
photometric surveys at other wavelengths. The aim of this is to work towards a com-
plete sample of local AGN, and thus we must follow up the AGN candidates to confirm
them as true AGN or discard them from the census. We construct the most complete
all-sky galaxy sample within 100 Mpc (90% completeness for log(M./My)~9.4), four
times deeper than the current reference (the Two Micron All-Sky Survey Redshift Sur-
vey; 2MRS), which misses ~20% of known luminous AGN. Using MIR selection with
WISE, we find 221 galaxies with Lpuc(12 pm)>10%*3 erg s!. Among these are 61 new
AGN candidates. We begin a follow-up campaign with these objects, aiming to use op-
tical and near-infrared spectroscopy to perform AGN diagnostics and assess the results
of our AGN candidate selection. Here we present results from the first three targets
where we find two probable AGN, and analysis of an object believed to be a Compact
Obscured Nucleus.
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A major difficulty in selecting AGN - and hence an area where known AGN in LASr
are scarce - is recognising heavily obscured AGN. Almost every selection technique is
significantly biased against these objects and thus they are often missed from surveys,
despite possibly representing periods of intense growth in AGN life cycles. The most
promising method of selection is with hard X-rays (>10 keV). Selected from the 80-
month NuSTAR Serendipitous survey (Klindt et al., 2022, submitted), and expanding
on previous work on the 40-month catalogue (Lansbury et al., 2017a,b), in Chapter 3 we
find sources with an excess of emission in the hard band (8-24 keV) compared to the soft
band (3-8 keV), implying thick obscuration. We combine the NuSTAR data with avail-
able soft X-ray data (XMM-Newton, Chandra, or Swift-XRT depending on availability
and exposure) to study the properties of these rare AGN. From 14 hard X-ray selected
candidate Compton thick (CT) AGN we analyse the 9 with net sources >100, finding
4 CT (log Ny>24 cm~2) and the remainder heavily obscured (log Nij>23 cm~2), im-
plying a Compton thick fraction for NuSTAR selected AGN within z < 0.07 of 151160%
(combined with previous results from Lansbury et al., 2017a). Of the CT AGN, 29t2112%

appear to be in actively interacting systems.

In Chapter 4, at higher redshift we focus on one specific niche — Optically Quiescent
Quasars (OQQs) — which are optically bright, IR-coloured AGN (WISE W1 — W2 >0.8,
and monochromatic luminosity above AL)(12um)~3 x 10* ergs~!) that lack major
optical signatures. Initially we examine SDSS J075139.06+402810.9, a prototypical can-
didate at z=0.587, with an [O111] A5007A limiting flux about two dex below Type2
quasars at similar IR power. The source is significantly detected over 0.5-16 keV with
XMM-Newton and NuSTAR, unambiguously confirming the presence of current accre-
tion activity. Spectral modelling yields an intrinsic luminosity L;_jokev ~4.4x10%
ergs~!, well within the AGN regime, but underluminous relative to its infrared power.
Expanding to the wider population in Chapter 5, we select 64 objects that show no sig-
nificant [O II]A5007 emission as our OQQ sample. This would typically be a strong op-
tical emission line in AGN, and thus objects without it would normally be discarded.
As a comparison sample, we examine SDSS-selected Type 2 quasars (QSO2s), which
show a significant [O111]JA5007 line, but have otherwise similar properties to OQQs.
We find a 1:16 ratio of OQQs compared to QSO2s, suggesting that the OQQ duty cycle
is likely much shorter than the duty cycle of QSO2s (though selection biases are not
fully quantified). These may represent the fully enshrouded or ‘cocooned” phase of
AGN growth, and comprehensive searches of such populations are thus vital to con-
strain AGN properties at important junctions in their evolution. Well-tested techniques
based on searching for isotropically emitted AGN signatures would be ineffective to
find such ‘cocooned’ phases, so this research aims to combine multi-wavelength selec-
tion techniques to uncover these hidden black holes. Alternatively, the observed lack
of optical signatures may represent a true intrinsic lack of emission lines; for example,
from a ‘young” AGN only recently ‘switched on’. Either of these possibilities make

0OQQs an interesting and under-studied avenue of AGN evolution.



With these three sections, I demonstrate the incomplete nature of our knowledge of
the true AGN population. I show how different selection techniques can begin to fill
in the gaps - firstly with ideal selection instruments operating over small areas to dis-
cover objects that are hard to find but not intrinsically rare, and secondly with more
general vast surveys across large areas of the sky, finding rarer objects that may repre-
sent under-examined areas of AGN evolution. With NuSTAR I reveal three previously
unknown Compton thick AGN and confirm another. Using a combination of MIR se-
lection and optical non-AGN appearance I select a group of AGN and classify them as
‘Optically Quiescent Quasars’. I make a detailed study of their properties, including an
in depth analysis of a prototype OQQ. Finally, in Chapter 6 I conclude by placing these

chapters into context with each other and with the wider AGN zoo.
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Chapter 1

Introduction

This section will introduce background concepts, physics, and other information rele-
vant to the thesis. It will also introduce the main questions this thesis aims to address,
their background, and relevance to the wider field. It will outline the importance of
finding and identifying unknown Active Galactic Nuclei (AGN), how a more complete
AGN census will contribute to and enhance the interlinked topics of AGN and galaxy
evolution, and how previously unidentified AGN could fill some gaps in current un-

derstanding.

1.1 General AGN Background

The evolution of galaxies over the lifetime of the universe is a major field of study in
astronomy. One of the primary factors in this process is the presence of a supermassive
black hole (SMBH; ~ 10°-10° My,) in almost all but the smallest galaxies. Mass (and
therefore growth) of SMBH and galactic bulge have been established as related in the
local universe (Mpp~ 0.006My,;q.; see e.g., Magorrian et al., 1998). In the further uni-
verse (see e.g., Yang et al., 2019, z ~ 0.5 — 3; Mullaney et al., 2012, z ~ 1 — 2) it has been
shown that SMBH growth rate and star formation rate (SFR) are closely related for
bulge dominated galaxies, but not for non-bulge dominated galaxies, indicating that
it is the central bulge rather than the entire galaxy that evolves most closely with the
SMBH. Evolution of SFR and SMBH growth rate have also been shown to be related
on long timescales, peaking at similar redshifts (Aird et al., 2010; although there is no
strong relation over shorter periods, possibility due to high AGN variability that gets
averaged out over Gyrs).

Not all SMBHs accrete matter for all of their lives - most go through shorter phases of
active growth between longer periods of inactivity. Accretion feeds the powerful source
of electromagnetic radiation that we call Active Galactic Nuclei (AGN). The precise
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fraction that are accreting (such as bright quasars) versus dormant (e.g., Sagittarius A*
in the Milky Way) is unknown, partly due to the difficulty in estimating the numbers
of highly obscured AGN.

1.1.1 AGN power

The extreme energy output from AGN originates from accretion (see e.g., Alexander
and Hickox, 2012) - gas that comes close enough to the BH (< parsec distances) to be
affected by its gravity is drawn inwards. In the process large amounts of gravitational
potential energy are lost from this material, and this energy is radiated outwards. The
luminosity produced by a mass accretion rate of M onto a BH of mass M is given by:

GMM

L= = (1.1)
Conservation of angular momentum of the bulk of accreting material leads to the for-
mation of an accretion disc. In an optically thick, geometrically thin disc (e.g., Shakura
and Sunyaev, 1973) viscosity causes angular momentum from the infalling gas to be
transferred outwards as the gas falls towards the BH. At low mass accretion rates the
disc can instead be optically thin, and energy is lost via different processes; e.g. out-
flows. The temperature of the disc increases towards the BH, resulting in a spectrum

that is a combination of different temperature black-body profiles.

Thus AGN can be seen to accrete with widely varying processes - to compare AGN be-
haviour across different scales, we can use measures of accretion such as the Eddington
ratio and the radiative efficiency. The radiative efficiency is measure of how much of
the gravitational potential energy in converted into radiation, and for a BH (mass M)

accreting at a rate of M and with luminosity L it is given by:

L

€= W (12)

Raimundo and Fabian (2009) find that high values of € > 0.1 and rapidly spinning
BHs are required to reproduce the observed local mass function. High accretion rates
(Lgqq/€c? ~ 0.01-1) ensure that a geometrically thin disc is a good approximation of be-
haviour. At lower accretion rates, the disc ‘puffs up” and becomes geometrically thick,
with cooling becoming inefficient in optically thin discs. The effect of magnetic fields
becomes more dominant. With weak magnetic fields in an accretion disc with decreas-
ing angular velocity towards the outside, the rotation becomes unstable - magnetoro-
tational instability (MRI; see e.g., Balbus, 2003). Simulations show this contributes to
accretion processes in geometrically thin (e.g., Balbus and Hawley, 1991) or thick (e.g.,
Chan and Krolik, 2017) discs.
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The Eddington luminosity is the maximum achievable luminosity before radiation pres-
sure outstrips gravitational attraction (assuming spherical accretion and gas composed
only of hydrogen), and is given by:

471G Mpymyc
Lggg= ——— - (1.3)

T
where m,, is the mass of a proton and o7 is the electron cross-section. In reality accretion
is rarely spherical due to angular momentum, but Lgq4 nevertheless provides a useful
reference point. The Eddington ratio (Agqq4) is the AGN bolometric luminosity (L) as
a fraction of Eddington luminosity (Lgqq).

L
Mpaa = = (1.4)

AGN show a wide variation in Lgqq and Agqq, with values depending on AGN class
and redshift (Lusso et al., 2012). Ly, is not easily directly measurable, but can be esti-
mated from various measurements: for example MIR luminosity as a reasonable probe
of intrinsic disc luminosity (e.g., Vasudevan et al., 2010); alternatively assuming an
SED can allow calculation of luminosities across a limited wavelength range, which
can then be used to estimate bolometric luminosity. For example, Sagittarius A* has
Agdd ~ 1078 —1077; an extremely low end of the scale. Typical AGN have values in
the range 10~* — 1, depending on mass.

1.1.2 Classification of AGN

There have been many efforts to classify observed AGN by their various properties.
A comprehensive review of many of the classifications based on different properties
across the electromagnetic spectrum can be found in Padovani et al. (2017).

Optical classification is generally based on strengths, ratios, and widths of typical AGN
emission lines, for example [O111], H B, Ha (noting that these may be present in e.g.,
star-forming galaxies - parameters of these in combination inform us about the source
of emission). Other parts of the spectrum can also be used to classify AGN; some of
these are observational classifications only, some suggest intrinsic physical properties
of the AGN, and some result from interaction with the larger scale environment. A

summary list follows, with details in further cited sections.

* Optical classification (see Section 1.2.1.3):

- Quasi-Stellar Object (QSO) - first noted by Schmidt (1963), these are bright
point sources found at larger redshifts and therefore higher luminosities

than is possible for stars.
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- Seyfert Type 1 - galaxies showing bright, broad emission lines from the cen-
tral region (FWHM >1000 kms™1).

- Seyfert Type 2 - galaxies showing bright, narrow emission lines from the
central region (FWHM <1000 kms™~1).

— Low Ionisation Nuclear Emission-line Regions (LINERs) - galaxies with low
ionisation, narrow emission lines produced by gas irradiated by a non-stellar
source. Although many of these are AGN, it is likely that a significant num-
ber are not (e.g., Mdrquez et al., 2017), and are instead ionised by alternative

sources, e.g., shocks.

— Blazars - AGN with jets that are directly - or near to - pointed towards the
observer (i.e., viewed at ~0° or 180° in Figure 1.1). Jet speed is relativistic
and thus emission is beamed, making these sources extremely bright and
variable. They generally also show strong radio emission (as the jet is a
major source of this; Section 1.2.1.1) and in shallow imaging appear point-
like as the nucleus far outshines the host galaxy.

¢ Radio classification (see Section 1.2.1.1):

- Radio-loud/radio-quiet - these can be similar over most of the spectrum but

with an observed flux difference of several orders of magnitude in the radio.

— FRI/FRII (Fanaroff and Riley, 1974) - based on the spatial distribution of
observed radio emission from the jets, possibly due partly to interaction with
the inter-galactic medium.

¢ IR classification (see Section 1.2.1.2):

- Ultra-Luminous Infra-Red Galaxies (ULIRGS) - extremely bright in the MIR,
these tend to be disturbed galaxies. ULIRGs do not necessarily contain
AGN, and thus this classification does not describe a type of AGN, instead

a set of properties of galaxies that commonly host AGN.

— Extremely Red Quasars (ERQs) - these show a relative excess of IR emission
compared to optical.

— IR Power-law AGN - objects selected to have an IR spectral shape heavily
associated with AGN output; this is commonly the basis of MIR colour se-
lection (Section 1.2.1.2, or e.g., Donley et al., 2012).

¢ X-ray classification (see Section 1.2.1.5):

— Unobscured - with very low line-of-sight column density (log Ny <22 cm™2)
these sources have an apparent X-ray spectrum not significantly changed
from its intrinsic shape, analogous to Seyfert Type 1 optical AGN.

— Obscured - thicker line-of-sight column densities (22<log Ny <24 cm™2) re-
sult in parts of the spectrum being attenuated, along with reflection and flu-

orescence effects appearing.
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— Compton thick - column density increases beyond the Thomson scattering
cross-section (log Ny >24 cm~2), resulting in extreme absorption of the spec-
trum except at very high energies.

This list provides only an overview of major classifications. Many more detailed and
well-defined sub-classes have been identified, such as XBONGs (X-ray Bright Optically
Normal Galaxies; e.g., Caccianiga et al., 2007).

The generally accepted theory is that standard SMBH accretion takes the form of a
disc of matter orbiting and falling towards the central mass. The Broad Line Region
(BLR) outside of this consists of heated ionised gas, moving with very high velocity,
and producing the broadening of emission lines characteristic of Type 1s. The Narrow
Line Region (NLR) lies further out, consisting of cooler gas at lower velocities, and
producing the narrower emission lines we associate with Type 2s. Surrounding this is
a dusty “torus’, stretching from the sublimation radius (the point at which dust can no
longer exist at the high temperatures closer to the black hole) out to scales much larger
than this (see Figure 1.1). The exact arrangement of these components, the sizes, the
spatial geometry, the radiative properties, and the range of these properties that occur
are difficult to determine. While many individual AGN, and small samples, have been
studied in detail, deducing anything about the wider population of related objects can
be difficult.

1.1.3 Unification theory

The unification scheme of AGN (discussed in many papers, e.g., Ueda et al., 2014) at-
tempts to unify these disparate classes into a single group, with the differences being
mainly due to orientation angle, intrinsic luminosity (e.g., some suggestion of depen-
dence of covering factor on intrinsic luminosity; Stalevski et al., 2016) and, to a lesser
extent, other intrinsic variations (e.g., the presence or absence of jets). Line of sight to
the AGN can be directly onto the accretion disc, resulting in an unobscured AGN (e.g.
~0 degrees in Figure 1.1), through the “torus’ so that the accretion disc and BLR are not
visible, but NLR is (~90 degrees in Figure 1.1), or at angles in between. This model
suggests that all AGN are fundamentally similar. However, this unification does not
explain every observed property of AGN (e.g., ‘Changing Look” AGN, or those with
intrinsically weak emission lines), but goes a long way towards explaining a large num-
ber of objects. AGN that are not completely explained by any existing scheme can be
among the most interesting objects, but also frequently have very little data available.

Seyfert galaxies have been further classified into subgroups between 1 and 2 (e.g., 1.5,
1.8) derived from the relative strength of the broad and narrow components of emission
lines. The unification of Seyferts is based on the dusty ‘torus” obscuring the broad line

region from some angles, leaving the narrow region only visible. From higher viewing
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FIGURE 1.1: Graphic and caption from Marin (2016). Unscaled sketch of AGN uni-

fication theory. Colour code: the central SMBH is in black, the surrounding X-ray

corona is in violet, the multitemperature accretion disc is shown with the colour pat-

tern of a rainbow, the BLR is in red and light brown, the circumnuclear dust is in dark

brown, the polar ionised winds are in dark green and the final extension of the NLR

is in yellow-green. A double-sided, kilo-parsec jet is added to account for radio-loud
AGN:E.

angles, both regions are visible. Intermediate Seyfert types derive from viewing angles
looking through the edge of the dust, where it is less obscuring. The average cover-
ing factor (the fraction of a full sphere that is obscured by dust) can be estimated by
looking at the ratio of numbers of different Seyfert types, but the values found from
these are not always in agreement, and may vary with other properties of the AGN
(i.e., intrinsic luminosity). The exact geometry of the dust distribution is also under
debate - it is often referred to as a ‘torus’, but this is thought to be an oversimplification
of the structure. Many models try and account for observed data with a more accurate
intrinsic geometry. For example, Figure 1.1 is an unscaled schematic of AGN structure
(Marin, 2016) that shows the result of differing angular views: a type 1 AGN is seen at
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approximate inclinations 0°-60° (i.e., when an observer would have line-of-sight to the
NLR) while a type 2 AGN is seen at 60°-90° (when the line-of-sight is blocked by the

torus).

1.1.4 AGN evolution

Knowledge of the demographics of the AGN population is essential to our understand-
ing of how they evolve and influence their host galaxies. The majority of AGN are
affected by obscuration, which hides signatures from the centre (e.g., Ananna et al.,,
2020).

The orientation-based unification paradigm has helped enormously in providing struc-
ture to this quest (e.g., Antonucci, 1993, Netzer, 2015, Ramos Almeida and Ricci, 2017).
However, it has long been clear that this cannot be the whole story. In particular, AGN
have been shown to grow together with their host galaxies, on average, and the effect
of changing external influences (such as interaction with other galaxies) on their en-
vironment remains poorly understood. Finding AGN at various evolutionary phases
requires not only probing to higher redshifts, but also adapting and combining com-

mon AGN selection strategies in new directions.

AGN do not remain in a single state of luminosity or obscuration for their lifetimes.
They have been shown to vary over short timescales (e.g., Aranzana et al., 2018). Long
term variation may be due to varying amounts of mass available for accretion. For ex-
ample, Hopkins et al. (2008) describe the possible evolution of AGN activity due to a
gas rich merger (see Figure 1.2). The initial gas influx of the merger causes a sharp in-
crease in star formation rate, then as the gas reaches the central SMBH, causes the AGN
to become dominant, although still obscured. The remaining gas and dust is pushed
away by the increased power of the AGN, and it becomes unobscured. Once the ac-
creting material is used up, the AGN fades. This is only one possible narrative for
the changing views of AGN. Dramatic changes in AGN output unrelated to mergers
have also been observed. On shorter timescales (~years compared to Myrs) ‘Changing
Look” AGN display the signs of different classes over time - this can be optically (i.e.,
from Seyfert 1 to Seyfert 2) or X-ray (e.g., obscuring clouds moving through the line of
sight). These differences can be due either to changes in accretion or variable obscura-
tion; see Section 1.1.6. The source of these changes is not always well understood, and
the advent of high repeat timing surveys like LSST (see Section 1.3.9) will start to shed
light on these processes.



8 Chapter 1. Introduction

(c) Interaction/“Merger” (d) Coalescence/(U)LIRG (e) “Blowout” (f) Quasar

PG Quasar Hosts

5
%
|
&
P
<
o

= noVTO"S"Lt::\ Slr:: :,a(l:,:,i?l:::s interact & :g;iaﬁ:;izizsz:;:z!ent relaxation in core - BH grows rapidly: PTIEH)‘ - dust removed: now a “traditional” QSO
- SFR starts fo increase & starburst & buried (X-ray) AGN dominates luminosity/feedback - host morphology difficult to observe:
- stellar winds dominate feedback - starburst dominates luminosity/feedback, - r:’[“:;zz‘sn‘lis:ﬁ:s ::f;lle: 1) QSO: h tidal fga[vurﬁs El‘de/rapldly heroid
- rarely excite QSOs (only special orbits) but, total stellar mass formed is small & YP s - characteristically blue/young spheroi
recent/ongoing SF in host
i 5y high Eddington ratios
(b) “Small Group merger signatures still visible (g) Decay/K+A

NGC 7252

SFR [Mp yr']

- QSO luminosity fades rapidly
- tidal features visible only with
very deep observations
- remnant reddens rapidly (E+A/K+A)
- “hot halo"” from feedback
- sets up quasi-static cooling

- halo accretes similar-mass

companion(s)
- can occur over a wide mass range
- Mraio still similar to before:

dynamical friction merges <
the subhalos efficiently

(a) Isolated Disk

(h) “Dead” Elliptical

M81
M59

logyol Leso / Lo |

j = A_l . N i - star formation terminated
- halo & disk grow, most stars formed Time (Relative to Merger) [Gyr] - large BH/spheroid - efficient feedback
- secular growth builds bars & pseudobulges - halo grows to “large group” scales:
- “Seyfert” fueling (AGN with Mg>-23) mergers become inefficient
- cannot redden to the red sequence - growth by “dry” mergers

FIGURE 1.2: Schematic outline of the phases of growth in a “typical” galaxy under-
going a gas-rich major merger. Graphic from Hopkins et al. (2008). Image credit: (a)
NOAO/AURA /NSF; (b) REU program/NOAQO/AURA /NSF; (c) NASA/STScl/ACS
Science Team; (d) optical (left): NASA/STScI/R. P. van der Marel & J. Gerssen; X-ray
(right): NASA/CXC/MPE/S. Komossa et al.; (e) left: J. Bahcall/M. Disney/NASA;
right: Gemini Observatory/NSF/University of Hawaii Institute for Astronomy; (f) J.
Bahcall/M. Disney/NASA; (g) F. Schweizer (CIW/DTM); (h) NOAO/AURA /NSE

1.1.5 Obscuration Models

Large scale accretion onto AGN is unlikely to be perfectly isotropic, or perfectly disc-
like, for the entirety of their accreting lifespans. Studies of the Cosmic X-ray Back-
ground (CXB, see Section 1.4.1) conclude that there must be many highly obscured
AGN contributing to the observed X-rays. The observed shape of the X-ray luminosity
function (XLF) cannot be reproduced with observed proportions of AGN at different
Ny levels. Works on population synthesis models find that high fractions of Compton
thick AGN are required to produce the observed XLF due to their distinctive humped
spectrum, contributing only at a restricted range of energies (see e.g. Fig. 11 of Ananna
et al., 2019). The geometric form of the obscuring dust depends strongly on luminosity,
implying a response by the dust to the intrinsic AGN radiation. As AGN are known
to be intrinsically variable, and this response cannot be instantaneous, there must ex-
ist some objects where the AGN is extremely bright, but the dust has not yet been

reshaped and its covering factor reduced. AGN variability may not always result in
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changes in obscuration - for example, if the variation is on shorter timescales or over
smaller ranges of luminosity, the obscuring material may not respond. Many models
deduce that a large proportion of SMBH growth occurs in highly obscured phases like
these. These high covering factors could indicate strong but temporary growth rates (in
the absence of specific quantitative information like Eddington ratios, large amounts of
material around the BH could imply that accretion is greater than in a less busy sys-
tem). They could be the result of merger-driven turbulence (with the large influx of
material producing a transient, unstable, phase of higher covering factor than would
be sustainable long-term). The high luminosity could indicate a ‘switch on” in AGN
power due to this increase in available accretion matter. An alternative explanation
could be that these are not a transient state for the AGN, but a semi-stable longer term

form, for example if the accretion rate is slow or the dust cocoon is being consistently
fed.

Sources with extreme covering factors approaching unity could probe a unique phase
in AGN evolution, indicating either strong growth rates with plenty of available cir-
cumnuclear matter for accretion, or perhaps sky covering as a result of merger-driven
turbulence. Several studies have linked galaxy mergers with higher rates of obscured
AGN in MIR selected samples (e.g., Glikman et al., 2012, Weston et al., 2017, Satya-
pal et al., 2017). Although Seyfert galaxies with high covering factors approaching
unity have been inferred in detailed individual studies (Ramos Almeida et al., 2009),
the covering factor of AGN is seen to decrease in higher luminosity objects (see Sec-
tion 1.2.1.2; Lawrence, 1991). Theoretically, accretion from large scales is not expected
to be isotropic and is likely to be mediated via discs, warps and other instabilities (e.g.,
Honig, 2019). In certain models of AGN evolution, for instance, significant growth
occurs while the central engine is completely enshrouded by obscuring material with
~ 471 sky covering factors (e.g., Fabian, 1999). Well-tested techniques based on search-
ing for isotropically emitted AGN signatures would be ineffective in finding such “co-
cooned’ phases.

As discussed above, there are two natural conclusions: high covering factors are associ-
ated with high growth (and consequently high intrinsic luminosity); and covering fac-
tors are observed to decrease with high observed luminosity. These are not incompat-
ible. Firstly, if we consider AGN growing along the “typical” path shown in Figure 1.2
then highly obscured AGN will occur in phase (d), with large influxes of material caus-
ing both extensive covering and fast growth. In phase (e) the increased AGN lumi-
nosity blows out material and covering factor is reduced for more luminous sources.
In this case, we might expect luminous, fully covered AGN to be rare, but interesting
sources that may expose this brief phase in AGN evolution. Secondly, not all AGN will
follow the same evolutionary path - the reduction of covering factor with luminosity
is not universally found. Considering also that the unification model does not explain
all observed properties (e.g., Klindt et al., 2019), and that AGN do not complete their
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growth in a single active phase (e.g., Schawinski et al., 2015) then investigating these
unusual sources could provide insight into the complex puzzle of AGN growth.

One limitation of most works on covering fraction to date is the requirement for the
presence of AGN emission lines (typically forbidden lines from the narrow line re-
gion) in the optical or near-infrared, which are used to confirm the presence of an AGN
and/or redshift identification. If AGN emission lines are observed, this implies that
some optical power must be escaping the AGN environment and the source cannot be
fully covered. The presence of dust in AGN NLRs has been known for some time (e.g.,
Netzer and Laor, 1993, Haas et al., 2005, Netzer et al., 2006) and can attenuate forbidden
line fluxes, but selecting fully covered AGN is difficult, given the obvious observational
biases against identifying such a population. Searches for such AGN could be promis-
ing at wavelengths less susceptible to dust (e.g. NIR emission lines; Gandhi et al., 2002,
Imanishi et al., 2010 or hard X-rays; Ueda et al., 2007), but the prevalence of such pop-
ulations still remains unclear, especially at the luminous end. However, recent large
surveys now enable studies such as these, searching for elusive AGN subtypes, to be

carried out.

The obscuration is also not likely to be generally either static or uniform. Honig (2019)
shows that IR and sub-mm observations of the AGN system at very high resolution
can be best explained by a disc of accreting matter that puffs up towards the centre
combined with a dusty outflow. Thus the picture presented above in Section 1.1.3 is
a much simplified ideal, and considering the ways that real AGN deviate from this is
vital to understanding the overall population. The material that makes up the “torus’ is
now thought to be clumpy rather than smooth (e.g., Nenkova et al., 2008a,b), which is
reflected in detailed X-ray models such as XCLUMPY (Tanimoto et al., 2019). For lower
resolution observations, this structure is harder to distinguish and hence considering
the obscuration as a uniform ‘torus’ can be a useful simplification — but it is still a

simplification.

Obscuration is not limited to AGN-local material. Galaxy-scale obscuration has been
shown to play a role in AGN obscuration, although it is unlikely to approach Compton
thick column densities. For example, Buchner et al. (2017) analyse gamma ray bursts
and find a relationship between stellar mass and galaxy Ny with this column density
varying from 102°-2% cm 2. In Buchner and Bauer (2017) they use this relationship to
distinguish between galaxy and AGN obscuration, and show that galaxy-scale obscu-
ration may be responsible for a reasonable fraction of Compton thin AGN.
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1.1.6 Changing Look AGN

The column density and geometry of obscuring matter are expected to naturally evolve
as AGN and their host galaxies grow, and many models posit that the bulk of supermas-
sive black hole growth occurs in highly obscured phases (e.g., Fabian, 1999, Di Matteo
et al., 2005, Hopkins et al., 2006). AGN are also known to appear to change classifica-
tion over time, from Type 1 to 2 and vice versa (Yang et al., 2018). These objects, referred
to as ‘Changing Look” AGN, show changes in emission line and continuum flux over
timescales up to a few years. The physical mechanisms behind these changes are not
well understood: the two main theories are variation in line-of-sight obscuration (e.g.,
a clumpy torus; Elitzur, 2012), or change in accretion rate (e.g., Sheng et al., 2017, Stern
et al., 2018). The timescales over which many CLAGN are observed to vary makes this
second scenario — variable emission — more likely than changes in obscuration, which
happen on larger scales and thus over longer times (e.g., LaMassa et al., 2015, MacLeod
et al., 2019). Any unusual AGN appearance must be considered in this context - lack
of emission lines could be a transitional state of changing obscuration, or a change in
intrinsic line production. Obscuration can take many forms, both stable (resulting in
diverse AGN classes, e.g., Seyfert 1, Seyfert 2; Padovani et al., 2017), and transient
(some ‘Changing Look” AGN e.g., Risaliti et al., 2005, Ricci et al., 2016).

Similarly, AGN undergoing transitions may fail to be recognised as such. A sudden
onset of accretion activity on to a SMBH would require time to manifest itself on kpc
scales, due to the light-travel time to the NLR. During this phase, AGN may appear
to be ‘optically elusive’, and finding such objects can constrain AGN duty cycles (e.g.,
Schawinski et al., 2007). Comprehensive searches of such populations of objects are
thus vital to constrain AGN at important junctions in their evolution. Objects in the
process of ‘switching on” are a rare, brief chapter in the growth of AGN; an important

but not well understood period.

1.2 How do we search for AGN?

Understanding Active Galactic Nuclei (AGN) growth and evolution remains an ac-
tive research theme. Much of the uncertainty and contention arises from the fact that
AGN selection is a non-trivial problem. Broadband multiwavelength emission orig-
inates over a vast range of (logarithmic) physical scales of accreting and outflowing
matter around the central engine, and is further sculpted by obscuration and scattering
due to dust and gas (e.g., Brandt and Alexander, 2015, Hickox and Alexander, 2018) —
AGN that are obvious in one selection regime can be well hidden in others. If we are to
find and understand the complete AGN population, broadband strategies are therefore

necessary.
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AGN selection in each regime of the electromagnetic spectrum has both advantages and
drawbacks (Brandt and Alexander, 2015, Padovani et al., 2017). Optical selection, using
typical AGN emission lines, can miss heavily obscured or intrinsically faint objects
(Hickox and Alexander, 2018). Infrared (IR) selection offers the chance to investigate
AGN without optical signatures — the majority of IR emission from AGN is reprocessed
in the dusty regions, and therefore relatively unbiased (Gandhi et al., 2009, Asmus et al.,
2015). Multi-wavelength studies using combinations of large surveys can be used to
select AGN with interesting properties; furthermore extreme, unusual objects can be
found in these vast datasets.

1.2.1 What signals do we see from them?

The direct emission from the accretion disc in AGN (see Section 1.1.1) is highest in the
UV (see Section 1.2.1.4), but AGN are generally strong sources of radiation across the
whole electromagnetic spectrum. This intrinsic emission is modified by various pro-
cesses, resulting in the observed spectrum. These processes (and their signatures) are
different for various wavelength regimes. Figure 1.3 shows a typical AGN Spectral En-
ergy Distribution (SED) across the spectrum, and in this section I will outline the AGN
signals found in each region, their physical origins, and considerations on selecting
AGN based on emission in each band.

1.2.1.1 Radio

Radio emission is not observed in all AGN - ‘radio loud” and ‘radio quiet’ galaxies
show a large difference in observed flux (see the yellow lines in Figure 1.3), which is
parameterised in various ways (e.g., Balokovi¢ et al., 2012). These may be intrinsically
different types of AGN (e.g., Padovani, 2016). The bulk of radio emission is seen in
large scale jets which can extend over kiloparsecs (see Figure 1.1), and the shape of these
leads to another divide in radio galaxy class: type I and II (Fanaroff and Riley, 1974, ;
distinct from Seyfert types). FRI galaxies show radio emission close to the nucleus, and
FRII show a large separation between the brightest regions.

The physical process by which radio emission in AGN is produced is synchrotron emis-
sion - relativistic charged particles accelerated in magnetic fields. The spectral shape
produced by this is a powerlaw « v~%, and is often described as non-thermal emission.
Star-forming galaxies also produce synchrotron radiation, although this is usually in-
trinsically weaker and does not appear in kpc-scale jets.

In this thesis radio emission is not considered in depth - indeed, as blazars (see Section

1.1.2) are generally very strong radio sources and confidently known to be AGN, in
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FIGURE 1.3: Multi-wavelength unobscured AGN SED (black curve), with the main
physical components in coloured curves, In grey the SED of a star-forming galaxy is
shown for comparison. Figure from Harrison (2014)?.
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Chapter 5 we consider strong radio emission to be a sign that the apparently flat spec-
trum of our ‘hidden” AGN is not flat for the reasons we are searching for. However,
there is evidence that heavy obscuration and more luminous radio emission can be as-
sociated: Andonie et al. (2022) find that heavily obscured AGN show an excess of radio
emission compared to unobscured systems, possibly from either compact jets or AGN
outflow shocks. These systems also show increased star-formation and the differences

are unlikely to be due to a difference in orientation alone.

Radio can be used to select AGN that are low apparent luminosity due to dust extinc-
tion or obscured optically: Glikman et al. (2012) select dust-reddened quasars based
on 2MASS colour and detections at 1.4 GHz in FIRST. They consider the distinction
between reddened Type 1 AGN and obscured Type 2 AGN, and find that red quasars are
intrinsically luminous and thus likely to be in highly accreting phases, postulating that
this reddened phase is part of the evolution of AGN from enshrouded growth to un-
obscured. In Glikman et al. (2022) they investigate radio-independent selection of red
quasars and their radio detection fraction, finding that red quasars are both brighter
and have steeper spectral slopes.
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1.2.1.2 Near and Mid-Infrared

The infrared regime is particularly effective for studies of AGN dust covering factors,
and for studies of AGN with absorbed optical signatures. This is because dust serves as
a bolometer, absorbing and reprocessing the AGN power to the mid-infrared (MIR) and
providing a probe of the obscuring material in emission — as opposed to the absorption
pathway provided in optical and X-ray studies. This material is predominantly located
in the ‘torus’ (see Figure 1.1), but can also be found in dusty outflows and on larger
scales. IR is less affected by extinction than e.g., optical emission, and hence can better
penetrate dusty obscuration. High angular resolution multiwavelength studies suggest
that the MIR emission is effectively isotropic (Gandhi et al., 2009, Levenson et al., 2009,
Asmus et al., 2015, Stalevski et al., 2016). Covering fractions derived from MIR AGN
number counts and modelling of individual spectral energy distributions may also be
inversely related to luminosity (Maiolino et al., 2007, Alonso-Herrero et al., 2011, Assef
et al., 2013, Toba et al., 2013, 2014), though this remains controversial (Roseboom et al.,
2013, Lawrence and Elvis, 2010, Assef et al., 2015).

For example, Maiolino et al. (2007) use the ratio of MIR and optical luminosity in spec-
troscopic observations as a proxy for covering factor. Figures 4 and 7 of this paper show
an anti-correlation of covering factor with both optical luminosity (5100 A and [O111]
luminosity. Alonso-Herrero et al. (2011) use SED fitting and MIR spectroscopy in com-
bination, constraining torus model parameters, including an angular size representing
the scale of the torus in the CLUMPY models. They find the geometrical covering fac-

=108"* erg s7!) and low at

tor to be high at low bolometric luminosities (0.9-1 at Ly,
high luminosities (0.1-0.3 at Ly > 10% erg s—!) - a similarly inverse relationship found

with different methodology.

Atlower luminosity spectral dilution of AGN emission by the host galaxy cannot be ne-
glected in many cases (e.g., Moran et al., 2002, Comastri et al., 2002, Cocchia et al., 2007,
Civano et al., 2007, Caccianiga et al., 2007). At high luminosities, it becomes increas-
ingly difficult for the host galaxy to dilute the AGN, so quasar studies can offer a clean
probe of nuclear activity. The IR region is also useful for reddened and high-redshift
AGN.

IR flux is dominated by emission from dust and gas surrounding the central engine
at larger distances than the accretion disc; commonly referred to as the torus (see Sec-
tion 1.1.5). Emission due to star formation can be difficult to distinguish from AGN
based emission, but generally peaks at a cooler temperature, meaning some parts of
the spectrum are more contaminated than others. This difference in spectral shape due
to different dominant sources leads to selection by IR colour as a tool in identifying
AGN. A range of criteria have been suggested by different authors, based on WISE and
other IR instruments (e.g., Spitzer), and resulting in selected sets of AGN with different

reliability and completeness levels. The IR provides a balance between more reliable
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selection - i.e., easier to distinguish from host galaxy contamination than optical mea-
surements - and more large scale datasets than X-rays. It also represents the selection

method least biased towards orientation and obscuration.

de Grijp et al. (1985) used IRAS (Section 1.3.8) to compare the IR continuum across
25um, 60 pm, and 100 pm, finding that a flat spectrum in this region indicated a high
likelihood of a Seyfert galaxy. In de Grijp et al. (1987) they select AGN candidates via
their IRAS colours; a first example of MIR colour selection of AGN.

-15<a<0.0 (1.5)

where « is the spectral index from the shape of the flux density spectrum between 25 pm
and 60 um F, « v*. They find a ‘success rate” for AGN selection of 0.75 - i.e., analogous
to the ‘reliability” criterion referred to in later selection papers, this is the fraction of
sources that pass according to Eq. 1.5. Thus they estimate the number of AGN in the
IRAS Point Source Catalogue to be ~900, biased towards bright, nearby AGN.

Since IRAS, MIR telescopes have advanced significantly in resolution and sensitivity.
The next key MIR tool was Spitzer (Section 1.3.8). Where de Grijp et al. (1987) could
examine results from the whole sky, the field-of-view of Spitzer is much lower, but its
measurements of higher quality. Many different selection criteria have been suggested
and iteratively improved on (e.g., Lacy et al., 2004, Stern et al., 2005, and for better ex-
clusion of star-forming galaxies, Donley et al., 2012). Inclusion of WISE and 2MASS
across the sky today give us a plethora of MIR colour AGN selection methods, each of
which has strengths and drawbacks. Two major comparable parameters are ‘complete-
ness’ (the fraction of AGN that are selected) and ‘reliability” (the fraction of selected
objects that are truly AGN). Figure 1.4 shows the trade off that exists between these
parameters for different suggested selection criteria - high reliability comes at the cost
of lower completeness, and vice versa - because of the overlap in appearance between

AGN and dusty star-formation, a clean, full selection is impossible.

Stern et al. (2012) present a selection criterion based on WISE magnitude data of W1 -
W2 > 0.8. This was modified by Assef et al. (2013, 2018) to add a magnitude cut of W1
< 15.05, giving a selection strategy with 95% reliability and 78% completeness.

1.2.1.3 Optical

A major advantage of optical detection of AGN is the large amount of detailed imaging
and spectroscopic data and telescopes available; on the other hand there are many more
potential sources of contamination in any selected group - i.e., stars and AGN can often
be mistaken for one another. Many bright sources are non-AGN, unlike for example
X-rays, where the majority of bright sources are likely to be AGN.
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FIGURE 1.4: Completeness-reliability diagram for various MIR selection criteria,
adapted from Padovani et al. (2017), with data from Table 1 of Assef et al. (2013) (using
magnitude limits of W1 <18.50 and W2 <17.11, and an AGN control sample selected
where best-fit UV-mid-IR SEDs have a strong AGN component). Additional selection
criteria from Assef et al. (2018). Numbers in plot refer to: (1),(2),(3),(4) Assef et al.
(2013) (R90, R75, C90, C75); (5) Stern et al. (2012); (6) Jarrett et al. (2011); (7),(8) Ma-
teos et al. (2012) (3band, 4band); (9),(10) Assef et al. (2010) (2band, 4band); (11) Wu
et al. (2012b); (12),(13),(14),(15) Assef et al. (2018) (R90, R75, C90, C75); (16),(17) Mes-
sias et al. (2012) (3band, 4band); (18) Stern et al. (2005); (19) Lacy et al. (2004); (20) Lacy
et al. (2007); (21) Donley et al. (2012); (22) Lacy et al. (2013).

Except in high-redshift AGN, many useful emission lines are often visible (e.g., [O 111]A5007,
[N 11JA6584, Ha, etc.). These forbidden lines arise from photoexcitation in the Narrow
Line Region (NLR) on kiloparsec scales. They arise above the classical unified torus,
and are thought to be only modestly impacted by host galaxy reddening (e.g., Bald-
win et al., 1981, Risaliti et al., 1999, Zakamska et al., 2003). Emission lines can be used

to classify a galaxy on the BPT diagram (Kewley et al., 2006), although this does not
provide a complete or 100% reliable selection (Agostino and Salim, 2019).

AGN signatures in the optical do not come from a single part of the AGN system (see
Section 1.1.2). In unobscured AGN emission lines can also be seen from the BLR (broad

lines; originating close to the SMBH in high velocity gas) as well as the NLR (narrow
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lines; ionised in gas further from the centre), and the optical continuum shows a blue
contribution from the Rayleigh-Jeans tail of the accretion disc emission. The width of
the emission lines can be used to estimate the BH mass (Vestergaard and Peterson, 2006)

based on broadening of the lines due to matter orbiting around the BH.

Any search in the optical regime is likely to be biased against obscured AGN, where
the broad lines and accretion disc emission are largely absorbed by the surrounding
dust. The principal visible signatures will be from the NLR; these are produced at great
enough distances that (in the standard AGN picture) they are not blocked from view by
the “torus’. Narrow lines can still indicate AGN presence, but many are also produced
to some extent by star formation and identification is thus less conclusive. In extreme
obscured cases the NLR can also be attenuated, making optical spectroscopic selection
biased specifically against these rare types of AGN.

With the large amount of optical data available, it is also a promising regime for vari-
ability selection of AGN (e.g., Villforth et al., 2010); particularly for low luminosity
AGN which are commonly missed by other selection methods. Intrinsic variability of
the central region occurs on observable timescales, and the scale of the variability de-
pends on source wavelength and thus (if observing with a particular filter passband)
the observed strength of variability changes with redshift. Not all sources have suffi-
cient multi-epoch data to make this a complete large scale selection technique, but for

dedicated fields with repeated measurements robust catalogues can be produced.

Colour selection can also be applied to the optical continuum (e.g., Richards et al., 2001);
however, the host galaxy can dominate the optical colours to a greater extent and at
lower SFRs than in the MIR and thus selection can be highly contaminated, depending
on the galaxy type and amount of star formation. It is also heavily affected by strong
optical emission lines coinciding with filters as the redshift of an AGN changes. Rather
than selection, it is potentially more useful to use optical AGN colours as an indication
of their properties (e.g., Rovilos and Georgantopoulos, 2007).

1.2.14 UV

Between optical and X-ray emission is the region of ultra-violet radiation. Due to at-
mospheric and Galactic absorption, detection here is near-impossible for ground based
telescopes and difficult for space based telescopes (see blue and dot-dash purple in
Figure 1.3). This region contains a part of the ‘big blue bump” also seen in soft X-
ray spectra, which is thought to arise from thermal emission from the accretion disc.
Its appearance is a combination of black-body emission spectra at different temper-
atures from different parts of the accretion disc. This continuum can also be highly
variable, meaning that multi-wavelength measurements in different epochs may lead

to incorrect conclusions. Collisionally excited emission lines and multiplets such as
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[O111]AA1661,1666 and recombination lines such as He 1111640 can be used to identify
AGN in the same way as the BPT can in the optical (Feltre et al., 2017).

This problem lies with UV as observed - at redshifts (z ~ 2 — 3) where the rest-frame
UV is shifted into the more easily observed optical range (e.g., Hainline et al., 2011) the
UV emission from galaxies can be studied and used for AGN selection. This approach
is not without downsides: loss of flux and spatial resolution with distance make ex-
tracting AGN-specific emission more difficult, especially if the intrinsic UV emission is
obscured by local galaxy-scale material or the stellar emission is high. IR instruments
(e.g., JIWST) can examine rest-frame UV emission lines out to even higher redshifts.

For this project, which does not extend in redshift beyond z ~ 1.5, investigation of the
UV continuum and emission lines would be informative given targeted observations
with e.g., HST or Swift-UVOT. However, given that the nature of this work is mainly
based on selecting from large sources of archival data, UV investigations are outside

the current scope.

1.2.1.5 X-rays

The section of the spectrum included in X-ray studies is broad: soft X-ray emission
starts at far-UV, and hard X-rays end with <-rays - covering orders of magnitude in
photon energy. X-rays are particularly well suited for AGN studies. Emission appears
to be present (intrinsically) in the vast majority of AGN, with the caveat that this is
not always observationally so clear - heavy obscuration absorbs large fractions of the
X-ray power, particularly soft X-rays. Intrinsically X-ray weak AGN make up a small
part of the population (e.g., Risaliti et al., 2001), but still generally brighter than X-rays
from host galaxy stellar emission. To measure the relative strength of X-ray emission

compared to optical, a commonly used parameter is defined as:

L(2500 A)
log L(2 keV)

¥(2500 A)
log V(2 keV)

aox = — (1.6)

where v and L are the rest-frame frequency and monochromatic luminosity. Higher
values indicate X-ray weak AGN —noting that this is observed rather than intrinsic weak-
ness —and as such may be due to obscuration. Values of xpx tend to be higher for AGN
than stars - a higher proportion of their bolometric luminosity is emitted in X-rays (e.g.,
Brandt and Alexander, 2015). Variation of apx among AGN is also observed, correlated

with L« and Eddington ratio, taking values around 1.2-1.6 (Lusso et al., 2010).

The source of X-ray emission in high accretion rate AGN is inverse Compton scattering
of photons from the accretion disc that reach the ‘corona’ - a poorly understood region
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above the accretion disc (e.g., Haardt and Maraschi, 1991). It is thought to be composed
of a hot electron plasma (kT~65+10 keV; Akylas and Georgantopoulos, 2021), but the
exact geometry is a matter of debate; a common description is the ‘lamppost” model
where the corona is considered a point source above the BH. Simulations (e.g., Gonza-
lez et al., 2017) and reverberation mapping (e.g., Uttley et al., 2014) can be used to study
the corona and its interaction with the accretion disc. The scattered photons from the
corona appear in X-rays as a powerlaw « E~ (with T taking values of ~1.6-2.2; Ricci
et al., 2017a) with a high energy cut-off (~80-300 keV), and is modified via interaction
with components of the X-ray system (e.g., Ricci, 2011). The main elements of this are

as follows:

¢ ‘Torus’ reprocessing: radiation is absorbed and reprocessed, and observed pri-

marily as thermal IR emission (see Section 1.2.1.2).

* Reflection features: reprocessing via torus and BLR gas interaction produces flu-
orescent emission lines (most notably Fe Ka at 6.4 keV, with a typical equivalent
width of 100-200 eV, and often containing both broad and narrow components;
relativistically broadened components indicate high BH spin, e.g., Baronchelli
et al., 2020) and the Compton hump (if the obscuring material is Compton thick;
Ny »1.5x10%* cm~2, peaking at ~30 keV).

