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A B S T R A C T 

The growth of active galactic nuclei (AGNs) occurs under some form of obscuration in a large fraction of the population. 
The difficulty in constraining this population leads to high uncertainties in cosmic X-ray background and galaxy evolution 

models. Using an SDSS–WISE cross-match, we target infrared luminous AGN ( W 1 − W 2 > 0.8, and monochromatic rest-frame 
luminosity abo v e λL λ(12 μm) ≈ 3 × 10 

44 erg s −1 ), but with passive galaxy-like optical spectra (Optically Quiescent Quasars; 
OQQs). We find 47 objects that show no significant [O III ] λ5007 emission, a typically strong AGN optical emission line. As 
a comparison sample, we examine SDSS-selected Type 2 quasars (QSO2s), which show a significant [O III ] λ5007 line by 

definition. We find a 1:16 ratio of OQQs compared to QSO2s, suggesting that the OQQ duty cycle is likely much shorter than 

that of QSO2s (though selection biases are not fully quantified). We consider observed properties in comparison with other 
galaxy types, and examine them for consistency with theories on their intrinsic nature: chiefly (a) a high co v ering factor for 
surrounding obscuring matter, preventing the detection of high-ionisation emission lines – ‘cocooned AGN’; or (b) ionized gas 
being absent on the kpc scales of the Narrow Line Region (NLR), perhaps due to a ‘switching on’ or ‘young’ AGN. OQQs do 

not obviously fit the standard paradigm for merger-driven AGN and host galaxy evolution, implying we may be missing part of 
the flow of AGN evolution. 

K ey words: galaxies: acti ve – quasars: general – infrared: galaxies – X-rays: galaxies. 
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 I N T RO D U C T I O N  

he census of active galactic nuclei (AGNs) is, at present, highly 
ncomplete. Dusty gas that feeds supermassive black hole growth can 
bscure the nucleus, resulting in an attenuation of AGN signatures 
long the line-of-sight (l.o.s.). This is not a minor effect: the majority
f AGN are affected by obscuration. There are many lines of
vidence pointing to this. Studies of the cosmic X-ray background 
adiation require obscuration by neutral gas with column densities 
 N H ) exceeding 10 22 cm 

−2 with between 2–5 as many times obscured
GN as unobscured ones (e.g. Setti & Woltjer 1989 ; Fabian &

w asaw a 1999 ; Gandhi & Fabian 2003 ; Gilli, Comastri & Hasinger
007 ; Treister, Urry & Virani 2009 ; Ueda et al. 2014 ; Ananna
t al. 2019 ). In the optical, obscuration can successfully explain 
he variety of observed AGN classes. Optical Type 1 AGN show 

road emission lines with widths of several thousand km s −1 arising
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n scales of ∼ 30 L 

0 . 7 
5100 light-days, where L 5100 is the continuum rest-

rame luminosity at 5100 Å in units of 10 44 erg s −1 (e.g. Kaspi et al.
000 ). Observing these close nuclear scales requires an extinction- 
ree l.o.s.. Type 1 and Type 2 AGN show narrower emission lines
ith widths of a few hundred km s −1 , which arise on scales of tens

o thousands of pc. This difference in appearance can naturally be
xplained by an anisotropic distribution of dust which obscures the 
lose-in broad lines, but not the larger scale narrower ones. In this
ay, the zoo of AGN classes can be unified. This model can also
 xplain observ ed polarization fractions of broad emission lines (e.g.
ntonucci & Miller 1985 ; Peterson 1997 ). In the radio, the radio-

oud. 1 subset of obscured quasars (‘radio galaxies’) was the first 
ignificant population of powerful and heavily absorbed AGN to 
e followed up in detail (e.g. McCarthy 1993 ; Miley & De Breuck
008 ; Toba et al. 2019 ); many X-ray studies have now shown them to
 Defined as galaxies that have significant emission at radio wavelengths; 
adio (5GHz) to optical ( B -band) ratio � 10 (Kellermann et al. 1989 ) 

is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-7719-5809
http://orcid.org/0000-0003-3105-2615
http://orcid.org/0000-0002-5328-9827
http://orcid.org/0000-0002-3531-7863
mailto:claire.l.greenwell@durham.ac.uk
https://creativecommons.org/licenses/by/4.0/


