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ABSTRACT

Many Active Galactic Nuclei (AGN) surveys rely on optical emission line signatures for ro-
bust source classification. There are, however, examples of luminous AGN candidates lacking
such signatures, including those from the narrow line region, which are expected to be less
susceptible to classical nuclear (torus) obscuration. Here, we seek to formalise this subpop-
ulation of AGN with a prototypical candidate, SDSS J075139.06+402810.9. This shows IR
colours typical for AGN, an optical spectrum dominated by an early type galaxy continuum,
an [Om] 15007A limiting flux about two dex below Type 2 quasars at similar IR power, and a
k-corrected 12 um quasar-like luminosity of ~ 10* ergs~!. These characteristics are not con-
sistent with jet and host galaxy dilution. A potential scenario to explain this AGN quiescence
in the optical is a sky-covering “cocoon” of obscuring material, such that the AGN ionising
radiation is unable to escape and excite gas on kpc scales. Alternatively, we may be witnessing
the short phase between recent triggering of obscured AGN activity and the subsequent narrow
line excitation. This prototype could define the base properties of an emerging candidate AGN
subtype — an intriguing transitional phase in AGN and galaxy evolution.
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1 INTRODUCTION

Understanding Active Galactic Nuclei (AGN) growth and evolu-
tion remains an active research theme. Much of the uncertainty and
contention arises from the fact that AGN selection is a non-trivial
problem. Broadband multiwavelength emission originates over a
vast range of (logarithmic) physical scales of accreting and out-
flowing matter around the central engine, and is further sculpted
by obscuration and scattering due to dust and gas. (e.g. Brandt &
Alexander 2015; Hickox & Alexander 2018) — AGN that are ob-
vious in one selection regime are well hidden in others. If we are
to find and understand the complete AGN population, broadband
strategies are therefore necessary.

The orientation-based unification paradigm has helped enor-
mously in providing structure to this quest (e.g. Antonucci 1993;
Netzer 2015; Ramos Almeida & Ricci 2017). However, it has also
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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 influence of time-dependent changes to their
environment remains ill-understood. Finding AGN at various evo-
lutionary phases requires not only probing to higher redshifts, but
also adapting and combining common AGN selection strategies in
new directions.

In certain models of AGN evolution, for instance, significant
growth occurs while the central engine is completely enshrouded
by obscuring material with ~47m sky covering factors (e.g. Fabian
1999). Well-tested techniques based on searching for isotropically
emitted AGN signatures would be ineffective to find such ‘co-
cooned’ phases. These signatures include the narrow optical emis-
sion lines, in particular [Om] A5007A. These forbidden lines arise
from photoexcitation in the Narrow Line Region (NLR) on kpc
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). Dusty
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NLRs have been discussed for years (e.g., Netzer & Laor 1993),
but cocooned AGN, in contrast, would show a complete absence of
lines to deep limits if extreme covering factors can approach unity.
Searches for such cocooned AGN could be promising at wavelengths
less susceptible to dust (e.g. Gandhi et al. 2002; Ueda et al. 2007;
Imanishi et al. 2010), but the prevalence of such populations still
remains unclear, especially at the luminous end.

Similarly, AGN undergoing transitions may fail to be recog-
nised as such. A sudden onset of accretion activity on to a super-
massive black hole 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). Com-
prehensive searches of such populations of objects are thus vital to
constrain AGN at important junctions in their evolution.

As part of a systematic effort to identify and formalise such a
population, we have begun a search for optically quiescent quasars
(0QQ). Here, we present our first prototypical example, lay out
the framework for our search, and discuss implications of finding
more such objects. The full sample will be presented in a forthcom-
ing work (Greenwell et al., in prep.). We assume a flat cosmology
with Hy=67.4kms~! Mpc™! and Q4 =0.685 (Planck Collabora-
tion et al., 2020).

2 SELECTION OF A PROTOTYPE

With the ansatz of a cocooned AGN (an AGN enshrouded in ob-
scuring 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 ob-
jects 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 emis-
sion 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 obscuring 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.

We 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 um. 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 classi-
fied by SDSS as stars or quasars, and within a redshift range that
would put the [Or1] 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 number of spectra that were
optically classified as normal galaxies. MIR classification as AGN
was carried out by using well-tested colour thresholds. Specifically,
we 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,
we required a rest frame k-corrected monochromatic 12 um lumi-
nosity of L1, > 3 x 10* ergs™!. This is typical of quasars with
Lpor ~ 105 ergs™!, and distinguishes our study from searches for
so-called X-ray bright optically normal galaxies (XBONGS), which

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

Type NED name z log Lis/ergs™!
@ (@) 3 “

0QQ  SDSSJ075139.06+402810.9  0.587 45.12 £ 0.05

QSO2  SDSSJ125612.97+144121.0  0.580 45.04 + 0.05

Table 2. Stellar mass and star formation rates of J0751 and J1256. Column
details: (2) SFR derived from [Om] luminosity (Kennicutt 1998), (3), (4)
SFR and stellar mass according to agnfitter (see Section 3.2).

. [OII] based SFR  agnfitter SFR  stellar mass
Object
) M, per year M, per year log Mo
(@) 3 (C))
0.216 0.11
JO751 <0.40+0.11 O.OOIJ:O.001 1 1.15f0.04
0.11 0.03
J1256 5.11x1.46 L69*5 14 10.74%0 00

appear well explained by host galaxy dilution of less luminous AGN
(e.g. Moran et al. 2002).