* Soft excess: emission above the powerlaw at 2 keV. In unobscured AGN the
origin of this emission is unknown - possible explanations include a cool corona,
or blurred reflection or absorption. It may also be the extension of the UV-optical
‘big blue bump’ into X-rays.

¢ Photoelectric absorption: at <10 keV and low column densities the observed
emission is reduced due to photoelectric absorption.

¢ Compton thick absorption: where the obscuring column density becomes larger
than the inverse of the Thomson cross-section (Ny;>1.5x10%* cm~2) higher en-
ergy emission is reduced (see Figure 1.5), drastically changing the overall shape of
the spectrum as photons are down-scattered (e.g., Comastri, 2004, Gandhi, 2005).

A Compton hump is observed.

X-ray emission appears strongly in the spectrum of every AGN, and as hard X-rays can
penetrate through the dust and obscuring matter of the ‘torus’ in all but the most highly
obscured objects (i.e., Compton thick AGN) this region can provide a more complete
selection algorithm. The downside, however, is that sufficiently deep and high reso-
lution data for a complete census is not available for every part of the sky, often only
areas that have been specifically targeted for AGN studies.
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FIGURE 1.5: AGN X-ray spectrum with borus02 (Balokovi¢ et al., 2018) - all parame-

ters kept constant, with Ny varying. Lower obscuration results in a flatter spectrum,

i.e., that the flux in the hard band (8-24 keV) and soft band (3-8 keV) are similar;
higher obscuration increases the relative strength of the hard band).

Other sources in the host galaxy of an AGN can also produce a measurable amount of
X-rays. Emission from X-ray binaries and hot gas is generally lower than AGN emis-
sion (in X-ray AGN), and can be modelled with some assumptions about galaxy prop-
erties. Commonly these contributions are assumed to be low for bright AGN; this is
often reasonable with low count or high energy data. However, SED fitting (e.g, X-
CIGALE; Yang et al., 2020) or (for low-z AGN) high resolution X-ray data from Chandra
can distinguish the contributions and allow fitting of both components. A more prob-
lematic aspect is that X-ray in non-AGN from galactic sources may be confused for an
X-ray weak AGN, resulting in incorrect identifications. Avoiding these contaminants
can be done by fitting the data with AGN and non-AGN models and comparing fit
statistics. Strong hard X-ray detections (>10 keV) would increase the likelihood of an
AGN, as does higher luminosity. Cuts based on X-ray luminosity can remove much of

the contamination from SF galaxies, but interesting X-ray weak sources may be lost.



1.2. How do we search for AGN? 21

1.2.1.6 y-rays

At higher energies than hard X-rays we find <y-rays, generally considered to be in the
100 MeV to 10 TeV range. Detection in this range is difficult, requiring technology
very different to telescopes used for much of the rest of AGN emission, for example
Fermi-LAT (Atwood et al., 2009). The majority of sources detected in y-rays are blazars
(see Section 1.1.2), with intense non-thermal radiation Doppler-boosted towards an ob-
server in the jet (see Section 1.2.1.1) - thus achieving the extremely high energies of
y-rays. As blazars are not the focus of this work we will not delve further into y-rays

here.

1.2.1.7 Broadband summary

Each of these parts of the detectable AGN spectrum suggests a different way of select-
ing for AGN presence, and will allow us to infer information about different compo-

nents of AGN structure and activity. In summary:

¢ Optical and NIR spectroscopy: allows us to probe ionised gas both near to and
far from the central SMBH via emission lines. Broad lines are Doppler broad-
ened due to originating closer to the BH, and thus virial BH mass can be inferred
from their width. Apparent presence or absence of broad lines is often ascribed
to the apparent orientation of the AGN system (see Section 1.1.2), but this simple
explanation does not fully cover all observed phenomena. Heavy or large-scale
obscuration can mask these signals, and emission lines from significant star for-
mation can dominate over AGN emission lines in heavily star-forming galaxies.
Thus optical and NIR spectroscopic selection (Figure 1.6, left panel) is less effec-
tive in the low AGN dominance and high obscuration regimes.

— Sources with weak AGN or dominant galaxy contributions are most likely
to be missed, along with obscured sources (a bias that decreases towards the
NIR). Star-forming galaxies producing with high ionisation levels may pro-
duce emission lines comparable to AGN levels and thus form the primary
contaminants in this selection, although it is generally reliable; particularly
if broad lines are visible.

¢ Optical and NIR photometry: Similarly to colour selection in the MIR, the shape
of the continuum in the visible part of the electromagnetic spectrum can be used
to select AGN. However, due to higher interference from non-AGN host galaxy
and greater effects from reddening, it is less reliable as a selection process, espe-
cially in obscured and host-dominated AGN. Optically selected AGN neverthe-
less represent a large part of many AGN catalogues, including SDSS.
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— Vulnerable to failing to select AGN with low dominance over their hosts at
lower galaxy contributions to the overall emission, particularly for obscured
AGN where the continuum emission is predominantly from the host. Star-
forming galaxies will again form a significant number of incorrectly selected

sources.

¢ Infra-red: IR emission from the AGN comes from reprocessing in obscuring ma-
terial - hence is relatively unaffected by obscuration structure and orientation.
Colour selection is reliable up to high levels of obscuration (Figure 1.6, middle-
left panel), but selection can be contaminated by star-forming galaxies and miss
lower luminosity AGN. Spectroscopy in the MIR can detect signals from AGN
through both heavy obscuration and above host galaxy emission, and can thus
be sensitive and unbiased for AGN analysis; conversely, of course, the number of

objects where this data is available is relatively few.

— Low-luminosity AGN, especially those in bright SF or dusty galaxies, are
most likely to be missed by photometric selection. Star-forming galaxies
contaminate this sample, and the source of MIR emission can be difficult to
distinguish. MIR spectroscopy is a highly reliable technique, even for low
luminosity and obscured AGN overlooked by other methods.

¢ X-rays: Both hard and soft X-rays can be very effective in AGN selection (Fig-
ure 1.6, middle left panel). Star-formation can produce significant emission, es-
pecially in the soft band - most AGN will outshine this, but very low luminos-
ity AGN are still biased against. As obscuration depth increases, lower energy
X-rays are absorbed more and thus selection of heavily obscured AGN is more
effective in hard X-rays (>10 keV). At extreme column depths, even very high

energy emission is attenuated.

— Particularly with soft X-ray measurements, heavily obscured AGN are most
likely to be missed, as their emission is primarily at higher energies. X-ray
weak AGN may be assumed to be star-forming galaxies, and conversely
with soft X-ray selection at low luminosities, star-forming galaxies will con-

taminate a sample.

1.3 Practical Considerations: What instruments are suitable?

For selecting AGN, we can take two approaches for a parent sample. Large surveys,
such as SDSS, WISE, and eROSITA provide (or will provide) a large number of targets,
and thus are promising sources for selecting objects that we believe to have very low
overall number counts. However, we must also consider that if we are searching for ob-

scured AGN it is likely that the flux from these will be low; hence larger surveys may
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miss significant numbers of these. This brings us to the second approach: serendipitous
sources from within targeted observations. When telescopes such as XMM-Newton and
NuSTAR observe their targets unrelated extra sources can often be detected within the
tield of view. Thus armed with these serendipitous catalogues, we can use deeper mea-
surements to investigate objects that may be missed in wider surveys. In this section
I will summarise the major surveys and targeted instruments that are relevant for this

work.

1.3.1 SDSS

The Sloan Digital Sky Survey (hereafter SDSS) encompasses imaging, optical spec-
troscopy, infrared spectroscopy, and integral field unit (IFU) spectroscopy. More than
20 years of measurements combine to make SDSS an invaluable resource for objects
across the northern hemisphere sky, and as of SDSS-IV the southern sky. Many de-
rived parameters are also available, such as redshifts and fluxes. In the most recent
data release (DR17; Abdurro’uf et al., 2022) there are a total of 5,801,200 optical spec-
tra and 1,231,051,050 photometric measurements available; although not all of these
are unique objects, repeat measurements are useful for many areas of research. These
datasets come from a number of different surveys with different scientific aims. Orig-
inally imaging half the northern sky and mapping many galaxies and quasars (York
etal., 2000), and later including wide-ranging aims such as the Baryon Oscillation Spec-
troscopic Survey (BOSS; Dawson et al., 2013, which made a large scale map of galaxies),
and the Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majew-
skietal., 2017, which looks at Milky Way structure and evolution with IR spectroscopy).
This diversity of objectives makes the biases for any SDSS-derived selection strategy
hard to quantify.

The main instruments used in SDSS and relevant to this work are as follows:

¢ Original SDSS instrument (York et al., 2000): comprises two spectrographs, with
wavelength ranges of 3800-6100 A and 5900-9100 A. These measure spectra from
640 points simultaneously via multiple fibre input at spectral resolution between
1850 and 2200.

* BOSS instrument: rebuilt from the original spectrographs, it has improved re-
sponse and can measure with more fibre inputs than the original instrument. The
wavelength range is extended to 3600-10400 A, and spectral resolution 1560-2270
(red) and 1850-2650 (blue). It is currently the active spectrograph as of SDSS-V
(Kollmeier et al., 2017).

— Optical spectra selected from SDSS for a population of objects (see Chapter

5) will be a combination of results from these two instruments. Many targets
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have been measured multiple times, and each has a spectrum flagged in the
database as ‘sciencePrimary’ - the best available (see Section 5.3.3).

¢ Original SDSS photometric camera (Gunn et al., 1998): takes images with 2048 <1361
pixels (13.51x8.98 arcminutes) across a full field of 2.5° with five filter bands (u:
35514, ¢: 4686 A, r: 6165 A, i: 7481 A, z: 8931 A - the exact responses have changed
over time; Doi et al., 2010). PSF varies with band and sky brightness, but median
values are from 1.26"'-1.53".

The optical extra-galactic observing programs that contribute to the spectroscopic datasets

we will use are the following:

* Legacy Survey (SDSS-I/1I) which includes both Legacy Galaxies (a magnitude
limited but otherwise complete set, and a colour and magnitude selected sample
of Luminous Red Galaxies; Strauss et al., 2002, Eisenstein et al., 2001) and Legacy
Quasars (identified as outliers from expected stellar appearance; Richards et al.,
2002). This quasar selection automatically finds quasars out to z~5.8, and ad-
ditionally extended sources at low redshift were targeted. As an optical colour
selection, this is likely to select primarily disk dominated AGN.

— Selections from this parent dataset may therefore be biased in favour of

LRGs over other galaxies.

* BOSS (SDSS-III) also includes targeting of a Galaxy sample (selected to achieve
the science requirement of measuring the cosmic distance scale, and thus ex-
tends the legacy sample to fainter objects in two redshift ranges: 0.15<z<0.45
and 0.4<z<0.7, LOWZ, CMASS) and a Quasar sample (targeted towards quasars
at z>2.1 to trace large scale structure; Ross et al., 2012, - this sample still contains

a number of low-z sources).

¢ SEQUELS was an ancillary program targeting LRGs (at redshifts greater than the
Legacy and BOSS samples using joint selection with WISE; Prakash et al., 2016),
Quasars (directly probing the large scale structure at 0.8<z<2.2; Myers et al.,
2015), and Emission Line Galaxies (Section 2.5.2 of Comparat et al., 2015).

¢ eBOSS (SDSS-1V) also targets LRGs, ELGs, and QSOs (Dawson et al., 2016), aim-
ing to cover redshift gaps from BOSS

— Bias from the BOSS, SEQUELS, and eBOSS selection criteria is thus against
low redshift objects.

* Spectroscopic IDentification of ERosita Sources (SPIDERS) targets soft X-ray se-
lected objects - clusters (Clerc et al., 2016) and AGN (Dwelly et al., 2017).
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— With targets selected from soft X-rays (XMM-Newton and ROSAT, later to
be eROSITA) these will primarily be bright, unobscured or lightly obscured
AGN.

Many secondary products derived from photometric and spectroscopic measurements
are produced by SDSS and available for use, including products from SDSS, BOSS, and
eBOSS spectra.

¢ (lassification - each spectroscopic object is assigned a class based on the best
match to available templates (GALAXY, QSO, or STAR), with further subclasses for
galaxies (STARFORMING - emission lines consistent with star formation, STARBURST
- starforming with wide Ha, or AGN - emission lines consistent with Seyfert or
LINER appearance) and stars. Galaxies and quasars can also be assigned the
subclass BROADLINE.

* Redshift - the best fit template will also include a determination of the redshift
and error. Various flags can be applied, based on how trustworthy the redshift is
determined to be.

¢ Photometric properties - calibrated outputs from the pipeline, such as various
magnitude and flux model fits. Depending on the target type and the science
aims of the data usage, different fluxes may be appropriate: for example PSFFLUX
(point spread function flux only), CMODELFLUX (a combination of De Vaucouleurs
and exponential model fits), PETROFLUX (flux within the Petrosian radius of the

source).

1.3.2 WISE

From 2009-2011 the Wide-field Infrared Survey Explorer (Wright et al., 2010) scanned
the entire sky in four bands: W1 (3.4um), W2 (4.6 pm), W3 (12 um), and W4 (22 pm).
It took data in three phases, with reduction in the longer wavelength capability due to
lack of coolant in later years: 4-band cryo, 3-band cryo (W1, W2, and W3), and post-
cryo (W1 and W2). The post-cryo phase (NEOWISE; Mainzer et al., 2011) is primarily
aimed at detected moving objects within the solar system but nevertheless is useful for
a wide variety of studies.

There are a number of catalogues of WISE data available, updated at different stages of

the mission lifetime. The main relevant catalogues are:

¢ WISE All-Sky Data Release (Cutri and et al., 2012)! - all data from the main mis-

sion phase (i.e., measurements with all four bands) for >563 million objects.

Ihttps://wise2.ipac.caltech.edu/docs/release/allsky/
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» AIIWISE Data Release (Cutri et al., 2021, 2013)? - updated from the All-Sky DR
by combining WISE and NEOWISE data and improving the photometry, it has
fluxes in four bands for more than 747 million objects; additionally flux measure-
ments over time are available for each object. The AIIWISE Images Atlas contains
>18 thousand 1.56° x1.56° images. More than 4 million objects are also avail-
able in the Reject Table - low SNR, duplicate sources, and image artifacts. Mainly
these are not real, but some fainter objects may be present. The Source Catalogue
contains information such as profile fit photometry, magnitudes within different
aperture radii, and quality flags informing the user of the confidence in the source

measurement and its SNR.

* NEOWISE post-cryo Data Release (2013)* - images and source data from W1 and
W2 in the post-cryo phase, covering ~70% of the sky. This data release is mainly
focused on moving objects rather than stationary sources such as AGN.

¢ CatWISE (Eisenhardt et al., 2020, Marocco et al., 2021) - the most up to date cat-
alogue available for W1 and W2, this includes all NEOWISE data - more than 16
times as long as AIIWISE; this is a particularly good resource for examining the
variability of IR sources, and fainter sources that were undetected in AIIWISE.

AGN emission around the WISE bands is thought to be relatively unbiased, coming
from reprocessing in the obscuring dust (see Section 1.2.1.2). Thus WISE has become
an extremely valuable resource for AGN selection: Stern et al. (2012), Assef et al. (2013),
Blecha et al. (2018), and many more (see Figure 1.4).

1.3.3 2MASS

2MASS (Skrutskie et al., 2006) is a 3-band survey covering the J (1.25um), H (1.65 pm),
and Ks (2.16 pm) bands. Unlike WISE it was performed from ground based telescopes;
one in Arizona and one in Chile, thus covering essentially the entire sky. Prior to WISE,
this was the best resource for all sky IR coverage and it remains valuable, covering a

slightly bluer part of the spectrum.

¢ All-Sky Data Release (2003)* - combined data from the two facilities covers 99.998%
of the sky with >4 million images and a pixel size of 2.044".

¢ Point Source Catalogue (Cutri et al., 2003) contains >470 million point sources,
and is >99% complete for J<15.8, H<15.1 and Ks<14.3 magnitudes.

2https://wise2.ipac.caltech.edu/docs/release/allwise/
Shttps://wise2.ipac.caltech.edu/docs/release/postcryo/
4https://www.ipac.caltech.edu/2mass/releases/allsky/
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¢ Extended Source Catalogue (Jarrett et al., 2000) contains >1.6 million sources
which are resolved when compared to the point spread function. 97% are likely
to be galaxies, and the rest are Milky Way objects.

1.3.4 NuSTAR

The Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al., 2013) is a focus-
ing X-ray telescope operating in the range 3-79 keV. Its spatial resolution, spectral res-
olution, and sensitivity is a step up from other hard X-ray telescopes, and as such it is
a powerful resource for investigating obscured AGN. As a targeted instrument rather
than a wide area survey instrument such as WISE or Swift-BAT, NuSTAR does not have
an all-sky source catalogue; however, its years of measurement include both dedicated
surveys and serendipitous source detections:

* NuSTAR Extragalactic Surveys - a deep, small area survey in the Chandra deep
field (Mullaney et al., 2015) and a larger survey in the COSMOS field (Civano
etal., 2015).

* NuSTAR Master Catalogue - the list of all planned and observed targets. All ob-
servations taken are available after a certain proprietary period, and thus all ob-
servations together combine to cover a significant area of the sky. These can be
used to measure fluxes - or upper limits - for specific sources, but they have also
been combined to detect previously unknown sources in the serendipitous cata-

logues:

— NuSTAR Serendipitous Survey: 40-month Catalogue (NS540; Lansbury et al.,
2017b) - ~500 sources detected over 3-24 keV in the 40 months of opera-
tion, which cover ~13 degZ. These are mainly AGN, with a small number of

Milky Way sources.

— NuSTAR Serendipitous Survey: 80-month Catalogue (Klindt et al., submit-
ted, 2022) - ~1300 sources (822 new detections compared to NS540), cover-
ing ~36 deg?.

1.3.5 XMM-Newton

ESA’s X-ray Multi-Mirror Mission (XMM-Newton; Jansen et al., 2001) was launched in
1999 and remains an active X-ray telescope. XMM-Newton is an X-ray telescope oper-
ating in the energy range 0.2-15 keV with three CCD detectors (pn, 2xMOS; Striider
et al., 2001, Turner et al., 2001). It has a FOV of 30’ and angular resolution of 6" (PSF
FWHM). Similarly to NuSTAR, in addition to targeted objects serendipitous sources can
be detected in the XMM-Newton observation fields.



1.3. Practical Considerations: What instruments are suitable? 29

¢ XMM-Newton Serendipitous Source Catalogue (most recent 4XMM-DR12; Webb
et al., 2020) has >900,000 detections across ~1280 degz, of which >300,000 have
spectra.

* XMM-Newton Slew Survey - between observations, the EPIC-pn camera records
as the telescope slews from one target to the next (XMMSL1, Saxton et al., 2008;
XMMSL2, XMM-SSC, 2018). This complementary catalogue expands the cover-
age of XMM-Newton to a significant proportion of the sky (~84%) and includes
>70,000 detections. Many sources are observed multiple times as the slew paths

overlap repeatedly, particularly at the ecliptic poles.

¢ XMM-Newton Upper Limits (Ruiz et al., 2022) - for sources without a detection
but within the pointed or slew fields, upper limits can be obtained.

With the combination of these catalogues, XMM-Newton is a powerful resource for soft
X-ray studies of AGN.

1.3.6 Chandra

The Chandra X-ray Observatory (Weisskopf et al., 2000, Wilkes et al., 2019) comprises
four instruments: Advanced CCD Imaging Spectrometer (ACIS), High Resolution Cam-
era (HRC), High Energy Transmission Grating (HETG), and Low Energy Transmission
Grating (LETG). The two transmission gratings are designed for high resolution spec-
troscopy over 0.4-10 keV and 0.07-0.2 keV respectively. ACIS and HRC have larger
imaging FOVs (16 x16 arcminutes, 31 x31 arcminutes). HRC has better spatial resolu-
tion (<0.5 arcseconds), but ACIS has better spectral resolution. Thus for the purposes
of AGN selection and analysis ACIS can provide the best balance between spatial cov-
erage and spectral resolution; with the low background of Chandra it is ideal for fainter
sources and the excellent spatial resolution helps to distinguish the source of X-ray
emission. However, a smaller field of view than XMM-Newton and a lack of slew data

means fewer serendipitous sources are available.

¢ Chandra Source Catalog Release 2.0 (Evans et al., 2010, 2020a) contains >300,000
unique detected sources from ACIS and HRC.

1.3.7 Swift

The Swift telescope has three instruments:

* Burst Alert Telescope: Swift-BAT (Barthelmy et al., 2005) is designed to detect

gamma ray bursts and trigger other observations. It is a coded mask instrument
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with a large field of view, and operates from 15-150 keV. Results from the first
105 months of observations are available in Oh et al. (2018), which presents a
hard X-ray survey that covers 90% of the sky. However, its spatial resolution is
significantly worse than NuSTAR and the soft X-ray telescopes (with Swift-BAT at
17, compared to e.g., NuSTAR at 18" FWHM), and the flux limit is higher.

e X-ray Telescope: Swift-XRT (Burrows et al., 2005) is a grazing incidence focusing
telescope operating over 0.2-10 keV. Its FOV is smaller than Swift-BAT, but its
spatial resolution is better. It is designed for moderate resolution spectroscopy
and accurate positioning for following up alerts from Swift-BAT. Its energy range
and resolution make it a useful instrument for AGN studies in addition to its pri-
mary purpose; as with the other instruments a catalogue of detected sources is
available (25XPS; Evans et al., 2020b, - covering ~3790 degz, with >200,000 de-
tections), along with a continually updated transient detecting catalogue (Evans
et al., 2022).

¢ Ultra-violet Optical Telescope: Swift-UVOT (Roming et al., 2005) provides simul-
taneous, aligned, optical and UV measurements with Swift-XRT. After an alert
from Swift-BAT it goes through a standard cycle of filter measurements, and lo-

cates the source to even better precision.

1.3.8 Other past telescopes/instruments

Launched in 1983, the Infrared Astronomical Satellite (IRAS; Neugebauer et al., 1984)°
was the first IR space telescope, and detected ~350,000 sources in an all-sky survey at
12 pm, 25 pum, 60 um, and 100 pm. The Spitzer Space Telescope (Werner et al., 2004),
has three instruments. The Infrared Array Camera (IRAC; Fazio et al., 2004) takes
5.2x5.2 arcminute images in four bands: 3.6 um, 4.5pm, 5.8 um, and 8um. It was
launched in 2003 and operated in all bands until 2009, when coolant was depleted. The
3.6 um and 4.5 um channels continued operation until 2020. Thus it is similar to WISE
but targeted rather than all-sky. The Multiband Imaging Photometer for Spitzer (MIPS)
takes images and photometry at 24 pm, 70 pm, and 160 um, along with low resolution
spectroscopy at 55 um-95um. These two IR instruments have been the basis of much
of AGN IR studies, and their legacy datasets continue to provide valuable long wave-

length photometry not readily available from other sources.

1.3.9 Other upcoming/early-stage telescopes/instruments

There are a number of upcoming or recently commenced surveys that will vastly im-

prove the number and flux limit of detected extra-galactic sources, and thus also the

Shttps://irsa.ipac.caltech.edu/IRASdocs/iras.html
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number of AGN. Launched in 2019, the ‘extended ROentgen Survey with an Imag-
ing Telescope Array’ (eROSITA; Merloni et al., 2012) is an instrument on the Russian-
German ‘Spectrum-Roentgen-Gamma’ (SRG) mission®. It will accomplish the first all-
sky survey over the energies 0.5-10 keV, and hopes to detect around 3 million AGN,
including both obscured and unobscured. The Early Data Release (June 2021) contains
initial results from the ‘Calibration and Performance Verification” phase, including a

number of catalogues with detected source information.

The Vera C. Rubin Observatory (originally the Large Synoptic Survey Telescope, LSST;
LSST Science Collaboration et al., 2009) is a 8.4 metre telescope based in Chile. The start
of science operations is currently estimated to be late 2024, and after that it will observe
18,000 square degrees 825 times over 10 years with 6 filter bands (ugrizy; similar to
SDSS, with an expansion to longer wavelengths in the y-band). Strategy planning for
the survey is still ongoing, but it is likely to observe many millions of AGN, and will
be particularly useful for studies of AGN variability.

The next generation of optical spectroscopic surveys will be done by 4MOST (4-metre
Multi-Object Spectroscopic Telescope; de Jong et al., 2016). It will survey a large frac-
tion of the southern sky from the VISTA telescope (Visible and Infrared Survey Tele-
scope for Astronomy) in Chile, simultaneously observing ~2400 sources with a mini-
mum separation of ~17" (enabling observations of closely interacting pairs, essential
for studies of merging and dual AGN). It will cover the optical and NIR range, from
370nm-950 nm. Currently, the aim for starting operations is late 2023, so as with LSST
targeting strategy is ongoing. The AGN survey (Merloni et al., 2019) aims to improve
the completeness of the current AGN census by (a) following up detected eROSITA
sources, and (b) targeting candidate heavily obscured AGN selected in the MIR. It aims
to spectroscopically identify ~1 million AGN up to z~6, using these for: studying mas-
sive, luminous AGN on a larger scale than ever before; improving measurements of
AGN fractions within specific galaxy types (e.g., mergers); examining the relationship

between AGN and their larger-scale environments, and more.

1.4 Whatis the aim of AGN searches?

Selecting an unbiased sample of AGN across these properties is challenging (e.g., Hickox
and Alexander, 2018, Asmus et al., 2020), but necessary in order to have a complete — or
at least representative — census of AGN. Biases in selection depend on techniques used
(see Section 1.2), but are most commonly biased against (a) low luminosity AGN, and

(b) obscured AGN, particularly Compton thick sources.

®Science operations of eROSITA have been paused since February 2022 (to date October 2022) due to
freezing of co-operation with Russia.



32 Chapter 1. Introduction

The necessity of this census is to enable us to answer significant questions about the
evolution and growth of AGN, how they affect their host galaxies, and the mechanisms
by which this occurs. We observe that the SMBH and galaxy bulge mass are correlated
(Kormendy and Ho, 2013); thus we can infer that there is a connection between AGN
and galaxy growth. However, understanding this connection requires accurate knowl-
edge of the AGN population. For example, if the number of galaxies containing an
active SMBH is unknown, then the length of active phases of SMBH are also unknown,
and it is impossible to understand how the AGN activity in these phases affects the

host galaxy and greater environment.

We should also note that the difference between active and inactive galaxies may be not
completely distinct. Many sources that are considered inactive and are below most de-
tection thresholds are accreting at low levels: for example, as mentioned above, Sagit-
tarius A* does accrete material, but is not thought of as an AGN. Many typical compo-
nents of the AGN system are unlikely to be present in such sources. Thus, even in the

most thorough searches, some SMBH accretion will not be detected.

1.4.1 What can we learn from population statistics?

The intrinsic Compton thick fraction of AGN is highly uncertain, due to this popula-
tion being one of the hardest to select for across the whole range of AGN emission (see
Section 1.2). The Cosmic X-ray Background — a peak in X-ray radiation observable in
across the sky, first discovered by Giacconi et al. (1962) — has been gradually shown to
be composed of distinct X-ray sources as X-ray instruments improve and can resolve
these sources (e.g., Cappelluti et al., 2017). A significant fraction remains unresolved,
particularly at higher energies, and it is likely that this is composed of more obscured
sources. An X-ray luminosity function (the number density of AGN as a function of lu-
minosity and redshift) that reproduces the observed CXB implies that 504+-9% (56+7%)
of AGN within z~0.1 (z~1.0) are Compton thick (Ananna et al., 2019). Observed num-
bers of CT AGN are generally much lower than this - for example, Ricci et al. (2015)
find only 7.6"5% % of their hard X-ray sample to be Compton thick (in the local uni-
verse, with an average z ~0.055; lower than considered in Ananna et al., 2019) Even
when corrected for selection bias, they calculate an intrinsic CT fraction of 2744%; thus
we can see that there is a large uncertainty in the numbers of AGN existing in highly
obscured phases.

Given an MIR-selected population of AGN candidates, we might be interested to esti-
mate how many of these would be detectable with, for example, eROSITA. The nuclear
MIR luminosity and intrinsic X-ray luminosity are related (Asmus et al., 2015, Stern,
2015), but to predict the observed X-ray luminosity we must assume a distribution of

Ny values. Large uncertainties in the assumed ratios, particularly for the CT fraction,
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will have correspondingly large effects on the predicted observed fluxes (see Chapter
2, section 2.3.3).

As many models of AGN evolution suggest that much of AGN growth happens in
obscured phases (e.g., Fabian, 1999, Di Matteo et al., 2005, Hopkins et al., 2006), accurate
knowledge of AGN evolution is not possible without understanding the statistics of
these obscured chapters in the life cycle.

SMBH do not accrete consistently over their lifetimes - instead they grow in active
phases (periods of high accretion). The amount of time spent in these phases can be
described in terms of ‘duty cycles”: the fraction of their lifetimes spent active. Non-
accreting SMBHSs can only affect their environments via gravitational interaction, as
they are without strong electromagnetic emission. Thus if we are interested in how
AGN interact with their hosts and larger scale environments, constraint of the duty cy-
cle is important to understand the numbers of AGN compared to numbers of inactive
SMBHs, the accretion rates of AGN, and therefore the intensity of feedback we might
expect. Estimates of the duty cycle are ~10"-10° years (Martini and Weinberg, 2001, Yu
and Tremaine, 2002, Marconi et al., 2004: respectively, from modelling at z > 2; based
on BH mass function at 0.01 < z < 0.3 and for quasars with Ly, > 10* ergs™1;z < 3
with lifetime depending on BH mass); this is a small fraction of the history of the uni-
verse where SMBHs can be observed, implying that SMBHs are active in total for only a
small portion of their lifetimes, although this is not generally a single growth period but
several separate phases. Schawinski et al. (2015) (using Swift-BAT matched SDSS AGN
at 0.0165 < z < 0.4) find that growth phases can be somewhat shorter (~10° years)
and theorise that accretion does not happen in one single consistent phase, but instead
grow in shorter bursts, ‘flickering” on and off over shorter timescales (~10* years); this
is consistent with a total ‘on time’of ~107-10° years if the ‘flickers” happen repeatedly.
AGN in these ‘switching on’ or ‘switching off” phases will appear different to a ‘ma-
ture’” AGN, due to light travel time between the accretion disc and e.g., the ‘torus” or

narrow line region (see Section 1.1.6).

This discussion has so far made the underlying assumption that AGN properties are
the same across cosmic time, and that any study of them can be applied generally.
The focus of this thesis is mostly in the relatively local universe where this is an ac-
ceptable approximation, but considering the entire population of AGN this is not the
case. Luminosity functions (the number density of AGN as a function of luminosity
and redshift) can show how populations of AGN vary in number and properties across
the lifetime of the universe. For example, Aird et al. (2015) use X-ray data (0.5-7 keV)
to show that the shape of the luminosity function varies with redshift (up to z~5) and
absorption (unabsorbed: 20<log Nyy<22 cm~2, and absorbed: 22<log Nyy<24 cm™2).
Differences in luminosity and obscured fraction thus imply that AGN accretion rate
and growth in obscured phases are not consistent across time. Delvecchio et al. (2020)
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examine the change in AGN duty cycle up to z~3 and find that AGN had a longer
active phase in the early universe, based on the numbers of highly accreting AGN.

The activity of AGN is not only different across time, but also across space. AGN are
not evenly distributed; each galaxy does not have an equal chance of hosting an AGN.
Interactions of the host galaxy with nearby galaxies may power AGN (e.g., Lackner
et al., 2014), but whether mergers are a dominant trigger of AGN is a matter of debate
(e.g., Gao et al., 2020, Ellison et al., 2019, Mechtley et al., 2016, Villforth et al., 2017).
The obscuration of AGN does seem to be associated with mergers (e.g., Kocevski et al.,
2015, Glikman et al., 2015). On even larger scales, AGN activity is associated with
membership of galaxy clusters (e.g., Gilli et al., 2009). Obscured AGN are found in
denser environments than unobscured (Powell et al., 2018). The spatial distribution of
AGN, and effects of large scale environment on AGN, is therefore not simple. As with

other properties a complete view requires a thorough census.

1.5 What could AGN searches be missing?

From Section 1.2 we have seen that however we select for AGN, it is inevitable that
the result is incomplete. Although all AGN are accreting (albeit with a wide variation
in rates) and interacting with their environments, they are not all equally likely to be
missed. Hence these are important elements of the full story of AGN evolution; the

following list outlines some common categories of AGN that are elusive in some way.

* Obscured AGN: one of the major roadblocks to unbiased selection of AGN is
obscuration, covering a wide range of effects. Seyfert 2 AGN are viewed on a
line-of-sight that hides a direct view of the SMBH and accretion disc, and thus sig-
nals are less obvious; for example, only narrow optical emission lines are visible.
Compton thick AGN have thick enough obscuration that even the normally reli-
able high energy emission in X-rays is depleted. Unfortunately, as AGN growth is
linked to these obscured phases, it is particularly important to ensure a complete

account of more heavily obscured sources.

¢ Intrinsically Low Luminosity AGN: AGN that are intrinsically weak accretors,
or those that have relatively bright host galaxies are hard to select for due to
the difficulty in disentangling host and AGN emission. SED modelling (see e.g.,
Section 4.2.2) with sufficient multi-wavelength data can estimate how much of
the total emission is due to the AGN, but this quantity of data is not available
for a large number of sources. In many ways, these suffer from similar selection
issues to obscured AGN.

¢ Reddened Quasars: AGN embedded in dusty galaxies, these show an excess of
MIR emission compared to optical. Unlike obscured quasars, the AGN signatures
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are attenuated in a different way - these may be reddened and unobscured Type
1 AGN. The unusual combination of properties means that they are not as simply
classified as more typical AGN.

* Weak Line AGN: selection by optical emission line - one of the easiest and most
reliable large scale methods, due simply to the quality and amount of data avail-
able - will miss objects that do not present with typical AGN emission lines. For
example, weak line quasars (e.g., Meusinger and Balafkan, 2014) show X-ray
emission, but no [O111] - these may not have an ionised broad line region, and

thus with only optical data may look like inactive galaxies.

® Variable and Changing Look AGN: through their lifetimes, AGN do change in
appearance. This can be due to change in environment (e.g., ‘cloudy’ obscuration;
Elitzur, 2012), or change in intrinsic accretion rate (e.g., Sheng et al., 2017) and can
result in differing classifications. Thus AGN measured only once or infrequently
may be misclassified - e.g., considered a Type 2, when this is only a temporary
state. Alternatively AGN may be caught as they ‘switch on or off” (e.g., Schaw-
inski et al., 2015) leading to an interesting combination of properties that may
be a transient state. These AGN may be more likely to be misclassified than not
selected, but this is equally detrimental to the completeness of the AGN census.

¢ Distant AGN: though beyond the scope of this project, AGN in the high redshift
universe provide particular challenges in selection (due to redshift of common

features) and analysis (low fluxes and extreme attenuation).

1.5.1 How can these gaps be filled?

Many surveys attempt to identify and study AGN of these fringe appearances, along
with the more commonly observed AGN types. Small area but deep surveys (e.g., COS-
MOQOS, Weaver et al., 2022; AGES, Kochanek et al., 2012; GOODS, Dickinson et al., 2003;
CANDELS, Grogin et al., 2011; etc.) aim to produce highly complete catalogues over
their target region. These result in detailed multi-wavelength catalogues and allow for
tight constraints on general properties (e.g., Cappelluti et al., 2017) - on the other hand,
being restricted to a small area results in low total number counts and thus low num-
bers of rare AGN. They are also vulnerable to large scale inconsistencies like voids or
structures. Surveys aimed at wider areas can vastly increase the number of sources for
statistical analysis, but acquiring this large amount of data means trade-offs in what
can be measured. Selection effects therefore play a large role, for example in SDSS a
large fraction of the sky is covered, but the number of different surveys with different
aims that make up the full SDSS database (see Section 1.3.1) introduce individual bi-
ases that, when combined, make it hard to quantify completeness. AGN surveys (e.g.,
Lacy et al., 2015) rely on specific selection strategies - MIR selection is a common and
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relatively unbiased choice, but with limited measurement time for multi-wavelength

confirmation, many AGN will still go unseen.

To complete the census of AGN and understand the full population unbiased by se-
lection effects, we must consider how to combat them, where possible, and understand
them where impossible. In this thesis I will begin with the construction of a local census
of the AGN population, by combining contributions from several disparate databases.
Based on this I will estimate the number of known AGN in the local universe and with
a combination of MIR selection, spectral follow-ups, and careful consideration of se-
lection biases we will estimate how many local AGN remain unknown. Having thus
quantified the size of the deficit in the AGN census, I will consider how unusually ob-
scured AGN could be deliberately selected for, establish search procedures, and analyse
the resulting populations.
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Chapter 2

Starting Local: what can we learn
from a census of Active Galactic
Nuclei at low redshift?

The Local AGN Survey (LASr) is a project which aims to create a census of the AGN
in a limited local volume, relatively unbiased against obscuration. This catalogue pro-
vides a starting point in order to find nearby AGN that have been so far overlooked.
This chapter will describe the construction of the Galaxy Parent Sample (LASr-GPS),
selection of AGN within it, and estimates of total and unknown space density of AGN;
published as Asmus et al. (2020), hereafter A2020. It will then describe the next stage of
this research, in which I followed up AGN candidates with good quality spectroscopy:
confirming the presence of an AGN, investigating why these objects have been missed
in the past, and assessing the number counts of similar objects that may exist. Sections
2.1 to 2.4 are based on A2020, work done in collaboration with Daniel Asmus. I made a
significant contribution to this paper, particularly in visual checks and comparison with
AGN catalogues, including analysis of biases. Sections 2.5 to 2.7 contain my additional

analysis.
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2.1 Aims of the LASr Project

Empirical relationships between SMBH and galaxy mass (e.g.,, Kormendy and Ho,
2013) show that a connection exists. The exact nature of this interaction is not known
- feedback from AGN into the galaxy, affecting the star formation and growth is likely,
but details of the mechanism still elude us. AGN demographics - for example, dis-
tribution of intrinsic accretion rates and obscuration (e.g., Ricci et al., 2015) - greatly
influence analysis of this AGN-galaxy connection. More precise knowledge of these
properties, and of the AGN duty cycle (i.e., the proportion of the lifetime of a SMBH
where it is active) would help to constrain the interaction processes. Thus, an accurate
local census of AGN that could constrain AGN population statistics would provide an
important stepping stone towards solving this problem.

The local universe is known far better than the high-redshift universe: low luminosity
objects are visible, high spatial resolution measurements are possible, and a detailed
picture of local structure can be made. However, even in this ideal zone, databases are
incomplete. The current most commonly used consistently collected dataset of local
galaxies is the 2MASS Redshift Survey (2MRS; Huchra et al., 2012) and although this
is a thorough sample, it is not complete even at very low redshifts (see Sections 2.2.1
and 2.4). All selection methods for AGN are known to be incomplete in some way
(see Section 1.2.1.7), and without a complete census of local galaxies, even the most
complete selections cannot find all AGN - particularly those that are heavily obscured,
intrinsically low luminosity, or suffer from significant host galaxy dilution. For exam-
ple, Ananna et al. (2019) estimate from the cosmic X-ray background that the fraction
of AGN within z < 0.1 should be 50%=9%, but observations do not reproduce this
number. Thus with our constructed local catalogue we will have the most complete
collated sample of local galaxies to date, and with this will be able to uncover new local
AGN candidates.

The eventual ultimate goal of LASr is to produce a complete local census of AGN. The
local universe is ideal for (1) finding missing AGN that are representative of as much of
the full range of luminosities as possible; (2) selecting AGN with the minimum possible
bias; and (3) studying their nuclear environments in detail. The steps this project takes

towards this goal are as follows:

1. A complete census of local galaxies - active and inactive. This will form the
‘Galaxy Parent Sample’(LASr-GPS), from which known AGN and AGN candi-
dates will be selected — Sections 2.1.1-2.4

2. Selection of AGN candidates from the galaxies in the LASr-GPS that are not
known to be AGN — Section 2.3
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3. Multi-wavelength investigations of the AGN candidates to assess the fraction of
AGN that are thus unknown in the local universe — Optical and NIR spec-
troscopy in Section 2.5.2; further work to come in other parts of the electro-

magnetic spectrum

2.1.1 Other AGN catalogues

The ongoing all-sky scan with Swift-BAT (the Burst Alert Telescope on the Swift satellite;
Barthelmy et al., 2005, Gehrels et al., 2004) provides hard X-ray (14-195 keV) coverage,
and therefore local AGN catalogues that are relatively unbiased. In this work we use
the 70-month catalogue (hereafter B70; Koss et al., 2017, Ricci et al., 2017a) as a reliable
sample of AGN, including some Compton thick (CT) sources. However, due to low
sensitivity in this hard X-ray regime, the flux limit for B70 is high, and many bright
AGN - including many CT - are not detected.

The Véron-Cetty & Véron catalogue (13th edition; Véron-Cetty and Véron, 2010, , here-
after VCV) aims to present a complete catalogue of known AGN, including 169k objects
with redshift and absolute magnitude, with other basic information where available.
These are classed into quasars, BL Lacs, and AGN. Only a small fraction (1135) are
within the LASr-GPS volume, but these comprise a significant fraction of the known
AGN within the LASr-GPS catalogue. This catalogue is a compilation of other AGN

catalogues, and should thus be expected to present a thorough list.

Zaw et al. (2019) (hereafter ZCF) analyse the 2MRS spectra, producing a catalogue of
optical AGN based on the initial infra-red selected sample. They analyse emission line
widths and fluxes, enabling AGN selection based on various optical methods. They
remove host galaxy contribution then fit Gaussians to various emission lines, identify-
ing broad line AGN with a FWHM threshold of 1000 km s~! in broad Ha and/or H B.
In the absence of broad lines they identify AGN with the BPT diagram (Baldwin et al.,
1981, Kewley et al., 2006). This catalogue contains 8.5k AGN, of which 3078 are within
the LASr-GPS volume.

2.1.2 Lack of completeness and the reasons for it

All attempts at complete AGN catalogues are inevitably biased. The key to this is un-
derstanding the causes of these biases, and combining different methods in order to
mitigate their effects. The B70 AGN are biased towards X-ray bright, local AGN - an
all-sky survey struggles to make deep measurements, and sacrifices this for wide cov-
erage. ZCF relies on emission line analysis of optical spectra, which is more likely to
miss obscured AGN, weakly accreting AGN, or AGN that are dominated by their host

galaxies. VCV aims to be a complete compilation, but relies on the completeness of
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ifts contributing surveys. These catalogues of known AGN may be reliable - we can
trust that most objects in them are indeed AGN - but even in combination will not be
complete.
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2.2 Construction of Galaxy Parent Sample

2.2.1 Base databases

Extended galaxies from 2MASS (the Two Micron All Sky Survey; Skrutskie et al., 2006)
were gathered with a combination of known redshifts and dedicated follow-ups into
the 2MASS Redshift Survey (2MRS), containing 43.5k galaxies at K magnitude <11.75,
with low foreground extinction and out of the galactic plane. 15k of these are within
the range of the LASr-GPS, and form the initial core of the project. However, as only
13% of the B70 AGN host galaxies are included in this sample (this low number is due
in part to the K-band threshold), it is imperative that it must be extended, as there are
evidently many galaxies - potentially many AGN hosts absent. — Fig. 2.1, Step 1

NED! is a large database of extra-galactic objects, compiled over many years from a
wide range of sources, and including data from across the electromagnetic spectrum. It
includes redshift measurements - often multiple - and information on object classifica-
tion, making it an invaluable source when compiling information on a catalogue such
as LASr is aiming for. It contributes 157k objects to the LASr-GPS. — Fig. 2.1, Step 1

SIMBAD (Wenger et al., 2000)2 is a reference database for all astronomical objects, both
extra-galactic and galactic. Similarly to NED, it includes basic data on each object,
including classifications. It contributes 60k objects to the LASr-GPS. — Fig. 2.1, Step 1

SDSS - the Sloan Digital Sky Survey - is a long running project that includes images,
optical spectra, infrared spectra, IFU spectra, stellar library spectra, and catalogue data
for a large number of objects in the Northern sky. For this work we use Data Release
15 (Aguado et al., 2019), the most recent available at the time of the project. The optical
photometry and spectra are used to produce classifications and redshifts, which we use
here to contribute to the LASr-GPS - 22k objects. — Fig. 2.1, Step 1

The Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010) is an all-sky infra-
red survey telescope with four filter bands, at 3.4, 4.6, 12, and 22 microns. It provides
magnitudes with a number of different fitting models; for the purposes of AGN selec-
tion, the most relevant are the profile fitting magnitudes, as they should most closely

trace the nuclear emission, rather than that of the whole galaxy. — Fig. 2.1, Step 7

Ihttps://ned.ipac.caltech.edu/; the NASA/IPAC Extragalactic Database (NED) is funded by the
National Aeronautics and Space Administration and operated by the California Institute of Technology.
2https://simbad.u-strasbg.fr/simbad/sim-fid


https://ned.ipac.caltech.edu/
https://simbad.u-strasbg.fr/simbad/sim-fid

Chapter 2. Starting Local: what can we learn from a census of Active Galactic Nuclei
42 at low redshift?

2.2.2 Combining these and other selection steps

Armed with each of the contributing databases, these were combined into a final sam-
ple. No objects with photometric redshifts are kept, as these are statistical measure-
ments that can be quite uncertain. Any objects at very low redshift (z <0.001) and
classified as stars are very likely to be correctly identified as such; these are excluded.
Some objects have contradictory classifications, for example if an outdated SDSS class
has been included in NED, and these are assessed based on the number of classifi-
cations as Galactic objects and a redshift threshold designed for a high probability of
removing Galactic sources. — Fig. 2.1, Steps 5, 6

The remaining galaxies are cross-matched with WISE sources, and visually checked.
In most cases, the WISE source closest to the database coordinates is most likely to be
the correct one. For the rest, some have inaccurate coordinates for the galaxy nucleus,
or have no clear nucleus. The former can be corrected, and the latter is flagged in the
database. In a very small number of sources, the WISE catalogue does not contain an
entry for the coordinates, despite emission there - most of these were present in the
original WISE data release (Cutri and et al., 2012) and can be added (with correspond-
ing flag). With these steps, 99.94% of the LASr-GPS has WISE data. 1.4% are dominated
by a nearby bright source, and the WISE photometry for these are taken as upper limits.
Any sources associated with the same WISE source were removed. — Fig. 2.1, Step 7

Any duplicate objects were blended - no repeats are wanted in the final list, but infor-
mation from one database may be missing from another, and any useful data should
not be lost. — Fig. 2.1, Step 8

A final check of redshifts was then done - it is important that it is known accurately, as
for most sources it is the best measure of distance available, and therefore important for
accurate luminosity measurements. Sources are flagged if they have (a) an unverified
but not suspicious redshift value (low confidence in SDSS, or only a single measure-
ment), or (b) highly different measurements with an unclear solution. NED contains
a number of redshift-independent distances. We find that at >50 Mpc, the redshift-
derived luminosity distance and redshift-independent distance converge. Therefore,
where available, we adopt the redshift-independent distances for the galaxies at <
50 Mpc. — Fig. 2.1, Step 9

A summary of the steps taken can be found in Figure 2.1.