12066 C. Greenwell et al. 

M

b  

2
 

t  

m  

i  

&  

a  

v  

L  

t  

c  

i  

a  

c  

u  

e  

o  

‘  

i  

c  

i  

a  

a  

g  

s  

e  

a  

(  

h  

e  

w  

a  

l  

H
 

d  

s  

r  

a  

a  

a  

e  

e  

2  

a  

b  

e  

2  

R
 

t  

f  

n  

i  

s  

t  

N  

H  

l  

o  

T  

h  

I  

o  

l  

a  

o  

i  

i  

2  

b  

B  

e  

c  

o  

t  

i  

r  

N
 

A  

i  

o  

b  

2  

D  

A  

t  

i  

2  

t  

M  

e  

i  

q
 

u  

i  

c  

A  

s  

H  

2

2

2

T  

i  

4  

c  

i  

(  

w  

r  

p  

b  

2 http:// wise2.ipac.caltech.edu/ docs/ release/ allsky/ 
3 http:// wise2.ipac.caltech.edu/ docs/ release/ allwise/ 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/12065/7503920 by guest on 19 M
arch 2024
e strongly obscured, on av erage (e.g. Gandhi, F abian & Cra wford
006 ; Tozzi et al. 2009 ; Wilkes et al. 2013 ). 
The column density and geometry of obscuring matter are expected

o naturally evolve as AGN and their host galaxies grow, and many
odels posit that the bulk of supermassive black hole growth occurs

n highly obscured phases (e.g. Fabian 1999 ; Di Matteo, Springel
 Hernquist 2005 ; Hopkins et al. 2006 ). AGN are also known to

ppear to change classification o v er time, from Type 1 to 2 and vice
ersa (Yang et al. 2018 ). These objects, referred to as ‘Changing
ook’ AGN, show changes in emission line and continuum flux o v er

imescales up to a few years. The physical mechanisms behind these
hanges are not well understood: the two main theories are variation
n the line-of-sight obscuration (e.g. a clumpy torus; Elitzur 2012 ),
 change in the accretion rate (e.g. Sheng et al. 2017 ), or thermal
hanges in the inner accretion disc (e.g. Stern et al. 2018 ). Any
nusual AGN appearance must be considered in this context – lack of
mission lines could be a transitional state of changing obscuration,
r a change in intrinsic line production. Objects in the process of
switching on’ are a rare, brief chapter in the growth of AGN, an
mportant but not well understood period. Sources with extreme
o v ering factors approaching unity could also probe a unique phase
n AGN evolution, indicating either strong growth rates with plenty of
vailable circumnuclear matter for accretion or perhaps sky covering
s a result of merger-driven turbulence. Several studies have linked
alaxy mergers with higher rates of obscured AGN in MIR selected
amples (e.g. Glikman et al. 2012 ; Satyapal et al. 2017 ; Weston
t al. 2017 ). Although Se yfert galaxies with high co v ering factors
pproaching unity have been inferred in detailed individual studies
Ramos Almeida et al. 2009 ), the fraction of highly co v ered AGN at
igh power is expected to be small (e.g. Toba et al. 2014 ; Stalevski
t al. 2016 , although the dependence on luminosity is weak and not
ithout counter-evidence – e.g. Netzer et al. 2016 ). Theoretically,

ccretion from large scales is not expected to be isotropic and is
ikely to be mediated via discs, warps, and other instabilities (e.g.
 ̈onig 2019 ). 
The infrared regime is particularly ef fecti ve for studies of AGN

ust co v ering factors, and for studies of AGN with absorbed optical
ignatures. This is because dust serves as a bolometer, absorbing and
eprocessing the AGN power to the mid-infrared (MIR), providing
 probe of the obscuring material in emission , as opposed to the
bsorption pathway provided in optical and X-ray studies. High
ngular resolution multiwavelength studies suggest that the MIR
mission is ef fecti vely (to within a factor of a few) isotropic (Gandhi
t al. 2009 ; Levenson et al. 2009 ; Asmus et al. 2015 ; Stalevski et al.
016 ). Co v ering fractions derived from MIR AGN number counts
nd modelling of individual spectral energy distributions may also
e a function of luminosity (Maiolino et al. 2007 ; Alonso-Herrero
t al. 2011 ; Assef et al. 2013 ; Toba et al. 2013 , 2014 ; Toba et al.
021 ), though this remains contro v ersial (La wrence & Elvis 2010 ;
oseboom et al. 2013 ; Assef et al. 2015 ). 
One limitation of most works on co v ering fraction to-date is