The final requirement was the lack of any significant [Or]
emission in the SDSS spectra. This procedure yielded several hun-
dred candidates whose properties will be explored in an upcoming
work (Greenwell et al., in prep.). Here, we present a first candidate,
representative of our sample in terms of its high bolometric lumi-
nosity, reliability of redshift and optical spectral type, as well as a
deep limit on the (expected) optical emission line flux.

As a better understood ‘control’ group with similar (but com-
plementary) selection in terms of key parameters we choose to use
the population of Type 2 quasars (QSO2s), as selected by Reyes
et al. (2008). 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 [Om], in QSO2s.

3 OBJECT PROPERTIES

The prototype OQQ  candidate chosen is  SDSS
J075139.06+402810.9 (hereafter JO751). We also choose a
QSO02 close in redshift and luminosity to use as a direct comparison
— SDSS J125612.97+144121.0. 1deally 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 JO751 (see
Section 3.2), at this stage we focused only on matching the most
important properties. Spectra of these two objects are presented in
Figure 2, showing the stark difference in [Om] strength between
the two object types. Note also the similarity in continuum shape,
with the main difference being emission line strength in the QSO2.
Table 1 presents basic information about the two objects.

3.1 MIR Colour and Luminosity

The most convincing evidence for the presence of an AGN lies in the
MIR. A k-corrected 12 um 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 3.2 and Figure 3) 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
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Figure 1. (left) 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 black lines show the AGN wedge proposed by Mateos et al. (2012). Shown for comparison are QSO2s. (right) Upper
limit of [Or1] luminosity of OQQ (blue dash) compared to the measured [Omr] fluxes of QSO2s.
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Figure 2. Spectra, obtained by SDSS, of the primary OQQ candidate, JO751, compared to the QSO2 J1256. The top panel is scaled to show the OQQ (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 [O1]. The bottom panel is scaled to show the QSO2, which has multiple strong, narrow emission lines

of 95% (Stern et al. 2012), depending on the reliability of the
source data for this. 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 typically associated with
star formation, such as [O1] as the distribution of star formation
throughout the galaxy (rather than localised at the nucleus) means
that they are unlikely to be blocked by the same obscuring matter.

MNRAS 000, 1-5 ()

Conversely, if the star formation is localised at the nucleus we may
not expect to detect strong [O11] emission, but the SED fitting (see
Section 3.2 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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3.2 Spectral Energy Distribution (SED)

We use agnfitter (Calistro Rivera et al. 2016) to fit the SED of
JO751 and determine the relative galaxy and AGN system contri-
butions to the observed emission. This method uses the multiwave-
length 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 parame-
ter for our analysis is the contribution to the SED from the AGN
obscuring material in the MIR — a significant amount of emission is
needed from this component in order to reproduce the total. After
experimenting with different MCMC lengths, we selected one suffi-
cient 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).

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 2 the SFR obtained for J0751
is low, essentially an upper limit only, and is significantly higher
for J1256. The uncertainty on the optical SFR is higher than for
other agnfitter derived properties (excluding the FIR SFR) —e.g.
6-8% for J1256.

It is possible that the star formation may be located very close
to the nucleus, and as such may have [O] 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 CONTEXT
4.1 Cocooned AGN growth and the merger paradigm

AGN grow in proportion with the bulge of their host galaxies, on
average. One possible evolutionary track that could explain this
is merger-driven evolution (Fabian 1999; Kormendy & Ho 2013;
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 obscures the nucleus. As the AGN brightens,
radiation pressure clears away the obscuring 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 plausible 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 JO751, 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 & Alexander 2009).

Optical images from SDSS and Pan-STARRS show a compact,
red galaxy, with no apparent ongoing merging activity. Higher res-
olution images may be able to shed more light on the recent history
of this galaxy — Pan-STARRS provides a median image quality of
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 JO751 (Figure 2) imply that there
is very little star formation. The prominent 4000 A break also dis-

tinguishes JO751 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 modelling by agnfitter gives slightly different
values of 0.001 and 1.69 Mg, per year, respectively. In principle Ho
could also provide useful constraints here, but is shifted redward 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 re-
sult 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 solu-
tions is likely. There is no reason to expect SF triggering to await
AGN triggering if there is plentiful gas supply in the environment.

4.2 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 [Omi] 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 trigger, 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.
Typical 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. (2020), so a steady source of
excitation is important. A final possibility is that the NLR gas is
no 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.

We have presented the first prototype in an effort to formalise
the population of OQQs. Similar objects have cropped up in vari-
ous other studies, but have not yet been systematically 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 [Omi] lines. Glikman et al. (2012) use cross-matches be-
tween FIRST (Becker et al. 1995) and 2MASS (Skrutskie et al.
2006). Ueda et al. (2007) selected ‘geometrically thick torus” AGN
by looking for low-scattering X-ray fractions in the Swift/BAT sur-
vey; these could be lower luminosity cousins to OQQs. All such
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Figure 3. 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 and total only. Blue emission directly from the accretion disc is much more prominent for J1256 than for J0751,

whereas the hot dust emission from JO751 is required to be higher.

objects, although not identical to OQQs, could represent a similar
population, or a close phase in a lifecycle containing both, so a pop-
ulation 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
we have without an AGN, the spectrum would need to be heavily
dominated by starburst activity in the IR. The weakness of the non-
[Om1] emission lines present make this extremely unlikely.

Polarimetric observations, infrared spectroscopy and X-ray ob-
servations 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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