2.3. AGN Selection 43

1.z < 0.02222
(D < 100 Mpc)
excluding stars

2. crossmatch 3"

183k potential
galaxies

3. query missing
counterparts

183k potential BERSE |véron-Cetyl

T

5 F Zaw et
galaxies NED Eiz\gem) B,@‘ al. (2019)
1.Grr'\|lark known | I |

183k potential T EE
uery redshifts

5.
& distances
183k potential

galaxies
6. clean Galactic _
sources 77k potential
7. crossmatch gdlaies
with WISE —_—
& visual check 55k rer_ified
8. unify galaxies
duplicates 50k unique

REIEVEES
9. clean redshifts —— 49K galaxi

4R AGN) LASr galaxy parent sample
10. select by LASr AGN selecti
WISE colour (R90) @ 159AGNI e r selection
11. calculate e
e)g)ected No of B
AGN (Lx >1042erg/s) :

FIGURE 2.1: Selection steps involved in combining existing databases into the LASr-
GPS (figure from A2020).

2.3 AGN Selection

2.3.1 Prior Information

After compilation of the LASr-GPS, there are many sources that are already known to
be AGN in one or more of the contributing databases (see Section 2.2.1). This popula-
tion will form a core part of our understanding of how much is already known of AGN
in the local volume, and allow us to statistically assess how many AGN may lie hidden
in other galaxies.

NED and SIMBAD have together collected classifications from many different refer-
ences, for a large number of sources. SDSS identifies AGN based on template fitting
to optical spectra. In addition to these, we have known AGN from the dedicated cat-
alogues VCV (Véron-Cetty and Véron, 2010) and ZCF (Zaw et al., 2019), and X-ray
selected AGN from Swift-BAT (B70) - see Section 2.1.1.
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Finally, there are 4309 known AGN within the LASr-GPS. Most of these are selected
with optical emission line analysis, with the main exception being the B70 AGN. —
Fig. 2.1, Step 4

A key parameter for tracing the AGN power is the 12 micron luminosity, which follows
the warm AGN heated dust. At very low redshifts, such as is the case for LASr, we can
use the WISE W3 luminosities directly, with no k-correction needed. Emission from
star formation can also contribute in this range, and full decoupling of these sources
needs detailed SED modelling (e.g., AGNFITTER; Calistro Rivera et al., 2016, ; see Sec-
tion 4.2.2), which is out of the scope of this section. A comparison of WISE and higher
angular resolution measurements can be done to derive a rough correction factor (As-
mus et al., 2014), but only a weak relationship between L(W3) and the correction ratio
is found for the sources in the LASr-GPS. This relationship shows some change with
optical classification (e.g., Seyferts, starburst) and thus we can apply corrections to the
known AGN population, based on their optical type. This correction must be heavily
caveated: the scatter on the relationship is large, and is therefore only acceptable for

statistical analyses, and not for individual sources.

When focusing on AGN, one major source of contamination in the MIR is starburst
galaxies (Hainline et al., 2016). As stated above these also produce emission in the same
MIR range, so it is important to understand how selection of candidate AGN might be
affected. Similarly to AGN, we can find starburst classifications in our base databases,
and although the list of starbursts will also be incomplete it will still indicate where we
might find them when considering AGN selection. PAH emission in low-z star-forming
galaxies can also cause red colours, and Galactic contaminants such as brown dwarfs

may also be present.

2.3.2 Applying MIR AGN selection

Many MIR selection criteria focus on the W1 — W2 colour (e.g., Stern et al., 2012, Assef
et al., 2013), as a good indicator that the shape of the SED in that region is more likely
to be caused by AGN heated dust than by any other sources. In Figure 2.2 we show the
distribution of this attribute for the entire parent sample (light blue), and for various
subsets. The sub-sample showing the clearest difference in distribution is the B70 AGN,
emphasised by the median values shown. Figure 2.3a shows these values as compared
to W2 — W3, and indicates where objects lie on this plane. Most galaxies lie on the star
forming main sequence across W2 — W3, caused by increasing warm dust emission

from star formation leading to redder colours (as found by Jarrett et al., 2019).

Selection of desired sources can be done to prioritise reliability (i.e., most of the selected
sources are correct), or completeness (most of the correct sources are selected), and a

balance between the two is hard to find. In this case our aim is to select new AGN
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W1 — W2 > 0.65 if W2 < 13.86 mag
W1 — W2 > 0.65 exp(0.153(W2 — 13.86)?)  otherwise

candidates, and use these to assess how many AGN are missing from the current cata-
logues. For this purpose, it is better that we get a reliable sample of AGN candidates, so
that we can compare their numbers to the known AGN in same region, and extrapolate

further.

With this in mind, we use the criterion from Assef et al. (2018), which is designed to
have 90% reliability (hereafter R90):

This is shown (for W2 < 13.86 mag) in Figure 2.3a as a horizontal grey dashed line, and
Step 10 in Figure 2.1. Out of the known AGN, 172 (~4%) are above this threshold. The
majority of these are classified as Seyferts, and have a type 2 to type 1 ratio of classifi-
cations of 0.52, similar to the whole population - indicating that there is no significant
bias towards either obscured or unobscured.

In Figure 2.3b we can see that there is a bias towards selecting more luminous AGN,
as expected. This is discussed further in Section 2.4.3. Figure 2.3 shows that a signif-
icant number of known AGN are not included in colour selection. Further analysis in
this work is limited to brighter objects where completeness increases significantly (see
Figure 2.10).
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FIGURE 2.2: Distribution of WISE W1 — W2 colours for all galaxies in the 2MRS (or-

ange), combined GPS (blue), and B70 AGN (magenta). Galaxies classified as known

starbursts (yellow) and known AGN (black) are also shown. Vertical lines show the
median value for each category (figure from A2020).
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FIGURE 2.3: The LASr-GPS and MIR selection: new candidates are highlighted, in
colour (a), and luminosity (b).
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2.3.3 Future Application of X-ray AGN selection

Selection of AGN in X-rays is one of the most reliable. Most AGN are intrinsically
luminous in X-rays due to Compton up-scattering of UV photons from the accretion
disc. The resulting high intensity means that AGN stand out from other non-transient
X-ray sources in the sky. Star formation can also produce X-rays, but at generally lower
luminosities. X-ray emission is also less affected by obscuration, particular at higher

energies, making selection in this regime less bias against heavily obscured sources.

The BAT 70 month catalogue (see Section 2.1.1) provides a reliable local list of AGN,
relatively unbiased compared to other catalogues. However, it is constrained by high
flux limits, and while this will be deepened as the satellite continues its work, it will

not improve greatly.

In 2019 the SRG mission launched, comprising two instruments: eROSITA (the ex-
tended ROentgen Survey with an Imaging Telescope Array; Predehl et al., 2010, Mer-
loni et al., 2012, , at 0.2-10 keV) and ART-XC (the Astronomical Roentgen Telescope
- X-ray Concentrator; Pavlinsky et al., 2011, 2018, , at 4-30 keV). Early results from
these telescopes look promising®, and they are expected to be approximately ten times
deeper than the current Swift-BAT survey, and should therefore be an excellent oppor-
tunity to enhance numbers of known local X-ray AGN, particularly less luminous and
Compton thick AGN. Expected numbers of detections can be estimated as follows:

1. R90 AGN candidates: we have selected a number of reliable candidates for thus
far unknown AGN, based on their MIR colour and luminosity. In Figure 2.3b,
these are found in the top right corner (i.e., W1 — W2 > 0.65 and L(W3) > 10423

-1
ergs ).

2. L(W3): MIR luminosity is a good predictor for intrinsic X-ray luminosity, so we
start with the best available MIR for all candidates.

3. Simulation of expected flux: the following steps are then based on predicted re-
lationships, or assumed underlying distributions, and as such include an inherent
uncertainty. We therefore perform a Monte Carlo re-sampling of these steps; with
10? iterations, the results become stable.

(a) L1y}, prediction: as described in Section 2.3.1, we can decontaminate the
W3 luminosity to predict the nuclear only luminosity - an improved estimate
of AGN-only emission. The probability distribution for the uncertainty on

this relationship is assumed to be Gaussian.

(b) Lintrinsic prediction: based on the MIR-X-ray luminosity relationship from

Asmus et al. (2015), we can use the predicted nuclear L1, to determine the

30perations are currently on pause.
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expected intrinsic X-ray flux. The probability distribution for the uncertainty
on this relationship is assumed to be Gaussian.

(c) Nu assignment: this intrinsic X-ray flux can become a predicted observed flux
with the application of obscuring column depth. The true values for these
are unknown, so each candidate is randomly assigned an Ny based on the
B70 AGN bias-corrected distribution (Figure 2.4a).

(d) Absorption prediction: finally, the intrinsic predicted X-ray flux and as-
signed column depth (Np) are combined with the absorption curve (Figure
2.4b) to produce an expected observed source flux for each candidate.

Starting from 61 R90 AGN candidates, we find that eROSITA should detect 43+6 of
these in the all-sky survey. The remainder would be expected to be highly obscured.
Based on the predicted flux distribution, we would expect 20410 of the 61 R90 to be
already detected in the Swift-BAT 70 month survey; however, we know that none were.

This leads us to two possible explanations:

¢ There are more CT AGN in the R90 than assumed in the Ny distribution; a con-
clusion that seems reasonable given that we know CT AGN are harder to select.
If the R90 selection is unbiased to Ny then according to the intrinsic Ny distribu-
tion used above (Ricci et al., 2015) we should expect 54 CT objects from the full
R90 passing list of sources. From the known AGN, only 18 are CT. Thus, there
may be many more CT AGN present in the R90 candidates as assumed, and the
expected detection numbers for Swift-BAT correspondingly lower. This will be
discussed further in Section 2.4.4.

* A significant fraction of the 61 R90 candidates are contaminant objects. By design
the selection should contain 10% non-AGN galaxies - given that the rest are con-
firmed AGN, we would expect that all of these are likely to be in the unconfirmed
candidate group.

Whether a higher than expected number of CT AGN or non-AGN contaminants is
present in the R90 AGN candidate list, we should still expect that a significant number
appear as X-ray AGN in the all-sky eROSITA survey.



Chapter 2. Starting Local: what can we learn from a census of Active Galactic Nuclei
50 at low redshift?

1 1 1
I intrinsic
observed

0.30

0.25

0.20

0.15

fraction of AGN

0.10

0.05

000 20 22 24

log Ny [cm™?]
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from Ricci et al. (2015) (dark purple). In Section 2.3.3 this distribution is assumed in order to
predict the number of AGN we may expect to detect in X-rays.
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(B) X-ray absorption of 2-10 keV and 14-195 keV fluxes for BAT70 AGN, with Ny values from
Ricci et al. (2017a).

FIGURE 2.4: Difference in intrinsic and observed Ny and the effect of Ny on flux
drop-out at soft energies (figures from A2020).
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24 Completeness and Reliability

The method used to construct the LASr-GPS aims to have a higher completeness of
potential AGN host galaxies than previous catalogues, including the 2MRS catalogue.
To assess this in simple physical terms — without making assumptions about the nature
of the host galaxies — we can examine the depth in terms of the central W1 luminosity.
At 100 Mpc (the limiting distance of the LASr-GPS), the maximum depth is ~10* erg
s~!. Completeness above this luminosity is affected by other factors, which will be

discussed in the rest of this section.

We can make empirical assessments of the contributing databases by cross-checking
the results. Here we look at the numbers of galaxies with known redshifts compared to
those without.

e NED: Kulkarni et al. (2018) compared the rates of detected supernova in NED
galaxies with and without redshifts, and concluded that the z-completeness of
NED is ~78% (at z < 0.03; higher than the LASr-GPS redshift limit). As NED is
only part of the parent sample, this places a lower limit on the completeness of
the LASr-GPS.

* SDSS: examination of an SDSS ‘core area’ (an area with maximum coverage by
the surveys). Assuming that the LASr-GPS is 100% complete in this area, we find
that the SDSS z-completeness is 88%, close to the average redshift completeness of
SDSS. SDSS is less complete in brighter galaxies, and the 2MRS galaxies fill in this
region (see Figure 2.5). Assuming this number of galaxies is the correct expected
number for an area of sky this size allows us to assess how many galaxies are
missing across the whole sky. Completeness assessed in this way reveals a strong
dependence on luminosity.

* GAMA: the Galaxy and Mass Assembly Survey (GAMA; Liske et al., 2015) is a
survey across a smaller area than SDSS, and here we use two deep fields (G12
and G15; DR3, Baldry et al., 2018), with a completeness of 98.5%, and 811 in the
LASr-GPS volume. Importantly, GAMA DR3 is not included in the versions of
NED or SIMBAD used for this selection, so it provides an independent test of
completeness. From the GAMA galaxies, we find 68 with a WISE counterpart
and L(W1) > 10%2 erg s71: 94% are in the LASr-GPS, consistent with our high
completeness aim.
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FIGURE 2.5: Distribution of all galaxies in SDSS (green), and in the 2MRS (orange) and
combined GPS (blue) excluding SDSS: WISE W1 magnitudes (figure from A2020).

2.4.1 Sky covering

It is also worthwhile examining the effect of sky position on completeness. One major
source of incompleteness is the Milky Way plane - between high extinction and numer-
ous galactic sources, it is difficult to extract background galaxies that have coordinates
in this region. The projection map of sources in Figure 2.6 makes the under-density of
sources at low latitudes clear, with an obvious gap in both 2MRS and the full LASr-GPS.
In Figure 2.7 the distribution of sources with Galactic latitude is shown, with dashed
lines representing a cosine curve — the theoretical shape of the distribution, given fully
random underlying sources. At low latitudes, the observed distributions fall sharply
away from the theoretical value, resulting in a deficiency of 6.440.8%. There is no sim-
ple way to include galaxies hidden by the Milky Way in this study, so this region will
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be excluded from calculations of the AGN population.

A second feature worth noting in Figure 2.7 is an under-density between ~35° and
~45°. This is caused by voids in the local volume - at this level of completeness and lo-
cal z, the cosmic structure is visible, and the distribution is not, as assumed, completely
random. Figure 2.6 clearly shows the galaxies following this filamentary structure.
This is, therefore, not a source of incompleteness in our galaxy sample, but conversely
demonstrates that our completeness is high enough that these structures are readily
visible.

Finally, we must note that although much of the LASr-GPS comes from the 2MRS, an
all-sky survey, a large number of sources come from SDSS - a ground based Northern
hemisphere survey. As such, there is some bias towards better completeness in the
SDSS region than outside it, which is visible in Figures 2.6 and 2.8 as a higher density of
points in the North. However, when comparing SDSS core region numbers (described
at the start of Section 2.4) it is not found to have a significant effect.
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FIGURE 2.6: Distribution of all galaxies in the 2MRS (orange) and combined GPS (blue): Aitoff projection of Galactic coordinates (figure from
A2020).
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FIGURE 2.7: Distribution of all galaxies in the 2MRS (orange), combined GPS (light
blue), and GPS with L(W1) > 10% erg s~ 1 (dark blue): Galactic latitude histogram,
with cosine fits to the data shown as dashed lines (figure from A2020).
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FIGURE 2.8: Distribution of all galaxies in the combined LASr-GPS (blue), and AGN
candidates (green circles): Galactic longitude projection into Galactic plane, with dis-
tance in Mpc.
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2.4.2 Redshift

Redshift completeness - i.e., the proportion of galaxies in the volume that have mea-
sured redshifts and can therefore be included - is difficult to assess, given the nature of
the contributing databases. As outlined above, the completeness in NED can be esti-
mated at ~78%, and this will not be unbiased - redshifts are only available for objects
that have been selected for targeting, and (if selected) with a measurable redshift. Fig-
ure 2.9 shows the distribution of galaxies with redshift across the total LASr-GPS, rising
with increasing volume as expected for approximately uniform number densities. As
in the latitude distribution, the anisotropy of the local universe is visible in a small dip
at z ~ 0.01. The redshift distribution of the 2MRS galaxies decreases after z ~ 0.017,
indicating that the brightness cut causes it to miss galaxies at greater distances, even in
this small volume.
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FIGURE 2.9: Distribution of all galaxies in the 2MRS (orange), combined GPS (blue),
known AGN (black), and known starbursts (yellow): redshifts of all objects (figure
from A2020).
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2.4.3 Magnitude and Luminosity

While there have been no specific luminosity or magnitude cuts made to the LASr-
GPS, it is nevertheless clear that there must be completeness effects and biases due to
the various flux limits of the contributing catalogues. For example, Figure 2.5 shows
that different catalogues are better for different magnitude ranges.

The 2MRS catalogue is a large part of the LASr-GPS construction, and Figure 2.10 shows
the ratio of 2MRS galaxies to total LASr-GPS galaxies as a function of a lower limit
cut on L(W1). It shows that the 2MRS is missing many galaxies and low luminosity -
this is expected, given the K-band magnitude cut in its selection process - but remains
incomplete even at luminosities where it would be expected to be safely detecting a
very high fraction of galaxies. In fact, the 2MRS completeness peaks at L(W1) > 10%>?
erg s~ 1, easily into the range of AGN luminosities. The 2MRS is therefore likely to be
missing a significant number of AGN host galaxies, and is not alone a sufficient base

catalogue.

Returning to our comparison with the SDSS core area, taking this as an approximately
100% complete sample to W1 <17 mag, we can again examine how the completeness
varies with L(W1) for the complete LASr-GPS. For L(W1) < 10*! erg s~! completeness
is 50-60% and reaches 90, then 100% at L(W1) < 10*? erg s~! and L(W1) < 10%?3 erg
s~1, respectively®.

High completeness at expected AGN luminosities implies that we can be confident in
the inclusion of the majority of AGN hosts, with the caveat that this is true for hard X-
ray selected AGN, and less so for the majority optically selected subset. We know that
this subset is biased against obscured AGN and would thus be expected to be less com-
plete. In Assef et al. (2018), the source of the R90 selection criteria, they use photometry
and spectroscopy from UV to MIR to select AGN and find a completeness of 17% for
this threshold (with a magnitude limit of W2 = 17.11; see point 12 in Figure 1.4). In fact,
apparent low completeness in MIR selection of known AGN demonstrates that the se-
lection of known AGN in this volume is lacking, except for hard X-ray selected sources
(B70 AGN). Incompleteness at the lower luminosity end may consequently cause the
exclusion of some weak or heavily obscured AGN, especially those in e.g., dwarf galaxy
hosts. Selection of new AGN candidates at this end of the scale is unreliable in the MIR.
Figure 2.11 shows the effect on completeness of introducing a luminosity cut to Figure
2.3a on MIR selection completeness.

4The Milky Way plane, i.e., |b| > 8°, has been excluded.
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FIGURE 2.10: Ratio of galaxy count in 2MRS to the full GPS of all galaxies (orange),
and known AGN (black), as a function of a lower WISE W1 magnitude threshold (fig-
ure from A2020).

2.4.4 Obscuration

While the LASr-GPS as a parent sample of potential host galaxies may be unbiased to
AGN obscuration - it does not include any cuts that may exclude these objects - the
lists of known AGN are likely to be biased against Compton thick AGN (hereafter CT
AGN). The extent of this bias depends on the selection and identification method of
each contributing catalogue. Hard X-rays are the most reliable method of selecting CT
AGN, but even the B70 AGN list is likely to be missing many (see Section 2.1.1). Figure
2.4b shows how the soft (2-10 keV) and hard (14-195 keV) observed fluxes change with
column density (log Ny (cm™2)). At CT obscuration (> 10?4 cm~2) the observed flux is

decreased by orders of magnitude, even in hard X-rays.

In Section 2.3.3 we discussed the construction of a predicted observed X-ray flux dis-
tribution. We found that this distribution is heavily biased by the assumed underly-
ing distribution of Ny; the fraction of CT AGN is highly uncertain (e.g., Gandhi and
Fabian, 2003, Ricci et al., 2015, Ananna et al., 2019), making it difficult to estimate the
expected number of new AGN detections by eROSITA. Even if our assumed intrinsic

Ny distribution (Figure 2.4a) is correct, comparing the number of known CT AGN to
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FIGURE 2.11: Subset of LASr-GPS sources with L(12) > 10* erg s~! on the WISE

colour-colour plane. Blue points are all sources, black crosses are known AGN, and

pink cross are B70 AGN. Text shows the percentage of known AGN (black, left), and
B70 AGN (pink, right) that pass the R90 selection.

the fraction of all known AGN that would be expected to be CT reveals a deficit. There
are not enough known CT AGN to line up with the theoretical distribution.

One of the aims of this project is to assess what gaps there are in our knowledge of AGN
demographics, and it is clear that the CT AGN fraction is a major area of uncertainty.
Starting with the known AGN from the LASr-GPS, we can determine what the demo-
graphics of this sample imply about the CT AGN; this will be a lower limit, if we posit
that the AGN candidate sample contains a higher proportion of CT AGN. Considering
the numbers of AGN in the hard X-ray selected sample of B70 and those selected by
R90, Table 2.1 summarises the CT AGN fraction found in this way, with a final value
for R90 known AGN of 11%.

TABLE 2.1: Assessment of CT fraction based on numbers of known sources.

Group Lé”_twkev threshold No. AGN No. CT AGN CT fraction
erg g1 %
(1) ) 3) 4 )
B70 AGN 10%2 153 20 13%
R90 and B70 AGN 10423 84 10 12%
R90 not B70 AGN 10423 76 8 11%

Overall R90 known AGN 10423 160 18 11%
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However, the true CT fraction is likely to much higher than 11%. Ricci et al. (2015) gives
us a CT fraction of 27%, and with this we can investigate further.

All R90 passes, L' = > 10%? erg s—1: 221 objects.
¢ Assuming a CT fraction of 27%: 60 CT AGN expected out of these 221 objects.

e B70 CT AGN: 10 known CT AGN in the R90 subset of B70 leaves 50 more ex-
pected CT AGN out of 137 R90 non-B70 objects.

¢ Expected detections: repeating the simulations from Section 2.3.3, we would ex-
pect 60£25 of the 137 R90 non-B70 objects to have been detected by Swift-BAT.

* 90% reliability: assuming 10% contamination, i.e., 22 non-AGN objects; 38+25

expected Swift-BAT detections remain, of which none are found.

Given that this implies more detections by Swift-BAT than have been seen, the CT frac-
tion is likely to be higher than assumed here; 40% would be consistent with no Swift-
BAT detections and thus places a lower limit on the CT fraction. From the 137 R90
non-B70 objects, 14 are known to be type 1 AGN and thus unlikely to be CT. If the re-
maining 123 objects are CT, this places an upper limit of ~55% on the CT fraction in
this selection.

Much of the uncertainties here come from the unknown nature of the R90 candidates.
Are they truly AGN? How many are actually star forming contaminant galaxies? For
those that are AGN, are they CT? Alternatively, are they an intrinsically X-ray weak
population and thus Swift-BAT- undetected for this reason? If we can begin to define
and classify these ‘missing’” AGN, we can narrow down the CT fraction in the local

universe further.

2.4.5 Estimated AGN Number Density

For the LASr-GPS we have excellent completeness for objects with L(W3) > 10423 erg
s~1, and can be confident in the 90% reliability for the R90 selection criteria above
this threshold. This luminosity limit corresponds to an approximate stellar mass of
log(M./Mge) ~9.7 (using the relation from Wen et al., 2013), with the caveat that this
value is highly dependent on galaxy properties, and that we may be missing a signifi-
cant fraction of stellar light. Thus, we can use our parent sample along with estimates
of AGN counts and incompleteness from various sources to calculate an AGN number

density for the local volume, summarised in Table 2.2.

* R90 galaxies: from 221 R90 galaxies, we expect 90% to be AGN hosts, i.e., 199
objects, consistent with 160 of these being known AGN.
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TABLE 2.2: Summary of correction factors applied to R90 selected galaxies to obtain
estimated number counts of AGN in galaxies with L% hm > 10%23 erg s~1. Columns:
(1) Step in the process; (2); Correction factor applied due to over/under-counts of total

AGN due to effects from this factor; (3) number counts of AGN.

Step Correction factor ~ Number
@ 2 ©)

R90 galaxies 221
90% reliability 0.9
Colour selection 1.957%%%
W3 host contamination 0.85+0.1
LASr-GPS 1.114+0.04
Final count 362t114156

¢ Incompleteness from colour selection: our selection criterion (Assef et al., 2018)
was chosen for high reliability, and sacrifices completeness to achieve this. For this
luminosity threshold, 51+10% are selected by R90. This completeness fraction
is calculated based on the fraction of B70 AGN selected by R90 at the chosen
luminosity threshold (see Fig. 18 of Asmus et al. 2020), as this sub-sample is
assumed to be the least biased due to its hard X-ray selection.. Therefore, we

apply a correction factor of 1.951%%82.

* Host contamination of W3: intrinsic AGN luminosity may be overestimated due
to contributions from the host galaxy. The correction to nuclear 12 um luminos-
ity (see Section 2.3.1) is not accurate for individual sources, but can be used for
the sample population. Applying the correction to the 221 R90 leaves 187422
(85+£10%) with nuclear luminosities above this threshold. The correction factor
for this effect is 0.85+0.1.

* LASr-GPS: incompleteness of the parent sample is can be estimated for W3 sim-
ilarly to W1 in Section 2.4.3. Outside of the Milky Way, the LASr-GPS complete-
ness at L(W3) > 10?3 erg s~! is 96.144.2%. Correcting for the MW shadow adds
another 6.4+0.8% (see Section 2.4.1), putting the final correction at 1.11+0.04.

¢ Others not accounted for: there are smaller factors that have not been included
in this calculation, e.g., lack of redshift-independent distances. The effects from
these are estimated to be <1%, and are ignored here.

Finally, applying these factors gives an expected number of AGN of 362*}% equivalent
to a density of 8.6"3% x 107> Mpc 2, for AGN with L{5S > 10*° erg s~'. Repeat-
ing the calculation for X-ray luminosity thresholds instead gives us a number count of
101+% (473) for Lint, v > 10% (10*) erg s~ 1. There are 53 (2) known AGN above this

threshold.
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2.5 Are the ‘Candidate AGN’ Truly AGN?

Having selected a number of candidate AGN from the LASr-GPS - galaxies that can be
expected to host AGN based on their IR colour and luminosity - the next step is to assess
which of these are AGN, and what their properties might be. Many of the candidate
AGN may be expected to be Compton thick, and some may be contaminated by host
galaxy IR light. Either of these scenarios may mean low soft X-ray flux, and therefore
difficult to confirm AGN presence with upcoming eROSITA data. An independent
assessment of AGN power is to examine emission lines from the NLR, which should
be further from the BH than any Compton thick obscuring matter. High quality optical
and NIR spectra is a useful tool for detailed emission line diagnostics, and a multi-
year follow-up campaign is underway with X-SHOOTER (Vernet et al., 2011). Optical
emission line diagnostics (e.g.,, Kewley et al., 2006) should identify the majority of
objects, but in extremely obscured sources (or even rarer objects, e.g., weak line quasars;
Meusinger and Balafkan, 2014, or Optically Quiescent Quasars; Chapters 4 and 5)
optical lines may not indicate AGN presence. In this case we can use NIR emission

lines, which are less likely to be extincted by thick obscuration.

2,51 X-SHOOTER follow-up campaign aims

To reach these goals, we proposed X-SHOOTER bad weather spectroscopy of all 43
AGN candidates found in A2020 that are expected to have Lx > 10% erg s~! and are
visible from Paranal (DEC<30). The wide spectral coverage at relatively high spectral
resolution of X-SHOOTER allows us to:

¢ Perform optical AGN BPT diagnostics based on the ratios of, e.g., Ha, HB, [O I],
[O IOI] and [N II] (diagrams based on the first three observed candidates shows

the inconclusive results from this method alone);

¢ Perform infrared AGN diagnostics based on the ratios of Fe11 1.26 um, Pag, H,
2.12 pm, Brvy and the presence of coronal lines, e.g., [Si V1] 1.96 pm.

These new AGN candidates may be extreme in their obscuration properties - they have
not been found in previous surveys, despite being local. Therefore, it is important to
combine multi-wavelength AGN diagnostics to verify and characterise these systems.
Any single diagnostic might fail; however, the combination will uncover any AGN with
high confidence.
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2.5.2 Initial Follow-up Sources

To date, four targets have been measured and processed, and the results from these
follow. The first three sources shown here are not currently known to be AGN - these
are followed up for confirmation (or rejection) of the presence of an AGN. The final
source is known — or thought — to be an AGN, and conjected to be an object called a
Compact Obscured Nucleus (CON; e.g., Falstad et al., 2021). These are optically normal
galaxies containing dense, IR bright cores (see Figure 2.21). This core may contain an
enshrouded AGN or a compact starburst, and it is difficult to identify the source of

power. A deep silicate absorption feature can indicate visual obscuration.

A summary of the four follow-up objects, their properties, and basic results is found in
Table 2.3a. Figure 2.12 shows the optical emission line diagnostic results (Kewley et al.,
2006) for each, and Figure 2.13 shows the NIR emission line diagnostic diagram from
Riffel et al. (2013).

Table 2.3b contains a summary of the X-SHOOTER observations. The follow-up spectra
were taken in ESO P106 (1 October 2020 — 31 March 2021) and P109 (1 April 2022 - 30
September 2022). In order to achieve the scientific aims of this work, we requested the
following sky conditions: seeing 2", sky transparency ‘thin cirrus’ (transparency vari-
ations above 10%), airmass 2, fraction of lunar illumination 1 (i.e., fully illuminated is
acceptable), moon distance 30°, and precipitable water vapour 30 mm. These are gen-
erally fairly relaxed, given the nature of these AGN candidates as bright, local galaxies.
With the exception of seeing all constraints were met for all observations. Spectra were
processed with the standard pipeline, as described in ESO phase 3 documentation®,

with sky subtracted and calibration applied.

Shttps://ftp.eso.org/pub/dfs/pipelines/instruments/xshooter/xshoo-pipeline-manual-3.
6.1.pdf


https://ftp.eso.org/pub/dfs/pipelines/instruments/xshooter/xshoo-pipeline-manual-3.6.1.pdf
https://ftp.eso.org/pub/dfs/pipelines/instruments/xshooter/xshoo-pipeline-manual-3.6.1.pdf
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FIGURE 2.12: X-SHOOTER follow-up sources on the BPT diagram (Kewley et al., 2006), showing their optical classification based on emission lines.
Only ESO495 appears decisively to be an AGN by this method.
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FIGURE 2.13: X-SHOOTER follow-up sources on the NIR diagnostic diagram (Riffel
et al., 2013), showing their NIR classification based on emission lines. Only CGCG058
appears decisively to be an AGN by this method..
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2.5.2.1 CGCG 058-009

Not classified as an AGN in any of the LASr-GPS base catalogues, CGCG 058-009 (here-
after CGCGO058) is included in some recent studies of heavily obscured AGN, but is
not previously confirmed either optically or in X-rays. For example Tsuchikawa et al.
(2021)° present a study of silicate absorption features at 10-20 um, selected from Spitzer
(Houck et al., 2004, Werner et al., 2004) spectra as AGN-dominated galaxies accord-
ing to their small polycyclic aromatic hydrocarbon (PAH) 6.2 pm feature. The presence
of deep silicate absorption in this system implies the presence of heavy obscuration,
but does not by itself confirm AGN presence. Optical imaging (Figure 2.15) appears to
show a disturbed morphology, perhaps the remnant of past galaxy interaction; this may
be associated with higher likelihood of AGN presence, but the evidence is not conclu-
sive (see Section 3.4.2). The ratios of emission line fluxes from new X-SHOOTER mea-
surements (Figures 2.14, 2.12) place it outside the AGN region, in either star-forming or
transitional galaxy regions. However, NIR emission line ratios (Figure 2.13) positively
identify it as an AGN. This evidence, along with the silicate feature, implies that this
may be a good candidate for a heavily obscured AGN, possibly even a Compact Ob-
scured Nucleus (CON; e.g., Falstad et al., 2021, and Section 5.13.1). Some emission
lines are not particularly bright compared to the noise (see e.g., [O 11I] and [O1] in Fig-
ure 2.16), and we must also bear in mind that this spectrum was not taken with ideal

seeing, and thus may include more galaxy contamination than others.
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FIGURE 2.14: Optical and NIR spectra of CGCG058. Smoothed with a Gaussian ker-
nel, width 25 pixels. Shaded area shows flux uncertainty.

6Included as MCG +02-20-003.



2.5. Are the ‘Candidate AGN’ Truly AGN?

69

FIGURE 2.15: PanSTARRS irg bands converted to RGB image of CGCGO058. Circle has
9 arcsec radius and is centred on the catalogue source coordinates.
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FIGURE 2.16: Optical and NIR spectra of CGCG058, with emission lines highlighted.
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2.5.2.2 ESO 495-G 005

ESO 495-G 005 (hereafter ESO495) is a face-on galaxy, with a bright nucleus (see Figure
2.18). A second bright optical region is visible within the galaxy, but it is clear from
the location of the WISE sources that these are separate, and that the central source is
the location of the candidate AGN. Its optical spectrum shows a clear 4000A break (see
Figure 2.17, indicating an older, metal-rich stellar population. An X-ray source asso-
ciated with it is present in a now-outdated version of the BAT catalogue (54 month;
Cusumano et al., 2010), with 15-150 keV flux 6.843.8x10~12 erg s~1 ecm~2. This source
is not found in newer versions of the catalogue (i.e., the 70 month version used here),
which may indicate that it was either better associated with a different source, a statisti-
cal error, or a faint source at the edge of the limits of Swift-BAT. It also may be a ROSAT
source (Voges et al., 1999), but due to positional uncertain and low source counts, it
cannot be confirmed as an AGN from that alone. It was selected as a promising CT
AGN candidate from its unusually high MIR-to-hard-X-ray flux ratio; i.e., it is unde-
tected by Swift-BAT (in the latest version of the catalogue), but has WISE W3 magnitude
much greater than that corresponding to the B70 flux limit, and is also not known to
host a starburst. However, although it is not present in the Swift-XRT source catalogue
(2SXPS; Evans et al., 2020b) a detection can be found with the online tool (Evans et al.,
2009). Without X-ray data at >10 keV it is difficult to constrain the parameters with
much confidence, but with the soft data alone it appears to be very lightly obscured
(log Ny~20.8 cm~2) and under-luminous (observed L, 19 ey = 5.3x10% erg s~ cm~2)
- see Appendix A.1. Deeper hard X-ray data would help distinguish between a truly
under-luminous AGN, and an extremely obscured one. With the new X-SHOOTER
data (Figures 2.17, 2.19, and Appendix A) optical emission line flux ratios indicate that
the presence of an AGN is likely (Figure 2.12). On the other hand, IR emission lines are
less conclusive (Figure 2.13), possibly due to higher flux uncertainties on these lines,
or contamination from star formation. It does not show broad lines in the optical, and
thus can be tentatively classed as a type 2 AGN, and remains a CT candidate.
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FIGURE 2.17: Optical and NIR spectra of ESO495. Smoothed with a Gaussian kernel,
width 25 pixels. Shaded area shows flux uncertainty.

FIGURE 2.18: (left) PanSTARRS irg bands converted to RGB image and (right) Swift-
XRT full band image of ESO495. Circle (cyan, smaller) has 9 arcsec radius and is cen-
tred on the catalogue source coordinates.
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FIGURE 2.19: Optical and NIR spectra of ESO495, with emission lines highlighted.
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2.5.2.3 NGC 3094

Unlike the other follow-up targets discussed here, NGC 3094 is classed as an AGN
in the LASr-GPS (classification from NED, based on optical spectra and absorption fea-
tures: Armus et al., 1989, Imanishi, 2000, respectively). However, it is a candidate Com-
pact Obscured Nucleus (e.g., Falstad et al., 2021) - despite having many features of an
AGN (e.g., strong nuclear IR emission), the power source for this could instead come
from dense, obscured star formation localised around the nucleus. Whether CONs
contain AGN or SF may different across different objects. They are also, by definition,
heavily obscured and thus difficult to discover and understand; simultaneously, these
extremely obscured AGN may be an important insight into AGN growth and evolu-
tion, which occurs in a large part under very obscured conditions. It is included as an
X-SHOOTER target in order to gain some insight into the activity within the nucleus -
NIR spectroscopy has the best chance of observing emission lines through the obscu-
ration. Optically it appears like a spiral galaxy with a bright nucleus (Figure 2.21) - the

nearby bright source is a foreground star and is not associated.

As expected, optical emission line diagnostics do not reveal AGN activity within NGC3094,
although it is not conclusively in any one region of Figure 2.12. NIR diagnostics are
hampered by an undetected Bry line (see Figure 2.22), and optically by low intensity
lines (Figure 2.20). In Figure 2.13 the position on the Fell/Paf axis is indicated with
an arrow - placement on the H,/Brvy axis is undefined. However, the Fe11/Pap value
implies that it is more likely to lie in the AGN region, being too high for star-forming. It
may be near to the LINER region, but as dense star formation is the primary alternative

explanation for the AGN-like nuclear activity, this is the class we wish to distinguish.

Optical and NIR spectroscopy alone cannot probe the CON of NGC3094. A multi-
wavelength campaign can provide different angles into the activity present; for exam-
ple, hard X-rays (e.g., NuSTAR) could detect intrinsic nuclear activity even through

thick enshrouding material.
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FIGURE 2.20: Optical and NIR spectra of NGC3094. Smoothed with a Gaussian kernel,
width 25 pixels. Shaded area shows flux uncertainty.
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|

FIGURE 2.21: PanSTARRS irg bands converted to RGB image of NGC3094. Circle has
9 arcsec radius and is centred on the catalogue source coordinates.
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FIGURE 2.22: Optical and NIR spectra of NGC3094, with emission lines highlighted.



Chapter 2. Starting Local: what can we learn from a census of Active Galactic Nuclei
78 at low redshift?

2.5.2.4 ESO 343-1G 013 NEDO02

ESO 343-1G 013 NEDO2 (hereafter ESO343) is part of a closely interacting galaxy pair
(see Figure 2.23). Its partner, ESO 343-1G 013 NEDO1, is also in the LASr-GPS - it is not
known to be an AGN, and is excluded from the follow-up program based on its WISE
W1 — W2 colour of 0.37 being below the selection threshold, despite high luminosity.
However, as discussed above, this selection threshold is aiming for high reliability, not
completeness, and therefore we cannot rule out this system as a potential dual AGN
at this point. Supporting this theory is the presence of Chandra point sources in each
nucleus (Wang et al., 2016). ESO343 is detected to a high significance (18.2); its partner
less so (2.8). Its position in the star-forming region of both optical and NIR emission
line diagnostic graphs (Figures 2.12 and 2.13) implies that this fairly weak, soft X-ray
emission could be from star formation. Conversely, its position in all diagnostics is
close to borderline regions; it could be, for example, a weak line or obscured AGN.

Optical emission lines show no apparent broad component (Figure 2.25).
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FIGURE 2.23: Optical and NIR spectra of ESO343. Smoothed with a Gaussian kernel,
width 25 pixels. Shaded area shows flux uncertainty.
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FIGURE 2.24: DSS2 red band image of ESO343. Circle has 9 arcsec radius and is cen-
tred on the catalogue source coordinates.
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FIGURE 2.25: Optical and NIR spectra of ESO343, with emission lines highlighted.
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2.6 Discussion

With this campaign, I have so far examined four candidate AGN out of 43 proposed for
observations. Work on this is ongoing; more will be observed and analysed.

* CGCG 058-009: is in the star-forming region of the optical BPT diagram, but the
AGN region of the NIR diagram. This result, along with previous measurements

of a deep silicate absorption, implies that this is likely to be a heavily obscured
AGN.

¢ ESO 495-G 005: an AGN according to optical diagnostics, and borderline in the
NIR. It has strong emission lines, and a clear 4000 A break in the continuum. It
is a potential X-ray source, present in older catalogues but not newer ones. Com-
paring the upper limits on this X-ray data to its relatively high MIR luminosity
imply possible CT obscuration.

* NGC 3094: unlike the other sources, NGC3094 was previously defined as an AGN
in the literature. Optically it lies on the border between star-forming galaxy and
AGN/LINER. In the NIR it is harder to define as we can place it on only one di-
mension of the diagram. However, this position places it above the star-formation
region - whatever value the Bry flux takes, it is likely to indicate AGN presence.
Thus in Table 2.3c we indicate the uncertainty of this result. Multi-wavelength

investigations into this source as a potential CON are ongoing.

¢ ESO 343-IG 013 NED02: ESO343 is very close to CGCG058 on the BPT diagram,
but with NIR diagnostics is much less conclusive, lying on the borderline between
star-forming and AGN. It is in a closely interacting pair, and is detected in soft X-
rays (<10 keV). Results from this source are inconclusive: soft X-rays could be
the result of star-formation, and neither diagnostic diagram indicates strongly
the major source of power.

In summary, we have found one conclusive optical AGN (ESO495), one NIR AGN
(CGCGO58), and one more inconclusive. NGC3049, previously known to be an AGN, is
not clearly an AGN according to either diagnostic - demonstrating how even this com-
bination of methods can miss obscured AGN. However, none are significantly shown
to be inactive galaxies, and (if active) are likely to be obscured AGN, based on nar-
row emission line width (all measured line widths lie in the approximate range 120-
200 km s~ !, which is lower than typically seen in the NLR, and may be a counter-

indication of AGN presence).

We can consider the new ‘known AGN’ in context with the previous objects. We assume
that both ESO495 and CGCG058 are AGN, and ESO343 is not”. Thus the reliability of

7 As a previously known AGN, we discard NGC3094 from this discussion.
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selection from these candidates is ~67"%;%, compared to an expected 90%. They are
not B70 AGN; without X-ray data we cannot conclusively say whether these candidate
AGN are Compton thick. However, as AGN that are not detected by Swift-BAT, they
are either low X-ray luminosity (Lx) or Compton thick. Swift-XRT data from ESO495
shows a low observed L,_1gxey, and based on this data alone does not indicate a heav-
ily obscured model. However, given that these were selected for follow-up based on
luminous MIR data and MIR luminosity is correlated with X-ray luminosity (e.g., Stern,
2015) we can speculate that they are unlikely to be intrinsically low Lx® and are thus
more likely to be CT sources. In Section 2.4.4 we calculate that 38 R90 passes should
have been detected by Swift-BAT and were not, implying that many of these may be
CT AGN. Deeper hard X-ray data from NuSTAR would help to unravel the true nature
of these sources.

8 Although this is possible (see Chapter 4) these sources are significantly closer, and thus the limit on
Lx based on Swift-BAT non-detections would be extremely constricting.
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2.7 Summary

This chapter has set up the idea, practice, and difficulties of creating and confirming
AGN catalogues. It has demonstrated that there are significant gaps in our census of
AGN; we are missing many interesting and important objects, particularly heavily or
unusually obscured objects. In Figure 2.26 the region of redshift and Ny covered by the
known AGN in the LASr-GPS is shown, including the subset of B70 AGN. Regions show
where 68% of sources in each category lie. For comparison, we show the space covered
by SPIDERS (Comparat et al., 2020), optical follow-up spectra of soft X-ray selected
targets in the SDSS footprint. Ny values for this group are not known but given the
selection from ROSAT and XMM-Newton sources are likely to be less than Compton
thick®. We can see, therefore, what regions are lacking and where we can start to focus
our efforts in completing the AGN census.

The two AGN census deficits the next chapters of this thesis will address are:

¢ heavily obscured/CT AGN: investigation of number counts of CT AGN within
the known AGN in the LASr-GPS and calculations of expected numbers have
shown that there are likely to be significant numbers yet to be found.

* non-optical AGN: the known AGN within the LASr-GPS are largely optically
selected and thus are biased towards lightly obscured and/or low covering factor
AGN.

In Section 2.4.5 we calculated the expected number densities of AGN in the volume ex-
plored by the LASr-GPS. If we wish to explore how we can add rarer and more elusive
AGN to the census of known AGN, we cannot be restricted to the same volume with

currently available data.

The most reliable way of selecting CT AGN is via hard X-ray data. Currently, the best
all-sky survey in this regime is Swift-BAT; as discussed in this chapter there is a severe
flux limit on the results, and thus a deficit of CT sources. Thus if we wish to plan
an exploration of CT AGN found in deeper available hard X-ray data, we must be
restricted to much smaller areas of sky. To compensate for this in terms of number
counts - i.e., if we aim to find reasonable numbers of CT AGN candidates, we must be
willing to be far less restricted in volume. This brings us to Chapter 3, where I explore
the potential of NuSTAR to select CT AGN, analyse the results, and place them into
context with the LASr-GPS.

9For illustration purposes, values for N have been randomly selected for each source from a distribu-
tion centred around log Njy=22 cm?.
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FIGURE 2.26: Parameter space covered by the known AGN in the LASr-GPS (green
shaded region), by the B70 AGN (yellow shaded region), and by SPIDERS targets
(grey dashed region).



85

Chapter 3

Piercing the Clouds: Using
serendipitous hard X-ray detections
to select new Compton thick AGN

The LASr project has demonstrated that in the very local universe and using strict di-
agnostic criteria we are missing a significant number of AGN. This project relied on
comprehensive catalogues and thus is most reliable at low redshift — however, as we
move further out, the number of overlooked AGN is likely to rise due to the limited
depth of large-scale surveys. We have also demonstrated that a large number of un-
confirmed AGN candidates are likely to be heavily obscured. This leads us to consider:
how might we select extremely obscured AGN? Can deeper X-ray data provide robust
new candidates? Especially, how might we find the AGN that are most likely to be over-
looked?

Obscured AGN (column depth of obscuration Ny >10?2 cm~2), and in particular Comp-
ton thick (CT) AGN (Ng;>10%* cm™2) can be difficult to select for, with reduced or even
absent signatures across the electromagnetic spectrum. These AGN can represent the
largest growth period in AGN evolution (e.g., Fabian, 1999, Hopkins et al., 2006), and it
is therefore of great importance to a rigorous AGN census to include heavily obscured
AGN.

In Figure 3.1, I reproduce Figure 2.26 with the addition of the region we target in this
chapter: heavily obscured AGN, with redshift unrestricted to the LASr-GPS volume!.
LASr constructed a sample of local galaxies, and from those we selected candidate
AGN; the previously known AGN from LASr are shown in the green and yellow re-
gions on this figure. Over the smaller sky region observed by NuSTAR (Figure 3.2

IFor illustration purposes, values for Niy and z have been selected to be representative across a dis-
tribution centred around log Niy=24 cm? and up to the redshift where the shape of the spectrum in the
NuSTAR range changes.
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shows a not-to-scale diagram of the NuSTAR observation areas compared to LASr) we
would expect correspondingly fewer obscured AGN, hence we expand to further red-
shifts to select a statistically significant number of sources.
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FIGURE 3.1: Parameter space covered by the known AGN in the LASr-GPS (green

shaded region, solid edge), by the B70 AGN (yellow shaded region, dashed edge), and

the region targeted by this chapter, the NuSTAR serendipitous survey extreme sources
(pink shaded area, dot-dash edge).

In this section I present the selection of CT AGN candidates using serendipitous hard X-
ray observations. As discussed in Section 1.3.4, NuSTAR is a hard X-ray telescope that
has been active for 10 years, contributing invaluably to the study of obscured AGN.
It is sensitive from 3-78 keV — thus detecting emission from the AGN corona that can
pass through even CT obscuration. Luminous sources in this regime are unlikely to be
anything other than AGN, as these extreme high energies require an extreme environ-
ment to produce for an extended period of time. Hence, hard X-rays comprise a reliable

selection regime.

The drawback of this reliable selection technique is the lack of available data. No all-
sky survey exists with (a) high resolution, and (b) sufficiently deep flux limits to count
anything beyond bright or very local obscured AGN. Swift-BAT (see Section 2.1.1) con-
tributes many X-ray selected AGN (as seen in Chapter 2), but is limited in flux depth.
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log(z)

Declination (deg)

FIGURE 3.2: Parameter space covered by the LASr-GPS (green shaded region, solid
edge), and the regions targeted by this chapter (pink shaded area, dot-dash edge).
Widths of NSS regions not to scale.

We can take limited area but deeper observations and carefully select from those re-
gions — many searches of this kind involve deliberate targeted observations over small
areas, e.g., COSMOS (Civano et al., 2015). Without systematic all-sky coverage we
have another option: to take the available data from many years of targeted observa-
tions and, by discarding the targets of those, take the objects observed by chance. In
this part of my work I take serendipitously discovered sources from NuSTAR select
promising candidates for heavily obscured AGN, and analyse the results in the context
of previously known populations of CT AGN.
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3.1 The NuSTAR Serendipitous Survey 80 month catalogue and
updates from the 40 month

For this selection process I take as a base catalogue the 80-month NuSTAR Serendipi-
tous Source Catalogue (hereafter NSS80; Klindt et al., 2022, submitted), which builds
on the 40-month catalogue (hereafter NS540; Lansbury et al., 2017b). NuSTAR (see
Section 1.3.4) is a focusing hard X-ray telescope, sensitive over 3-79 keV, which pro-
vides a large increase in sensitivity over previous instruments. This high energy, high
resolution instrument can select AGN with excellent efficiency, even at high absorption
column densities. NSS80 stacks all NuSTAR observations (excluding observations from
dedicated surveys e.g., COSMOS, Civano et al. 2015; the NuSTAR Extra-Galactic Sur-
vey, Alexander et al. 2013) from the full 80 months of NuSTAR’s operation to search for
previously unidentified background X-ray sources, totalling ~62 Ms (increased ~20 Ms
in NSS40) of exposure time over ~36 deg? (~13deg? in NSS40). It finds 1274 sources
(822 of which are new since NSS40; also excluding 214 sources in extended optical
galaxies and clusters). A significant campaign of spectroscopic followups added to
archival data to provide redshifts for 550 sources, the large majority of which are AGN.
The catalogue includes the likely optical, IR, and soft X-ray counterparts (selected via
NWAY; Salvato et al., 2018) for a number of the sources.

Using this catalogue as a parent sample, we can use the information it contains to select
candidates with a high likelihood of heavy obscuration: the target of this chapter’s

exploration.

3.2 The Hunt for Extreme Sources

The spectral shape in the hard X-ray region can be considered a proxy for obscuration
(see Figure 3.3, or Koss et al., 2016), and in order to estimate this I use the Band Ratio
(BR) — the ratio of what we define in this work as the ‘hard band’ (8-24 keV) and ‘soft
band’ (3-8 keV) flux. The higher this value, the steeper the shape of the spectrum in that
region, and the more likely an AGN is to be heavily obscured. This selection method is
reliable but not necessarily complete - an in depth analysis selecting for the more thor-
ough spectral curvature (Koss et al., 2016) could discover more CT AGN candidates.
We also checked for any sources already known as AGN; see Appendix B.1.

The observed spectrum can be approximately described by a power law function of
the energy: E~". To select the most probable sources, only those with an upper limit
or exact BR value >1.7 are included. This value corresponds to an observed I" of <0.6,
and is based on values seen in CT AGN modelling, as described in Lansbury et al.
(2017a). This is different to the intrinsic power law spectrum of the AGN, which takes
a shape with T likely to be closer to ~1.9 (see e.g., Ricci et al., 2017a); the apparent I'
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values may be more widely varied. Figure 3.3 shows a typical AGN X-ray spectrum at
different Ny levels. If the AGN is obscured, the flatter spectrum from the hot corona
becomes less dominant, and the overall X-ray spectrum is harder - i.e., more luminous

at higher energies, thus increasing the Band Ratio.

Lansbury et al. (2017a) (hereafter L2017) selected eight sources with BR>1.7 from the
40-month NuSTAR Serendipitous Source Catalogue. Of these, they found four to be
confirmed CT AGN, and the rest possibly CT or at least somewhat obscured. Of the
confirmed CT AGN, 50% =+ 33% are found in major galaxy mergers, higher than the
fraction in the remainder of the serendipitous source catalogue. In this chapter I will
build on this work, analysing new sources and calculating how these new sources im-
pact the statistics of CT AGN properties.

The updated 80-month catalogue contains more than twice as many sources as the 40-
month catalogue. Figure 3.4 shows the distribution of BR across the two catalogues - the
shape is broadly consistent and we may expect, therefore, to find slightly more new CT
AGN in this iteration of the search. To begin with, we do not discard any sources that
are found in both catalogues. Most of the NSS40 sources appear in NSS80, but some
have additional observations and may have updated values for selection criteria: for
example, updated BR or redshift. Figure 3.5 includes any sources with >10% change in
BR from NSS40 to NSS80. More have become softer (i.e., BR from NSS80 is lower than
BR from NSS40, moving further from our region of interest). The main sources of note
are those outside the bottom left corner: the top left quadrant shows sources that were
not selected in NSS40, but are now above the threshold; the top right sources that were
selected in NSS40, but have changed significantly?.

In Figure 3.6 we make our selection of candidate CT AGN. Every NSS80 object with a
measured redshift is shown; green circles are those with BR<1.7, and orange squares
have BR>1.7. Blue squares highlight sources that are above the threshold, and were
in NSS40. If they were analysed in L2017 they are shown with a star - these sources
are not included in this analysis, with the exception of NuSTAR]150646+0346.2, which
was deliberately targeted with joint XMM-Newton-NuSTAR observations as a follow-
up to L2017. It therefore now has new, high quality, simultaneous soft and hard X-ray
observations not previously analysed. Also of note is NuSTAR]231840-4223.0, which in

NSS40 was below the selection threshold, and is now above.

To summarise, sources are selected as follows:

1. NSS80 sources with known redshifts.

2. Band Ratio >1.7.

2The bottom right quadrant would contain sources that were selected in NSS40, but are now below the
threshold. However, the only source here is an upper limit; i.e., it would have been rejected as the hard
band data is an upper limit only.
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FIGURE 3.3: AGN X-ray spectrum with torus reprocessing X-ray model BORUS02
(Balokovic et al., 2018, see Section 3.3.1) - all parameters kept constant, with Ny vary-
ing. Vertical grey bands show energy ranges used to calculate the band ratio. Lower
obscuration results in a flatter spectrum across both bands; as the obscuration in-
creases the soft band intensity decreases more than the hard band, changing the ratio.

3. Exclude any that are upper limits - a detection in the hard band is required (lower
limits - i.e., no soft band detection - are accepted).

4. Exclude sources from L2017 (except J1506, as discussed above).

After these steps, there are 16 sources with new NuSTAR observations. Although all
entries in NSS80 are, by design, detected NuSTAR sources, some are fainter than others.
As a primary step before proceeding with analysis of the sources, we perform false
probability testing on each source. The aim of this is to calculate the Poisson false
probability and obtain an estimate of the net counts of each source. The analysis can
then be focussed on those sources which are most significantly detected, with sufficient
counts to make detailed model fitting possible.

The steps for this process are as follows:

1. Stack NuSTAR FPMA and FPMB detector images and exposure maps for energy

ranges:
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All objects appearing in both catalogues
[ B 80 month BR ]

1.2 [ 40 month BR ]

Normalised Source Count

0.0-

0 1 2 3
NuSTAR Band Ratio (8-24keV / 3-8keV)

FIGURE 3.4: Distribution of band ratio measurements - NSS40 to NSS80.

3-8 keV (soft band)

8-24 keV (hard band)

3-24 keV (full band)

24-50 keV (ultra hard band)

2. Create regions in imaging viewing software SAOImageDS9® (Joye and Mandel,
2003) to use for background - the basic assumption is that these regions are an
annulus centred on the source coordinates, with inner radius 100 arcseconds and
outer radius 180 arcseconds. However, as these sources are serendipitous observa-
tions in many cases they lie near the edge of a sensor chip or potential contam-
ination from a nearby bright source. The background regions are adjusted on a

case by case basis to avoid these problems.

3. Create source regions - similarly, the basic assumption is that a circle centred on
the source coordinates with radius 45 arcseconds; where this is not possible, 30

arcseconds is used.

Shttps://sites.google.com/cfa.harvard.edu/saoimageds9
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FIGURE 3.5: Significantly changed band ratio measurements (>10% including uncer-
tainties). Arrows represent upper or lower limit values.

4. Correct the background source counts by ratio of exposure times contained in

each region.

5. Use the two values (source counts, and exposure time corrected background counts)

to produce a binomial probability that the source is false.

6. If this probability is <0.01, consider the source significantly detected in that en-

€rgy range.

With the different statistical detection method used here, some objects are found to be
not significantly above the local background level. This does not mean that they are not
real sources, however they are excluded from this analysis. Two sources are removed

for this reason.

A further five sources are statistically likely to be present, but have low net counts
(<100 in 3-24 keV, or 8-24 if only detected in that range)*. While these sources are

“These are net source counts from the specific source by source processing done in this work. The
NSS80 catalogue contains an automatic estimate of that value, which is not identical but provides a rough
guide. Thus from 1274 total sources, there are ~460 with sufficient counts, of which ~200 also have
redshifts.
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potential real examples of extreme obscured AGN, the weak flux means that they are
less suited for detailed modelling and have therefore been excluded from further X-ray

analysis at this stage.

The NuSTAR data from these sources is shown in Figure 3.7 - the first five are the de-
tected but sidelined sources®, and the final two are not detected®.

SNuSTARJ022951-0856.4, NuSTAR]J035951-3009.9, NuSTARJ163126+2357.0, NuSTAR]J194234-1011.9,
NuSTAR]J231840-4223.0
ONuSTAR]J160817+1221.4, NuSTAR]190813-3925.7
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3.3 Final Candidates

At this point there are nine candidate obscured AGN remaining. In this section I will
present a description of and results from each source. Each of these are detected in
NuSTAR, by design, but in order to make a detailed spectral fit of each source we
require additional soft X-ray data, if possible. I searched the HEASARC archive for
data from three major X-ray telescopes: XMM-Newton, Chandra, and Swift-XRT. XMM-
Newton provides good spectral and angular resolution; Chandra covers a smaller spec-
tral range, but has better angular resolution; and Swift-XRT covers a large portion of
the sky, and is likely to be a good source of data where XMM-Newton and Chandra are
not available.

Not every object in the NuSTAR 80-month catalogue has a known soft X-ray counter-
part, but most do - and in the case of these nine candidates each has counterpart coor-
dinates available. In Figure 3.8 the NuSTAR coordinates are indicated with a red circle
(radius 30 arcseconds) and soft coordinates a blue circle (radius 10 arcseconds). Hard-
band (8-24 keV) images from NuSTAR in the first row, then (where available) XMM-
Newton, Chandra, and Swift-XRT full-band images in the remaining rows. In each soft
image, there is a clear source at the soft X-ray coordinates indicated in the 80-month

catalogue.

These images are the stacked total of all available measurements for each source, for
each instrument. However, it is not necessary to use every observation for spectral
fitting. For example, some sources have several short observations or observations
from drastically different epochs. Including low quality spectra where high quality
is available will not help the fitting. If measurements from different epochs are used,
assumptions must be made about e.g., the consistent shape of the spectrum, even if the
cross-calibration constants are allowed to vary. This is unavoidable in cases where the
NuSTAR and soft data was taken at different times - it is better to include some soft data
than none - but in order to minimise any adverse effects, not every spectrum available

is included in each fit. The observations used are listed in Table 3.1.

3.3.1 Method

To analyse the combined soft and hard X-ray data of the candidates, the data were
reduced using standard recommended selection criteria, including removal of appro-
priate background, using the XMM-Newton Science Analysis Software” and HEASoft®.
The data were fit within xspec (Arnaud, 1996), v.12.12.0, with initial cross calibration

"http://xmm.esa.int/sas/
8https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/


http://xmm.esa.int/sas/
https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
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TABLE 3.1: Data used for modelling in Section 3.3.1. Column details: (1) Source name; (2) Date of measurement, if different; (3) Galactic Ny; (4)

redshift; (5) NuSTAR observation IDs; (6) XMM-Newton observation IDs; (7) Swift-XRT observation IDs.

Name Epoch Gal. Ny RA Dec z NuSTAR XMM-Newton Swift-XRT
102 cm~2 J2000 J2000
1 2 3) 4 ®) (6) @) ®) 9
J0107 2.470 16.915 -11.653 0.048 60260004002
J0949 4.710 147.294 0.382 0.093 60201052002 0673730101
J1034 1.280 158.736 39.660 0.151 60401004002 0824030101,0506440101
J1156 1.010 179.244 55.138 0.080 60375001002 0204651201
J1502 7.240 225.607 -42.140 0.054 40110002002 0653860101
J1506 3.540 226.695 3.771 0.034 60301023002,60061261002 0795670101
J1606 7.540 241.524 -72.877 0.122 60161629002 7 observations”
J2143 2016 26.000 325.834 43.580 0.013 80202036002 0791000201
2018 26.000 325.834 43.580 0.013 0820230101
Jan 2021 26.000 325.834 43.580 0.013 90701304002
Feb 2021 26.000 325.834 43.580 0.013 90702309002
Mar 2021 26.000 325.834 43.580 0.013 90702309004
J2249 1.880 342.355 -19.293 0.445 60502004004,60101027002 0840230201,0840230501

700031454001,00031454002,00038074001,00038074002,00038074003,00038074004,00090181001
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constants of 0.93:1.02:0.98:1.00:1.10:1.04 (Madsen et al., 2015) for XMM-Newton(pn):XMM-
Newton(MOS1): XMM-Newton(MOS2):NuSTAR:Chandra:Swift-XRT; fixed if the observa-
tions were quasi-simultaneous, or if variation was not needed. Spectra were binned to
3/1 counts per bin for NuSTAR/soft data, and fit with wstat (Wachter et al., 1979) — the
version of cstat (Cash, 1979) used by xspec when a background is included’.

The initial model used was a simple absorbed powerlaw: in xspec terms

PHABS X CABS X ZWABS X POWERLAW. Intrinsic AGN emission is described by a power-
law (E~"), then absorbed by redshifted photoelectric absorption (ZWABS) and Compton
scattered (CABS), and finally attenuated by galactic photoelectric absorption (PHABS)!.
This model assumes that the AGN continuum is only viewed through this obscuration,
not directly, and is thus a fully obscured (but simple) model. This model proves a rea-
sonable fit for some sources, but for others struggles to reproduce the soft emission,
indicating that these objects require some other contribution.

The second, more complicated, model applied is BORUS02 (Balokovi¢ et al., 2018),
which assumes an intrinsic cutoff powerlaw (i.e., similar to POWERLAW, but with a high
energy cut off, as seen in sources observed in ultra-hard X-rays). This intrinsic emis-
sion is then reprocessed through a simplified obscuring torus, modelled as a sphere
with polar cutouts. The opening angle and viewing angle are free in the model - for
each source here we have set the opening angle to a non-extreme value of 0.5, and the
viewing angle to either 0.05 (viewed through the torus) or 0.9 (viewed from above),
depending on the appearance of the source optical spectrum. For simplicity, we adopt

the linked Ny version of the model.

3.3.2 Individual Sources

In the following sections I will discuss the results from each individual source found
to be Compton thick (Ny >1.5%10?* cm™2); the remainder may be found in Appendix
C. Table 3.2 summarises the specific results arising from each model fit from all nine

sources.

Shttps://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node318. html#AppendixStatistics
10Values of galactic Ny are taken from HEASARC (HI4PI Collaboration et al., 2016), and can be found
in Table 3.1


https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node318.html#AppendixStatistics
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TABLE 3.2: Spectral modelling results. Column details: (1) Source name; (2) Data epoch; (3) XSPEC model; (4) photon index I'; (5) column density
Ny; (6) observed 10-40 keV luminosity; (7) fit statistic (cstat/d.o.f.); (8) selected fit; (9) source appears Compton thick; (10) notes on included data.

Name Epoch Model r log ZN: log r:lm eV C/n Accept? CT? Note
® @ ®) @ it "o @) ®) ©) (10)
J0107 CABSXZWABSxPOW 1184l 23624015 43.23+0.05 179/176 v
J0949 CABSXZWABSXPOW  [1.9] 24237027 4247011 590/533 v
J0949 BORUS02 [1.9] 24.35*038  42.55*011L 459/490 v v
J1034 CABSXZWABSXPOW  [1.9] 24.10%9%  43.59%4% 465/445 NuSTAR only
J1034 BORUS02 255409 24217000 4352007 2003/2033 v v
J1034 BORUS02+APEC [1.9] 2412002 43.59+0.0% 2023/2033
J1156 CABSXZWABSXPOW  [1.9] 24.24* 011 43114009 240/346 v
J1156 BORUS02 [1.9] 24.23* 010 43.16*9% 186/150 v v
J1502° CABSXZWABSxPOW 1407925 237600 43.0710%2 1821/1801
J1502 BORUS02 1.45*017 2373+ 020 43.04*0% 1736/1800 v
J1506 CABSXZWABSXPOW  [1.9] 24214907 42437004 513/459 v NuSTAR only
J1506 BORUS02 1.89*01 2420004 42.49+0.03 789/781 v v
J1606 CABSXZWABSxPOW  1.52*Q12 2358006 44531002 763/794 v
J2143" 2016 CABSXZWABSXPOW  1.6870% 2356701,  41.9470% 346/350 NuSTAR only
J2143 2016 BORUS02 1587022 2360701 41.9670% 646/741
J2143  Jan2021  BORUS02 145012 23597005 42147003 736/797
J2143  Feb2021  BORUS02 1577010 2358700 42277004 910/1058
J2143 ~ Mar2021  BORUS02 1.4540% 23577001 4253+00L 1340/1250
J2249 CABSXZWABSXPOW  [1.9] 23.447036  43.667%%, 354/341 v NuSTAR only

?Complicated background - see Section C.2.
bVariable source - see Section C.4.
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3.3.2.1 NuSTARJ094910+0022.9

NuSTARJ094910+0022.9 (hereafter J0949) is a slightly complicated system. It has two
overlapping galaxies (see Figure 3.9) - a larger edge on galaxy, and a smaller elliptical
galaxy. The latter of these is the source of the optical spectrum (which shows narrow
lines only; measured at Keck), and the position of the soft X-ray and optical PanSTARRS
coordinates. According to SDSS, the redshift of the larger galaxy is 0.110, similar to the
redshift of J0949 at 0.093 (see Section 3.4.2) but far enough away that it is unlikely to be
closely associated. The WISE source assigned by the catalogue appears to be a blend
of emission from these two objects, and thus cannot be used to draw any conclusions
about the MIR emission of J0949 itself. It is also not certain that the X-ray emission is
coming from the optical source - the radii of both NuSTAR and XMM-Newton are much
larger than the separation between these two objects (see Figure 3.10), and thus the
results from this fitting must be understood with this in mind. There is also a separate
WISE source within the NuSTAR radius, but the brightness of this source drops off in
W3 — 4 (see Figure B.7), and is therefore less likely to host an AGN.

In X-rays, it is detected from 3-24 keV with NuSTAR, and with a single XMM-Newton-
pn observation (see Figure 3.10). Fitting with a simple absorbed powerlaw failed to
produce a good fit to the soft data in particular, so J0949 was fit with the more complex
BORUS02. The results of this can be seen in Figure 3.11. To improve the fit, the intrinsic
photon index of the powerlaw was fixed at a typical AGN value of 1.9 (see e.g., Ricci
et al.,, 2017a). Even with BORUS02 the model does not fit very well to the soft data -
however, due to the low counts no more detailed fitting was deemed possible.

The obscuration depth was found to be logNy=24.35"%% cm~2 - a Compton thick

Land

source. The observed luminosities were L, 19 xoy=2.28 x10* erg=! s~
L1g_40 kev=3.54x10*? erg=! s71. Both these values have high uncertainties, and are
lower than usual AGN luminosities - even if corrected for absorption. It is possible
that this is an intrinsically X-ray weak AGN, or that the true AGN is the other optical

source.
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FIGURE 3.9: J0949: (left) PanSTARRS irg image, (right) WISE W1 image. Coordinates
as in Figure 3.10.



3.3. Final Candidates 103

PanSTARRS

(A) J0949: (left) PanSTARRS irg image, (right) WISE W1 image.

J0949
NuSTAR 3-24 keV XMM-Newton

(B) (left) NuSTAR 3-24 keV image, (right) XMM-Newton 0.5-10 keV image.

FIGURE 3.10: Images of J0949, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).



Chapter 3. Piercing the Clouds: Using serendipitous hard X-ray detections to select

new Compton thick AGN

104

J oo@.” Uoﬂcmowu.munm. I

z
_V ol I'=[1.9], log Ny=24.35793%
D

N 4

m l_S Ho&wu _:
) P 1 _
ﬂmv HOlml T _
|

0P

Observed Energy (keV)

FIGURE 3.11: J0949: (top) Spectrum of best fit BORUS02 model; (bottom) ratio between data and model. Shown is each observation separately, as
listed in Table 3.1, binned to a minimum of 2 counts per bin.
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3.3.2.2 NuSTARJ103456+3939.6

The PanSTARRS image of NuSTAR]J103456+3939.6 (hereafter J1034) shows an elliptical
galaxy with a bright nucleus (see Figure 3.12a, left) . An optical spectrum is available
from SDSS shows that it is a Type 2 AGN and therefore we assume that the AGN system
is viewed edge on. Automatic processing from SDSS classes it as a ‘QS0’, sub class ‘AGN
BROADLINE (see Section 1.3.1), but in the VCV catalogue (13th edition; Véron-Cetty and
Véron, 2010) it is classed as a Seyfert 2 - all based on the same SDSS spectrum. The
multi-wavelength coordinates are well aligned, and there are no nearby optical com-
panions visible. Kong and Ho (2018) find a BH mass (M)=8.38+0.35, and Eddington
ratio -1.11+0.37.

Similarly, the WISE data (see Figure 3.12a, right) shows only a single bright source. Its
W1 — W2 colour is 0.854, placing it into the range of the AGN selection process from
LASr (see Section 2.3.2).

In X-rays, it is detected from 3-50 keV with NuSTAR, and with the full range of both
XMM-Newton and Chandra (see Figure 3.12). For the spectral fitting, only the XMM-
Newton spectra are used, as they are of higher quality. The X-ray images show addi-
tional sources, but none are bright enough or close enough to contaminate the spectrum

as long as the background region is carefully chosen.

J1034 has a complex spectrum, particularly in the soft X-rays. The absorbed powerlaw
could only fit the data well if only NuSTAR was fit, and thus this was discarded. With
all data included, two models were tried: BORUS02, as described above (Figure 3.13);
and BORUS02 with additional emission from collisionally-ionised diffuse gas with APEC
(Figure 3.14). For the latter, I' was fixed to 1.9. Other than this, there is not a large
difference in either the fit quality or the results, so for the sake of simplicity the BORUS02
only model is used for the results. Results from both these models are included in Table
3.2.

The intrinsic photon index of the powerlaw was found to be 2.55*_%%66. The obscura-
tion depth was found to be logNy=24.21*%01 cm™2, indicating that this is a Comp-
ton thick source. The observed luminosities were Ly_1( xey=2.62 x 10%? erg{1 s~! and
L1g_40 kev=3.29x10% erg~! s~1. Koulouridis et al. (2016) find J1034 to be a candidate
Compton thick AGN using the XMM-Newton data only, but place only a lower limit
on Ny. LaMassa et al. (2014) fit a spherical obscuration model (again, to XMM-Newton
only) and find logNy=23.72. However, with the new NuSTAR data included - and not-
ing how the model needed multiple components to constrain - we can be confident that

it is more likely to be a CT AGN than not.
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PanSTARRS

(A) J1034: (Ieft) PanSTARRS irg image, (right) WISE W1 image.
J1034

NuSTAR 3-24 keV XMM-Newton

(B) (left) NuSTAR 3-24 keV image, (middle) XMM-Newton 0.5-10 keV image, (right) Chandra
full band image.

FIGURE 3.12: Images of ]1034, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).
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FIGURE 3.14: J1034: (top) Spectrum of best fit BORUS02+APEC model; (bottom) ratio between data and model. Shown is each observation separately,
as listed in Table 3.1, binned to a minimum of 2 counts per bin.
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3.3.2.3 NuSTARJ115658+5508.2

In optical imaging (PanSTARRS) NuSTAR]J115658+5508.2 (hereafter J1156) appears to
be a face-on or elliptical galaxy (see Figure 3.15a, left). The NuSTAR, soft X-ray, IR and
optical coordinates are closely aligned. In its optical spectrum (from SDSS) it shows
only narrow lines and is automatically classed as an AGN; thus for spectral fitting we
assume that the system is being viewed at a low angle. A second galaxy at similar
redshift is present ~100 arcseconds away (~1 Mpc).

It is bright in WISE (see Figure 3.15a (right), and Figure B.9), although dropping out
somewhat in W4. Its W1-W2 colour is 0.235 - below the Stern et al. (2012) and Assef
et al. (2013) threshold for selection of AGN. As these thresholds are chosen for com-
pleteness rather than reliability (see Chapter 2 for more detail), this does not indicate that
J1156 is not an AGN - just that it may represent the subset of AGN missed by MIR

selection.

In X-rays, it is detected from 3-24 keV with NuSTAR, and in a single XMM-Newton-pn
observation (see Figure 3.15). The XMM-Newton source lies on a chip boundary, and
therefore background and source extraction regions had to be selected carefully and
conservatively. The XMM-Newton spectrum is therefore of moderately low quality.

J1156 was not fit well with the absorbed powerlaw, and was fit instead with BORUS02,
the results of which are shown in Figure 3.16. The intrinsic photon index of the power-

law was fixed at 1.9. The obscuration depth was found to be logNy=24.23*%10 cm =2 - a

Compton thick source. The observed luminosities were Ly_1( kev=5.39 X 104 erg*1 571
and Lig_40 kev=1.43x10% erg~! s~1. Based on MIR indicators and X-ray/[O111] flux ra-
tio, Goulding et al. (2011) find J1156 to be a candidate Compton thick AGN, consistent

with our result.
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PanSTARRS

(A) J1156: (left) PanSTARRS irg image, (right) WISE W1 image.

J1156

NuSTAR 3-24 keV XMM-Newton

(B) (left) NuSTAR 3-24 keV image, (right) XMM-Newton 0.5-10 keV image.

FIGURE 3.15: Images of J1156, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).
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3.3.24 NuSTARJ150646+0346.2

NuSTARJ150646+0346.2 (hereafter J1506) is also known as UGC 09710. It has one large
close companion at similar redshift (IC 1087). In the PanSTARRS optical imaging (Fig-
ure 3.17a, left) a spur to the side is visible, which may be a small third galaxy, or a
consequence of the interaction. J1506 was found in the NS540 extreme source sample,
and was selected for follow-up as it lacked a soft X-ray counterpart - no XMM-Newton
or Chandra coverage, and undetected in Swift-XRT. It is a known optical AGN, and ap-
pears in Zaw et al. (2019) where it is identified as a Type 2 AGN based on its SDSS

spectrum.

Both J1506 and its companion are bright in WISE (see Figure 3.17a (right), and Figure
B.11), with the companion reduced in brightness at longer wavelengths. Its W1-W2
colour is 0.401 - below MIR selection thresholds, as with several other sources.

In X-rays, it is detected from 3-50 keV with NuSTAR and in the simultaneous XMM-
Newton observation (see Figure 3.17). The companion is detected in XMM-Newton but
not NuSTAR - it may also be an AGN, but is not a likely Compton thick candidate.

Only the targeted simultaneous observations were used for the model fitting. The ab-
sorbed powerlaw did not fit the soft data well, but BORUS02 provides a more reasonable
fit. The results are shown in Figure 3.18 - the fit to the soft data is still not perfect, with
some excess visible in the ratio around 1 keV, but it is statistically acceptable. The intrin-
sic photon index of the powerlaw was found to be I'=1.89*}'% cm 2. The obscuration
depth was found to be logNy=24.20"%% cm~2 — a Compton thick source. The observed

luminosities were Ly 19 1ey=1.45x10* erg=! s and Lyy_49 xey=3.08x10%? erg =1 s~ 1.
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PanSTARRS

(A) J1506: (left) PanSTARRS irg image, (right) WISE W1 image.

J1506

NuSTAR 3-24 keV XMM-Newton

(B) (left) NuSTAR 3-24 keV image, (right) XMM-Newton 0.5-10 keV image.

FIGURE 3.17: Images of J1506, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds).
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listed in Table 3.1, binned to a minimum of 2 counts per bin.
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3.4 How do these Extreme AGN Contribute?

In the final section of this chapter, I will put the heavily obscured and CT AGN dis-
covered in this work into context: how do they influence our knowledge of the AGN

population?

3.4.1 Compton thick fraction

Compton thick AGN are difficult to find and difficult to characterise. This chapter has
aimed to select and analyse sources with the highest probability of being CT AGN in
order to expand our knowledge of these elusive objects.

The cosmic X-ray background (CXB) - the unresolved X-ray emission present across the
sky - is thought to be the sum of emission from many AGN, too far away or too weak
to be resolved by current instruments. Studies show that to reproduce the shape of
this emission we require large numbers of CT AGN, their distinctive absorbed spectral
shape essential to the shape of the observed CXB. Ananna et al. (2019) find a CT fraction
of 50%+9% for AGN within z=0.1 (of this sample only J1034 and J1606 are at >0.1, but
<0.2). Other past estimates have found a wide range of intrinsic CT AGN fractions
(e.g., Ueda et al., 2014).

Values for observed CT AGN fraction are generally lower. With Swift-BAT and Swift-
XRT data (combined 0.3-195 keV), Akylas et al. (2016) use Bayesian methods to exam-
ine the CT probability of 604 sources from the Swift-BAT 70-month survey. They first
exclude sources likely to be Compton thin based on a simple powerlaw fit, and fit the
remaining 70 sources with a more detailed model'!. Their aim is not to make a defini-
tive answer about the CT nature of each source, but instead to assign a probability
based on the Ny and Fe K, best-fit values. Based on this they calculate an estimate of
the number of CT sources in the sample and find a CT fraction of ~7% of their AGN
sample. Without NuSTAR it is harder to make solid conclusions about individual ob-
jects. This is demonstrated by Torres-Alba et al. (2021) who examine Swift-BAT-selected
CT AGN candidates with NuSTAR. They find that NuSTAR is vital for characterising
CT AGN accurately. Within the Swift-BAT sample they find a CT fraction of ~8% at
z <0.05 (rising to ~20% at z <0.01). Ricci et al. (2015) find 7.67% % of their hard X-ray
sample to be Compton thick; correcting for selection bias, they calculate an intrinsic CT
fraction of 27+4%.

To assess the fraction of CT AGN found by this analysis we must begin with assess-
ing the completeness of the parent sample and of each selection step, as with the LASr
work. This is summarised in Figure 3.19. NSS80 contains 1274 sources, of which 507

1The TORUS model from Brightman and Nandra (2011) - note that is now outdated and contains a
minor inaccuracy.
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have reliable redshifts. From these, we select 16 objects with high band ratios (indi-
cating likely CT candidates) and new NuSTAR data, with 7 already known from L2017.
The parent catalogue for this work includes most sources from NSS40, and all confi-
dent CT sources. The major difference of note between these works is that here we
restrict detailed analysis to sources with high net source counts, whereas L2017 include
all sources. If we apply this cut to sources found in that work, two sources remain - one
of which is Compton thick.

Catalogue sources: 498 Catalogue sources: 1299

v v

...with redshift: 262 (53%) ...with redshift: 507 (39%)
v v

..with BR > 1.7: 10 (2%) ...with BR > 1.7: 24 2%)
v v

...cleaned: 8 (1.6%) ...with new NuSTAR data: 16 (1.2%)
v v
...J1506 included in NSS80: 7 (1.4%) ...with significant hard band detections: 14 (1.1%)
...with net source counts > 100: 2 (0.4%) ...Compton thick: 3 (0.6%) ...with net source counts > 100: 9 (0.7%)

v v

...Compton thick: 1 (0.2%) ...Compton thick: 4 (0.3%)

FIGURE 3.19: Selection process for NSS40 (left) and NSS80 (right). Note that differ-

ence in redshift completeness between the two iterations of the catalogue is due to a

large number of new serendipitous NuSTAR sources present in NS580. Approximately

the same number of new spectroscopic follow-ups were performed for NSS80 as for
NSS40, but the fractional completeness is lower.

For comparison with previous results, we consider different low-z cuts. At higher red-
shifts, the shape of the spectrum changes the BR threshold that predicts a CT AGN
candidate (see Figure 3.20) and thus we will be missing higher numbers of CT AGN
and number counts in the more local universe will be more accurate. We include J1506
in L2017 for number counts as its initial discovery there is more relevant. However, we
use the results from this analysis for its properties, as this work contains the most up to
date data.

z < 1.5: Initially we consider the redshift range over which we are most likely to find
CT sources. At redshifts larger than ~1.5 it becomes harder to distinguish these AGN

with a simple band ratio cut, and thus here we count sources within that range.

¢ Initial source list: 189 NuSTAR serendipitous sources at z < 1.5 with a detection
in the hard band (8-24 keV).

e NSS80: 13 detected sources, 2 non detections.
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FIGURE 3.20: Band Ratio of NSS40 sources, with the region most likely to contain
Compton thick sources based on spectral modelling of local CT AGN highlighted in
grey (Fig. 1 of L2017)).

¢ NSS80: 8 high count sources, 3 CT AGN found.
e NSS40: 7 detected sources, 4 CT AGN found.

e NSS40: sources with less than 100 net counts (i.e., those that would have been
removed from this work) include 5 detected sources with 2 CT AGN found - thus
a CT ratio of 0.4.

e NSS80: 5 low count sources - an estimated 2 more CT AGN would be found if
consistent with the ratio from NSS40.

¢ Total: 20 sources, 2 non detections, 9 CT AGN found (including estimates from

low count sources).

¢ Correct the initial source list, assuming a consistent non-detection fraction (i.e.,

assuming ~10% false inclusions): ~170 sources in the parent sample.
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* Nine CT AGN found gives a CT fraction of 53 %.

This low value is not unexpected - we have fewer sources in the catalogue in total at
larger redshifts, and a combination of the decrease in bolometric flux as well as mov-
ing spectral shape makes the bias against Compton thick AGN increase with redshift.
Thus this fraction becomes our lower limit on the overall CT fraction. To make better

estimates, we must consider much smaller volumes.

z < 0.07: In L2017 a redshift limit of 0.07 was used for the low redshift regime. To
integrate this work, we consider sources in this range - no new CT AGN at <0.07 were
found here, so an update to the parent source counts is sufficient to update the CT
fraction.

Initial source list: 22 NuSTAR serendipitous sources at z < 0.07 with a detection
in the hard band (8-24 keV).

e NSS80: 3 detected sources, 0 non detections, 0 CT AGN found.
e NSS40: 4 detected sources, 3 CT AGN found.
e Total: 7 detected sources, 0 non detections, 3 CT AGN found.

* Correct the initial source list, assuming the same non-detection fraction as before

(i.e., assuming ~10% false inclusions): ~20 sources in the parent sample.

¢ Five CT AGN found gives a CT fraction of 15t160%.

L2017 find a value of 30*'5%. They note that their value is above that expected from
models at the time of publication (Fig. 11, L2017) but this update brings the observed
CT fraction into line with their predictions for intrinsic CT fraction. The large decrease
in fraction between L2017 and this work is due to an increase in total sources found
within the redshift limit with the improved coverage and depth of NSS80. However,
we would expect new Compton thick sources in this work, especially with the large CT

fraction found before.

z < 0.1: this low redshift cut is chosen to match Ananna et al. (2019). In this set no
sources were removed due to low net counts, so we can make a consistent comparison

of this work and L2017 without removing any.

¢ Initial source list: 35 NuSTAR serendipitous sources at z < 0.1 with a detection in
the hard band (8-24 keV).

e NSS80: 5 detected sources, 1 non detection, 2 CT AGN found.

e NSS40: 4 detected sources, 3 CT AGN found.
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e Total: 9 detected sources, 1 non detection, 5 CT AGN found.

¢ Correct the initial source list, assuming a consistent non-detection fraction (i.e.,

assuming ~10% false inclusions): ~32 sources in the parent sample.

* Five CT AGN found gives a CT fraction of 16"%%.

When comparing with the CT fraction from Ananna et al. (2019) (50%=£9%), our frac-
tion is lower - however, this is not unexpected. We can assume that the CT counts found
here are a lower limit - there are likely to be CT AGN that were not selected with the
band ratio method, particularly at higher redshifts. NuSTAR provides a large improve-
ment on depth in the 8-24 keV band but will still miss fainter objects, which naturally
includes CT AGN; despite being an improvement on soft X-ray selection techniques
NuSTAR-based selection is still biased against CT AGN (see e.g., NuLANDS; Boorman
et al., in prep.). For example, we can also consider the five sources not included in the
spectral analysis. These sources were excluded because their source counts were lower
than our chosen threshold. If we applied the same cut to L2017 sources, we find 5 low
count sources, of which they find two to be CT. If we assume that the same fraction
of the NSS80 excluded sources is CT that is an additional 2 CT AGN. This does not
update the low redshift CT fraction, as they are all higher redshift sources. We may
also be missing some sources that lie in the galactic plane!? due to heavier line-of-sight
obscuration or confusion with foreground sources. This is less of an issue than in LASr
where we are examining optical and MIR sources (see Section 2.4.1), but it nevertheless
may be a cause of some deficit. Additionally, we must keep in mind that this selection
requires a spectroscopic redshift, and is thus limited to sources that are (a) associated
with optical counterparts; (b) where those counterparts have sufficient emission lines
detectable to fit a reliable redshift; and (c) where observations have been completed.
Comparing spectroscopic completeness fractions in the catalogue across band ratios
(i.e. an approximate comparison of completeness across obscuration depths) shows
that at band ratios above the selection threshold (>1.7) but at 2.7 (where most of the
candidates in this chapter lie) spectroscopic completeness is similar to that of the over-
all catalogue. At larger band ratios the completeness is lower, and thus our conclusions
may retain a small bias against the most heavily obscured sources from this part of the
selection process.

On the other hand, our observed CT fraction is higher than others (e.g., Akylas et al.,
2016, Torres-Alba et al., 2021, , as above). If we would ideally expect to see observed
CT AGN numbers match those expected from the CXB - or at least tend towards them
- then this increased count is a step in the right direction.

1212017 exclude sources with |b| <10°, but they are not removed from this work.
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3.4.2 Merger fraction

It has been demonstrated that galaxy bulge mass and SMBH mass are connected (e.g.,
Kormendy and Ho, 2013), implying a connection between galaxy and AGN growth.
In particular, the contribution of obscured phases of AGN to their overall growth is
thought to be large (e.g., Di Matteo et al., 2005, Hopkins et al., 2006); thus any study
of galaxy growth must have a clear view of the obscured AGN activity across time.
Models (e.g., Springel et al., 2005) suggest that galaxy mergers are a major source of
increased star formation and AGN activity - gas is funnelled to the centre of the galaxy
and fuels the AGN, as well as the increased density powering new star formation. This
predicts an obscured phase as the AGN grows in luminosity, until radiative pressure
strips the obscuring material. The development of the merged galaxy and what features
can be detected will also depend on the properties of the pre-merger galaxies, such as

mass ratio.

However, the observation evidence for a connection between major galaxy mergers
and AGN activity is mixed. It seems likely that mergers can power AGN (e.g., Lackner
et al., 2014) - but is this the dominant way that AGN grow?

Studies of optical and MIR selected AGN find high merger fractions for AGN (e.g.,
Gao et al., 2020). Ellison et al. (2019) find that although many optically selected AGN
show disturbances, the majority are not triggered by AGN mergers but conversely, the
majority of MIR selected AGN are. Optical selection, unlike MIR selection, is biased
against obscured AGN, and this study also finds that obscured AGN are also preferen-
tially associated with merger triggering. Red and obscured quasars selected in FIRST
and 2MASS (Glikman et al.,, 2015) at 1.7< z < 2.3 show merger signatures in HST
images of their host galaxies. The AGN luminosity fraction varies, but appears system-
atically higher in late-stage mergers (Dietrich et al., 2018), implying that a difference in
AGN triggering may cause different AGN appearance. Highly obscured AGN (Ny >
3e23) have higher rates of interaction than less obscured AGN (Kocevski et al., 2015).
Extending that to Swift-BAT selected likely CT AGN high close merger fractions are
found (Koss et al., 2016).

On the other hand, not all studies find a clear connection. For AGN across the lumi-
nosity range Villforth et al. (2014, 2017) find that major mergers are unlikely to be the
main trigger event behind most AGN, and that minor mergers and secular processes
play a larger role. Mechtley et al. (2016) examine the fraction of high mass galaxies that
show evidence of disturbed morphologies - an indicator of merger activity - and find
that AGN hosts do not show a significantly higher proportion.

Simulations by Blecha et al. (2018) suggest that MIR selection of AGN in mergers may
miss AGN, particularly low apparent luminosity and very late stage mergers. Observa-
tionally, high resolution IR images of Swift-BAT selected AGN show greater numbers
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of obscured nuclear mergers (double nuclei too close to be resolved in most imaging)
than matched inactive galaxies, particularly for obscured luminous AGN.

To summarise: links between mergers and AGN activity are clearest for obscured AGN,
but controversial for the general AGN population. As discussed in Section 3.4.1 num-
bers of known CT AGN - the most heavily obscured AGN - are likely to be much less
than the true numbers, and thus we can postulate that the merger fraction for CT is
highly uncertain, and merger fractions across AGN types is affected by selection bi-
ases. Numbers of known CT AGN are small, therefore adding the contribution to that
count from this work will improve statistics on AGN growth in this regime.

Table 3.3a presents the details of nearby galaxies from the non-CT AGN and 3.3b presents
the CT sources, including those from L2017. In Figure 3.21 optical imaging from the
four new CT AGN shows the position and redshift of each closest companion.

J0949 is a small elliptical galaxy at only ~7 kpc projected offset from the centre of the
closest galaxy (see Figure 3.21a). The difference in redshift is large (~18%) and both
redshifts are from optical spectra and have a high degree of confidence (J0949 with a
targeted Keck spectrum, and the nearby galaxy in SDSS). The difference in luminosity
distance between the two sources - i.e., the separation along the line of sight, assuming
all motion is due to Hubble flow - is ~80 Mpc, much further than we would consider
for interacting galaxies. There is also no sign of disturbance in either galaxy, so we

consider J0949 as not interacting.

J1156 has a far-off companion galaxy, and shows no sign of morphological distur-
bance (see Figure 3.21c). The secondary galaxy near J1034 is at a large redshift differ-
ence - however, this is a photometric redshift from SDSS and has a large uncertainty
(0.190£0.0380) bringing it almost into agreement with the spectroscopic redshift of
J1034 (see Figure 3.21b). At a much larger distance (~4 times as far) is another sim-
ilar galaxy with reliable spectroscopic redshift 0.7% different from that of J1034%3 -
these galaxies may be part of a larger cluster. Based on the large projected distances
(>100 kpc) we consider neither to be interacting, but are associated.

Finally, J1506 has a very close companion (~23 kpc) and is showing clear signs of dis-
turbance (see Figure 3.21d). As concluded in L2017 we will consider this galaxy to be

undergoing a major merger.

Considering only the CT sources and including those from L2017 we have 7 CT AGN,
2 of which are in closely interacting pairs (separation <30 kpc; J1506 and J1534), giving
a merger fraction of 29i2112%, updated from 50+£33% in L2017.

IBWISEA J103502.19+393721.6



Chapter 3. Piercing the Clouds: Using serendipitous hard X-ray detections to select
122 new Compton thick AGN

For comparison, Kocevski et al. (2015) found that for highly obscured AGN (log Ny
> 23.5) the merger fraction is 21.5"43%4, compared to unobscured AGN at 7.8"1%%.

Previous NuSTAR serendipitous ‘normal” AGN (L2017) show merger fraction of 8t152%.
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=" 7=0.093

(A) J0949 PanSTARRS irg image, with (B) J1034 PanSTARRS irg image, with

J0949 and nearby galaxies shown with J1034 and nearby galaxies shown with

cyan/magenta circles respectively (ra- cyan/magenta circles respectively (ra-
dius 3 arcseconds). dius 3 arcseconds).

»5-0.080

(C) J1156 PanSTARRS irg image, with (D) J1506 PanSTARRS irg image, with

J1156 and nearby galaxies shown with J1506 and nearby galaxies shown with

cyan/magenta circles respectively (ra- cyan/magenta circles (radius 3 arcsec-
dius 3 arcseconds). onds).

FIGURE 3.21: PanSTARRS irg images of sources from this work that have close nearby
galaxies.

l4For log Ny > 23.5 in this work, statistics would include J1502 and J2143 as well - increasing the fraction
from 2/7 to 3/9.
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3.5 Summary

With this chapter we see how searches over small sky areas - compared to LASr -
but with instruments optimised for extreme AGN selection can significantly increase
known objects, in this case Compton thick AGN. We find eight new CT AGN candi-
dates, of which three are confirmed to be new CT AGN. Additionally we examine new
data on a previously selected CT AGN from L2017 and verify that result. We find
that the fraction of CT AGN among the NuSTAR serendipitous sources is 15.2"129%
at z <0.07; higher than many observed fractions but lower than predicted by the cos-
mic X-ray background (Ananna et al., 2019). The fraction of NuSTAR serendipitous
CT AGN in observable major mergers is 28.5"354 %; uncertain due to low total number
counts, it is in line with some other estimates for heavily obscured AGN (e.g., Kocevski
et al., 2015). Figure 3.22 updates Figure 3.1 with the z and Ny values of the CT AGN
analysed in this chapter. These results cover a large area of the region our approach
was targeted at - high Ny objects at a range of redshifts - mainly beyond the range of
LASr.

Having selected AGN in this chapter with hard X-rays - known to be a very reliable
indicator of AGN presence - over relatively small areas of the sky, we next return to
wide area surveys. Known AGN in LASr are largely optically or hard X-ray (Swift-BAT)
selected. Thus we address the remaining gap: AGN that are not X-ray bright enough
to appear in the Swift-BAT catalogues, do not show typical optical AGN signatures,
but appear convincingly AGN-like in the MIR. This set of criteria directs the search
towards unusually obscured or structured AGN - no optical signatures means either

that the large narrow line emission region is obscured or not producing lines.

1512143, the only source from the chapter within the redshift limit of LASr, does appear in the LASr-GPS
but is not a known AGN and its WISE W1-W?2 colour is too low to be selected as an AGN candidate; see
Section C.4
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FIGURE 3.22: Parameter space covered by the known AGN in the LASr-GPS (green

shaded region, solid edge), by the B70 AGN (yellow shaded region, dashed edge), the

region targeted by this chapter (pink shaded area, dot-dash edge), and the sources
discovered in NSS80 (pink squares).
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Chapter 4

A Jewel in the Dust: Insights from a
detailed study of a strong MIR AGN
with an optically inactive spectrum

In Chapter 2 we constructed a near-complete sample of local galaxies (~90% complete
for galaxies with L(W1)>10% erg s~1). From this we flagged the known AGN, and
selected AGN candidates based on their MIR colour and luminosity. We then began
the process of examining these candidates in detail with spectroscopic follow-ups. One
of the primary theoretical causes for AGN to lie undiscovered in local galaxies is the
high proportion of AGN that are likely to be obscured. Chapter 3 sees us investigate
sources that may be heavily obscured, with high column densities into the Compton
thick regime (log Ny >24 cm~2). In this chapter, we consider whether obscuration of a
different form can similarly hide AGN from sight. Specifically, high covering factors -
the fraction of solid angle around the central AGN that has enough material to obscure
it from sight. Much of AGN growth is thought to occur in obscured phases, and a
short-lived phase of high obscuration could be a critical part of some paths of AGN

evolution.

Many of the R90 selected candidate AGN are likely to be obscured in some way - due
to a combination of the MIR selection criteria and the fact that they are not previously
known AGN. We know from the construction of the catalogue that many of the known
AGN are optically selected, but what about AGN that are lacking optical signatures?
These would be promising candidates for ‘cocooned” AGN - the MIR signatures are
expected to remain strong, with emission reprocessed in the dust, but optical signatures
would be heavily reduced. We call these objects ‘Optically Quiescent Quasars” and in
the following chapters will discuss their selection, properties, and where such objects
might fit with other AGN classes. Figure 4.1 shows where the region of interest for this

chapter lies on the z-Ny diagram. OQQs are likely to be obscured, but the selection
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process makes no assumptions about the depth of the obscuration - thus we extend
the expected Ny across the typical range for obscured AGN. We expect low number
counts for these AGN as they are by definition difficult to find, and the most likely
intrinsic structures for them are likely to be a short transient phase in the life cycle of
an AGN (see Chapter 5). In order to increase the chances of selecting promising OQQs
and drawing conclusions about their nature, we must extend the redshift criteria for
selection beyond that of LASr.

This chapter will describe the selection and analysis of a prototypical OQQ, based on
my published papers Greenwell et al. (2021, 2022). I start with defining the ideal ap-
pearance for this object, then the selection process, and finally describe the properties
of the chosen object (J0751) in detail, comparing it to its closest QSO2. We will discover

what we can learn from focusing on a specific example of a previously unknown AGN.
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FIGURE 4.1: Parameter space covered by the known AGN in the LASr-GPS (green

shaded region, solid edge), by the B70 AGN (yellow shaded region, dashed edge), the

region targeted by NuSTAR serendipitous selection (pink shaded area, dot-dash edge),
and the region targeted by this chapter (blue shaded area, dotted edge).
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4.1 Selection of a Prototypical Object

4.1.1 What we are looking for in an ideal OQQ

With the ansatz of a cocooned AGN (an AGN enshrouded in obscuring matter; CAGN)
in mind as a guide, we assume that typical optical and ultraviolet emission signatures
will be reddened and scattered. Optical spectroscopy would therefore indicate these
objects to be similar to ‘normal” galaxies. In order to efficiently block all lines-of-sight
with the least mass of obscuring material, the size of any such cocoon must be small,
plausibly similar to the canonical pc-scale torus. Many studies have indicated that
reprocessed emission from these tori appears to be effectively optically-thin in the mid-
infrared (MIR). Several physical models have been proposed to explain this, but the
salient detail of relevance here is that the MIR is largely isotropic, irrespective of ob-
scuring geometry (e.g., Gandhi et al., 2009, and references therein). If the same holds
for CAGN, then MIR selection of OQQ is a promising route to uncovering them. How-
ever, during this analysis we must also bear in mind that lack of narrow emission does
not necessarily mean that they are present and extinguished, as in a CAGN. There are
three main possibilities we will consider:

1. Cocooned AGN - obscuring matter on scales large enough to hide ionised emis-
sion in the narrow line region exists with enough optical depth to hide optical
AGN signatures.

2. Young AGN - a recently active AGN, where radiation from the centre of the sys-
tem has not yet reached and ionised the larger scale gas and no narrow emission

lines are produced.

3. Intrinsically weak line AGN - high Eddington ratio sources can be connected with

low narrow emission line luminosities (Eigenvector 1; Boroson and Green, 1992).

4.1.2 Selecting a target

I used infrared data from the Wide-Field Infrared Survey Explorer (WISE, Wright et al.
2010), which carried out an all-sky survey in four bands, centred on wavelengths of
3.4, 4.6, 12, and 22 pm. Redshifts and optical classifications were obtained from the
fifteenth data release of the Sloan Digital Sky Survey (SDSS DR15, Aguado et al. 2019).
Targets with good quality spectra, not classified by SDSS as stars or quasars, and within
a redshift range that would put the [O 11I] emission line within the spectrum (z < 1.08;
observed wavelengths ~ 5007A to 10400A) were cross-matched with objects from the
AIIWISE catalogue (Wright et al., 2010). The resulting candidates included a large num-
ber of spectra that were optically classified as normal galaxies. MIR classification as
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AGN was carried out by using well-tested colour thresholds. Specifically, I chose to
use the colour threshold W1 — W2 > 0.8, shown by Stern et al. (2012) to be an efficient
selector of luminous AGN. To ensure that the AGN dominates above stellar emission
and star formation, I required a rest frame k-corrected monochromatic 12 pm lumi-

0*ergs!.

nosity of L1 > 3 x 1 This is typical of quasars with Lp, ~10¥ ergs1,
and distinguishes our study from searches for so-called X-ray bright optically normal
galaxies (XBONGs), which appear well explained by host galaxy dilution of less lumi-
nous AGN (e.g., Moran et al., 2002). Despite careful choices of colour and luminosity
threshold, the possibility remains that non-AGN will be selected, which is further dis-
cussed in Section 5.2.1. A key aim of Section 4.3 is confirmation of AGN presence in the

prototype source.

The final requirement was the lack of any significant [O 111] emission in the SDSS spec-
tra. I assessed the presence — or lack of — [O111] with MCMC simulations (described in
detail in Section 5.3.1), and Figure 4.2 shows the upper limit on [OIII] emission from
J0751, compared to the measured emission from QSO2s (see Section 4.1.3). In this chap-
ter, I present a first candidate, representative of our desired properties in terms of its
high bolometric luminosity, reliability of redshift and optical spectral type, as well as a

deep limit on the (expected) optical emission line flux.

4.1.3 Comparison Population

As a better understood ‘control” group with similar (but complementary) selection in
terms of key parameters we choose to use the population of Type 2 quasars (QSO2s), as
selected by Reyes et al. (2008) and Yuan et al. (2016). These objects are bright obscured
(classical) AGN, similar in redshift and broad-band luminosity range to our OQQ. The
key exception is the presence, by design, of strong emission lines, particularly [O111],
in QSO2s. This selection is described in more detail in Section 5.5.

4.2 The Model OQQ: J0751

The prototype OQQ candidate chosen is SDSS J075139.06+402810.9 (hereafter J0751).
We also choose a QSO2 close in redshift and luminosity to use as a direct comparison —
SDSS J125612.97+144121.0. Ideally we would also match the SFR of the two objects in
order to minimise host galaxy dilution — however due to the uncertainty in assessing
the SFR of J0751 (see Section 4.2.2), at this stage we focused only on matching the most
important properties. Spectra of these two objects are presented in Figure 4.3, showing
the stark difference in [O 111] strength between the two object types. Note also the simi-
larity in continuum shape, with the main difference being emission line strength in the
QSO2. Table 4.1 presents basic information about the two objects.
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FIGURE 4.2: Upper limit of [O111] luminosity of OQQ (black dash, blue arrow) com-
pared to the measured [O111] fluxes of QSO2s.

TABLE 4.1: Basic information about the primary OQQ candidate and the QSO2 closest
in redshift and 12 um luminosity. Column details: (1) object type, (2) object name as
known in NED, (3) redshift, (4) rest frame 12 pm luminosity.

Type NED name z log L1p/ergs™!
) @ ®G) ()

OQQ SDSSJ075139.06+402810.9 0.587 45.12 + 0.05

QSO2 SDSSJ125612.97+144121.0 0.580 45.04 + 0.05

421 MIR Colour and Luminosity

The most convincing evidence for the presence of an AGN lies in the MIR. A k-corrected
12 pum luminosity of ~ 10% erg s~! (estimated by linear interpolation between WISE
W3 and W4 measurements) implies a very low chance that this object lacks an AGN.
SED fitting (see Section 4.2.2 and Figure 4.5) shows that a significant contribution from
AGN-heated dust is required to reproduce the observed MIR data. The MIR colour
selection criterion has a predicted reliability of 95% (Stern et al., 2012), depending on
the reliability of the source data for this. Figure 4.4 shows the position of J0751 on the
WISE colour selection diagram; it is decisively AGN coloured, well above the Stern
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FIGURE 4.3: Spectra, obtained by SDSS, of the primary OQQ candidate, J0751, compared to the QSO2 J1256. The top panel is scaled to show the

0QQ (blue), which is a typical early-type galaxy with stellar absorption features and a strong D4000 break. Note that the QSO2 (orange) shows a

similar continuum shape, with stronger continuum redwards of [O11]. The bottom panel is scaled to show the QSO2, which has multiple strong,
narrow emission lines. [Plot credit: D. Stern].
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FIGURE 4.4: The WISE colours of the prototype OQQ plotted on the MIR colour-colour

plane. The dotted line shows the Stern cut (Stern et al., 2012); which all candidates pass

by selection. The solid orange lines show the AGN wedge proposed by Mateos et al.
(2012). Shown for comparison are QSO2s.

et al. (2012) threshold (by selection) and additionally within the Mateos et al. (2012)
wedge. There is a small chance that similar colour and luminosity may be caused by
star formation. If this were the case we would expect to see bright emission lines typi-
cally associated with star formation, such as [O11], as the distribution of star formation
throughout the galaxy (rather than localised at the nucleus) means that they are un-
likely to be blocked by the same obscuring matter. Conversely, if the star formation
is localised at the nucleus we may not expect to detect strong [O1I] emission, but the
SED fitting (see Section 4.2.2) should provide a better estimate of SFR. We also see very
little radio emission (an upper limit on radio flux is available from FIRST (Becker et al.,
1995): <0.695 mJy/beam).
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4.2.2 Spectral Energy Distribution (SED)

We use agnfitter (Calistro Rivera et al., 2016) to fit the SED of J0751 and determine the
relative galaxy and AGN system contributions to the observed emission. This method
uses the multiwavelength data available to find the most likely weighted contributions
to the overall SED, from sources near the AGN and in the host galaxy. Lack of IR data
at wavelengths redward of WISE produces some uncertainty on these results, but we
can use them to constrain further some properties of the target. The most important
parameter for our analysis is the contribution to the SED from the AGN obscuring ma-
terial in the MIR - a significant amount of emission is needed from this component in
order to reproduce the total. After experimenting with different Markov Chain Monte
Carlo (MCMC) chain lengths, we selected one sufficient to achieve an auto-correlation
time indicating convergence for the OQQ AGN-heated dust component (see Foreman-
Mackey et al. (2013) & Calistro Rivera et al. (2016) for details). More detail can be found
in Section 5.10.1.

agnfitter makes two separate estimates of SFR — one in the optical, and one in the
FIR. The FIR SFR would provide some estimate of potential obscured star formation,
but due to the lack of FIR data available for our fits, we discard this version and focus
only on the optical. This estimate (and that of stellar mass) is obtained from host galaxy
template parameters (for more detail, see Calistro Rivera et al. 2016). As shown in
Table 4.2 the SFR obtained for J0751 is low and very poorly constrained, essentially an
upper limit only, and is significantly higher for J1256. The uncertainty on the optical
SER is higher than for other agnfitter derived properties (excluding the FIR SFR) —
e.g., 6-8% for J1256. Further extended photometry, particularly at long IR wavelengths,
would help constrain the SF in both sources and thus allow accurate assessment of the
contribution of SF to the MIR luminosity. With current data, there are no significant
signs of star formation in JO751: the best fit 12 um luminosity is ~10 times higher for
the hot dust component than the SF component. However, it cannot be completely

ruled out.

It is possible that the star formation may be located very close to the nucleus, and as
such may have [O11] obscured. If this were the case, a large SFR would still be necessary
to explain the WISE data without a significant AGN dust component.

4.3 Targeted Measurement: what can we learn?

4.3.1 Data

In order to (a) confirm the presence of an AGN, and (b) constrain its spectral properties,

the optimal tracer is X-ray emission. Luminous, nuclear X-ray radiation is unlikely to
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FIGURE 4.5: agnfitter results. Known data is shown as black crosses, and the lines
show contributions from starburst (green), host galaxy (yellow), hot dust emission
(purple), and big blue bump (blue; originates from the accretion disc). AGN-heated
dust emission is highlighted in dark purple. The 1 sigma uncertainty range is also
shown for the hot dust (plain purple shaded area), star-formation (green shaded area,
horizontal hatching) and total (red shaded area, vertical hatching) only. Blue emis-
sion directly from the accretion disc is much more prominent for J1256 than for J0751,
whereas the hot dust emission from J0751 is required to be higher.
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TABLE 4.2: Stellar mass and star formation rates of J0751 and J1256. Column details:
(2) SFR derived from [O11] luminosity (Kennicutt, 1998), (3), (4) SFR and stellar mass
according to agnfitter (see Section 4.2.2).

[OIl] based SFR  agnfitter SFR  stellar mass
Mg per year Mg per year log Mo
@) ®) )
0.216 0.11
JO751  <0.4040.11  0.001+926  11.15*%1L,

J1256  5.11+1.46 1.69%0LL  10.74+003

Object
)

originate from any source other than an AGN - intense star formation may produce
(weaker) X-rays, but given the optically quiescent nature of OQQs (<0.4 M, per year,
stellar mass ~ 101" M; Greenwell et al., 2021), sufficient star formation processes are
not likely. XMM-Newton provides good angular resolution and sensitivity, ideal to ex-
amine the soft X-rays. NuSTAR (Harrison et al., 2013) looks at the harder X-rays, allow-
ing us to measure the intrinsic X-ray luminosity if SDSS J075139.06+402811.2 (hereafter
0QQ J0751+4028) proves to be heavily obscured. Based on the IR-X-ray relationship
(Asmus et al., 2015, Stern, 2015) we predict that OQQ J0751+4028 should be easily de-
tected (under the assumption that it is indeed an AGN, and not heavily Compton-thick,
at z=0.587, Lgrffloiclié ~2.6 x 10* ergs~1), and analysis of its properties should be pos-
sible.

This analysis here uses the following coordinated observations:

* NuSTAR OBSID 60701009002: 50.6 ks, 2021 September 25 (start time: 12:06:09)

o XMM-Newton OBSID 0884080101: 36.9 ks! of exposure, 2021 September 25 (start
time: 13:28:37)

The data were reduced using standard recommended selection criteria, including re-
moval of appropriate background, using the XMM-Newton Science Analysis Software?
and HEASoft>. The target was detected significantly with XMM-Newton pn, MOS1 and
MOS2?4, and with NuSTAR FPMA?®. Source extraction regions were circles with radii 45
and 20 arcsec for NuSTAR and XMM-Newton respectively (see Figure 4.6). Background
regions were annuli with inner radius 100 arcsec, outer radius 180 arcsec (partially
cutout to avoid a chip edge) and circles of radius 90 arcsec for NuSTAR and XMM-
Newton respectively. In optical data (PanSTARRS) it appears small and red, with no

visible morphological disturbances (see Figure 4.7).

1 After cleaning 16.4/28.3/29.3 ks on pn/MOS1/MOS2.

Zhttp:/ /xmm.esa.int/sas/

3https:/ /heasarc.gsfc.nasa.gov/docs /nustar/analysis/

40.5-10 keV; net counts 87/36/65

53-16 keV; net counts 55. Not detected in FPMB alone, due to higher background flux.
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FIGURE 4.6: (top) XMM-Newton stacked image; (bottom) NuSTAR FPMA 3-24 keV
image. Green circle has 20 arcsec radius, magenta circles have 45 arcsec radius; all are
centred on the optical source coordinates.
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FIGURE 4.7: PanSTARRS irg bands converted to RGB image. Green circle has 20 arcsec
radius, cyan circle has 6 arcsec radius; both are centred on the optical source coordi-
nates.

4.3.2 Methods

The data were fit within xspec (Arnaud, 1996), v.12.12.0 with several models covering
various types and structures of obscuration, with different levels of complexity. Rele-
vant parameters were allowed to vary freely (although tied between datasets): normal-
isation, I' and Ny. All models include Galactic absorption (PHABS) of Ny=5.6 X 10%0
cm ™2 (HI4PI Collaboration et al., 2016). A cross calibration constant of 0.93:1.02:0.98:1.00
(e.g., Madsen et al., 2015) was used for XMM-Newton(pn):XMM-Newton(MOS1):XMM-
Newton(MOS2):NuSTAR; this was fixed because the observations were simultaneous.
Spectra were binned to 3/1 counts per bin for NuSTAR/XMM-Newton, and fit with
wstat (Wachter et al., 1979) — the version of cstat (Cash, 1979) used by xspec when a
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background is included®.

Under the assumption that OQQ J0751+4028 is an obscured AGN, the most basic com-
bination of models we might expect to make a reasonable fit to the data is an absorbed
powerlaw (photoelectric absorption at the source redshift and Compton scattering at-
tenuating an intrinsic powerlaw; see top panel in Figure 4.8). This model can produce
an acceptable fit to the data, with light absorption (see Table 4.3). However, the best
fit I'=1.08+0.16 is unusually hard for an AGN compared to typical intrinsic spectral
indices of I' ~1.9 (Ricci et al., 2017a). There is some degeneracy between Ny and " val-
ues (see Figure 4.9), so in order to investigate the likelihood of a more typical intrinsic
AGN power law, we fit the same model, but with a fixed I'=1.9. This also produces an
acceptable fit, with a slight increase in log(Ny; cm~2)=21.56 to 22.30 (see Table 4.3).

Given the consistently hard T" seen in the absorbed powerlaw model we next inves-
tigate two more physically realistic models, still relatively simple: torus reprocessing
(MYTORUS in coupled mode with covering factor fixed at 0.5, Murphy and Yaqoob,
2009); and the spherical obscuration (TRANS model from BNTORUS; Brightman and
Nandra, 2011, hereafter BNSPHERE).

BNSPHERE represents the physically expected obscuring structure around a “Cocooned’
AGN. MYTORUS does not specifically allow full covering, and is restricted to I' >1.4,
higher than previously found I' values. BNSPHERE is also limited, but to I" > 1.0. Other
parameters are fixed to simplify the modelling. MYTORUS inclination was set to 90 deg
(i.e., through the torus, to fit with our assumption of an obscured AGN). BNSPHERE
iron and total elemental abundances were set to solar values.

The results for the models thus far consistently produce a hard photon index I' (< 1.5).
This would be an unusual intrinsic value for an AGN, and could indicate that we are
underestimating the optical depth of obscuration present in the system, a possibility
also hinted at by the lower than expected luminosity. None of the models above can
produce a log(Ny) greater than ~22.3, thus we propose an alternative: a thick spherical
obscurer (represented in XSPEC with BNSPHERE) in tandem with a scattered fraction
(CONSTANT) of the intrinsic powerlaw (ZCUTOFFPL). The scattered fraction represents
a ‘leak’” through Compton thin obscuration from an otherwise Compton thick sphere.
With this we can investigate higher Ny values while still providing a satisfactory fit
to the softer X-rays, i.e., dominated by the scattered powerlaw rather than a Compton
hump. Here we show the results with scattering fraction fixed at 12%, which produces
an intrinsic X-ray luminosity close to that predicted from the 12 pm luminosity.

Fixing the value of I' makes a firm assumption about the nature of the intrinsic AGN
emission, which we can make less stringent with Bayesian X-ray Analysis (BXA; Buch-
ner et al., 2014). We can include knowledge about the likely physical characteristics

®https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual /node318.html#AppendixStatistics
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FIGURE 4.8: (top) Spectrum of best fit absorbed powerlaw model; (bottom) ratio between data and model. Shown is XMM-Newton-pn (black),
XMM-Newton-MOS (red) and NuSTAR FPMA (blue), binned to a minimum of 2 counts per bin.
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FIGURE 4.9: Relationship between I' and Ny results for the absorbed powerlaw.

by selecting an appropriate prior: a Gaussian prior for I'7 is appropriate as it allows
a physically motivated preference towards likely values, and excludes unphysical val-
ues. We try (a) a loose Gaussian prior: '=2.0+0.3; and (b) a stricter Gaussian prior
'=1.94£0.1, along with the original uniform likelihood assumption, and fixed I'=1.9 (see
Figure 4.10). As shown in Table 4.3, both Gaussian priors produce an acceptable fit to
the data but struggle to produce a I' value not unusually hard for an AGN. We can use
the Bayesian evidence to compare the models, and therefore determine which is most
likely to have produced the observed data. Figure 4.11 demonstrates the change as dif-
ferent models are introduced. The top subplot shows the hard values resulting from
the absorbed powerlaw - even when I is coerced with a restrictive prior, a lower me-
dian value is favoured. In the middle MYTORUS and BNSPHERE are added, and despite
their restrictions still result in low median values. In the final subplot the ‘leaky sphere’
model is highlighted, showing that with an identical prior to the previous models, it

attains a higher, more physically likely, value for I".

7Ng and normalisation have log uniform priors.
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FIGURE 4.10: Priors on I" used in BXA of various models.
The final set of models we compare is: (a) CABS*ZWABS*POW: with uniform, single
value and Gaussian priors on I'; (b) MYTORUS; (c) BNSPHERE®; and (d) ‘leaky sphere’.

These models as defined in xspec are as follows:

¢ Absorbed powerlaw: CONSTANT*PHABS*CABS*ZWABS*POW

® MYTORUS: CONSTANT*PHABS(ZPOWERLW*ETABLE{MYTORUS_EZERO_V00.FITS} +
CONSTANT*ATABLE{MYTORUS_SCATTEREDH500_V00.FITS})

e BNSPHERE: CONSTANT*PHABS*ATABLE{SPHERE0708.FITS}

e ‘leaky sphere”: CONSTANT*PHABS*(ATABLE{SPHEREO708.FITS} +
CONSTANT*ZWABS*ZCUTOFFPL)

¢ Absorbed powerlaw with neutral iron line:
CONSTANT*PHABS(CABS*ZWABS*POWERLAW+ZGAUSS)

8BNTORUS is known to have inaccuracies in the reflected component (e.g., Balokovi¢ et al., 2018); here
we only consider the spherical component with no opening angle which should not be affected.
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FIGURE 4.11: T posteriors for different models. (top) absorbed powerlaw only; (mid-
dle) with physical models added; (bottom) with the ‘leaky sphere’ model. Priors used
are shown in Figure 4.10.
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4.3.3 Results

Across all models, the results show that the data can be explained by an obscured AGN.
The parameters vary, and in some cases may indicate unusual values, but all are con-
sistent with the presence of an AGN. Full results for all models are shown in Table 4.3.
None of the models show significant residuals, except possibly towards the hard end,
and all are reasonable fits to the data (see Figures 4.8, 4.12, and 4.13).

The preferred solution according to the Bayes factors is BNSPHERE (Table 4.3, Figure
4.12)°. Comparison of (a) BNSPHERE and (b) ‘leaky sphere’ (scattering fraction 12%;
Figure 4.13) shows that LS is not favoured. However, it is also not strongly counter-
indicated (i.e., the relative Bayes factor is low; a value of 6.3 is ‘substantial evidence” in
favour of BNSPHERE, but not decisive, according to the Jeffreys scale (Buchner et al.,
2014)).

BNSPHERE returns a preferred '=1.32*%2} — unusually hard but not impossible for an
AGN (e.g.; Ricci et al., 2017a) — and log (Ny / cm™~2) = 21.95 (see Figure 4.14). Forcing
I to a more typical AGN value of 1.9 increases the log(Nyy / cm~2) slightly to 22.3, but
does not significantly affect the intrinsic luminosity (see Figure 4.14). The 12% ‘leaky
sphere” model produces a softer I and, if closer to the truth, may imply a luminosity
much closer to expected.

That BNSPHERE is a reasonable fit to the data implies that the ‘cocooned AGN” sce-
nario may be a feasible explanation for the observed properties. Obscuring material
relatively close to the AGN may prevent ionising radiation from within reaching far-
ther out, and thus no narrow [O I1I] emission. We can also consider a situation where
the NLR exists within a cocoon on intermediate scales between the torus and the inner
galaxy (perhaps ~ tens of pc), just large enough to cocoon the inner NLR. Depend-
ing on the gas—to—dust ratio in the obscuring material, relatively thin columns may be
sufficient to extinct any [O111]. Based on the [O111] deficit between the general OQQ
population and QSO2s (Chapter 5), a median Ay =4.7 mag is sufficient to extinct the
theoretical [O111] line. This is equivalent to an NLR obscuring neutral gas column den-
sity of log(Ny / cm™~2)~ 22.8 (assuming gas—to—-dust ratios in AGN environments from
Maiolino et al., 2001). This is higher than found in this analysis; however, the NLR-
obscuring column is distinct from the line of sight X-ray—obscuring column, which may

explain this difference.

The Fe Ka line (rest energy 6.4 keV) observed in many AGN spectra (e.g., Nandra, 2006)
originates from reprocessing of AGN emission in optically thick obscuring matter. For
lightly obscured AGN, Shu et al. (2010) find a relationship between detected narrow
Fe Ko EW and unabsorbed 2-10 keV luminosity. Noting that this has large scatter, and

9CABS*ZWABS*POW with uniform prior fit is discarded from this point; the lack of constraint allows
values of I" that are not physically likely.
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FIGURE 4.12: (top) Spectrum of best fit BNSPHERE model; (bottom) ratio between data and model. Shown is XMM-Newton-pn (black), XMM-
Newton-MOS (red) and NuSTAR FPMA (blue), binned to a minimum of 2 counts per bin.
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FIGURE 4.14: Corner plot of results with: (a) CABS*ZWABS*POW, restrictive prior

on I' (blue); (b) BNSPHERE, physically representative prior on I' (orange), (c)

CABS*ZWABS*POW, fixed '=1.9 (green). Best fit values for each parameter are shown

with a solid line. (top right) L, 19 vs. I' contour with the IR-predicted luminosity

shown (Stern, 2015, dashed line) — the luminosity contours for the lightly obscured

models are decisively below this level. Also shown are the results for the 12% scat-
tered ‘leaky sphere’, which is closer to predicted (pink).

from higher resolution Chandra data, we can use to roughly estimate an expected Fe Ka
EW of 45 eV. We place an upper limit on the equivalent width (EW) of a putative narrow
line by adding an unresolved Gaussian component to our transmission spectrum, with
a width of 0.1 keV, finding an EW 526 eV — a low value that implies no line is likely
to be present, further reinforcing the conclusion that OQQ J0751+4028 is only lightly
obscured. Figure 4.15 shows that adding this line has no effect on other parameters,

and that only an upper limit can be obtained.

The intrinsic rest frame 2-10 keV luminosity (according to BNSPHERE) is 4.39 X 1043
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FIGURE 4.15: Contour plots showing the relationship between Fe Ka equivalent width

(vertical axis) and other intrinsic parameters for an absorbed powerlaw with addi-

tional Gaussian emission line. Blue dashed line is the 1-sigma upper limit on the EW;
orange dotted line is the predicted value from Shu et al. (2010).

erg s~ 1. TheIR luminosity (1.30 x 10% erg s~!at 12 um) of OQQ J0751+4028 implies a 2-
10 keV luminosity of 2.61 X 10% erg s~ ! (from the 6 pm/2-10keV relation; Stern, 2015).
Comparing these values, we find that the unabsorbed luminosity is ~6 times lower
than expected, but still easily above the threshold of 10*2~%3 erg s ! generally accepted
for an AGN. In Figures 4.16 and 4.17 we compare the properties of OQQ J0751+4028
against a sample of Type 2 QSOs selected from SDSS with significant [O I1I] emission
(QSO2s; Reyes et al., 2008, Yuan et al., 2016). Figure 4.16 shows the measured X-
ray luminosities of the QSO2s, along with the reported [O111] /X-ray relationship from
Lamastra et al. (2009) — the majority of QSO2s lie close to the empirical prediction, but
0QQ J0751+4028 is far from typical. Figure 4.17 shows that OQQ J0751+4028 lies be-
low the IR-predicted values from Asmus et al. (2015) or Stern (2015), and also below
the majority of QSO2s, which tend to fall closer to their predicted values. Conversely,
if we consider the ‘leaky sphere” model, the intrinsic X-ray luminosity may be closer to
IR-predicted expectations (see Table 4.3); however, it would be further offset from the

[O111]/X-ray relationship.

4.4 Discussion

4.4.1 X-ray discussion

One important aim of this work is to place OQQ J0751+4028 (and in the future, its
fellow OQQs) into context with the wider ranks of AGN. We begin by considering
what the results from this X-ray study allow us to infer about the intrinsic nature of
this object. Crucially, the absorption-corrected luminosity shows that OQQ J0751+4028
is an AGN, regardless of the specific best-fit model that we adopt. This confirms the
presence of ongoing accretion activity, and gives credence to our IR selection, despite

the apparent optical quiescence.
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FIGURE 4.16: A comparison between OQQ J0751+4028 and QSO2s: unabsorbed 2-

10 keV luminosity against [O 111] luminosity. X-ray luminosities for QSO2s are from Vi-

gnali et al. (2006) (V06; green diamonds), Vignali et al. (2010) (V10; orange diamonds),

and Lamastra et al. (2009) (L09; pink diamonds). Relationship from Lamastra et al.

(2009, L09) shown as a grey line. OQQ J0751+4028 shows an upper limit on [O111],
indicated by an arrow.

0QQ J0751+4028 must be obscured in X-rays, but is less likely to be Compton thick
than thin. The Bayes factor for the highly obscured ‘leaky sphere” compared to the
lightly obscured BNSPHERE is ~6: a less likely fit but not decisively so. Recalling from
the introduction our suggested scenarios regarding the nature of an optically quiescent
AGN (‘cocooned” and ‘young” AGN), we can only conclude at this stage that both re-
main possible. Nuclear optical extinction is also required in both scenarios in order to

hide the broad line region, which we do not see.

The light obscuration we observe could be a more physically likely possibility for en-
shrouding material than optically thick material, supporting the idea of a ‘cocooned’
AGN, or similar to larger-scale host obscuration (e.g., Buchner and Bauer, 2017). This
interpretation could be consistent with a low intrinsic X-ray luminosity AGN if the Ed-
dington ratio is low, as higher intensity AGN are associated with lower covering factors
(e.g., Ricci et al., 2017b).
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FIGURE 4.17: A comparison between OQQ J0751+4028 and QSO2s: unabsorbed 2-

10 keV luminosity against 12 ym luminosity. X-ray luminosities for QSO2s are from

Vignali et al. (2006) (V06; green diamonds), Vignali et al. (2010) (V10; orange dia-

monds), and Lamastra et al. (2009) (L09; pink diamonds). Relationships from Asmus

et al. (2015, A15), and Stern (2015, S15; 12 ym luminosities were converted to 6ym lu-

minosities using a relationship derived from the QSO template of Hao et al. (2007)),
are shown as grey lines. .

An AGN in the process of switching on (a ‘young” AGN) might also show weak X-
ray emission as it transitions to full accretion power. Kollatschny et al. (2020) present
the opposite case — a switching off AGN - in which they see a dramatic decrease in
observed X-ray luminosity concurrent with a change in type from Seyfert 1 to 1.9 (i.e.,
a reduction in the broad emission lines, but still with clear narrow lines). They find
no evidence that this change is caused by absorption, indicating that it is an intrinsic
luminosity change. Reversing this, we might expect to see the X-ray increase before the

appearance of narrow lines.

Finally, we must consider the possibility that OQQ J0751+4028 is a fully ‘mature” AGN
intrinsically lacking [O111]. Analysis of relationships between various emission-line
properties of AGN has shown that many of these properties correlate (Eigenvector 1;
Boroson and Green, 1992). Shen and Ho (2014) show that the observed anti-correlation
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between [O111] and the relative strength of Fe II emission can be explained by changes
in Eddington ratio; an AGN seen to lack [O 111] could then be explained by a very high
accretion rate. The higher I' and intrinsic luminosities of the ‘Leaky Sphere’ model may
suggest this to be the case, however a low ‘leak fraction” would be required, and the fit
statistics indicate this is unlikely. The stellar mass of OQQ J0751+4028, while uncertain,
implies a high BH mass (~ 5 x 105M
a very high luminosity to reach Eddington accretion levels — higher than seen in the

»; Kormendy and Ho, 2013), and consequently

&

WISE measurements.

OQQ-like objects are not new. For example, other groups of AGN that have notable
similarities to OQQs include weak line quasars (WLQs) with weak X-ray emission and
weak or absent emission lines (e.g., Wu et al., 2012a, Luo et al., 2015), and X-ray bright,
optically normal galaxies (XBONGs) selected as AGN in X-rays, but showing no optical
AGN signatures. In some cases, this is due to dilution by bright host galaxies of lower
luminosity AGN (Moran et al., 2002) — in contrast to the OQQs, where AGN emission
in the IR is bright, and dominates over their hosts.

Our OQQ selection is a first attempt to systematically search for this class of optically
quiescent AGN and our work unambiguously establishes that some AGN can present
bright ongoing nuclear accretion activity in X-rays, yet show no signs of this in the

optical. Details of our full sample are presented in Chapter 5.

4.4.2 Cocooned AGN growth and the merger paradigm

AGN grow in proportion with the bulge of their host galaxies, on (Kormendy and Ho,
2013). One possible evolutionary track that could explain this is merger-driven evolu-
tion (Fabian, 1999, Hopkins et al., 2006), where galactic mergers funnel large amounts
of material inwards, boosting both AGN growth and star formation (e.g., Springel et al.,
2005).

The influx of material provides the fuel for AGN as well as star formation, and also ob-
scures the nucleus. As the AGN brightens, radiation pressure clears away the obscur-
ing material, revealing the nucleus in a bright unobscured phase. Eventually, when
all the gaseous fuel is exhausted, the AGN returns to its dormant state. One plausi-
ble interpretation of the OQQ characteristics is a short phase in this cycle, when the
infalling material has ignited the AGN, but it still remains obscured along all lines-of-
sight. If this scenario were appropriate for J0751, we might expect to see (a) signs of
recent merger activity, and (b) significant ongoing star formation, as seen in some local

samples including starburst-AGN composites (Goulding and Alexander, 2009).

Optical images from SDSS and PanSTARRS show a compact, red galaxy, with no appar-
ent ongoing merging activity. Higher resolution images may be able to shed more light
on the recent history of this galaxy — PanSTARRS provides a median image quality of
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just above 1 arcsecond (Magnier et al., 2020) (~11kpc). The red colour, presence of an
early-type galaxy spectral continuum, and lack of optical emission lines in J0751 (Fig-
ure 4.3) imply that there is very little star formation. The prominent 4000 A break also
distinguishes J0751 from other featureless systems such as BL Lacs, where continuum

emission is dominated by nuclear jet emission.

Based on the broadband photometry rather than emission line strengths, SED mod-
elling by agnfitter gives slightly different values of 0.001 and 1.69 M, per year, re-
spectively. In principle Ha could also provide useful constraints here, but is shifted red-
ward of our current spectral coverage. High quality near-IR spectroscopy (to determine
Ha) and longer wavelength photometric measurements (to constrain the agnfitter
SED decomposition) would provide a more accurate value for the SFRs and further
constrain the presence of an AGN.

The lack of star formation does not easily fit into the merger-driven AGN and host
galaxy evolutionary paradigm. If this is the result of obscuration, it would require
that any ongoing star-formation (SF) is also obscured, or that there be a delay between
AGN ignition and subsequent SF triggering (or vice versa). Neither of these solutions
is likely. There is no reason to expect SF triggering to await AGN triggering if there is
plentiful gas supply in the environment.

4.4.3 Recently triggered AGN activity?

A second possible origin that can explain our observation is the young AGN theory
— if the ‘switch on” occurs through secular processes local to the AGN, and is recent
enough that the NLR (the usual origin of the narrow [O I1I] emission) is not yet active.
This would not require the presence of a cocoon, but instead line-of-sight obscuration

of the accretion disc and the broad line region.

Typical AGN feeding timescales are thought to be of order ~10° years (Schawinski
et al., 2015). If we happen to have detected the AGN within a few years of its trig-
ger, radiation would have had time to be reprocessed in the pc-scale torus, but not yet
excite the kpc-scale NLR, through neither radiative nor collisional processes. In many
ways, this would be the opposite of the preferred scenario to explain Voorwerp systems
where strong, offset NLR emission is seen with no strong nuclear activity evident (e.g.,
Sartori et al., 2018). The Voorwerp are believed to be AGN that have recently turned
off, but the NLR is sufficiently distant to be responding to earlier AGN activity. There
are also suggestions that some of these systems contain hidden AGN - Lansbury et al.
(2018) show a Voorwerp system where the central AGN is luminous but hidden. Typ-
ical recombination times in nearby QSO2s are estimated to be between a few years to
a few hundred years, depending upon gas density Trindade Falcdo et al. (2021), so a
steady source of excitation is important. A final possibility is that the NLR gas is no
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longer confined and has dissipated or over-ionised over time. Though this cannot be
excluded, it is unclear why this should be the case in these particular objects. The AGN
would still need to be obscured along the line-of-sight in order to extinguish BLR and

disc continuum signatures.

44.4 Conclusions

I have presented the first prototype in an effort to formalise the population of OQQs.
Similar objects have cropped up in various other studies, but have not yet been sys-
tematically collated. For instance, Hviding et al. (2018) select AGN using WISE, but
aim for a different part of the WISE colour-colour plane that restricts their targets to
the most heavily obscured objects. There is no overlap, however some of this sample
may be interesting cousins to OQQs. Most (70%) of their targets are actually identified
as AGN through common optical emission line diagnostics - all but one of these have
detectable [O111] lines. Glikman et al. (2012) use cross-matches between FIRST (Becker
et al., 1995) and 2MASS (Skrutskie et al., 2006). Ueda et al. (2007) selected ‘geometri-
cally thick torus” AGN by looking for low-scattering X-ray fractions in the Swift/BAT
survey; these could be lower luminosity cousins to OQQs. All such objects, although
not identical to OQQs, could represent a similar population, or a close phase in a life-
cycle containing both, so a population wide study is crucial and will be the subject of a

follow-up work.

There remains a possibility that J0751 does not contain an AGN, but is a coincidence of
emission from other sources that give the impression of one. However, to reproduce the
emission I have without an AGN, the spectrum would need to be heavily dominated
by starburst activity in the IR. The weakness of the non-[O I1I] emission lines present

make this extremely unlikely.

Polarimetric observations, infrared spectroscopy and X-ray observations could help to
reveal the true nature of these objects. X-ray observations would be particularly useful
to prove the presence of an accreting nucleus; if the line-of-sight obscuring column is
Compton-thick then hard X-ray data, such as from NuSTAR, would be necessary.

Irrespective of the true nature of these objects, they appear to represent an ill-studied
phase of AGN (or AGN-like) activity. It should eventually be possible to constrain the
duty cycle of this phase through demography of this population.
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4.5 Summary

In this chapter I have shown that it is both possible and informative to select an inter-
esting and unusual AGN from wide MIR and optical surveys. Starting from these large
datasets allows discovery of rare AGN types, and with this detailed study of J0751 it is
clear that some of these are still elusive and poorly understood. Figure 4.18 places J0751
into context with our other search regions, but this plot does not show everything that
makes this object a discovery that adds to the populations of known AGN from LASr
and NSS80. It has no optical AGN signatures, but is likely to derive most of its MIR
power from AGN activity. It is lightly X-ray obscured, but the most likely geometry
is spherical obscuration - a structure unlikely to be stable and hence representing a
transient phase in the life of this galaxy.

Having gained what we can from this single prototype OQQ the natural progression
is to consider what we might learn from a population of OQQs. Do they all have con-
sistent properties? Are they likely to come from the same intrinsic populations, or are

they similar in appearance only?
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FIGURE 4.18: Parameter space covered by the known AGN in the LASr-GPS (green

shaded region, solid edge), by the B70 AGN (yellow shaded region, dashed edge), the

region targeted by NuSTAR serendipitous selection (pink shaded area, dot-dash edge),

the region targeted by this chapter (blue shaded area, dotted edge), and the result from
0QQ J0751+4028 (blue diamond).
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Chapter 5

Buried Treasure: Uncovering the
population of abnormally obscured

AGN with multi-wavelength
selection

Chapter 4 presented a prototype of an AGN with unusual properties that make it eva-
sive in terms of common AGN identification. We discussed its properties in context
with theories about its true nature, and explored how targeted X-ray measurements
can give us insight into the genuine inherent structure. However, there is only so much
we can infer from a single example. In this chapter I continue the Optically Quiescent
Quasar work, expanding the detailed study on J0751 into an investigation of the popu-
lation properties of OQQs, a comparison of their appearance with more familiar AGN
classes, and consideration of their true intrinsic nature. At higher redshifts than those
covered by LASr, I search for IR AGN that show no optical signatures - specifically a
lack of [O111] emission. These may be cocooned AGN, i.e., AGN with a 47 covering
of obscuring material, may have their NLR prevented from forming, may have yet to
form an NLR, or may be intrinsically emission-line weak. Here I will describe the se-
lection process for these objects: base datasets, assumptions made, testing for lack of
[O111], and the final sample. An important part of assessing the nature of the OQQs
is having a set of similar but well-studied AGN to compare them to; thus I describe a
QSO2 comparison sample - objects similar in IR and optical photometric appearance,
but chosen to have high [O111] emission, in sharp contrast to the OQQs.
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5.1 SDSS and WISE as a Starting Point

5.1.1 Recap of the available data, and its strength and weaknesses
51.1.1 WISE

The Wide-field Infrared Survey Explorer (WISE) satellite (Wright et al., 2010) has car-
ried out a highly-sensitive all-sky survey in four bands (W1, W2, W3 & W4 centred on
wavelengths of ~3.4, 4.6, 12 and 22 nm, respectively). The effective angular resolution
corresponds to a Gaussian with full-width-at-half-maximum ~6" in W1 — W3, and 12"
in W4. The SDSS fifteenth Data Release (Aguado et al., 2019) includes pre-calculated
astrometric cross matches with the earlier WISE data release (WISE-AlISky!). The All-
WISE release? includes data from both the cryogenic and post-cryogenic phases of the
mission, and therefore contains better quality data, with better photometric sensitivity,
particularly in the W1 and W2 bands. The cross matching with SDSS and WISE-AllSky
was used, and the WISE magnitudes updated with AIIWISE values.

We choose to use the AIIWISE data rather than the more recent CatWISE (Marocco et al.,
2021) because the W3 and W4 measurements are vital to the selection process, and these
two bands were only in operation in the earlier years of WISE. Although CatWISE may
have provided more accurate photometry, (a) we are only looking at bright sources,
which should be present in the earlier catalogues, and (b) in case of variation in source

output it is best to use measurements from all four bands taken in the same time period.

5.1.1.2 SDSS

Data from the SDSS data release 15 (DR15; Aguado et al. 2019), including Baryon Oscil-
lation Spectroscopic Survey (BOSS) spectra (Dawson et al., 2013), were used for cross-
matching with the WISE catalogue.

The relevant tables are:

* SpecObjAll: the base SDSS table for spectroscopic observations, containing all
measured spectra, including potentially bad or duplicate data. Contains 4,851,200

sources.

* SpecObj: the sub table of SpecObjAll, containing only the clean data, filtered for

duplicates. Contains 4,311,571 sources.

® PhotoObjAll: the base SDSS table for all photometric observations. Contains
1,231,051,050 measurements.

Ihttp://wise2.ipac.caltech.edu/docs/release/allsky/
’http://wise2.ipac.caltech.edu/docs/release/allwise/


http://wise2.ipac.caltech.edu/docs/release/allsky/
http://wise2.ipac.caltech.edu/docs/release/allwise/
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® PhotoObj: the subset of PhotoObjAll containing only primary and secondary
objects (i.e., not a family object, outside the chunk boundary, or within a hole ?).
Contains 794,328,715 measurements.

* wise_allsky: the WISE catalogue from the WISE-AlISky data release. Contains
563,921,584 sources.

* wise_xmatch: a join table that contains pointers to SDSS and WISE-AlISky mea-
surements, from astrometric cross-matches between the two. Contains 495,003,196

cross-matches.

In this work we use only sources with available spectroscopy (i.e. members of Spec0bj),

and cross-match with photometric tables for further information.

5.1.1.3 Cross-matching

The SDSS to WISE crossmatch (table wise_xmatch) uses a 4 arcsecond distance thresh-
old. The nominal WISE positional accuracy is actually significantly better than this.*
This is also seen in the distribution of associated counterpart distances shown in Fig. 5.1,
which peaks at <0.2”. A few selection tests showed that an increasing fraction of am-
biguous counterpart identification (e.g., two potential SDSS sources for a single WISE
source) for distances of more than 1 arcsecond. In fact, the vast majority (~ 90%) of
associations lie at distances of less than 17, so this is the threshold used to build our
catalogue. For our selection we use an initial set based on the SDSS wise_xmatch cata-
logue, with every spectral and photometric match joined (where one existed). The total
number of objects in this table is 495,003,196 5

5.2 0QQ Selection Process

5.2.1 Overview of selection

From the cross-match results, we selected sources using the following criteria:

1. W1 — W2 > 0.8: This colour threshold has been shown by Stern et al. (2012) to
be an efficient AGN selection criterion, yielding AGN samples with very high
(~95%) reliability and good (~80%) completeness at high X-ray luminosities.

AGN are expected to heat dust to temperatures of several hundred degrees K,

Shttps://www.sdss.org/dri5/algorithms/masks/
“http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_5.html
53252 of these have W1 magnitude=9999, i.e., are not usable.


https://www.sdss.org/dr15/algorithms/masks/
http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_5.html
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FIGURE 5.1: SDSS-WISE nearest counterpart cross-matching distance distribution.
Numbers indicate the fraction of sources in the accepted (left) and rejected (right) sec-
tions.

approaching sublimation, resulting in an SED peaking at a few microns and with
ared W1 — W2 colour. Whereas the colour cut alone can be contaminated by cool
brown dwarfs, dust-reddened stars and star-forming galaxies (e.g., Stern et al.,
2012, Yan et al., 2013, Assef et al., 2018), our additional luminosity selection of
only the most powerful sources is expected to weed out most such contaminants,
preferentially selecting AGN alone. As shown in Section 2.4.3, particularly Fig-
ure 2.11, reliability increases swiftly with luminosity. In order to further reduce
contamination and confirm, detailed multi-wavelength data would be required;
in this work I explore the potential of X-rays (Sections 4.3 and 5.9) and SED fitting
(Sections 4.2.2 and 5.10.1), but with the caveat that the vast majority of data for
these sources is serendipitous and thus not always deep or wide-ranging enough
for conclusive results. However, they do show that each approach could pro-
vide promising avenues, and I discuss these and other options further in Section

6.3.3. As shown in previous chapters, the completeness (the fraction of all AGN
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selected) of this method can vary depending on source properties (e.g. luminos-
ity, obscuration column density) and we may expect to ignore a number of true
OQQs that lie below this threshold. However, this chapter focuses on obtaining
a clean sample over a complete one - further work to select OQQs that are missed
by both optical and MIR selection is beyond the scope of this chapter.

2. WISE - SDSS cross match distance - cut to be <1 as discussed above.
3. Reliable redshift:

* 2z ERR/z <0.01 - a fractional error of 1% or less on the redshift, indicating
an accurate value. This criterion was introduced because a good zWarning
flag does not necessarily imply a robust redshift measurement. Note that
the median fractional z uncertainty in our final sample is 0.00016, i.e., much
smaller than the adopted threshold of 1 % which is designed to weed out the

most obvious unreliable sources.

* zWarning flag (SDSS) = 0, indicating high confidence in the redshift. Possi-
ble causes for a warning flag include poor or inconclusive fits, insufficient

wavelength coverage, or problems with the instrumentation.

4. Redshift limit: 0 < z < 0.83 (for SDSS spectrometry) or 0 < z < 1.065 (for BOSS
spectrometry) - this ensures that all spectra cover the redshifted [O111]JA5007 line.
For SDSS spectrometry it is identical to the redshift cut adopted by Reyes et al.
(2008) for selecting [O 111]-luminous Type 2 quasars, thus allowing us to contrast
this class of objects with our targets. We additionally include spectra from newer
survey programmes, and as these use a wider wavelength range spectrometer,
we can include some further objects.

5. Reliable WISE data:

e WISE cc_flags="0000". The four zeroes refer to the four WISE bands and
indicate that the WISE data are not affected by any known artifacts that can

cause confusion or contamination in any of the bands.

e WISE W7ph_qual #‘U"” AND W?ph_qual # ‘X" AND W?ph_qual #‘Z’. This en-
sures a detection, reliable photometry, and measurable uncertainty in all four
WISE bands (with a signal:noise above 2), allowing a robust measurement of

the MIR source monochromatic fluxes (see next point) as well as MIR SEDs.

6. IR luminosity: L, > 3 x 10* erg s~1 - Here Ly, is the k-corrected monochro-
matic 12 um luminosity (AL,), computed by simple linear interpolation between
log(ALA(W3)) and log(AL,(W4)) to rest-frame. For the MIR vs. X-ray relation of
Gandhi et al. (2009), this L, corresponds to an intrinsic 2-10 keV X-ray luminos-
ity of > 10* ergs~!, widely adopted as the threshold for selection of sources with
quasar X-ray luminosities (e.g., Gandhi et al. 2004, Mainieri et al. 2011, Brusa et al.
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10.

11.

5.3

2009). Furthermore, the WISE extragalactic source population above this 12 um
luminosity threshold (corresponding to &~ 10! L) comprises AGN almost exclu-
sively (Donoso et al., 2012).

SDSS classification: CLASS =‘GALAXY” and SUBCLASS ="’ - the CLASS selection re-
moves sources with detected emission lines characteristic of QSOs (stars already
having been culled by the redshift criteria). The SUBCLASS selection further re-
moves sources with emission lines characteristic of Seyfert and LINERs, as well

as star-forming and starburst systems®.

Best available spectrum: SciencePrimary=1. This indicates that the spectra are
considered by SDSS to be the best available for each object.

. No significant detection of [O 111]A5007. The emissionLinesPort table contains

detailed flux fitting of a large number of SDSS spectra, but has the disadvantage
of not having been applied to many newer spectra. In order to include the maxi-
mum number of possible spectra, the significance of the [O 111]JA5007 line flux was
measured directly, similarly to the method used to fit [O111] lines when selecting
for QSO2s (Reyes et al., 2008): Gaussian curves were fit to rest frame positions
of [O111JA5007 in the spectral data from SDSS. The outcome of this trial was that
a subset of the objects had no apparent [O111] emission line, and therefore these
will comprise the final sample. A more detailed explanation of this trial can be

seen in Section 5.3.1.

Continuum SNR limit: Estimate of SNR in the direct region around where an
[O111] line would be detected. This is to remove any objects where the noise in
the region of interest is overwhelming the measurement, leading to artificially
high upper limits for the line flux. A more detailed explanation of this trial can
be seen in Section 5.3.2.

Visual inspection of sources: Automatic classification is not perfect, and a small
number of sources with e.g., obviously wrong redshift or classification were re-
jected in this final step.

Final Steps

5.3.1 Lack of [O111] Emission

We start with the primary SDSS spectrum for each OQQ candidate, which was cut
down to the region around the [O111] doublet (rest frame wavelength 4860 A to 5100
A - see Figure 5.2). We aim to find upper and lower bounds for a fit to the [O111] line,

®https://www.sdss.org/dri5/spectro/catalogs/#0bjectinformation


https://www.sdss.org/dr15/spectro/catalogs/#Objectinformation
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based on a Gaussian on top of a straight line. In Reyes et al. (2008), they used a double
Gaussian fit to find the presence of strong [O111]. However, we found that due to the
low level of our target [O111] lines, the second peak caused the fit to be confused by the
noise. We therefore fit only one Gaussian. Next we assess the uncertainty on the line
flux, with the aim of checking whether the lower bound is less than zero, and hence
whether only an upper bound can be placed on the emission. The continuum can be
ignored in this simulation, as it cancels out from the equation. Finally, we select OQQs

from the candidate objects that pass all other tests (as outlined in Section 5.2).
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TABLE 5.1: Bounds imposed on fit parameters for [O I1I] emission line testing.

Parameter Symbol Bounds
Slope m none
Intercept C none
Line wavelength / A X0 up to 1.0e+03 km/s from centre
Line FWHM / A o physical min up to 5.0e+02 km/s
Line height / flux units h max based on data

Method:

1. cut to local region around [O111] line wavelength (see Figure 5.2)
2. Set bounds for all parameters (see Table 5.1)

3. Remove regions where any spectral lines other than [O111] would be found, if
present (see Figure 5.2)

4. Fit function to data (y = mx + ¢ + gaussian(xg, o, h))

5. Simulate an [O111] line for parameters randomly selected from their uncertainty

bounds
6. Calculate line flux for each simulated line

7. Look at lower bound on line flux from simulations - if less than zero, we can
conclude that the line only has an upper limit (Figure 5.3 shows spectra for a
selection of [O111] detected and non-detected candidates)

8. Select subset to pass onto the next step (see Figure 5.4 - this shows the outcome of
each tested object against this criterion - candidates on the left side of the graph

are selected)

5.3.2 S/N Ratio Checks

To eliminate sources where the spectrum in the region of [O111] is significantly noisy —
i.e., that there may be [O1II] present at a low level — we estimate the noise as follows

(summary of results in Table 5.2 as ‘Poor S/N’):

1. Cut the spectrum to two regions on either side of the theoretical position of [O I11]
(vertical bands in Fig. 5.2, bottom right panel), avoiding any other potential emis-

sion or absorption lines.
2. Estimate the noise in these regions as the standard deviation on the flux data.
3. Estimate the signal as the mean on the flux data.

4. Discard any candidate OQQ with S/N ratio >2.



165

5.3. Final Steps

“7°€°G UOT)I9G Ul PAqLIDSIP Sk “XN[J Wnnuiuod

ay) 03 paredwod pue asay} wWoIy PajewnIsa SI ASION "SUOL3AT d1ewWnsa YNS Y} MOUS SeaTe Papeys [edNId/ SUOTIe[nd[ed YNS I0J pasn uordal oy}
smoys [pued 1y311 wopnog 3 9y} J0J IND SIUI] UOISSTUD MOYS SUOI3AI Papeys [edNIaA [III O] JO UOT)ed0] 3} SMOYS IXIew Iejs pay "soul] [ex3oads
Aue jo uonyeoo] arqissod ayj moys s1oxrew + o[dInJ °s3y Y} UI pasn uordar ayj YIm syno-md 3urmoys ‘wmniiads ggag srdurexs [ng :z°g 3INOI1

(V) YISUQ[IABAN QWERL] 1S9y

.. 0009 ___ 00SS _ 000S__ _ 00Sy_ _ _ 000F _ _ 00SE _ _ 000E_ _ _ 00ST . _
TR, 1 .
%%ﬁ# _'ﬁ.—v ) ! &4 Iml
T ++ } f | oh

—_

- 2 . - T + - I
" + | o7
[ 4 + + n + + ’ 3
o

—

+ i Qﬂ

+ +C (@)

h i it | | w
L | Lu
L 9]
i LN
” >
I SJeWnsSo YNS 0
L [eAowd dul[ [T[[Q]-uou ~
- [eaowar dul [[10]

- SOUI[ UOISSTWO Y0
I uonisod [T[J0] %




Chapter 5. Buried Treasure: Uncovering the population of abnormally obscured
166 AGN with multi-wavelength selection

128: [OIII] npt detected 271: [OIII] not detected 283: [OIII] not dptected

%  other lines
¢  [OIII] position
= fit w/gauss

300: [OIII] detected 325: [OIII] detected 876: [OIII] detected

|

o

F, (1077 ergcm™2 s71 A1)

916: [OIII] not detected 1037: [OIII] fletected

1152: [OIII] detected

1201: [OIII] detected 1322: [OIII] not detected

Rest Frame Wavelength (A)

FIGURE 5.3: Randomly selected candidates, showing the difference between passing
and failing.
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FIGURE 5.4: Results from simulating flux, comparing normalisation of Gaussian fit (y

axis), with lower bound on [O111] line flux (x axis). Candidates that pass all other tests

for inclusion in the paper are shown as purple points. The positions of the OQQs are

shown as blue squares - these are distributed around fit normalisation of zero. The
shaded area shows the passing candidates: row 2 in Table 5.2.

TABLE 5.2: Counts of objects showing no conclusive [O 111] with each method.

Original candidates %

Total 1520
Lower bound flux < 0 203 134
Keep (after basic vis check) 98 483
Remove (visible [O 111]) 48 23.6
Remove (noisy) 42 207
Remove (wrong class) 14 6.9
Keep (after detailed vis check) 64 64.3
Uncertain redshift 20 204
Poor S/N 12 122

Extremely blue continuum 3 31
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5.3.3 Visual Confirmation Checks

All spectra that passed the automatic check were then inspected by eye, and discarded
or flagged based on several criteria. These cuts were done with the aim of making a
highly reliable rather than complete sample, so that we are as certain as possible about
the relevant nature of each passing candidate. A summary of these results is shown in
Table 5.2.

1. Visible [O11I] - the automatic check sometimes fails to find a significant [O111]
signal, despite there being a small but clearly apparent peak. We visually examine
each spectrum, and based on the region around [O111] and the width and height
of the visible peak, we discard or keep objects based on whether the [O I11] seems
truly absent .

2. Noisy data - we discard any candidates where the noise in the region of the [O 111]
line is visibly worse than the flux there, in order to remove any where the [O111] is
likely to be lost in the noise. The S/N is calculated in detail in a later step (Section
5.3.2)

3. Incorrect class - candidates were selected based on SDSS spectroscopic classifica-
tions, but rarely an object is misclassified, and we discard any objects where the

class appears unreasonable .

4. Uncertain redshift - candidates were already selected based on SDSS spectro-
scopic redshift showing no warning, but this automatic fit fails occasionally. We

discard any objects where it is not clear how the redshift has been assigned.

For the fitting and selection process, and the properties in the main sections of the pa-
per, we use only the spectra assigned by SDSS as SciencePrimary (a flag that indicates
that this spectrum is considered the best available for this source). However, for a mi-
nority of sources there are multiple spectra available, so we compare these to see if

there is any significant difference in flux, class, redshift, or emission line flux.

Most of these duplicate spectra are either well-matched, or are candidates that are dis-

missed for high levels of noise. We discuss the exceptions to this below.

5.3.3.1 J0002: 0.592036, -0.4320923

Two available spectra; generally consistent in appearance and flux, but one has been
assigned the SDSS subclass STARFORMING (our selection process requires subclass NULL).
This may be due to a change in emission line height. We choose to keep this candidate
based on its otherwise promising appearance.



5.4. The Optically Quiescent Quasar Sample 169

5.3.3.2 J0231: 37.99002, 0.648491

Fifteen available spectra; generally consistent in appearance and flux, but again one has
been assigned the SDSS subclass STARFORMING. We also choose to keep this candidate
based on its otherwise promising appearance; as the potentially star-forming galaxy is
only one of the available spectra, and the rest are NULL, as required.

5.3.3.3 J0911: 137.96392, 29.824825

Three available spectra. All with consistent SDSS class and redshift, but clear changes
in flux between spectra, particularly noting a change in shape in one. The primary
spectra is the most recent, so we have retained this object in the sample, but note that it

may be variable.

5.4 The Optically Quiescent Quasar Sample

5.4.1 Description of the final sample

The number of sources that cumulatively pass all sections is 64 (0.08% of 83,418 sources
with reliable data, in redshift range; 4.2% of 1520 remaining prior to [O11I] checks).
In this work we will refer to this sample as ‘Optically Quiescent Quasar” or OQQs.
Information on the final list of objects can be found in Tables 5.3 and 5.4. A sample of
their close-up spectra can be seen in Figures 5.5.

5.5 An Analogous Sample: QSO2s

5.5.1 Overview of selection of samples to include

As a comparative and complementary sample, we use a combination of:

* The SDSS-selected sample of Type 2 quasars from Reyes et al. (2008). These
are sources that are high luminosity (Lp, > 10% erg s7!), show a significant

[O111]A5007 line, and are obscured (Reyes et al., 2008).

¢ A later, but similar, sample from Yuan et al. (2016) selecting QSO2s from both
SDSS and BOSS spectroscopy.
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FIGURE 5.5: SDSS spectra of the first eight OQQs by RA. The remainder are available
in Appendix D.



171

QS0O2s

An Analogous Sample:

5.5.

- 68°CC - 0479 - 9%'L6> TT0F 6€1 900 + vCvv vy CE90  LL69 188 %G1 8990+6101{ OO0
- ¥8'cc - 667 2089 €€L6> CGTO0F 671 800 F88€y  OI'0F<ca¥y 8V0 €¥9'9¢C T08'€ST  8€9Z+STOTL OO0
- 66'CC - L1L €¥'89 €995> 8I'0FSET S0°0 F 80°F¥ 697y ¥9¥'0 896’6 TETLVT 8S60+8760[ OO0
- 08°cc - o0 4 - G0'8G> T1C0F 891 900FccHr  GI'0F S0Sy 1820 9687CE 90€THT  £STE+6C60[ OO0
- 00°€C - ¥4 918 GeL5> 600 F9C1 ¥OOFCEFY <00 F I¥Sy 999°0 G64°€9 6E9TFT  LFE9+9260[ OOO
- 84'CC - [458 4 0€'89 §9°L5> ueuFrl 900 F9€Fy 900 F85FF 9VV'0 GC8'6C ¥96'LET  6¥6C+1T60[ OO0
- ¥6°CC - £LT9 - yo85> 910F 11 600 F 0¥y €00 F 68Sy 9220 P85Sy Feeel  €€SH+€S80[ OO0
- 68°CC - 99°G - 88°49> 9T0F 8€'1 €0 Fv0¥¥ sy LE8°0  C8YTY L2881 8TFH+SE80[ OO
- ¥6°CC - 8¢9 - S¥L6> G€0F 991 €10 + 80F¥ yI'ay €990 ¥Iv'ie YOV'ICL  ¥2LE+G080[ OO0
- ¥6'CC - 8¢9 - €vL6> TTOF 141 900 F60Fr G900 F<Cl'sy 2850 0L¥0¥ €161 820F+15£0[ OO0
- L6'CC - L9 VL LS 789> TG0 F 81 80°0 F €8'EY 800 F VL9V LIG0 TCOEy €67 911 10€7+5720{ OO0
- 16'cc - 06'9 - 6€£49> ST 0F6V'1 9C0F 0%y 800 FV6¥¥ V90 CI8T €CE6E 8¥10+2£0[ OO0
- 96'CC - 699 61'89 T8> T10F 191 €00 FVI¥y  €00F 909y 8870 8790 066'LE 8€00+1€20[ OO0
08¢ - 8C'¢ - 9L/S> - 9C0F 1YL 600 F¥v2€y  G00F 19F%F 0SV0 6498°¢- ¥v6'LE 16€0-1€20[ OO0
68'ce 68'CC g9€ 84'G  89LG> ¥0'L5> V0 F QL1 L0°0 F 64°€Y 8V¥y <8¥'0 €0v'C 01E¥E ¥220+£120[ OO0
- 90°€C - 6€'8 - $99¢> €10F STl LUOFETFy L00F L0SY 1990 149'GC 6C6'LC 0¥Sz+1S10[ OO0
¥8¢C §6'CC €9°¢ €99  8€'8G> 9€L5>  L6'0F €91 600 F0L¥r  C00FST'SY €vS0 LPSCE ¥9v'LC zece+6v10[ 000
10°¢C 66'CC (4] IT'ZL  0TLS> 999¢> €CI0F 'L G00FvSey  C00F LYY PECD 6481 ¥¥8'aC IS10+€710[ OO0
- 98°C¢ - 1cs - 9¢'L9> 6C0F ¢Sl 600 F10%%  T1'0FS99F%F 0850 Ge€80L ¥6C°SC 0S01+1¥10[ OOO
- €8°CC - [% - 94L5> 9¢€°0F 9L 91 FeLey 167y <¢cL0 T8S0 84C°0C ¥£00+1210[ OO0
- qrec - a4\t - €€'46> Gqr0F 691 800 F€I¥r  FLOF 19F%F 6850 L¥0°0C 981 2002+¥110[ OO0
- q0ec - 908 - 789> 800 F9¢'1 GO0 F V¥ €T0FVCSy ¥820 €901 64EL1 £010+6010[ OO0
- g8'ce - L1°9 7989 GTLS> 8TO0F8CT 110+ 69¢cy 110FCSvy L0S0 0€8€¢- 64’4l 6¥€0-€010{ OO0
- LL'CC - vy £9°8S 6L/9> VI'0F9¢T 600 F0O¥¥r  PI0F89FF €990 81GZ 6091 T€£0+1010{ OO
- S0'¢C - y1'8 - 699¢> TC0F Tl IT0F Icyr  L10F 0y <080 6V0°SC L9LY1 2052+6500[ OO0
- - - - - - 090F7%0¢C £0°0 F ¢8'cY 84¥y 0190 GL9°L- geoel ¥€£0-¥500{ OO0
- - - - - - 6€CF+8ET YLIOFvLEy 847y 6650 919°CC 614, 9€2z+0£00[ OO0
- q0'¢ec - q18 - 789> LT0FIST 800 F00¥%F  €0°0F LSy 8190 ¥9CSE a9¢€'s S15€+1200[ OO0
€9°C¢ 18°C¢ 61°¢C 9% 9T8G> 09245> 910 FSGT'L S0 Fv6'Ev L9Vy 999°0 9¢6'1¢ 178y 9512+6100[ OO0
- - - - - - WO+ 141 800 F€0¥r  OL'0F IZ¥F 0090 6VL'1E 9¢CT ¥¥1€+8000[ OO0
- 68°CC - 84°G 1729 LULS> TFOF el q1°0 F €6'€Y 09vy 06¥7'0 <CLOZL 86l $0£1+£000[ OO0
- 16'cc - 89 V.89 8CLS> T1T0F el ¥00 F00F%y <00 F I8FF 1460 <EV0- 650 G200-2000{ OO0
(€D (48] 1 (o1)
Nﬁw\mmﬂm www Wuhwwﬂ@_ %% %8:%% H) AEEwﬂE ob N@m%w H Sommw: ol ooﬁ%é S8 %ovﬁ /00T s wummw: /e AWV aoo%vum_o aoomw \2 chthmvZ
.><

woyy paaLap ‘HN (£1) ‘(1) “SOUISOUTIN SUT UOISSTWID JUSIRJJIP woxy paAtdp Ay (L1) “(01) sy roddn Aysourumy v H ‘[111 O] (6) “(8) e21q Y 000F
(£) ‘“Ayisourwun] y QTG dwrely 3so1 (9) ‘SapIsourun] FA| pue ¢ woxy pajejodiajur Aysouruuny wir g1 aurey 3891 (§) ‘Pryspai (§) ‘uontsod As (¢)(z)
‘oureu 103[qo 310ys () :S[redop uwno)) ‘sisa) Uonda[as ayy passed jeyy 9 ayr woxy sOOO Y3 JO J[eY ISIY 9y} JNOoge UOHRULIOJUI dIseq :¢'G A1dV],



TABLE 5.4: Basic information about the second half of the OQQs from the 64 that passed the selection tests. Column details: (1) short object name;
(2),(3) sky position; (4) redshift; (5) rest frame 12 pm luminosity interpolated from W3 and W4 luminosities; (6) rest frame 5100 A luminosity; (7)
4000 A break; (8), (9) [O1m1], Ha luminosity upper limits; (10), (11) Ay derived from different emission line luminosities; (12), (13) Ny, derived from

AGN with multi-wavelength selection

Uncovering the population of abnormally obscured

Buried Treasure

Chapter 5.

Ay.
Name RA (20000 DEC (J2000)  z  Lpp/logergs™! Lsjgp / logergs D4000 [Om]A5007  H aA6562 Av Av. L, 198 Nm 08N
) @ ) @ ®) ©) @ ®) ©) ([O11] derived) (Ha derived) (cm™%; [O111] derived) (ecm™=; Ha derived)
(10) (11 (12) (13)
0QQ J1024+0210 156.191 2.170 0.549 4459 +0.13 43.85 + 0.09 1.77 £ 045 <57.09 <5790 4.75 217 22.82 22.62
0QQ J1051+1857 162.751 18963 0.617 45.66 £+ 0.02 44.06 + 0.09 1.18 £ 023 <5751 - 6.90 - 22.98 -
0QQ J1051+3241 162.794 32.699 0.932 45.94 +0.03 4454 + 0.17 1.11 £ 0.08 <57.88 - 6.12 - 22.93 -
0QQ J1116+4938 169.074 49.637 0.561 44.83 + 0.06 4412 +0.14 1.85 + 042 <57.52 <58.17 528 3.19 22.86 22.79
0OQQJ1130+1353 172.614 13.894 0.635 44.93 + 0.07 44.41 + 0.05 1.04 £ 0.06 <57.15 - 6.41 - 22.95 -
0QQ J1156+0901 179.014 9.031 0.635 45.00 44.20 £+ 0.07 1.23 £0.15 <57.53 - 5.56 - 22.88 -
0OQQ J1156+3913 179.031 39.232 0.501 44.54 +0.09 43.81 £+ 0.10 1.56 £ 0.39 <56.69 <57.69  6.66 3.60 22.96 22.84
0QQ J1208+1159 182.155 11.994 0.369 44.77 +0.03 44.54 + 0.03 1.08 £ 0.04 <58.38 <58.45 5.03 4.35 22.84 22.92
0QQ J1242+5124 190.621 51.400 0.524 44.59 +0.10 43.99 + 0.07 1.39 £ 0.19 <5752 57.92 4.86 - 22.83 -
0QQ J1306+4028 196.613 40.472 0582 45.38 4+ 0.02 44.07 £ 0.13 144 +£0.27 <57.62 - 6.14 - 22.93 -
0QQ J1320+5816 200.131 58.278 0.714 44.99 + 0.08 44.17 £+ 0.09 146 +£0.18 <57.59 - 5.79 - 22.90 -
0QQ J1321+0402 200.294 4.047 0.648 44.75 43.83 + 0.47 1.25+0.11 <57.56 - 4.73 - 22.81 -
0QQ J1346+4639 206.582 46.654 0.522 44.59 4+ 0.06 43.78 + 0.15 1.73 £ 0.60 <57.93 58.50 4.50 - 22.79 -
0QQ J1356+0801 209.026 8.017 0.736 44.75 4431 + 0.10 1.24 +0.12 - - - - — -
0QQ J1412+1750 213.181 17.849 0.444 44.64 +0.04 43.88 + 0.08 1.85 = nan <54.71 - 11.09 - 23.18 -
0QQ J1417+1247 214.286 12.794 0.608 44.88 + 0.07 4415 + 0.11 1.30 £ 0.18 <57.48 - 5.24 - 22.86 -
0QQ J1435+5844 218.894 58.738 0.638 44.68 4420 + 0.47 1.18 £ 0.13 <57.93 - 3.98 - 22.74 -
0QQ J1443+3955 220.869 39.929 0.817 44.90 +0.16 44.30 + 0.09 1.11 £0.11 <57.22 - 4.83 - 22.82 -
0OQQ J1454+1440 223.732 14.673 0.577 45.63 £+ 0.02 44.15 + 0.05 1.31 £0.14 <57.25 - 7.42 - 23.01 -
0QQ J1507+5932 226.885 59.550 0.620 44.90 + 0.06 43.99 + 0.09 1.34 £ 052 <57.21 - 5.65 - 22.89 -
9.30 23.11

OOOEmNo+moowNwH.uNw mm.ommo.@mﬁ.mm%o.om»wbmuwo.oc H.»NHO.NmAmm.mm
0OQQJ1538+2911  234.691 29.193 0477 44.58+0.05 43.84 £0.12 1.66 £ 037 - - -
0QQ J1540+4640  235.193 46.667 0573 44.98+0.03  43.99 £ 0.09 1.33 £0.22 <5758 <58.77 5.61 2.22 22.89 22.63

0QQJ1611+2247  242.864 22787 0.809 4498 £0.20 44.38 +0.11 1.18 £0.14 <57.68 471 22.81

OQQJ1611+2115  242.985 21.266 0.654 45.16 £0.05  44.07 £0.97 1.19 £0.10 <58.16 - 522 - 22.86 -
0OQQJ1616+1802  244.070 18.045 0.528 44.62 43.85 +£0.10 1.59 £0.28 <57.67 58.65 541 - 22.87 -
OQQJ1617+0854  244.340 8.901 0.555 44.71 44.17 £+ 0.08 1.67 £0.28 <56.00 <5815 822 2.35 23.05 22.65
0QQJ1626+5049  246.532 50.817 0.522 4457 £0.05 4348 +0.25 135+ 037 <5642 <6752 7.55 424 23.02 2291
0QQJ1629+4303  247.271 43.058 0.644 4499 £0.07 4431 +0.09 122 +£0.08 - - - - - -
0QQJ2209+3044  332.427 30.734 0482 4468 £0.06 43.87 +0.06 1.58 £0.26 <57.05 58.01 5.99 - 22.92 -
0QQJ2229+2351  337.440 23.853 0427 44.64+0.04 44.00+0.10 1.57 £ nan <57.19 58.42 5.93 - 2291 -
0QQ J2244+0409  341.184 4164 0495 44.62 43.97 £+ 0.08 1.68 £031 - - - - - -
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These objects provide a valuable counterpoint to our selection, which will also be based
on high luminosity, but with no detectable [O 11]]A5007 flux. We combine the two tables,
removing any duplicates. A small minority of sources were selected by Yuan et al.
(2016) as having the wrong redshift fit by SDSS, and their corrected redshift is used in
the processing. These are flagged in the table.

The same luminosity cuts as outlined below are applied to the combined catalogue
to produce the final comparison set. The sample includes only objects at z<1.06; the
region where [O11I] can be detected in BOSS.

5.6 How do these Populations Compare?

This part of this chapter will go into detail on the properties of the OQQ sample, de-
scribing their appearance - spectroscopically and photometrically, and across all avail-
able wavebands. I will also include SED fitting where the data allows a good fit to be
produced.

5.6.1 Distribution Comparison

The sources span a range in redshift of 0.33 < z < 0.94 (see Figure 5.6). No sources
show significant [O 1I1]A5007 lines, by selection, but other low level emission lines are

present in several cases.

Figure 5.6 (top left) shows the relationship between 12 um luminosity and redshift for
the OQQ sample and the QSO2 comparison set. There are no OQQs brighter than all
the QSOs, but a higher proportion of OQQs appear to sit at higher luminosities.

Figure 5.6 (bottom) shows the redshift distribution of both the OQQ sample and the
QSO2 comparison sample. The K-S statistic comparing the OQQ and QSO2 distribu-
tions is 0.073 for L12 and 0.209 for redshift, with p-values 0.874 for L12, and 0.007 for
redshift. These results indicate that the samples are likely to come from populations
with the same distribution in terms of luminosity, but with a different distribution in
redshift. This does not invalidate their use as physical counterpart objects, but may
have implications for any detailed analysis of evolution over time.
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FIGURE 5.6: The 12 pm luminosity and redshift distribution of the OQQ sample and
the QSO2s.

5.7 Spectroscopic Properties

5.71 Continuum Properties

Fig.5.7 compares the WISE and SDSS luminosities of the sources. For each source,
we plot the monochromatic 12 um and 5100 A observed (i.e., not intrinsic) rest-frame
luminosities (in AL)). As we assume that OQQs are obscured and thus their accretion

disc is not directly visible, the optical luminosity will be dominated by galaxy emission.

The same figure also includes QSO2s: as already mentioned, QSO2s are likely to be
a complementary sample to OQQs. All QSO2s with a WISE counterpart and MIR lu-
minosity Lioum >3 x 10* ergs™! are included (as described in Section 5.5), mimicking
our selection strategy, and resulting in a sample of 1,990 QSO2s. The OQQ sample is
reasonably well-matched to the sample of QSO2s: at 5100 A the average luminosity of
the QSOs is slightly dimmer, and the same (to a lesser extent) at 12 pm.
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FIGURE 5.7: Comparison of WISE, SDSS and bolometric luminosities. OQQs are repre-

sented by outlined blue squares, and QSO2s by small green diamonds. Our luminosity

threshold is shown by a horizontal dashed line. The dotted line represents where we
would expect the points to lie if the IR and optical luminosities were equal.

5.7.2 4000 A break

The 4000 A break (D4000 from this point on), an indicator of a significant population of
old stars, was calculated as described in Balogh et al. (1999), as the ratio between red
(4000 A - 4100 A) and blue (3850 A - 3950 A) continuum fluxes. A large 4000 A break
could be indicative of significant host galaxy light dilution. The ranges used here are
slightly more restrictive than in previous works, as this was found to improve on the
repeatability of D4000 between separate measurements, and shows less sensitivity to
reddening. The values are found in Tables 5.3 and 5.4: 61 out of 64 (95%) objects have
a significant D4000. The median value is 1.42 (including only the significant breaks,
defined as >3 standard deviations above unity). The QSO2 sample found only 114/377
(30%) had a significant D4000. The difference can be seen in Figure 5.8.

In considering the implications of the scale of D4000 in the OQQs, it is also informative

to place them into context with more general galaxies and QSOs. Figure 5.9 shows the
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OQQ with SDSS sources separated according to their classification in galSpecIndex’.
We compare with three categories: (a) QSOs, (b) galaxies, (c) starforming. The star-
forming group is a subset of both other categories, and contains sources with SUBCLASS
equal to ‘STARBURST’, ‘STARFORMING” or ‘BROADLINE’ versions of either. OQQ D4000 val-
ues cover a range, but are generally higher than the average QSO or starforming galaxy,
and lower than the bulk of general galaxies. The distributions are broad for each cat-
egory, and although the OQQ values are generally consistent with a dead, inactive
galaxy population, they are not a significant departure from the starforming popula-
tion.

D4000 is generally assumed to be reasonably insensitive to effects from dust attenua-
tion, but this is not perfectly true. The definition of D4000 adopted in this work (from
Balogh et al., 1999) uses a shorter range of wavelengths than previous works, which
partially improves the effects of dust. MacArthur (2005) examine susceptibility for sev-
eral absorption based galaxy indices including D4000, and find that large attenuation
effects can be seen, particularly for older populations. There is no simple correction for
this, and thus we do not make an attempt with the OQQs. Therefore, the exact D4000
values should be considered an indicator of the stellar population and not a specific

measure.

5.7.3 Emission Line Properties

Fig.5.10 compares the 3¢ limits on the [O111] line luminosity with the observed MIR
power. The dashed line denotes the relation Ljo =4 x 10~° L12ym, which is the median
ratio of the [O111] limits to the 12 pm detections for the OQQs. The plot shows that
our sources have a similar MIR luminosity distribution as QSO2s above the selection
threshold of Ly, > 3 x 10% erg s~ L. On the other hand, the Lio ) limits of OQQs clearly
lie much below the corresponding typical line detections for QSO2s.

In the following steps, we fit lines to the OQQ and QSO2 populations, in order to esti-
mate the reddening effect of the obscuring material, on average rather than individual
source level. This line should not be taken as an indication of a relationship between
the two properties - as we are only fitting upper limits it will be heavily effected by e.g.,
level of obscuration, intrinsic luminosity of the source. For this reason we have not
made any special considerations in the fitting method for the fact that these are upper
limits.

A simple linear fit to the relation between Lioy; and Lizum (in log space) for QSO2s

gives us the equation:

7This SDSS processed table contains derived parameters from MPA-JHU spectroscopic reanalysis. Con-
tains 1,477,411 rows, but is limited to earlier SDSS, not BOSS.
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FIGURE 5.9: 4000A break data. Blue squares are the OQQs, orange markers are SDSS
galaxies, and pink diamonds are SDSS QSOs. Horizontal lines show the mean values
for each population.

Liom Lo
log(———) = (=37.75+ 0.1 1.04 £ 0.02)1 1
0 (M) = (=37.75 % 0.13) + (104 £ 0.02log( . ) 61)

This fit is based upon the ordinary least squares bisector method of Isobe et al. (1990).
There is significant scatter of 0.11 dex and a Spearman rank correlation coefficient of
0.40 indicates that the relation is not very strong. Nevertheless, this serves as a guide
for comparison to OQQs.

The dotted line denotes an [O 111] deficit of ~1197 x from the above fit. This is the mean
deficit of our OQQs relative to the expected intrinsic [O I11] luminosity if they are typical
quasars similar to QSO2s. Since these are upper limits, this should not be considered
a true fit to the data, but merely allows us to estimate the scale of obscuration present.
The actual deficits could be much larger, and potentially show a different relationship

to 12 pm luminosity.

One can perform a similar comparison using the Ha emission line, as it is less affected
by reddening. The result is shown in Fig. 5.11.
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The corresponding relation for QSO2s is

Ly
ergs™!

log( Litn ) _ (L1044 £2.30)+ (118 & 0.29)log( ) (5.2)

ergs™!

QSO2 [O111]A5007 fluxes from the source papers (Reyes et al., 2008, Yuan et al., 2016)
were used, but HaA6562 were drawn from the emissionLinesPort table. Since we
are only using the QSO2 sample for comparison, we did not perform our own Ha line
flux measurements. Above z ~ 0.35, when redshifted H « is shifted to > 9000 A, the sky
background noise can often render lines difficult for the pipeline to measure correctly.
Therefore, we restricted the QSO2 sample to below this redshift for extracting robust
automated H « fluxes. This results in few QSO2s for the above fit, all of which have a
significant Ha detection without having been specifically selected on this line, as one
would expect for a standard quasar spectrum. The scatter in this case is 0.10 dex with
a Spearman rank correlation coefficient of 0.48.

The OQQs have a median distribution (either a detection or a limit) consistent with an
H « deficit of ~27. This is less than the deficit found from [O111] partly because of the
lower reddening affecting Ha, and partly because redshifted Ha typically lies in the
reddest portions of the spectra with strong noise from sky emission lines resulting in
less sensitive non-detection flux limits. However, Ha is a significantly less clean tracer
of AGN activity than [O111] as it can be produced by star formation. A reasonable con-
clusion could be that detected Ha in OQQs is predominantly from SF - with extensive
photometry that would allow us to obtain reliable SED-based star formation rates for
a large fraction of the OQQs detangling the relative contributions of Ha could provide
information on the reddening of the OQQs.



Chapter 5. Buried Treasure: Uncovering the population of abnormally obscured
180 AGN with multi-wavelength selection

10}
9
~~ L
© I
3§
5 |
S
&
S # e, ® _
m
B 0QQs
5: ’ ] + QS0O2s :
: ! === mean LQSOZ/LOQQ
4 1 2 2 2 2 1 2 2 2 2 1 2 2 2 2 1 2 -
445 45.0 45.5 46.0

log AL, 12 (erg s™1)

FIGURE 5.10: A comparison of the 3¢ upper limits on the [O I1I]A5007 luminosity of

the OQQs (large outlined blue square markers) and of the QSO2 sample (small green

diamond markers), and their respective 12 pm luminosities. The dashed line assumes

that the slope of the relationship is the same for the OQQs as for the QSO2s, but applies
the average [O 111] deficit.
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FIGURE 5.11: A comparison of the HaA6562 luminosity (or its upper limit - out of

the sample of 64 OQQs, 15 have detected Ha emission lines, and 13 more have upper

limits), with OQQs (large blue markers) and QSO2s (small orange markers), and their

respective 12 pm luminosities (for those objects where H aA6562 is not redshifted out

of the SDSS range). The dashed line assumes that the slope of the relationship is the
same for the OQQs as for the QSO2s, but applies the average H a deficit.
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5.7.4 Optical Reddening

(Non)detection of emission lines can be used to place constraints on the optical depth
of the theoretical cocoons, if present (see Section 5.12). We assume that the QSO2s have
low extinction to their NLRs (an approximation), and that therefore the relationship
between 12 um and [O 111] luminosity (H « luminosity; equations 5.1 and 5.2 above) can
be used to predict the approximate intrinsic flux of a cocooned source at the same 12 um
luminosity (assuming that all OQQs had [O111] signals at the upper limit of detection.
The extinction Ay can be calculated using this predicted flux, the actual measured flux,
and the standard Milky Way extinction law of Cardelli et al. (1989) with an Ry =3.1%.
The resultant values of the extinction Ay as derived from the two lines are listed in
Tables 5.3 and 5.4. Since QSO2s are also likely to suffer mild NLR extinction (Reyes
et al. 2008), these should be regarded as lower limits on the true Ay. The Ay limits
measured from the [O I1T] non-detections range over 3.4-10.5 mag, with a median value
of 4.69.

What would be the corresponding column density of gas for this extinction? A fac-
tor of 100 deficit in [O111] does not need extreme columns. Our median extinction
Ay =4.69 mag is equivalent to a neutral gas column of Nij ~ 7 x 10?? assuming the gas—
to—dust ratios found in AGN environments by Maiolino et al. (2001) - a relationship cor-
responding to Ny &~ 10°*2Ay The parameter Ni; is used to denote the fact that these
gas columns are relevant for the NLR, which is likely to probe angles out of the direct
Lo.s., thus making the distinction from the Ni$°* measured from X-rays in Section 5.9
and Chapter 4. Further speculations on the gas columns or spatial distributions with
only one detected object would be premature. The Ni; values are lower limits inferred
from the limits on the optical extinction, so it is unexpected that the N}gs would be

lower.

Figure 5.12 shows the Nﬁ values inferred from [O111] and H «a extinction. Where a H a-
inferred value is available, the predicted Ny is consistently lower, and as some of these
emission lines are measured rather than upper limits, are likely to be closer to the true
value. Note that the conversion between Ny and Ay relies on an assumption of gas-to-
dust ratio that is highly uncertain, and also that changes in this ratio will vary the effect
of the obscuring potential of the material on optical and X-ray emission in different

ways.

5.7.5 General Examination of Spectra

In Appendix D the SDSS spectra of the OQQs are presented. By design, these show
no [O11], and as shown in Figure 5.11 Ha is also generally low, where measurable.

8This choice of extinction law, while not usual for AGN, was made for simplicity and will not signifi-
cantly affect results in the rest-frame optical.
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FIGURE 5.12: Inferred Nﬁl- values from [O 1] (i.e., obscuring the NLR, distinct from
the N9 related to X-ray obscuration).

However, some optical spectra show other indicators of AGN presence and/or other

interesting features.

* Blue continuum shapes: although any sources with extremely blue spectra were
removed in Section 5.2, some remain with a blue upturn beyond the 4000A break
(for example, sources shown in Figure 5.13, top), which may indicate some con-
tribution to the continuum from the accretion disc. This is a small number of
sources and are unlikely to represent a major part of the OQQ population, but
the combination of continuum shape and lack of emission lines may make these

interesting sources.

* Broad emission lines: generally emission lines are low level or narrow for the
majority of the sample, but there are some exceptions. J0948+0958 in Figure 5.13
(middle) shows broad Ha emission, possibly implying a source with greater ve-
locity dispersion than expected from the galaxy, and likely AGN-related. H« is
present in several more sources but generally less broad. It is outside of the clean



Chapter 5. Buried Treasure: Uncovering the population of abnormally obscured
184 AGN with multi-wavelength selection

spectroscopic range for a large proportion of the OQQs, making judgement of
population properties in this case harder.

¢ SF vs. dead galaxy indications: some SED fitting shows a contribution to MIR
luminosities from SF (see Section 4.2.2), but only a small fraction of OQQs have
sufficient data to draw reliable conclusions about their properties from these fits.
Nevertheless, it implies that not all of the OQQs are dead galaxies with very little
star formation, and observed properties of some spectra also lead to this conclu-
sion. Narrow emission lines such as [O1I] may indicate a younger stellar popu-
lation and thus recent or ongoing star formation, and some sources (e.g. sources
in Figure 5.13, (bottom)) may show this. A strong 4000 A break and Ca H and
K absorption lines could instead imply an older population (e.g. J1443 in Figure
D.6). However, as discussed in Section 5.7.2, this may not be conclusive.

We can conclude from inspection of the spectra (along with other properties) that it is
unlikely that OQQs represent a single intrinsic type. Rather, it is more likely that they
represent multiple classes that, due to obscuration or accretion properties, appear sim-
ilar in terms of OQQ selection (see Section 5.12). Future work is needed to effectively

and conclusively distinguish between intrinsic properties.

5.8 Photometric Properties

5.8.1 Optical (SDSS, PanSTARRS)

From an examination of the morphologies of X-ray-selected optically-dull AGN, Rigby
et al. (2006) found that such sources exhibited a wide range of axis ratios as compared
to optically-active AGN which showed only very round axis ratios. They conclude that
extranuclear dust within the host galaxy is responsible for an optically-dull nature. The
0OQQ sample has few axis ratios (the ratio of the semi-major and semi-minor axes, as
modelled by SDSS in r band) consistent with non-circular (above the uncertainty gen-
erated by SDSS). Figure 5.14a shows the SDSS r-band axis ratios for the OQQs and
the QSO2s. No objects show particularly large axis ratios, nor is there a wide range of
values as might be expected for similar X-ray selected objects. On this basis it seems un-
likely that large scale mergers would be involved in the production of these objects, but
high angular resolution optical/ultraviolet imaging of our sample would be required
in order to test whether the lack of optical signatures is due to extranuclear dust (as in
Rigby et al. 2006), or a smaller cocoon. Examination of SDSS Petrosian radii (see Fig-
ure 5.14b) shows no extremely large objects, in line with OQQs being small, compact
galaxies without obvious structure.



5.8. Photometric Properties

185

[OII] D4000  [OIII] Ha

fs (arbitrary units)

Re;s,t .Wavele.ngth (131).

J1208+1159

J1130+1353

J1051+3241

J0911+2949

J2229+4-2351
J2209+3044
J1242+45124
J1015+-2638
J0948+0958
J0231+0038
J0103-0349

J0002-00235

J1611+2115
J1611+42247
J1526+5603
J132140402
J1116+4938
J1051+3241
J1015+2638

FIGURE 5.13: OQQ spectra showing selected spectra with the following properties:
(top) spectra showing blue rises, (middle) spectra showing strong and/or broad Ha«

emission, (bottom) spectra showing narrow [O II] emission.
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FIGURE 5.15: The WISE colours of the OQQ as plotted on the standard colour-colour

plane. The dashed line shows the Stern cut (Stern et al., 2012), which all candidates

pass by selection. The solid lines are the AGN wedge as proposed by Mateos et al.
(2012); most OQQ also pass according to this test.

5.8.2 IR (WISE)

With regard to the infrared properties of the sources, the WISE colours are plotted in
Fig.5.15 on the canonical WISE colour—colour plane. The colours of all sources are
consistent with being AGN-dominated in the MIR according to the Stern et al. (2012)
colour cut, by selection. In addition, most of the sources also lie within the WISE AGN
wedge proposed by Mateos et al. (2012).
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5.9 X-ray Properties

5.9.1 Serendipitous Observations

In the absence of AGN spectroscopic signatures in the optical and infrared, X-ray ob-
servations arguably provide the best evidence for the presence of an AGN. We checked
the HEASARC archive® for pointed or serendipitous observations by X-ray satellites,
and discovered OQQs several observed during targeted observations of other nearby
objects. We have also obtained joint XMM-Newton and NuSTAR (Harrison et al., 2013)

data for our prototypical OQQ), and these results are discussed in Section 4.3.

Figure 5.16 shows the results of analysis of data from XMM-Newton and Chandra, and
Swift-XRT'® for OQQ candidates with serendipitous observations - in total 11 separate

0QQ.

The XMM-Newton mission has one of the best combination of effective area and angular
resolution of current X-ray missions, and is therefore an ideal tool to help us analyse the
X-ray properties of OQQ. Chandra, which has very low background noise, can also be
valuable in detecting dim sources. We also examine Swift-XRT data - this is generally
less sensitive, but in cases where no XMM-Newton or Chandra data is available can be
useful to place limits on the X-ray emission. Figure 5.16 shows the comparison between
X-ray and 12 um luminosity, including the predicted relationship between intrinsic X-
ray and nuclear 12 pm luminosity from Asmus et al. (2015) and between X-ray and
6 pm luminosity, (Stern, 2015): for the latter, 6 pm luminosities were converted to 12 pm
luminosities using a relationship derived from the QSO template of Hao et al. 2007).
The OQQ X-ray luminosities are slightly lower than the relations would predict, but
this may be due to the difference between observed and intrinsic IR luminosities - if
the OQQs are heavily obscured, their intrinsic luminosities may be higher. The dotted
line in Figure 5.16 shows the effect of CT levels of obscuration on the MIR-predicted X-
ray luminosities (Asmus et al., 2015, Stern, 2015). This would imply that most OQQs lie
somewhere between Compton thick and unobscured. However, if they are intrinsically
similar to OQQ J0751+4028 (Chapter 4; Greenwell et al., 2022) the obscuration depth is
light (Ng~22), and thus the intrinsic values for the OQQs may be only slightly higher.

For these sources, we extracted source and background spectra using standard FTOOLS
tasks and recommended reduction steps, and analysed the data using the xspec pack-
age (Arnaud, 1996). We then assessed the false detection probability based on counts
in the source region relative to counts in a background region, and this derived either

estimated fluxes or upper limits for each target.

9heasarc.gsfc.nasa.gov/docs/archive.html

105ee Table 5.5a.
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FIGURE 5.16: 2-10keV luminosities of the OQQs (blue squares for detected
sources, and arrows for upper limits) plotted against their 12pm luminosities.
0QQ J0751+4028 is shown as a large cross. For comparison, available QSO2 lumi-
nosities are shown as diamonds (see Table 5.5b). We also show MIR predicted values
for intrinsic luminosities (dark grey dashed line, S15; Stern, 2015). If this relationship
is scaled to the luminosity of J0751 (pale grey dashed line; Greenwell et al., 2022), the
other detected OQQs are more consistent with this expectation. Upper limits may be
better explained by a Compton thick scenario: dotted blue line shows the obscuration
of the 515 relation by Compton thick material.

One serendipitous OQQ had sufficient XMM-Newton counts to be analysed further
with xspec, and for all sources (with the exception of our targeted observation; Chapter
4), we have assumed the same photon index as for this source, and used WebPIMMSH
to estimate the luminosity of each source, given the net counts (or upper limit) ob-

served.

We find that the detected OQQs are underluminous compared with expectations. If
the non-detected OQQs are equally underluminous, they may still be detectable with

sufficiently long observations.

Hhttps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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(A) X-ray observation IDs for OQQs other than J0751 used in Section 5.9.

Name Instrument

@ @)

Observation ID(s)

®)

0QQJ0002-0025  Swift-XRT

0QQJ0109+0103  Swift-XRT 47886001
00QQJ0231+0038 XMM-Newton 652400801

0QQ J0805+3724  Swift-XRT

0QQ J0835+4428  Swift-XRT 87091005
0QQJ1051+3241 XMM-Newton 781410101,781410201
0QQ J1435+5844 XMM-Newton 601781401,872390901
0QQ J1611+2247 Chandra 15679

0QQJ1617+0854  Swift-XRT

282066002,282066001,282066003

46227001,46227006,46227004,46227005,46227003

38112001,38112003,38112009,38112002,38112007,38112008,38112005,38112006,38112004

(B) X-ray and [O111] data for QSO2s used in Section 5.9. (a) Vignali et al. (2006), (b) Vignali et al. (2010), (c) Lamastra et al. (2009).

Name RA Dec logLipym logLly_1okev  logLiomy log Ny  Reference
erg st erg s1 Lo erg s~! cm 2

1 2) ®3) 4 ®) (6) @) 8)
WISEA ]012341.47+004435.8 20.923 0.743 44 .83 44 .53 9.13 23.16 (b)
WISEA J080154.26+441234.0 120.476 44.209 45.04 44.62 9.58 23.63 (a)
WISEA J081253.10+401859.9 123.221 40.317 45.05 4423 9.39 2233 (b)
WISEA J083945.98+384318.9 129.942 38.722 44.97 44.26 9.71 2252 (c)
WISEA J115314.38+032658.6 178.310 3.450 45.04 44.08 961 22.19 (a)
WISEA J122656.47+013124.3 186.735  1.523 45.30 44.63 9.66 2242 (a)
WISEA ]122845.73+005018.8 187.191 0.839 45.11 43.54 9.28 23.18 (b)
WISEA J164131.72+385840.7 250.382 38.978 45.48 44.87 9.92 2274 (a)

TABLE 5.5: Details of the X-ray observations and references used in Section 5.9.
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FIGURE 5.17: 2-10keV luminosities of the OQQs (arrows: X-ray detected sources are

upper limits in one dimension, other sources are upper limits in both), plotted against

their [O111] upper limit luminosities. OQQ J0751+4028 is shown as a large cross. For

comparison, available QSO2 luminosities are shown as diamonds (see Table 5.5b). We

also show [O111] predicted values for intrinsic luminosities (dashed line; Lamastra
et al., 2009).

5.9.2 Targeted Observations

We obtained targeted observations of our prototypical candidate with the aim of con-
firming its AGN nature and constraining its properties. Following standard procedure
with xspec we modelled the source, finding that it is under-luminous at 2-10 keV (com-
pared to IR-predicted intrinsic luminosity), and appears to be lightly obscured (~ 10?2
cm~2). Further detail can be found in Chapter 4 and Greenwell et al. (2021).

This analysis uses the following coordinated observations:

* NuSTAR OBSID 60701009002: 50.6 ks, 2021 September 25 (start time: 12:06:09)
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* XMM-Newton OBSID 0884080101: 36.9 ks!'? of exposure, 2021 September 25 (start
time: 13:28:37)

We fit several models, starting with an absorbed power law (CABS*ZWABS*POW), mov-
ing on to more physically realistic models (MYTORUS, Murphy and Yaqoob, 2009; BN-
SPHERE, Brightman and Nandra, 2011) and finally a more complex model involving
a lightly obscured leak in an otherwise Compton thick sphere of obscuration. Using
Bayesian X-ray Analysis (BXA; Buchner et al., 2014) we can compare the results and
determine the model most likely to have produced the data. We find that BNSPHERE is
favoured - a spherical obscuration model that implies a ‘cocooned” obscuring structure
may be a plausible explanation for the X-ray appearance of OQQ J0751+4028.

Figure 5.16 shows OQQ J0751+4028 in context with the serendipitous observations and
the empirical relationship between 12 um and intrinsic 2-10 keV luminosity. The un-

obscured rest frame 2-10 keV luminosity is 4.39 x 10%

erg/s, approximately a factor
of 6 lower than expected given the 12 um luminosity, but sufficient to categorically
demonstrate the presence of an AGN. Photon index is harder than usual for an AGN
(F=1.321%?119), and obscuration is thin (log (Ng / cm~2) = 21.95). If T is fixed to a more
usual AGN-like value of 1.9, obscuration increased only slightly to log (Ny / cm™2) =

22.3 (for details see 4 and Greenwell et al., 2022).

5.10 SED Fitting

5.10.1 agnfitter background

We use agnfitter (Calistro Rivera et al., 2016) to fit the SED of a selection of OQQs
and determine contributions to the observed emission from different components of the
AGN/galaxy system. This method uses the multiwavelength data available to find the
most likely weighted contributions to the overall SED. The most important parameter
for this analysis is the contribution to the SED from the AGN obscuring material. We
select the candidates with the best long wavelength data (2MASS, Herschel), as this
is key to constraining some components. After experimenting with different Markov
Chain Monte Carlo (MCMC) lengths, we selected one sufficient to achieve an auto-
correlation time indicating convergence for the OQQ AGN-heated dust component (see
Foreman-Mackey et al. (2013) & Calistro Rivera et al. (2016) for details)'?.

12 After cleaning 16.4/28.3/29.3 ks on pn/MOS1/MOS2.
13Set’rings used: 100 walkers; two burn in sets (10,000 steps each); set length 200,000.
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FIGURE 5.18: agnfitter results for four candidate OQQs with long wavelength IR
data. The hot dust component - that most indicative of an AGN - is highlighted (thick
purple line). Errors are shown for this component and the total.

5.10.2 Dust fraction

In some cases the hot dust component (e.g. the top two plots in Figure 5.18) rises to-
wards the blue end. This would not occur in a purely physical model component, but
it is an empirical template based on combinations of AGN SEDs from Silva et al. (2004),
and the range of values these can take can be seen in Figure 1 of Calistro Rivera et al.
(2016) and Figure 1 of Silva et al. (2004); they are based on Ny and assumed AGN type.
As can be seen in these figures, the peak remains unchanged, varying only with nor-
malisation. With further data into the blue and near-UV, we may be able to take this as
some indication that the OQQ in question is lightly obscured, or at least has some accre-
tion disc emission visible, but currently degeneracy with ‘host galaxy” emission (solid
orange line) makes this conclusion premature. Nevertheless, a high normalisation of
the ‘hot dust’” component (see Figure 5.18, thick purple line) is required to reproduce
the central part of the OQQ SEDs regardless of the tail shape. We conclude it is very
likely each of these objects contains an AGN bright enough to heat its obscuring dust

to produce this component.

We can quantify the contribution and compare the SED based 12 pm luminosity with

the WISE luminosity used for selection. Figure 5.19 shows the ratio between agnfitter
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FIGURE 5.19: Fraction of total luminosity from hot dust, compared to observed WISE
luminosity. Black bar outlines are total 12 um luminosity, with purple bars showing
the fraction from the agnfitter hot dust component.

and observed WISE luminosity, with purple bar sections representing the fraction of
MIR luminosity from hot dust, according to agnfitter. Although this appears to show
that some sources have very low hot dust fractions, we must consider that the SED
fitting is not well constrained in many cases, due to lack of extended photometry. Fig-
ure 5.20 demonstrates that the vast majority of OQQs would still be selected based on
agnfitter total 12 pm luminosity (vertical dotted line shows the selection threshold,
and all sources to the right remain selected), and a large proportion would be selected
with extracted hot dust emission (horizontal dotted line). Of those that would be des-
elected, most show very poor fit statistics (paler coloured points) and thus should not

be discarded based on this alone.

5.10.3 SFR from agnfitter

agnfitter makes two separate estimates of SFR - one in the optical, and one in the
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FIGURE 5.20: agnfitter hot dust fractions of the OQQ population. Points are

coloured to represent the reduced x? of each fit (i.e. darker implies more reliable fit),
and dotted lines show the selection threshold used for this work. Dashed lines show
hot dust emission as fractions of the total (1.0, 0.5, and 0.1). Points highlighted in red
are those with agnfitter 12 pm luminosity inconsistent with observed WISE lumi-
nosity. Error bars for points above the hot dust only selection threshold have been

removed for clarity.

FIR. The FIR SFR provides an estimate of potential obscured star formation, but we
note that not every candidate has reliable data in that region, so we cannot make any
conclusions about the whole OQQ population. This estimate (and that of stellar mass)
is obtained from host galaxy template parameters (for more detail, see Calistro Rivera
et al. 2016). Figure 5.21 shows the measured values for OQQs: the majority of values
are either not unusual (<100 Mg, yr ~!) or have high uncertainties.
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FIGURE 5.21: Star formation rates from agnfitter, as measured in both IR (orange
diamonds) and optical (blue squares) for sources with data in IR beyond WISE.

5.11 Host Galaxies

Referring back to Section 5.8 very few of the OQQs show large radii or significant de-
viation from circular in appearance. Figure 5.22 presents PanSTARRS colour images of
a sub-sample of OQQs - consistent with the SDSS properties, all appear small and red

with no clear signs of recent interaction.



5.11. Host Galaxies 197

0QQ J002-0025 0QQ JO007+1704 0QQ JO008+3144

0QQ J0054-0734

0QQ J0121+0034 0QQ JO141+1050

FIGURE 5.22: PanSTARRS colour images of the first 15 OQQs by RA.
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5.12 Possible Theories on the True Nature of OQQs

This part of the chapter will discuss the possible intrinsic explanations for the observed
properties of OQQs, and compare with known subclasses of AGN.

The combination of WISE all-sky MIR photometry and SDSS optical spectroscopy have
enabled us to identify an interesting class of sources showing all the characteristics of
luminous AGN in the MIR (based upon their colours and luminosities) but no obvious

signatures of the corresponding AGN activity in the optical.

Multiple physical scenarios can explain these observations, principally based on whether
the optical AGN signatures are obscured, or intrinsically absent. In the former, we can
consider the OQQ in terms of the spatial scale of its obscuration. As opposed to the
putative doughnut shape envisaged by the AGN unified torus scheme, full or near full
sky covering by dusty ‘cocoons’ could easily explain the optical absence of emission
signatures by not allowing an extended NLR to form or be ionised in the first place.
Such cocoons would still reprocess the intrinsic AGN emission to the MIR, and the
high WISE luminosities (along with bright hot dust component, where SED fitting is
available) of these sources strongly suggest that the underlying power sources are lu-
minous quasars, as does the MIR comparison with SDSS-selected QSO2s. For the latter
scenario, AGN emission lines are not currently produced by the OQQ. We can envisage
this as a “Young” AGN - recently switched on, with the AGN radiation not yet ionising
the Narrow Line Region, and consequently no narrow emission lines. It is still likely
that this is an obscured AGN, i.e., that it is being viewed through a dusty torus, which
would hide any broad emission lines (produced closer to the SMBH, and therefore ear-
lier in the switching on process). As in the ‘cocooned” picture, reprocessed intrinsic

emission can still produce the observed IR properties.

It is difficult at this stage to make definitive statements about the true intrinsic nature
of OQQs, but we can speculate on some likely possibilities. A schematic comparison
between QSO2s and theories on OQQs can be found in Figure 5.23. In Section 5.13 we
discuss how these theories might relate OQQs to various other object classes.

5.12.1 Intrinsically optically quiescent

An anti-correlation between [O 111] and the relative intensity of Fe II has been shown in
analyses of emission-line and accretion properties of AGN (Eigenvector 1; e.g., Boroson
and Green, 1992, Shen and Ho, 2014). This relationship can be explained by differences
in Eddington ratio - an intrinsically high accretion rate could be associated with a low
[O111] luminosity. To assess the plausibility of the scenario for statistically significant
numbers of the OQQ population, accurate measurements of the BH masses would be
needed; while this is out of the scope of this paper, analysis of NIR broad lines that
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may be less obscured (e.g., NIR measurements; Onori et al., 2017a) could provide the
necessary information. Results from OQQ J0751+4028 do not support this (Chapter 4;
Greenwell et al., 2021, 2022), as it is not luminous enough to imply a sufficiently high
Eddington ratio.

512.2 ‘Young’ AGN

A form of ‘changing look” AGN (see Section 1.1.6 and e.g., Yang et al., 2018), objects
belonging to this class have been recently activated, such that they heat the torus to
produce strong IR signals, but radiation has not extended far enough to ionise the outer
NLR, where the [O11I] we normally see in QSO2s is produced (middle diagram in Fig-
ure 5.23). For example, Gezari et al. (2017) present an example of a ‘switching-on” AGN
that goes from the appearance of a LINER to a Type-I quasar over less than 1 year. No
[O111] is found in the ‘before” or ‘after” spectra, due to [O11I] following longer term
AGN activity than other narrow emission lines, such as Ha, which increase strongly.
If OQQs are an obscured analogue to this object, it follows that we are unable to detect
other emission lines. They must be observed through the torus, as otherwise we would
still observe the broad emission lines produced closer in. If this is the case, and we
expect broad emission lines to be present, then detection of these in spectral ranges less
subject to obscuration could provide evidence for this explanation (e.g., NIR measure-
ments; Onori et al., 2017b).

5.12.3 “‘Cocooned’ AGN

This type of OQQ would be more mature than a “Young” AGN, and has similar in-
trinsic features to a QSO2, but with a larger ‘cocoon” of obscuring material preventing
observation of the NLR (bottom diagram in Figure 5.23). This ‘cocoon’ is likely to be
unstable, and as such these objects may only have a short lifetime, supported by the
small number counts found when compared to QSO2s. High resolution imaging might
be expected to show very late stage mergers or other disturbances in the centres of
these galaxies, as the source of the ‘cocoon” (see Section 3.4.2 for more discussion on
merger-AGN connections).

At z~0.5 for most of our sample, a physical size of 1kpc would correspond to an
angular size of 0.16"”, so any circumnuclear dust on sub-kpc scales would certainly
be unresolved in most ground-based imaging. We searched public archives such as
MAST™ and the Virtual Observatory!® for any high angular resolution imaging of our
targets, but these fields have not been observed with HST, nor with any other large
ground-based observatory. In SDSS imaging (as well as WISE), the targets do not show

4https://archive.stsci.edu/
Bhttp: //www.usvao.org/
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any special characteristics, preferred morphologies or orientations, nor obvious distur-

bances.

This appears to support small physical scales for any putative dust cocoons in our
sample. However, it must be cautioned that SDSS imaging is seeing-limited and not

very deep, so for fainter sources, signatures of interaction may be missed.



Chapter 5. Buried Treasure: Uncovering the population of abnormally obscured
202 AGN with multi-wavelength selection

513 0QQ in the AGN Zoo

Although the idea of cocooned AGN is not new, there are no close counterparts of our
selected sample, at least in the local universe. In this section, we briefly compare and
contrast other related samples with the OQQs.

5.13.1 Ultra-Luminous Infra-Red Galaxies (ULIRGSs)

Our selected targets have total MIR powers within or close to the ULIRG regime. ULIRGs
tend to be hosted in chaotic appearing systems, with little clear structure and some-
times lack important optical emission lines, but are not usually completely devoid of
strong emission signatures. For example, Mrk 231 has much stronger H & than [O 111]A5007
emission (Malkan et al., 2017, Lacy et al., 1982). Several local ULIRGs are also consid-
ered as being ‘buried” AGN obscured along all lines of sight (e.g., Imanishi et al., 2001,
Oyabu et al., 2011). These are typically associated with sources that have LINER-like
optical spectra with clear emission lines (Imanishi et al., 2007).

As discussed in Section 5.7.3, 15 of the 28 sources for which redshifted H « lies within
the SDSS spectral range show significant Ha« in emission. These sources may be sim-
ilar to ULIRGs such as Mrk 231, though the comparison with SDSS-selected QSO2s
implies that H « also suffers some extinction, as already discussed. The remaining ob-
jects clearly differ from local ULIRGs in their lack of Ha. This may be explained by
correspondingly higher NLR dust covering factors in the ‘cocooned AGN’ scenario. It
could also be a sign that the dust distribution in the galaxy is less centrally located,
additionally obscuring H « from sources other than AGN ionisation.

Compact Obscured Nuclei (CONSs) are found in LIRGs and ULIRGs (e.g., Falstad etal.,
2021). They are dense, IR bright cores found at the centre of an optically normal galaxy.
The strength of the IR emission indicates a heavily obscured nucleus, with either a
compact starburst or AGN powering the luminosity. One intensively studied example
is NGC 4418 (Costagliola et al., 2013, Asmus et al., 2014, Ohyama et al., 2019), which
appears optically as an early type spiral, and is part of an interacting pair. Extreme
visual obscuration is demonstrated by a very deep silicate absorption feature, and high
resolution imagery shows a small, optically thick core. Ohyama et al. (2019) find that a
dusty wind and compact starburst activity are present in the core, but that an additional
energy source in the core is still required to explain the observations; it is still currently

unknown whether this is an AGN or an extremely compact starburst.

CONs are not very well understood, and there are not many examples. Falstad et al.
(2021) search LIRGs and ULIRGs for compact sources of HCN vibrational emission,
which are only found in extreme environments. They find that 40% of ULIRGs and
20% of LIRGs contain a CON, noting that their sample size is not large, and that the
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selection in the FIR does introduce some biases. This indicates that CONs are relatively
common in (U)LIRGs; however, (U)LIRGs themselves are not extremely common.

OQQs are also bright in the IR, but are at larger distances than these prototypical CONs
tend to be. Without good high resolution, it is impossible to definitively say whether
the OQQs are equally compact. Unlike NGC 4418, OQQs appear to be small red galax-
ies, and have no obvious signs of interaction.

5.13.2 Weak Line and Lineless Quasars

At higher redshifts, several studies have been made of “‘Weak Line Quasars” (WLQs;
e.g., Meusinger and Balafkan, 2014). Similarly to OQQs, these appear as normal quasars
in terms of continuum emission, but show weak or absent emission lines. Examination
of WLQs (z § 2.5, OQQs: z T 1.0) with Chandra snapshots and multi-wavelength
analysis from Wu et al. (2012a) and Luo et al. (2015) find spectra that rise in the opti-
cal blue end, in contrast to the majority of the OQQs, and mostly weak but detectable
X-ray emission. At higher redshift, Shemmer et al. (2010) examine the region around
the HB and [O111] lines of two WLQs at z ~ 3.5, finding extremely weak Hf and no
detectable [O111]. Wu et al. (2012a) show results consistent with a weak, or ‘anaemic’
BLR producing weaker emission lines, and Luo et al. (2015) suggest that a “puffed up’
inner accretion disc could be preventing ionisation of the BLR. WLQs are not selected
or restricted in terms of MIR colour or luminosity, which is a key factor in our OQQ
selection. Where possible, spectroscopic measurements of more emission lines, along
with targeted X-ray observations, could shed light on the link between low redshift
0OQQs and higher redshift WLQs.

Laor and Davis (2011) suggest a cold accretion disc could produce ‘Lineless Quasars’ - if
the accretion rate of the AGN is low, then no ionisation can occur, and no emission lines
will be observed. They argue that in the case of a cold disc, the ionising component is
the X-ray power law alone. These may cross over with Weak Line Quasars if the X-
ray luminosity is high enough, but will appear lineless if Ly < Lp,. Considering
the underluminous X-ray results of OQQ J0751+4028 (see Section 4.3) this may be one
reasonable explanation for an intrinsic lack of lines, if that is the case. The optical-NUV-
FUV continuum would be expected to be blue in shape, and at this time the wavelength

coverage of OQQs does not extend far enough to further investigate this possibility.

5.13.3 Low X-ray Scattering Fraction AGN

An interesting population of AGN selected from hard X-ray surveys has been identified
by Ueda et al. (2007). These sources show apparently low X-ray scattering fractions (as

inferred from the comparison of the soft and the hard X-ray spectra), with scattering
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fractions being at least an order of magnitude weaker than observed in typical Seyferts,
and weak [O111] as expected from a geometrically thick torus (Ueda et al., 2015). Inter-
stellar dust reddening is also likely to play a role in depressing the scattered flux, as
evidenced from the fact that a significant fraction appear to be hosted in edge-on host
galaxies (Honig et al., 2014).

Gupta et al. (2021) present a detailed study on 386 BAT AGN, looking at the relationship
between scattering fraction and various AGN properties. They find a significant cor-
relation between scattering fraction and ratio of [O 111] and X-ray luminosity - i.e., low
soft X-ray scattering fraction also show low [O111]. In the context of OQQs, it follows
that if the [O11I] emission is intrinsically not present (as in the “Young” AGN theory),
there may also be less scattered soft X-rays. However, if the obscuring material in the
‘cocoon’ is sufficiently thick to absorb soft X-rays, we may not be able to distinguish
between the theories in this way. In the same paper they find that low scattering frac-
tion AGN are also likely to have higher intrinsic column densities, compounding the
problem of selecting obscured AGN via optical methods.

Since our sample is MIR-selected, it may be better suited to search for any Compton-
thick counterparts to low X-ray scattering AGN. Detailed comparison of the OQQs to
this sample will require more X-ray observations than is available so far. However, as
noted in Section 5.8, our sample does not have preferred host galaxy orientation angles
unlike the preferred edge-on orientations for many low X-ray scattering AGN.

5.13.4 X-ray Bright Optically Normal Galaxies (XBONGsSs)

The class of objects known as XBONGs are X-ray selected AGN that are hosted in
optically-normal galaxies lacking (optical) AGN signatures. This lack has been at-
tributed to extinction along all lines of sight, or due to dilution by host galaxy light
in a substantial fraction. However, as opposed to our targets, XBONGs tend to gen-
erally possess lower Seyfert-like luminosities (Moran et al., 2002, Comastri et al., 2002,
Civano et al., 2007, Caccianiga et al., 2007, Smith et al., 2014). In such cases, it can be
easier for the host galaxy to dominate over the AGN and dilute AGN optical signa-
tures. This becomes much harder for the quasar-like luminosities for our targets, and

we do not believe dilution to be important for the sample presented herein.

In order to demonstrate this, in Fig. 5.24 we compare their broadband SEDs with the
low resolution broadband AGN template compiled by Assef et al. (2010). The SEDs
have been normalised at 12 pm for comparison. All wavelengths referred to here are in
rest-frame. The median optical-to-MIR flux ratio for our sample is 0.31 when measured
at 5500 A and 12 pm. The template AGN SED clearly lies above most of our sample in
terms of median optical normalised fluxes, with an optical-to-MIR ratio of 0.40. This
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implies that host galaxy dilution alone is unlikely to be a major effect, if our sample
harbours typical central AGN.

Not all XBONG classifications are considered to be a result of dilution, and XBONGs
that are good candidates to be fully covered (Maiolino et al. 2003) may constitute the
lower luminosity end of our selected sample. In fact, one of the sources from the sample
of Caccianiga et al. (2007), XBS J134656.7+580315, overlaps with our sample, and our X-
ray analysis results for this source are consistent with theirs (Section 5.9).

5.13.5 Other IR-selected Quasars

Using the WISE-WISE colour plane, as done here for OQQs, Hviding et al. (2018) focus
on a different region of the plane, choosing targets more likely to be heavily obscured.
They also make no selection based on emission lines, and the majority of their sources
appear more optically typical than the OQQs. However, while there is no direct over-
lap between these samples, they are likely to be close cousins with unusually heavy
obscuration instead of unusually distributed. Further investigation of the targets with
insufficient spectral lines or features to assign a spectroscopic redshift leads Hviding
et al. (2018) to hypothesise that a subset of these may be powerful AGN with emission
lines attenuated by thick line of sight obscuration.

Extremely red quasars (ERQs) are quasars that show an unusually high IR to optical
ratio (e.g., Banerji et al., 2015, Glikman et al., 2022). Ross et al. (2015) select these objects
based on a comparison between SDSS and WISE magnitudes, producing a sample of
objects up to z~4. An interesting subset of these, at z ~2-3, show extremely broad
emission lines which are not easily explained by current models. The ERQs could be
intrinsically similar to the OQQ, but due to the selection processes (which included

SDSS quasars only) do show typical AGN emission lines.

Glikman et al. (2012) select candidate red quasars based on 2MASS (IR) and FIRST (ra-
dio) data. A detailed examination of the radio properties of OQQs is outside the scope
of this paper, but we searched the FIRST catalogue (Becker et al., 1995) and found 7
FIRST counterparts to OQQ candidates, of which 4 are >10m]Jy. The OQQs are there-
fore not consistently radio bright or dim, and unlikely to be similar, population-wise to
radio-selected objects.

5.13.6 Blazars

One potential source of contamination in this sample is likely to be blazars - the chance
viewing of AGN head on to a relativistic jet (Landt et al., 2004), producing a bright,
variable source, strong in radio emission. These are known to be very bright objects,
with some exhibiting very flat spectra. As such, there may be a number that pass the
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criteria specified in Section 5.2, but that are not relevant objects for this paper. It would
be useful therefore to be able to estimate the level of such contaminants in our sample,
and if possible to remove some in order to improve the reliability of the sample.

D’Abrusco et al. (2014) created a catalogue of y-ray emitting blazars, assembled from
WISE sources. Comparison of overlapping sources from this catalogue (WIBRaLS) with
our OQQ sample, and with respect to various parameters, could help identify the un-
wanted objects. Massaro et al. (2012) identified the WISE Gamma-ray Strip (WGS),
which uses colour-colour diagrams to distinguish possible blazars. They divide these
into two sub-categories - BZBs (BL Lac objects, with featureless optical spectra - galactic
absorption lines or weak emission lines only), and BZQs (flat spectrum radio quasars,
where the optical spectrum should show broad emission lines). According to these
definitions, the most likely category for any contaminant objects will be BZB. Massaro
et al. (2012) quantify the likelihood of a source being within the WGS, based on its lo-
cation on three WISE colour-colour diagrams, and the uncertainties on those colours.
Figure 5.25 shows the application of this method to our objects. This is not considered
a sufficiently reliable classification to remove any sources from the OQQ list, merely to
assess the level of contamination from BZB sources.

Furthermore, given the flat spectrum characteristic of blazars they tend to have weak
values of D4000. Recalling Figure 5.8 the OOQs tend to show significant breaks, and
this can be seen in the individual optical spectra (Figure 5.5). Hence, a visual check of
the spectra substantially reduces the likelihood of blazar contamination (Section 5.3.3).

One property common to all blazar types is that they exhibit high, irregular variability
across the whole spectrum. As such, this may be a useful way to distinguish likely
blazars from OQQs.

After the completion of the main WISE mission, the NEOWISE project (Mainzer et al.,
2011) scanned the sky approximately ten times in five years, depending on sky location,
with the W1 and W2 bands (W3 and W4 cannot operate without cryogenic cooling, and
this was exhausted during the main phase). The primary science aim of this phase is
the study of near Earth objects. However, as the single exposure images and source
magnitudes are available from the NEOWISE databasel®, it provides a measure of the

~5 year timescale infra-red variability.

To approximately quantify the level of variability in each source, the data from each
WISE measurement epoch was averaged, then these combined points fit to a time-
invariant line. x> was used to assess whether this invariant state could reasonably
explain the observed variation in WISE detections!”. If it could not, then intrinsic un-
certainty was added to the points. The size of this intrinsic uncertainty was used as

ohttp: //wise2.ipac.caltech.edu/docs/release/neowise/
7The W3 (12 um) band magnitudes were chosen as most representative of the region of interest. A more
detailed investigation would examine the effects with luminosities rather than magnitudes.
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FIGURE 5.25: WISE colour-colour diagram (as in selection; see Figure 5.15) showing

the categorisation of the OQQs, with AGN selection thresholds from Stern et al. (2012,

S12) and Mateos et al. (2012, M12). OQQs that pass in all three planes of Massaro et al.

(2012, BZB) are outlined with yellow squares. The orange squares shows the single

object that is present in the WIBRaLS catalogue, also classified as a BZB according to
the WGS.

an estimate of the variability of the source. Figure 5.27 shows the fitting with the two
showing highest variability.

The number of objects found that are above the threshold for being within the WGS
BZB is 17 out of 64 OQQ. The number of objects with matches in the WIBRaLS table is
8 out of 64 OQQs - these are all also above the BZB threshold. The number of objects
with high variability is currently difficult to quantify without a comparison threshold.
The QSO2 variability is slightly lower on average (mean 0.031/median 0.020 for OQQ,
mean 0.026, median 0.017, for QSO2s) and includes no very high variability objects.

If we take the lower limit of high variability as 0.1, then there are 2 OQQs above this
threshold, both of which are likely BZBs. Of the 62 OQQs below the threshold, 24%
are likely BZBs. In comparison, 57 QSO2s (out of 1,990; 2.9%) pass the BZB threshold
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overall. An examination of the variability of a large sample of non-AGN and various
types of AGN would be illuminating, but outside the scope of this work.

Due to the high uncertainties on these methods, it is difficult to fully quantify the num-
ber of BL Lac objects that could be interfering in the results here: anything from 3% to
25% may be possible.
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5.14 Evolutionary Context

It is important to consider the cosmological situations where we might find OQQs.
Many works have examined the life cycle of galaxies and the AGN within as the host
galaxies go through mergers (e.g., Hopkins et al., 2006, Springel et al., 2005, Di Mat-
teo et al., 2005). As the two galaxies interact, the ISM from both comes together, and
the resultant enhanced density of matter leads to increased star formation, and (as the
bulk of the merging galaxy reaches the nucleus of its pair) we may see increased AGN
activity. This brightening starts as the AGN is still enshrouded in dust and gas from
the merger, but as the emission increases in intensity, energy and matter feedback starts
to clear out the obscuring matter. Our OQQ sample objects, for the most part, do not
show signs of high star formation rate (SFR) as may be expected if they lie in this part
of the sequence. Thus, OQQs do not obviously fit the standard paradigm for AGN and
host galaxy evolution.

Springel et al. (2005) show that in a modelled merger of two disc galaxies, including
AGN feedback and BH growth, the peak of SFR precedes the black hole accretion rate
(BHAR) peak by a small amount of time. SFR begins to drop before the BHAR, so
there may be a short period of time where the SFR is well below peak, but BHAR is
high. As BHAR is proportional to AGN luminosity, the OQQ objects might be objects
in this short transitional phase. Some SF would still be expected, and would contribute
somewhat to MIR luminosities. Disentangling the relative contribution of SF and AGN
to observed emission would be important in placing OQQs into context, but without
independent measurements of either (e.g. well constrained SED fitting or NIR emission
lines) assumptions and estimates must be made. We find fewer OQQs compared to
QSO2s, suggesting that the OQQ duty cycle is shorter than the duty cycle of Type 2
quasars. Interestingly, the difference in median redshift between these two samples
(e.g., Fig. 5.6) implies that there may be genuine evolutionary differences between their
populations, with OQQs peaking earlier than QSO2s. However, incompleteness issues
could impact both source samples at the upper redshift end, and the number of nearby
OQQs may be artificially low simply due to easier detectability of faint [O I11].

The two galaxies are coalescing at this point so would not necessarily be clearly identi-
fiable as advanced mergers, especially with the images currently available. Additional
high resolution imagery could be valuable in identifying any late stage mergers among
the sample. For the OQQs to be objects existing in this brief period of time, we may ex-
pect strong outflows to be visible, if the SFR is being quenched by AGN activity. These
will manifest as blueshifted absorption lines, or broadened and asymmetric emission
lines at the systemic velocity of the source. With the current spectra this is impossible
to either confirm or rule out, but measurements of select likely candidates with more

sensitive instruments could provide more insight into these scenarios.



Chapter 5. Buried Treasure: Uncovering the population of abnormally obscured
212 AGN with multi-wavelength selection

The absence of obvious merger signatures may instead point towards high mass ratio
mergers, with the smaller galaxy not massive enough to significantly disrupt the mor-
phology of the larger primary, nor massive enough to trigger substantial star formation
throughout the body of the primary. However, an efficient mechanism to channel the
gas from the donor galaxy to the central SMBH would be required in this case. Whether
secular processes such as efficient gas flows can trigger AGN activity without simulta-

neous star formation remains unclear.

Alternatively, the “Young AGN’ scenario presents a different evolutionary perspective.
If the triggering event is recent enough, the AGN could be switching on, mimicking
the phase described by Schawinski et al. (2015) as ‘Optically Elusive AGN’. They show
that there could be a period of ~10* years in which the AGN is visible in X-rays but has
not yet photoionised the extended area that will later become the Narrow Line Region.
As the dusty torus (the source of reprocessed IR emission, and the IR colour that we
select for in this work) is closer to the central engine than the NLR, we expect that sign

of AGN life to appear prior to any narrow optical emission lines.

5.15 Estimated Population Counts

Schawinski et al. (2015) calculated the full duty cycle of an AGN as ~10° years, and the
optically elusive phase as ~10* years. If we expect the IR bright OQQ phase to be some
fraction of the optically elusive phase, this puts the OQQ lifetime at less than ~10%
of the ‘normal AGN" duty cycle. The viewing angle of OQQs and QSO2s is likely to
be similar - both viewed through the torus, obscuring any broad emission lines - so
assuming they have similar covering factors, we would expect to see them in the same
proportions as the full range of AGN types: approximately 10:1. We find ~1000 QSO2s
and 64 OQQs: approximately 16:1; encouragingly close, but somewhat fewer OQQs
than expected, especially if we consider that some OQQs may be ‘cocooned’ rather
than ‘young’. As stated above, however, the 10:1 ratio is a lower limit, based on the full
‘optically elusive’ timescale. If every OQQ is a “young AGN’ our results are consistent
with the IR bright stage being approximately two thirds of the ‘optically elusive’ phase.
These are merely crude estimates that do not fully account for selection and modelling

biases, much of which remain unknown.



5.16. Summary 213

516 Summary

By selecting MIR-luminous sources with red WISE colours and a marked absence of op-
tical emission lines, we have presented a newly formalised category of AGN: Optically
Quiescent Quasars. They were selected as candidates for being enshrouded within dust
cocoons, but alternative explanations based on inherent lack of [O11I] are also consid-
ered. These OQQs may not be intrinsically uniform, and may indeed represent diverse
objects, but they are observationally similar and thus are overlooked from standard
AGN selection in the same ways. The overall sample shows broadband continuum
properties very similar to those of SDSS-selected QSO2s, but with an [O 1II]A5007 emis-
sion line suppression factor of >120. We show that host galaxy dilution is unlikely to
be a major effect in most cases.

The idea of fully enshrouded AGN is far from new. Various models suggest that the
bulk of AGN growth occurs in highly obscured phases (e.g., Fabian and Iwasawa,
1999, Hopkins et al., 2006). The shape of the cosmic X-ray background spectrum also
requires similar numbers of Compton-thick (Ng> 10%* cm 2 obscured AGN compared
to unobscured). Ananna et al. (2019) calculate the required proportion at z = 1.0 as 56%
£ 7%. A number of dedicated legacy surveys with NuSTAR that are selected in the
infrared are finding CT fractions 230% within <200 Mpc (e.g., the NuSTAR Local AGN
NH Distribution Survey — NuLANDS, Boorman et al., in prep., and the [Ne V] survey;
Annuar et al. (2020)). In any evolutionary paradigm, this would naturally include fully
obscured sources in the stochastic competition between gas feeding from large scales
and AGN feedback, especially if there is a delay between the two competing processes
(noting that NuLANDS currently includes optical classification as part of the sample
definition; the preliminary infrared selection should still include such fully-covered
objects). It may also imply the existence of obscured objects that do not occur as part of

the merger-driven growth phase, but instead represent a separate path.

The receding torus model also suggests that the covering factor of AGN decreases with
luminosity (e.g., Lawrence, 1991) so fully covered AGN may be more likely to occur
at low AGN luminosities. This issue is far from settled, however, with conflicting re-
sults from a variety of studies in different bands (e.g., Lawrence and Elvis, 2010, Toba
et al., 2014). An element of bias can be introduced by requiring that optical emission
lines be present for secure source redshift and type identification - any sample based on
this selection criteria may be missing objects with some emission lines blocked, either
completely or to a level below measurable. The strength of our selection criteria is to in-
stead rely upon the reprocessed thermal spectrum (i.e., MIR colours) and luminosities,
allowing us to search for objects in which potential 47t or near 47t covering completely
extinguishes the optical lines.

Without more high quality X-ray data, it is difficult to place the OQQs onto the sum-

mary plot, as with the NuSTAR sources and J0751. Instead, we use an estimate of the
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larger scale line of sight Ny from Section 5.7.4 - the amount of obscuration necessary
to reduce an intrinsic [OI11] emission line of the same luminosity as a typical QSO2 to
below the upper limits observed for OQQs. Figure 5.28 adds the OQQs to the plot. As
with J0751, this simple representation of z and Ny does not fully convey the unusual
nature of OQQs. Rather than being exceptional in terms of their column depths, ‘co-
cooned” AGN instead belong to a population unusual in covering factor, and ‘young’
AGN a brief and thus elusive phase of AGN growth.
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FIGURE 5.28: Parameter space covered by the known AGN in the LASr-GPS (green

shaded region, solid edge), by the B70 AGN (yellow shaded region, dashed edge),

the region targeted by NuSTAR serendipitous selection (pink shaded area, dot-dash

edge), the region targeted by this chapter (blue shaded area, dotted edge), the result

from OQQ J0751+4028 (blue diamond), and the results from the remaining OQQs (blue

squares). Note that the Ny values for the OQQs are estimated from [O 111] deficits, and
are therefore not necessarily the same as X-ray Ny values.
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Chapter 6

Conclusions: Implications from
these rare AGN and comparisons
with similar objects

This chapter will summarise the work done across the range of AGN properties. How
do the new AGN relate to known AGN e.g., QSO2s? There are many groundbreaking
large surveys just beginning, or in the late stages of preparation, e.g., LSST, 4MOST,
eROSITA. This chapter will describe the potential of these datasets to uncover more
unusual AGN, including but not limited to OQQs. This final section will pull together
the work from the previous chapters, present answers to the main research questions of
this thesis, and discuss the potential for these future surveys in making robust searches
for rare AGN.

6.1 Summary of work

6.1.1 Local AGN Survey

Knowledge of AGN demographics - the distribution of accretion rate, obscuration depths,
intrinsic luminosities, and more - is vital to understanding the life cycles of AGN and
their influence on their environments. Without an accurate census of AGN, uncertain-
ties propagate through the chain: for example, if we are unclear on the number of
obscured AGN, we cannot understand how SMBH grow through their active phases.
With this in mind, the Local AGN Survey (LASr) project aims to complete this census
in the local universe, where biases can be minimised and detailed studies of sources
can be made - even for low luminosity AGN. The first part of Chapter 2 described the
underlying basis of this search, which is an assembly of a Galaxy Parent Sample. We
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constructed a list of local galaxies based on combining large databases: NED, SIMBAD,
2MRS, SDSS. With careful selection of clean redshifts, removal of duplicate and false
objects, and inclusion of redshift-independent distances where possible, a reliable cat-
alogue of ~49,000 galaxies within 100 Mpc was created: the LASr-GPS. The second
part of Chapter 2 presented the main focus of this Chapter: constructing a relatively
unbiased sample of AGN, and selecting thus far unknown candidate AGN. We found
~4,300 known AGN, from a combination of X-ray specific (Swift-BAT 70-month Baum-
gartner et al., 2013) and more general (Véron-Cetty & Véron, Véron-Cetty and Véron,
2010; Zaw, Chen & Farrar, Zaw et al., 2019) catalogues. Of great interest are the un-
known AGN - how many of the remaining ~44,700 galaxies contain AGN that are so far
undetected? What types of AGN primarily contribute to these numbers?

We applied a MIR selection criterion (designated R90, from Assef et al., 2018) to the
galaxies, aiming for high reliability (i.e., a high chance that a selected galaxy contains
an AGN, at the expense of not selecting a large number of AGN). Applying correction
factors for various selection biases gave an expected number of AGN of 36214 with
Lim > 10%22 erg s71; compared with 172 known AGN we saw that a significant
number remain missing.

In the final part of Chapter 2 I addressed the AGN candidates: are they truly AGN?
If so, what is the reason for their non-detection? Are they obscured, as population de-
mographics might imply? X-SHOOTER (Vernet et al., 2011) is an instrument on ESO’s
VLT, and takes spectra from 3000-24,800A. As such, it is an ideal tool for studying both
optical and NIR emission lines. We apply optical and NIR diagnostics (Kewley et al.,
2006, Riffel et al., 2013) to each of three AGN candidates observed in our programme
so far and additionally a known AGN that is potentially a rare Compact Obscured
Nucleus (see Sections 2.5.2.3 and 5.13.1). One candidate was found to be an optical
AGN, and another a NIR AGN, with other diagnostics showing either ratios typical
of star-forming galaxies or borderline positions. The difference in results for optical
vs. NIR diagnostics highlighted the importance of broad band spectroscopy for AGN
selection, rather than relying solely on optical emission lines, particularly for obscured

AGN where NIR emission lines may be more prominent.

6.1.2 NuSTAR Serendipitous Sources

With the results from the LASr search for unknown AGN, we next addressed what is
likely to be one of the major sources of undetected AGN: heavily obscured and Comp-
ton thick (CT) AGN. Based on the expected intrinsic fraction of CT AGN (see Section
2.4.4) we expected 38+25 (out of 137 R90 non-B70 AGN candidates) more Swift-BAT
detections than we find. Thus we may expect a significant number of CT AGN, or oth-
erwise extremely obscured AGN. With the aim of investigating more effective selection
of missing CT AGN in mind, Chapter 3 searched for new CT AGN candidates with



6.1. Summary of work 217

NuSTAR, a hard X-ray (3-78 keV) telescope better capable of detecting AGN emission
through high column density obscuration, with significantly improved spatial resolu-
tion compared to Swift-BAT. Unlike the X-ray selected known AGN in the LASr-GPS
which come from Swift-BAT, NuSTAR has to date only covered a small fraction of the
sky. Thus I did not restrict this search to any particular redshift, although it does nat-
urally restrict itself given the changing shape of the spectrum (see Figure 3.20) and

decreasing flux from distant sources.

Using serendipitous sources (i.e., not targeted for NuSTAR observations but detected in
the FOV) from the 80-month catalogue (NSS80; Klindt et al., 2022, submitted) I selected
sources based on the band ratio (BR; ratio of flux in the 8-24 keV and 3-8 keV bands).
This provides an approximation for the shape of the spectrum - higher values indicate a
harder spectrum, and a harder spectrum indicates a more obscured source (see Figure
3.3). Building on the work of Lansbury et al. (2017a) from the 40-month catalogue, I
examined sources with new NuSTAR observations (including one selected by L2017
with new, simultaneous XMM-Newton and NuSTAR data). From these, I checked the
detection significances and source counts, and performed spectral modelling for those
with high net counts. I found four of these to be Compton thick based on modelling
with BORUS02 (Balokovi¢ et al., 2018). I considered what the addition of these sources
to the ranks of hard X-ray selected CT AGN means, and studied the fraction of these
sources that appear to be interacting — the effect of galaxy mergers on AGN is contested,
and thus any contribution to the numbers of CT AGN in isolated or interacting galaxies
is useful. Three new NuSTAR-selected AGN, plus one confirmation of a source with
previously only lower quality data, is a significant improvement on the number already
known. When combined with NuSTAR CT AGN from Lansbury et al. (2017a), I found a
CT fraction (15t160% for z<0.07, Section 3.4.1) and merger fraction (29t2112°/o, higher than
‘normal’ NuSTAR AGN at 8+12%; Section 3.4.2) larger than other observed values.

6.1.3 Optically Quiescent Quasars

Chapters 4 and 5 discussed the selection and properties of AGN chosen to represent
another group missing from the known AGN in LASr: objects that are bright, AGN-
coloured IR sources from WISE (Wright et al., 2010) with no clear optical signatures of
AGN presence. This optical-IR disparity sets any such AGN apart from standard se-

lection techniques. I designated such sources as ‘Optically Quiescent Quasars” (OQQs).

Chapter 4 began with an in-depth study of a single, prototypical OQQ: OQQ J0751+4028,
published in Greenwell et al. (2021). The source properties are analysed based on
archival multi-wavelength data and SED fitting with agnfitter finds that significant
contribution from hot dust is required to produce the observed properties. The chapter
continued with the first targeted X-ray observations of an OQQ, published in Green-
well et al. (2022). I demonstrated how X-ray observations provide an important tool for
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analysing the intrinsic emission of AGN - particularly in the case of AGN with atypi-
cal properties. Simultaneous measurements with XMM-Newton and NuSTAR showed
detection of X-ray emission up to 24 keV. OQQ J0751+4028 is underluminous in X-
rays compared to MIR emission, but bright enough that it confirmed the presence of
an AGN. X-ray modelling found that the most likely model of obscuration is spheri-
cal (based on BNSPHERE; Brightman and Nandra, 2011), consistent with a ‘cocooned”

scenario.

These targeted observations can be used to estimate where J0751 would lie compared to
NuSTAR obscured source selection. Figure 6.1 shows the band ratio data for all NSS80
sources, with the hard sources highlighted. The band ratio from J0751 is shown as a
cross; noting that as this source is only detected up to 16 keV, the flux up to 24 keV is
extrapolated from the model in the detected range. In Chapter 4 I found that this source
is lightly obscured, and its band ratio of ~1.3 agrees with that: it is below the threshold
of 1.7 used to select heavily obscured sources, but higher than a large proportion of the

remaining NSS80 sources.
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FIGURE 6.1: Sources by band ratio and redshift (as in Figure 3.6). Green circles are all

NSS80 sources. Orange squares are NSS80 sources with high band ratios. Blue cross

is the position of OQQ J0751+4028 (Chapter 4). Grey vertical bar shows the redshift
range covered by LASr (Chapter 2).
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In Chapter 5 I continued this investigation, expanding on the selection to construct
a sample of objects based on (a) WISE colour W1 — W2 >0.8, a threshold chosen for
high reliability in selecting AGN (Stern et al., 2012); (b) no optical signatures of AGN,
specifically the [O111] A5007 A forbidden line, among the strongest lines found in the
narrow-line regions (NLR) of AGN; and (c) MIR powers in the quasar regime, in order
to mitigate host galaxy dilution (Moran et al., 2002) as a possible cause of the lack of op-
tical emission lines. I found that these candidate OQQs are primarily small, red galax-
ies, with galaxy-like spectral continua. Comparing the [O111] upper limits of the OQQs
to measured [O 111] luminosities from comparable QSO2s (Reyes et al., 2008, Yuan et al.,
2016) found a large deficit, implying that if OQQs are intrinsically similar to QSO2s a
large amount of obscuration must be present. However, optical extinction of emission
lines further from the BH than the NLR may not be the only reason that optical emis-
sion lines are not detected. I also considered a scenario where emission lines are simply
not produced in the NLR, for example if the AGN has only recently become active and
thus has not yet ionised the NLR.

These two likely physical scenarios that may explain the observed properties of OQQs
are:

* ‘Cocooned” AGN - the optical emission lines are not seen because the AGN is
completely enshrouded in a (presumably transient) ‘cocoon’ of gas and dust.

* “Young’ AGN - the AGN has recently switched on, and has not yet ionised the
narrow line region (NLR): no [O111] line has yet been excited.

Both scenarios are interesting from an evolutionary perspective. AGN growth within
fully enshrouding cocoons is suggested by some models (Fabian, 1999), and OQQs
would represent a systematic search for this class of source, though such candidates
appear in various prior sub-samples (e.g., Gandhi et al., 2002, Hviding et al., 2018).
Similarly, in the young AGN scenario, it may be possible to constrain the duty cycle of
NLR excitation (Schawinski et al., 2015, Gezari et al., 2017).

6.2 How do these small numbers of unusual AGN fit in with

other studies?

In Figure 6.2 I compare the results from this work with comparable AGN subtypes and
catalogues, focusing in particular on similarly selected objects.

(1) LASr: Shown here are the known AGN from the LASr Galaxy Parent Sample (LASr-
GPS; Section 2.2). Yellow squares represent AGN from the 70-month Swift-BAT cata-
logue (Ricci et al., 2017a) - hard X-ray selected AGN distributed across the whole sky,
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but limited by flux depth. Large squares are B70 AGN in LASr; smaller yellow squares
show the full extent of this catalogue which extends beyond the redshift limit of LASr.
It does not stretch further in bulk than z~0.1 with the number of sources decreasing
sharply up to that point, particularly at high column densities. Four green arrows
show the redshift positions of the follow-up sources (Section 2.5.2). Yellow and green
regions show where the majority (68%) of LASr sources lie. The gap in the middle is
likely to be due to the difference in the main contributions to the known AGN in the
catalogue (Section 2.1.1) - optically selected AGN are more likely to be found at lower
Ny and drop off in number at higher redshifts. Swift-BAT selection can find higher-Ny

sources and extends to higher redshifts than the optical catalogues used here.

(2) NuSTAR Serendipitous Sources: Pink squares show the sources found in Chap-
ter 3 and Lansbury et al. (2017a) (large and small markers, respectively). The region
shows the target zone of this parameter space: high Ny (heavily obscured up to and
beyond Compton thick), but without redshift restrictions other than those implicitly
imposed by the band ratio selection. Figure 3.20 shows the shape of the X-ray spec-
trum - as redshift increases, the shape within the energy bands changes until it is no
longer informative. Figure 3.20 overplots the region where CT AGN are expected to lie

- at z >1.5 these will not appear with high band ratio values.

(3) COSMOS Legacy Survey: A small area of sky (2.2 deg? in the COSMOS field) was
observed by Chandra to obtain deep soft X-ray data on sources within this region. The
\-hatched area in Figure 6.2 shows where the demographics of the AGN within this
survey lie (Marchesi et al., 2016, Civano et al., 2016). Redshifts are known, and Ny
values are estimated from hardness ratios. It appears at higher redshift, despite no
specific restrictions on redshift — as a deep, small area survey, the numbers of sources
are relatively small thus less likely to be very local. Soft X-ray selection lends itself
better to low Ny sources, even with very deep measurements and excellent flux limits.
This selection is a soft X-ray analogue to NuSTAR selection - a single contiguous area in
this case rather than many smaller areas, as with the NuSTAR serendipitous catalogue.
Generally lower Ny values lead to higher apparent fluxes, thus the higher redshift

coverage compared to NuSTAR selection.

(4) Optically Quiescent Quasars: The blue region shows our estimated target area
(Chapters 4 and 5) for OQQs. The high-quality X-ray result from Chapter 4, J0751,
is shown as a blue square. Additionally, the lower limits placed on Ay from [O111]
upper limit measurements are shown (converted approximately to Ny using gas-to-
dust ratios from Maiolino et al., 2001, : Ny~ 10?22 Ay) — this makes the (significant)
assumptions that the OQQs are intrinsically as powerful in [O 111] as the QSO2s, and that
the N is comparable to Nij. As can be seen from the J0751 result (large blue arrow),
this is not the case for this source but at this stage it remains to be seen how this will

appear for other OQQs.
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(5) Optically Elusive AGN: Selected from XMM-Newton and SDSS (Pons and Watson,
2014), these objects are X-ray AGN that are optically misclassified. Some are thought
to be underluminous Seyfert 2s (possibly true Seyfert 2s) diluted by host galaxy star-
formation emission. For OQQ selection, we removed any galaxies with significant star-
formation contributions to their emission line fluxes. Thus these optically elusive ‘di-
luted” AGN may be cousins of the OQQs, in galaxies with more star-formation. In the
parameter space, these appear at lower redshift, and generally with low Ny (small blue
squares; upper limits shown with small blue arrows).

(6) Extremely Red Quasars: This class of object (see Section 5.13.5) is bright in IR com-
pared to optical. In the parameter space figure, orange diamonds show heavily red-
dened quasars (Banerji et al., 2012) that are found to have large dust extinction values
(converted here to approximate Ny as with the OQQs). X-ray observations of similar
objects (Lansbury et al., 2020) with known Ny values are shown as orange squares.
These are selected at higher redshifts than the OQQs, but appear to cover a similar Ny

range - close cousins to ‘cocooned ~ AGN.

(7) Spectroscopic IDentification of ERosita Sources: SPIDERS (Dwelly et al., 2017)
is an observing programme of SDSS which aims to provide optical spectroscopy for
eROSITA-detected X-ray sources. Prior to this, it began with sources from the ROSAT
all-sky survey (RASS; Boller et al., 2016) and XMM-Newton slew survey (Saxton et al.,
2008, XMM-SSC, 2018). The resulting catalogue (Comparat et al., 2020) is thus a soft
X-ray selected catalogue covering a range of redshifts (0.006 < z < 2.5), with the bulk
of these at z < 1 as shown in Figure 6.2 - the /-hatched area shows where 68% of
sources lie. For illustration purposes, values for Ny have been randomly selected for

each source from a distribution centred around log Nyy=22 cm?.

We have compared the AGN found in this work to deep small area surveys (e.g. COS-
MOS), large area follow-up surveys (e.g. SPIDERS), works targeting specific types
(e.g. ERQs, Optically Elusive AGN; OEA), and catalogues of confirmed AGN (e.g.
BASS, contributions to LASr). Each of these methods covers different parameter spaces,
adding to the big picture of the AGN population. The chapters of this thesis show how
assessment of the weaknesses and gaps in AGN selection can lead us to methods that
will deal specifically with those flaws. NuSTAR serendipitous sources have expanded
the number of hard X-ray selected CT AGN; particularly noting that the higher spatial
resolution of NuSTAR compared to Swift-BAT enables better distinction of optical and
IR counterparts, thus making detailed multi-wavelength possible. The OQQs appear
as intermediate redshift AGN, closer than many ERQs and further than other optically
unusual sources such as OEA. They fall into a rarely explored parameter space that is
not easily shown on this plot - ‘cocooned” AGN are high covering factor, and ‘young’
AGN are changing state - and hence may represent a path to make population studies

of AGN in these observationally unusual forms.
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6.3 How can the results for this work inform future work?

Each section of this work is not without open questions. The quest to find all AGN
will never be complete, and even in the local universe we can only push closer to a full
census via better understanding of our biases, alongside improved measurement and
selection techniques.

6.3.1 LASr

Analysis of current AGN candidates remains incomplete - with 61 in total selected as
promising bright sources, we must continue to inspect these. As discussed in Section
2.3.3, based on current estimates of the Compton thick AGN fraction we might expect
a significant fraction of these candidate AGN to be CT. An accurate count of AGN -
particularly CT AGN - among these candidates would be an important contribution
towards understanding this part of the AGN population. In addition to optical and
NIR spectroscopy, further multi-wavelength information would also be invaluable -
for example, X-rays from eROSITA for AGN detection, FIR for SED fitting (see e.g.,
Section 4.2.2 for OQQ work on this subject).

Known AGN that pass both the R90 and luminosity criteria used for selection of can-
didates only make up a small fraction of the total known AGN. Other selection criteria
may be less reliable, but worth investigating to increase the completeness of our can-
didate AGN sample. Especially of interest are low-luminosity AGN, where selection is

commonly very incomplete.

There are a significant number of galaxies that may be located in the LASr volume -
the very local universe - but that do not have reliable redshifts. Upcoming spectro-
scopic surveys (e.g., 4MOST) may begin to reduce this number, adding new potential
candidates to the LASr-GPS. At the expense of completeness it will be possible, as spec-
troscopic completeness and quality improves, to extend the volume limit on LASr and

thus increase the number counts of AGN and AGN candidates.

I have shown in Chapter 4 that targeted X-ray observations can be a powerful tool
for AGN confirmation and study. Sources from LASr that are candidates for obscured
AGN based on high ratios of MIR luminosity to upper limits on X-ray non-detections
with Swift-BAT could be considered similar to the high band ratio NSS80 sources, and
thus would be strong targets for deeper hard X-ray observations.

6.3.2 NSS

Thus far we have only examined the X-ray observations of the CT AGN candidates,
but this is not the only data that would give useful information on the properties of
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these sources. Techniques used in Chapter 2 (emission line diagnostics) and Chapter 5
(SED fitting) would look at these sources from a different perspective, and as demon-
strated in this thesis multiple analysis methods are vital for examining elusive AGN.
Additionally, detailed model comparison techniques such as Bayesian X-ray Analysis
(BXA; Buchner et al., 2014, see also Chapter 4) would allow for better statistical compar-
ison and more physically informed parameter priors. Currently the intrinsic spectral
shape had to be fixed for some sources in order to achieve an acceptable fit, but a phys-
ical prior (a statistical preference towards more likely intrinsic AGN values) would

improve comparison between possible models.

In this work and L2017 selection with band ratio was done in a simple way - a single
value across all redshifts. Two alternatives present themselves: either vary the bands
used (i.e., the observed energies of intrinsic 3-8 keV decrease in energy as redshift in-
creases), or vary the band ratio threshold with redshift (see e.g., the lower bound of the
shaded grey area in Figure 3.20). For a more extensive and complete selection, spectral
curvature (Koss et al., 2016) could be used. This technique works using emission from
the ‘Compton hump” at ~10-30 keV - specifically with NuSTAR a function of 8-14 keV,
14-20 keV, and 20-30 keV on-axis count rates. For serendipitous sources, which are by
definition off-axis, the function would need to be adjusted to take this into account.
Spectral curvature selection retains a bias against extremely Compton thick AGN sim-
ply due to lack of counts, but would select a larger number of promising and robust
candidate CT AGN.

6.3.3 0QQs

The key next steps for the OQQs is to look closer: can we unravel the clues we have
and work out the intrinsic nature of these sources? What extra data might give us the

information we need?

In Chapter 4 we saw how targeted X-ray observations could provide far better infor-
mation on a single source than serendipitous soft X-ray data can on sources not se-
lected in that regime. Further X-ray data — enough to be a representative sample of
the population — could start to answer questions about the OQQs as a whole group,
including whether they should be considered to be a single class according to their in-
trinsic nature rather than observed properties. We found OQQ J0751+4028 to be lightly
obscured and under-luminous, with obscuration in a spherical form consistent with
a ‘cocooned” model. The sparse X-ray data for the main population (see Section 5.9)
indicates that they are observationally under-luminous, but without sufficient spectral
quality the intrinsic luminosity is harder to assess. Thus, further targeted and deeper
X-ray observations would help answer questions about the true power of OQQs: are
they generally intrinsically under-luminous in X-rays? Are any heavily obscured, or
does the enshrouding material tend to have lower column densities?
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With X-rays we can probe the AGN activity close to the BH, i.e., the ‘current” accretion
state of each OQQ. However, if we want to distinguish between our theories of OQQ
nature (primarily ‘cocooned” or “young” AGN; are optical emission lines produced in
the narrow line region or not - see Section 5.12) then we must search for evidence of
AGN activity producing signals at greater distances from the BH (i.e., indicating that
accretion has been ongoing for a longer period of time, and the AGN is not a “young’

source).

In Chapter 2 we showed the power of high quality optical and NIR spectra for following-
up MIR selected AGN. This could easily be applied to improve the optical spectra for
the OQQs, tightening the [O 11I] upper limits or even detecting weak [O111] lines. Joint
optical and NIR spectra could provide important emission line information, to con-

tribute to multi-wavelength diagnostics.

If the OQQs are ‘cocooned’, we expect them to have intrinsic emission lines, with these
being optically extincted by the enshrouding material. Currently, we have SDSS spectra
for each OQQ (by selection) which show no [O111], but this means that we do not yet
have detailed spectral evidence that OQQs host AGN. With X-SHOOTER (Vernet et al.,
2011) we could search for signatures of the BLR in the NIR, for example Fe 11 (1.26 pm),
PaB, Hy (2.12 pm), Brvy, and coronal lines, e.g., [Si VI] (1.96 pm) and [SiX] (1.43 pm). If
broad lines with typical widths of several thousand km s~ 1 are detected, this would be
unambiguous additional evidence of the presence of an AGN. There is some evidence
that Narrow Line Seyfert 1s can show broader lines in the IR than the optical, despite
the BLR being directly visible (e.g., Nagar et al., 2002), or the appearance of Seyfert
1.8/1.9 AGN can be due to reddened broad lines. X-SHOOTER would also provide
optical spectra of much improved quality compared to SDSS. Thus it would enable
tighter upper limits on [O111] flux or detection of weak [O I111] emission, which if found
would place OQQs as extreme examples of Weak Line Quasars (e.g., Meusinger and
Balafkan, 2014).

To observe hidden emission line regions, rather than observing them directly (as with
narrow lines in QSO2s, or broad lines in Seyfert 1s) we can instead observe the scattered
emission from obscured emission lines. Spectropolarimetry has been used to detect
hidden broad line regions in Seyfert 2s (Ramos Almeida et al., 2016). A very high
signal-to-noise is required to detect the polarised scattered emission, which is only a
few percent of the total. Thus if we aim to search for a hidden narrow line region, this

same method may prove fruitful.

6.3.4 How will upcoming large surveys provide more answers?

Selection of OQQs has so far been limited to SDSS spectra, which (while numerous) are

restricted to only part of the sky and with targeting strategies that do not completely
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align with our aims. A hugely expanded selection of spectra will in turn expand the
sample of OQQs, allowing us to get a better statistical handle on their properties, and
make better considerations of their place in the wider population of AGN. For example,
4MOST (see Section 1.3.9) aims to obtain spectra for up to 1 million IR-selected AGN -
if the same proportion of these pass some of the OQQ selection steps, we could more
than triple the numbers of OQQs, as well as expanding into the Southern hemisphere.
If we can find more OQQs (and similarly rare and interesting objects) we will be able
to get a better statistical handle on their properties, and make better considerations
of their place in the wider population of AGN and influence on host galaxy activity.
Deliberate selection of WISE AGN as targets will also enable us to make much more
robust calculations of OQQ number density compared to the general QSO2 population,
without some of the biases due to SDSS target selection, and with knowledge of their
duty cycle, the place of OQQ in galaxy formation and evolution will be possible to
consider quantitatively. The vast new dataset from 4MOST also opens up possibilities

for new AGN subtypes even further from standard paths, and even rarer than OQQs.

The 4MOST survey of X-ray selected AGN also offers the intriguing possibility of an
optical /X-ray selected sample, analogous to OQQs - if we discard the requirement for
bright IR and AGN colour, replacing it with eROSITA detection, can we find Optically
Quiescent Quasars in the spectra for these targets? How will they be different to IR
selected OQQs?

One limitation on finding new CT AGN candidates based on NSS80 is lack of redshift.
Of NSS80 objects ~60% have no redshift. Of the high band ratio sources, ~75% have no
redshift. Currently we exclude sources without redshift, and a follow-up programme
at Palomar is filling up the gaps. However, if 4MOST can provide redshifts for more of
the serendipitous sources, especially Southern hemisphere sources, we might expect to
double again the sample of candidate CT AGN.

6.4 Final Lessons

In this thesis, I started with a local AGN census, and used the results from this to
influence the direction of the following rare AGN searches. We calculated that the
number of Compton thick AGN among the ‘missing” AGN from LASr was likely to be
high, based on the lack of Swift-BAT detections. We also understand that AGN may
be misclassified if they show an absence of ‘typical” AGN optical signatures, whether
this is an intrinsic effect (i.e., no ionisation lines produced) or extinction (i.e., ionisation

lines are reduced by line-of-sight absorption).

Whether the cause of AGN being overlooked is heavy obscuration, fully covering ob-
scuration, or intrinsic behaviour, one of the most reliable and relatively unbiased ways
to select candidates is in the MIR; as used in both LASr (Chapter 2) and with the OQQs
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(Chapters 4 and 5). In Figure 6.3 I place these selection criteria onto a single plot, along
with the positions of the NuSTAR sources analysed in Chapter 3 and Appendix C (see
Appendix B.3). The OQQs are, by selection, red enough and luminous enough to have
also been chosen as AGN candidates if they were in the LASr volume; however, they
are all at much larger distances. This is likely to be a combination of sheer increase
in numbers over the greater volume (and thus increased chance of finding rare AGN),
and weak [O111] lines that become increasingly dominated by noise in the spectrum
at higher distances. The NuSTAR serendipitous sources studied in Chapter 3 are all at
least as red in W1-W2 as the bulk of LASr known AGN, but do not all pass the selection
criteria (out of 9 in total, 5 sources pass the LASr colour selection threshold, Assef et al.,
2018; 3 pass the more restrictive OQQ selection threshold, Stern et al., 2012). Some
of these, and most of the remaining serendipitous sources (those not analysed due to
low counts) show noisy WISE data (see Appendix B.3), and thus may also have been
excluded from selection due to insufficient SNR or not significant detections. This high-
lights the weakness of MIR selection in that it is restricted to bright MIR sources, and
some of its incompleteness will be due to thresholds set against low brightness sources
to improve reliability. Many known AGN do not pass the MIR selection criteria; the ma-
jority of these are lower luminosity and/or selected with optical spectroscopy. When
setting a higher luminosity threshold (see e.g. Sections 2.4.3, 2.4.5) we still find that a
high proportion are not selected, reinforcing the need for a multi-wavelength approach.

Figure 6.4 summarises the structure of the AGN studied in this work. It is a simpli-
tied schematic, showing only orientation based explanations for each source, and is
intended as a guide to the main sources found and studied in this thesis. Each quad-
rant shows AGN from a different chapter, showing their various appearances and con-
trast from more ‘typical” AGN. The top left corner shows the known AGN from LASr
which tend to be typical in the optical, or bright/less obscured in X-rays. These appear
as ‘normal” AGN in the unification scheme (Section 1.1.3), with a mix of Type 1 and
Type 2 AGN; as represented by the broad arrow showing the wide range of viewing
angles. In the bottom left, the central system remains the same, but Compton thick
column densities obscure the AGN activity, representing NuSTAR-selected hard X-ray
AGN. These may or not may not show a typical optical spectrum, but are more likely
to be Type 2 if they do. The right hand side of the diagram shows OQQs. In the top, a
‘cocooned” OQQ, producing intrinsically typical [O11I] emission that is obscured by a
larger region of material; the column depth of this could take any value, but must be
optically thick enough to extinct any emission. In the bottom, an OQQ that is intrinsi-
cally “‘young’, with no [O11I] produced. Ionising radiation has not reached the region
where narrow emission lines would be produced. By selection, these objects are still

optically obscured with no broad emission lines.

As a final summary, Figure 6.5 shows the areas of obscuration depth and geometry that
the searches in this thesis cover: LASr known AGN are primarily optically confirmed,
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and thus lower in covering factor; NSS hard AGN are heavily obscured, but covering
factor neutral; and OQQs (if ‘cocooned’; see Section 5.12) are high covering factor, but
with potentially any obscuration depth. Disparate in properties, they all share in their
ability to escape selection. I have shown here that although our knowledge of the AGN
population is constantly improving, there are areas and specific AGN classes where
lack of completeness and a dearth of confirmed sources place high uncertainties onto
any conclusions. As suggested here, we must both widen the selection of AGN to more
atypical objects and study their properties in detail.

W2 — W3 (mag)

LASr-GPS —-— 0QQ threshold
+  LASr known AGN © LASr follow-ups
B70 AGN % 0QQs
o  LASr AGN candidates B NSS extreme sources
------ LASr R90 threshold

FIGURE 6.3: W1 — W2 versus W2 — W3 colour-colour diagram (as in Figure 2.3a),

with all detected galaxies in the combined GPS (blue). Also shown: known AGN

in LASr (black crosses), LASr candidate AGN (small green circles), LASr follow-up

targets (large green circles), OQQs (blue crosses), and NSS sources (orange squares).
R90 selection threshold is shown as a dashed grey line.
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O LASr + NSS %*  'cocooned' OQQs

00 02 04 06 08 10
Covering factor

FIGURE 6.5: Schematic showing how the different search methods in this thesis dis-
cover different AGN obscuration.
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Appendix A

LASr AGN candidates with
X-SHOOTER: further information

A1l Swift-XRT observations of ESO495

Serendipitous observations of ESO495 are available with Swift-XRT. While this source
does not appear in the 2SXPS catalogue (Evans et al., 2020b), the online tool (Evans
et al., 2009) for combining and reducing all available data at a given location does result
in a detection, and a spectrum can be produced (see Figure A.1). I fitted this with an
absorbed powerlaw (the same as the basic model in Chapters 3 and 4). This results in
a very low, unabsorbed Ny level. A free fit results in an extremely high photon index
(>3), so instead is fixed to a high but more typical value of 2.2 (see e.g., Ricci et al,,
2017a). Fit statistic is 160 with d.o.f. 131. Observation IDs: 00047667001, 00047667002,
00082892002, 00082892003, 00089159001.
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FIGURE A.1: Swift-XRT spectrum of ESO495 with photon index I" fixed to 2.2.
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A.2 WISE four band images

In this section we present the WISE images for each band: W1 (3.4pm), W2 (4.6 um),
W3 (12um), and W4 (22 um). The AGN candidates from LASr are all selected in the
MIR using W1-W2 (Section 2.3.2) and W3 luminosities (where the emission is most
dominated by AGN heated dust). Thus here we show each band separately for illus-
tration, and to compare the appearance of nearby objects in the IR. Also shown are the
PanSTARRS irg images with W1 contours overlaid. CGCG058 shows tidal tails, pos-
sibly a sign of recent interaction. ESO343 is a close pair, both bright IR sources; the
partner is a known AGN. ESO495 may show a second bright region, but without a
separate redshift this is not confirmed to be part of the same system. The relationship
between galaxy mergers and AGN activity is discussed further in 3.4.2.
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ES0O495

(A) Four band WISE images of ESO495, log scale, with dashed circles of radius 9 arcseconds

centred on the catalogue coordinates.
ES0O495
.

(B) PanSTARRS irg bands converted to RGB image of ESO495. Dashed circle has 9 arcsec radius
and is centred on the catalogue source coordinates. Contours show WISE W1 data, with levels
at 1,5, and 50% of maximum.

FIGURE A.2: WISE and PanSTARRS images of ESO495.



A.2. WISE four band images 235

CGCGO58

.
.
L

(A) Four band WISE images of CGCGO58, log scale, with dashed circles of radius 9 arcseconds
centred on the catalogue coordinates.

(B) PanSTARRS irg bands converted to RGB image of CGCG058. Dashed circle has 9 arcsec
radius and is centred on the catalogue source coordinates. Contours show WISE W1 data, with
levels at 1, 5, and 50% of maximum.

FIGURE A.3: WISE and PanSTARRS images of CGCGO058.
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ESO343

.
.
(A) Four band WISE images of ESO343, log scale, with dashed circles of radius 9 arcseconds
centred on the catalogue coordinates.

(B) DSS2 red image of ESO343. Dashed circle has 9 arcsec radius and is centred on the catalogue
source coordinates. Contours show WISE W1 data, with levels at 1, 5, and 50% of maximum.

FIGURE A.4: WISE and PanSTARRS images of ESO343.
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NGC3094

(A) Four band WISE images of NGC3094, log scale, with dashed circles of radius 9 arcseconds
centred on the catalogue coordinates.

.

(B) PanSTARRS irg bands converted to RGB image of NGC3094. Dashed Circle has 9 arcsec
radius and is centred on the catalogue source coordinates. Contours show WISE W1 data, with
levels at 1, 5, and 50% of maximum.

FIGURE A.5: WISE and PanSTARRS images of NGC3094.
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A.3 Additional optical and NIR emission lines

This Appendix presents additional emission lines not presented in Section 2.5.2. We fo-
cus on high ionisation lines typically seen in AGN: the hydrogen Pax and Bry lines, the
forbidden [Si vI] line and Neon lines from NUV and NIR ([Ne11], [Ne111], and [Ne V]).
In ESO 495 the region around [Si Vi] shows a wave-like pattern that could be the result
of CCD fringing.
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Appendix B

NSS80 extreme sources: further

information

This Appendix contains extra information on classification of sources in the NSS80 cat-
alogue and infra-red WISE data for the sources analysed in Chapter 3 and Appendix
C.

B.1 Known AGN in the NSS80 catalogue

As in Chapter 2, we cross-matched the NSS80 sources with AGN catalogues to find any
objects which are previously known to be AGN, with visual checking to confirm that
these catalogue entries matched the likely origin of emission according to NSS80. We
matched with sources in the Véron-Cetty & Véron catalogue (13th edition; Véron-Cetty
and Véron, 2010, hereafter VCV), the analysed 2MRS spectra from Zaw et al. (2019)
(hereafter ZCF), and additionally any SDSS automatic classifications (see Section 2.1.1).
Figure B.1 shows the proportion of the total sources that are classified as such, and the
number of those that were selected as high band ratio sources in Chapter 3. Figure B.2
shows where these sources lie in terms of their redshifts and band ratios. The sources
above the threshold classed as AGN are: NuSTARJ050559-2349.9 (ZCF AGN, a source
from L2017), NuSTARJ115658+5508.2 (an SDSS QSO found to be a CT AGN in this
work), and NuSTARJ103456+3939.6 (a VCV AGN and SDSS QSO, also found to be a
CT AGN in this work). There are also four objects in the catalogue that may be matches
to sources in the Swift-BAT 105 month catalogue (Oh et al., 2018), but all have either no
redshift or an undefined band ratio and thus are not candidates to appear in this work.
One source, NuSTARJ023536-2938.6, is defined as a BL Lac object in VCV, but has no
redshift in either that catalogue or NSS80.
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FIGURE B.1: Classification of sources from NSS80. The largest section shows the full

catalogue, with (in descending order) sources with redshifts, known AGN (including

QS0Os), and sources with band ratio >1.7. The last category is divided into two: those
that are already categorised as AGN, and those which are not.
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Known AGN in the NSS80 catalogue
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B.2 Science targets of observations

Table B.1 shows information about the science targets of each observation used in this
work. Several targets are Swift-BAT AGN - this is an associated also noted in L2017,
where AGN tend to be located in large loose clusters. Two selected sources are known
to be close in redshift to the science targets. None of the serendipitous sources are
closely interacting with the science targets, or part of the analysis by the proposers!, so

we can treat them independently for modelling purposes.

B.3 WISE

MIR selection is a reliable method of selecting AGN (see Sections 2.3.2, 5.2). Here we
show the NuSTAR serendipitous sources on the WISE colour-colour plane, with thresh-
olds used for selection in other parts of this work, and images from each WISE band
(W1 (3.4um), W2 (4.6 um), W3 (12 um), and W4 (22 pm). They are mostly clear sources
in the MIR, but only a small fraction pass the selection threshold used in Chapters 4
and 5 (S12; Stern et al., 2012). The fraction of sources passing the R90 colour threshold
used in Chapter 2 (A18; Assef et al., 2018) is 5/9 - consistent with the completeness
found for the B70 AGN in Section 2.4.3. However, as shown in Figures B.4 to B.17 the
WISE data for these sources can be noisy, with low detection significances. Thus, they
may not pass strict MIR selection due to low SNR.

171502 is briefly mentioned in analysis of the supernova remnant; see Section C.2. However, it is not
their aim and is not considered in detail.
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FIGURE B.3: WISE colour-colour diagram of the high band ratio serendipitous sources.

Solid boxes represent the nine sources analysed in detail (Section 3.3.1 and Appendix

C). Faded boxes represent the low count detected sources, and empty boxes the non-

detected sources. For two sources the IR source selected in the NSS80 catalogue was

incorrect, and these are noted as “Alt. CatWISE'(i.e., a different source from CatWISE

was chosen) and ‘AIIWISE’ (a source from the older AIIWISE catalogue was preferred;
see Section C.4).
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JO107

FIGURE B.4: J0107: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J0229

FIGURE B.5: J0229: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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JO359

FIGURE B.6: J0359: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J0949

FIGURE B.7: J0949: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J1034

FIGURE B.8: J1034: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J1156

FIGURE B.9: J1156: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J1502

FIGURE B.10: J1502: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J1506

FIGURE B.11: J1506: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J1606

FIGURE B.12: J1606: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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FIGURE B.13: J1631: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J1942

FIGURE B.14: J1942: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J2143

FIGURE B.15: ]J2143: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J2249

FIGURE B.16: ]J2249: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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J2318

FIGURE B.17: ]J2318: WISE W1-W4. Small yellow circle shows the coordinates of the
optical counterpart, and the larger red circles the coordinates of the WISE source. Pink
contours show emission in the WISE W1 band.
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Appendix C

NSS80 extreme sources: Compton
thin sources

In this Appendix we present the discussion and results of each source not found to be
Compton thick. Each are heavily obscured (log Ny > 23 cm~2). In particular, J2143
(Section C.4) presents with a clear increase in luminosity between NuSTAR measure-
ments and appears to be an intrinsic change rather than an obscuration change. It is

interacting, in a group of three galaxies, the other two of which are soft X-ray sources.

C.1 NuSTARJ010739-1139.1

In optical imaging (PanSTARRS) NuSTARJ010739-1139.1 (hereafter J0107) appears to be
an edge-on galaxy (see Figure C.1a, left). A smaller galaxy, similar in appearance, can
be seen to the bottom right of the PanSTARRS image (outside of the NuSTAR circle) at
a close redshift to J0107. The NuSTAR, soft X-ray, IR and optical coordinates according
to NWAY matching from the 80-month catalogue are closely aligned (in Figure C.1, the
red, blue, orange and cyan circles respectively), so we can conclude that there is no
ambiguity about the source of the emission. In its optical spectrum (taken at Palomar;
see Klindt et al., 2022, submitted) it shows only narrow lines; thus for spectral fitting
we assume that the system is being viewed at a low angle.

It is bright in WISE (see Figure C.1a (right), and Figure B.4). Its W1-W2 colour is 0.963,
placing it above the threshold used in LASr (see Section 2.3.2) for selecting AGN can-
didates.

In X-rays, it is detected from 3-50 keV with NuSTAR, and additionally in a single Chan-
dra observation (see Figure C.1). Towards the bottom right of the Chandra image, there

is a second source visible which appears to be associated with an unrelated galaxy, vis-
ible in the PanSTARRS image. This galaxy is also visible in the WISE W1 image, but
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less brightly, especially for bands W2 — 4. It is not close enough in the Chandra image
to interfere with the soft spectrum, however it is possible that it contributes to the NuS-
TAR spectrum. It is not clear in the NuSTAR imaging that a separate source is present,
and at this stage we have assumed that its effect will be small.

The results of fitting the NuSTAR and Chandra spectra of J0107 with the simple ab-
sorbed powerlaw can be seen in Figure C.2. The intrinsic photon index of the pow-
erlaw was found to be 1.18"}%L. This is unusually low for an AGN, but due to the
low quality of the Chandra data, high uncertainty on I', and possible interference of
the second source, this result was accepted as the final result for J0107. The obscura-
tion depth was found to be logNy=23.62"%1> cm ™2 — not at Compton thick levels, but

1

heavily obscured. The observed luminosities were L,_1g xey=1.90x 10%? erg{1 s~ and

Lig_40 kev=1.69x10% erg=1 s~ 1.

J0107 is a previously known X-ray AGN - itis present in the BAT catalogues (Baumgart-
ner et al., 2013, Oh et al., 2018) and is part of a study by Zhao et al. (2021), who fit the
NuSTAR and Chandra data with an uncoupled BORUS02 model (with line-of-sight and
torus Ny not identical). They found a torus Ny of 23.47 and an unconstrained lower
limit on the Lo.s. Ny of 24.48 with a low covering factor of 0.1, indicating that it may
be Compton thick, depending on the complexity of the model used.
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JO107

K .

(A) J0107: (left) PanSTARRS irg image, (right) WISE W1 image.

JO107

NuSTAR 3-24 keV

(B) (left) NuSTAR 3-24 keV image, (right) XMM-Newton 0.5-10 keV image.

FIGURE C.1: Images of J0107, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).
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FIGURE C.2: J0107: (top) Spectrum of best fit CABSXZWABS xPOW model; (bottom) ratio between data and model. Shown is each observation
separately, as listed in Table 3.1, binned to a minimum of 2 counts per bin.
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C.2 NuSTARJ150225-4208.3

NuSTARJ150225-4208.3 (hereafter J1502) is located within a supernova remnant (SN1006),
which is strongly visible in the soft X-ray images (see Figure C.3). The source itself is
clearly distinct from this structure - it is mentioned as a >50 keV detected point source
in a study of the SNR (‘SW point source 1’; Li et al., 2018) and identified as a back-
ground AGN. The high background levels make it a difficult source to analyse. In
Figure C.3 the XMM-Newton image is shown in different bands: full band (0.5-10 keV),
1-10 keV, 2-10 keV, and 5-10 keV. The remnant is most clearly visible in the images in-
cluding the shorter bands, and is almost gone in the final image. Thus for this analysis
we restrict all data (XMM-Newton and NuSTAR) to >5 keV. For a more in depth analy-
sis, separate modelling of background and source spectra could produce good results,
but for the purposes of this investigation the simplest solution was chosen.

In optical imaging (DSS2, blue) J1502 appears to be an edge-on galaxy, but this is not
very clear due to the low resolution (see Figure C.4a, left). The NuSTAR, soft X-ray, IR
coordinates are closely aligned. In its optical spectrum (from UKST/6dF) it shows no
emission lines, only absorption; thus for spectral fitting we assume that the system is
being viewed at a low angle, and may be more obscured. The spectrum is not particu-

larly high quality; further analysis may benefit from a new observation.

It is clearly visible in WISE (see Figure C.4a, right). Its W1-W2 colour is 0.458. As with
J1156, this does not indicate that J1502 is not an AGN. A second WISE source is present
within the NuSTAR region, but it does not appear to be blended with J1502 and does
not have an associated X-ray source in XMM-Newton or Chandra.

In X-rays, it is detected from 3-50 keV with NuSTAR, with XMM-Newton, and with
Chandra (see Figure C.4). Background regions were chosen to represent the SN emission
at the source coordinates as closely as possible. XMM-Newton and NuSTAR only were
used for spectral fitting.

J1502 was not fit well with the absorbed powerlaw, and was fit instead with BORUS02,
the results of which are shown in Figure C.5. The cross-calibration constants of the
XMM-Newton data were allowed to vary (with the ratio between detectors kept con-
stant for individual observations). The intrinsic photon index of the powerlaw was
found to be '=1.45"%17 cm~2. The obscuration depth was found to be

logNp=23.73"%%) cm 2 — heavy but not Compton thick obscuration. The observed lu-

minosities were Ly_1( key=1.53 x 10%2 erg*1 s~ and Lyg_4 key=1.10x10% erg*1 sl
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J1502

XMM-Newton: 0.5-10 keV XMM-Newton: 1-10 keV

XMM-Newton: 2-10 keV XMM-Newton: 5-10 keV

FIGURE C.3: J1502: (top left) XMM-Newton 0.5-10 keV image, (top right) XMM-

Newton 1-10 keV image, (bottom left) XMM-Newton 2-10 keV image, (bottom right)

XMM-Newton 5-10 keV image. High background from SN remnant decreases a higher
energies.
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(A) J1502: (left) PanSTARRS irg image, (right) WISE W1 image.
J1502

NuSTAR 3-24 keV

(B) (left) NuSTAR 3-24 keV image, (middle) XMM-Newton 0.5-10 keV image, (right) Chandra
full band image.

FIGURE C.4: Images of J1502, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).
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FIGURE C.5: J1502: (top) Spectrum of best fit BORUS02 model; (bottom) ratio between data and model. Shown is each observation separately, as
listed in Table 3.1, binned to a minimum of 2 counts per bin.
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C.3 NuSTARJ160605-7252.6

NuSTARJ160605-7252.6 (hereafter J1606) is a known INTEGRAL and Swift source. Molina
et al. (2021) find that this INTEGRAL source is a blend of two separate AGN, and anal-
yse the Swift-XRT and NuSTAR data from these sources separately. In this paper, J1606
is referred to as LEDA 259580 and is fitted with an absorbed powerlaw similar to our
initial model, finding logNp=25.30"4% cm™2. This value would indicate extreme ab-
sorption, easily Compton thick - however noting the high uncertainties it cannot be
decisively defined. They conclude that it is likely that J1606 is the major source of the
INTEGRAL and Swift-BAT emission in the region. The redshift from NSS80 does not
match that in Molina et al. (2021); for this analysis we use the NSS80 value.

In optical imaging (DSS2, blue) J1606 is too small to make out any structure (see Figure
C.6a, left). The NuSTAR, soft X-ray, and IR coordinates are closely aligned. No optical

spectrum is currently available.

It is clearly visible in WISE (see Figure C.6a, right). Its W1-W2 colour is 1.78 - extremely
red, and well above MIR AGN selection thresholds. A second WISE source is present
within the NuSTAR region - it is brighter than J1606 in W1, but less bright at longer
wavelengths (Figure B.12). Given the less AGN-like colour of this second source and
the position of the Swift-XRT source, we can assume that J1606 is the source of the
NuSTAR emission.

In X-rays, it is detected from 3-50 keV with NuSTAR and with Swift-XRT (see Figure
C.6). Along with NuSTAR, stacked Swift-XRT spectra from the online tool (Evans et al.,
2009) were used for fitting.

The absorbed powerlaw made a reasonable fit to J1606, the results of which are shown

in Figure C.7. The intrinsic photon index of the powerlaw was found to be '=1.51*%!2 ecm™2.

The obscuration depth was found to be logNy=23.58"%% c¢m~2 — heavy but not Comp-

ton thick obscuration. The observed luminosities were Ly_1( xey=5.92 x 1043 elfg*1 s!

and Lyg_40 kev=3-35x10* erg 1 s71.
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(A) J1606: (left) PanSTARRS irg image, (right) WISE W1 image.

J1606

NuSTAR 3-24 keV Swift-XRT

(B) (left) NuSTAR 3-24 keV image, (right) Swift-XRT full band image.

FIGURE C.6: Images of J1606, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).
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C.3. NuSTARJ160605-7252.6
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C.4 NuSTARJ214320+4334.8

NuSTARJ214320+4334.8 (hereafter J2143, also known as UGC 11797) is part of a group
of galaxies (UGC 11798 and UGC 11801) (see Figure C.8a). Both companions are de-
tected by XMM-Newton (see Figure C.8b), and thus may also be AGN hosts. The optical
spectrum from Palomar shows broad emission lines. J2143 was host to a Ia supernova
in 2015 (Holoien et al., 2017), but this is unlikely to significantly contaminate AGN
emission!. J2143 is located at a low angle in the galactic plane (Seeberger and Saurer,
1998) and therefore has a significantly higher galactic absorption than the other sources.
In L2017, sources in this region were rejected, partly because it may be difficult to dis-
tinguish them from galactic sources. However, in the case of ]J2143, it is clear that this

is a true extragalactic source.

The WISE source assigned in NSS80 using NWAY is show with a yellow square in Figure
C.9a. In most cases we choose to trust the catalogue information; however, here there
is an obvious better match (shown in Figure C.9a with a yellow diamond). This is a
bright WISE source, closely aligned with the optical and soft X-ray coordinates, but it
does not appear in the CatWISE catalogue. We replace the WISE information for this
source with values from the older AIIWISE catalogue instead, and the W1 — W2 colour
from this catalogue is 0.123 — low for an AGN.

This source was measured over multiple epochs, and we fit the data in the following
groups (see Table 3.1 for observation IDs):

* 2016: NuSTAR only; for the absorbed powerlaw, a fit including soft data was not
possible.

e 2016: XMM-Newton (2016-05-16) and NuSTAR(2016-05-16); BORUS02.

e Jan 2021: XMM-Newton from 2018-11-24, NuSTAR from 2021-01-29; BORUS02,
with cross-calibration constant for XMM-Newton allowed to vary.

¢ Feb 2021: XMM-Newton from 2018-11-24, NuSTAR from 2021-02-28; BORUS02,
with cross-calibration constant for XMM-Newton allowed to vary.

e Mar 2021: XMM-Newton from 2018-11-24, NuSTAR from 2021-03-06; BORUS02,
with cross-calibration constant for XMM-Newton allowed to vary.

Table 3.1 shows the results of each model fit - each BORUS02 model provides a good
fit to the data, and the intrinsic spectral shape and Ny remain consistent within uncer-
tainties across each epoch. The mean '=1.51, and mean logNy=23.59 cm~2 (individual
values are in Table 3.1), making it a heavily obscured but not Compton thick source.

1The literature shows another supernova in 2001 — this is a mis-identification of the host galaxy.
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Spectra from each epoch are shown in Figure C.10 and the change in luminosity is
shown in Figure C.11.
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(A) PanSTARRS irg image of J2143 and surrounding region.

J2143

NuSTAR 3-24 keV XMM-Newton

(B) (left) NuSTAR 3-24 keV image, (right) XMM-Newton 0.5-10 keV image.

FIGURE C.8: Images of ]2143, with coordinates shown as follows: NuSTAR (red, 45 arc-
seconds), XMM-Newton (blue, 30 arcseconds), companion XMM-Newton (light blue, 30
arcseconds).
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(A) J2143: (left) PanSTARRS irg image, (right) WISE W1 image.

J2143

NuSTAR 3-24 keV XMM-Newton

(B) (left) NuSTAR 3-24 keV image, (right) XMM-Newton 0.5-10 keV image.

FIGURE C.9: Images of J2143, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).
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FIGURE C.10: J2143: spectra across measurement epochs.
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C.5 NuSTARJ224925-1917.5

NuSTAR]J224925-1917.5 (hereafter J2249) is detected in PanSTARRS (coordinates indi-
cated by a cyan circle in Figure C.12a, left), but is not clearly visible in the image. The
optical spectrum from Palomar is faint but shows narrow line emission. It is not an oth-
erwise previously known source. The optical, soft X-ray, and IR coordinates are closely
aligned.

It is detected in WISE but not clearly visible as a bright source (see Figure C.6a, right).
Its W1-W2 colour is 0.666 - for a source this dim in W2, the colour threshold for selec-
tion is increased, and it does not pass as a MIR selected AGN. A second WISE source
is present within the NuSTAR region - brighter in W1 and W2, but dropping out in
W3 and W4 (Figure B.16). There is no soft X-ray emission at these coordinates, so we
assume that the NuSTAR emission is from J2249. This source is present in the optical
image, but no redshift is available.

In X-rays, it is detected from 3-24 keV with NuSTARand XMM-Newton (see Figure
C.12). Including the soft data could not produce a good fit with the absorbed pow-
erlaw so it was excluded, and due to the low counts of the data a BORUSO02 fit was
not attempted. The results of the absorbed powerlaw are shown in Figure C.13. The

2

intrinsic photon index was fixed at '=1.9 cm™“. The obscuration depth was found

to be logNp=23.44*%% cm~2 — note the large lower uncertainty on this value, indi-
cating that the obscuration on this object is likely to be lighter than other sources

043

included here. The observed luminosities were L, 1 key=1.56x1 erg*1 s~! and

Lig_40 kev=4.57x108 erg=1 s~ 1.
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PanSTARRS

(A) J2249: (left) PanSTARRS irg image, (right) WISE W1 image.

12249
NuSTAR 3-24 keV XMM-Newton

]

(B) (left) NuSTAR 3-24 keV image, (right) XMM-Newton 0.5-10 keV image.

FIGURE C.12: Images of ]J2249, with multi-wavelength coordinates shown as follows:
NuSTAR (red, 45 arcseconds), XMM-Newton (blue, 30 arcseconds), WISE (yellow, 12
arcseconds), PanSTARRS (cyan, 6 arcseconds).
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separately, as listed in Table 3.1, binned to a minimum of 2 counts per bin.
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Appendix D

SDSS Spectra of OQQs

In this section I present the SDSS spectra of each OQQ. The first eight are shown in
Chapter 5, Figure 5.5. Wavelength shown in observed, and in the top left of each group
I show the location of three important features: [O111], Ha, and the 4000 A break.
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FIGURE D.1: SDSS spectra of the OQQs by RA, part two.
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