he requirement for the presence of AGN emission lines (typically
orbidden lines from the Narrow Line Region; NLR) in the optical or
ear-infrared, used to confirm the presence of an AGN and/or redshift
dentification. If AGN emission lines are observed, this implies that
ome intrinsic power must be escaping the A GN en vironment and
he source cannot be fully co v ered. The presence of dust in AGN
LRs has been known for some time (e.g. Netzer & Laor 1993 ;
aas et al. 2005 ; Netzer et al. 2006 ) and can attenuate forbidden

ine fluxes, but selecting fully covered AGN is dif ficult, gi ven the
bvious observational biases against identifying such a population.
hus, there have only been a limited number of studies of AGN in the
NRAS 527, 12065–12090 (2024) 
igh co v ering factor re gime (e.g. Gandhi, Cra wford & F abian 2002 ;
manishi et al. 2007 ). The [O III ] λ5007 line is one of the strongest
ptical AGN emission lines and can be used as a proxy for bolometric
uminosity (e.g. Heckman et al. 2004 ). It arises in the NLR, likely
s a result of photoionization by AGN radiation. This places the line
rigin beyond the putative classical torus of unification models, so
t should not be affected by l.o.s. nuclear reddening (although there
s some effect, e.g. on the bolometric correction; Lamastra et al.
009 ). Narrow line emission, and in particular [O III ], is assumed to
e present in the majority of AGN and is often used for selection; e.g.
PT diagrams (K e wley et al. 2006 ) and Type 2 quasars (Zakamska
t al. 2003 ). Sources lacking this line are unusual among AGN
atalogues, and by selecting based on this absence we can target
bjects either (a) with unstable large scale obscuration preventing
ransmission of [O III ], or (b) in which the physical conditions result
n no line formation in the first place; for example if the AGN is
ecently switched on, and the ionizing radiation has not yet reached
LR scales. 
Recent large surv e ys now enable studies searching for elusive

GN subtypes to be carried out. Here, we go beyond previous works
n selecting candidate mid-infrared (MIR) quasars that show no
ptical signatures. For this, we use the latest all-sky MIR survey
y the Wide-field Infrared Survey Explorer ( WISE ; Wright et al.
010 ) mission, combined with optical spectroscopy from the Sloan
igital Sk y Surv e y (SDSS) to select MIR-luminous sources with
GN-like MIR colours but with early-type galaxy optical spectra. In

his way, we a v oid star -forming galaxies and associated degeneracies
n separating such systems from AGN (e.g. Trouille & Barger
010 ). At lower luminosity, spectral dilution of AGN emission by
he host galaxy cannot be neglected (e.g. Comastri et al. 2002 ;

oran, Filippenko & Chornock 2002 ; Caccianiga et al. 2007 ; Ci v ano
t al. 2007 ; Cocchia et al. 2007 ). At high luminosity, it becomes
ncreasingly difficult for the host galaxy to dilute the AGN, so MIR
uasar studies offer a clean probe of nuclear activity. 
The structure of this paper is as follows. We describe the data

sed and our sample selection in Sections 2 and 3 . Results follow
n Section 4 . A detailed discussion of implications, caveats, and
omparisons with other source classes can be found in Section 6 .
n Appendix includes information on individual sources, the optical

pectra and broad-band SEDs. We assume a flat cosmology with
 0 = 67.4 km s −1 Mpc −1 and �� 

= 0.685 (Planck Collaboration VI
018 ). 

 DATA  

.1 WISE 

he WISE satellite has carried out a highly sensitive all-sky survey
n four bands ( W 1, W 2, W 3, and W 4, centred on wavelengths of 3.4,
.6, 12, and 22 μm, respecti vely). The ef fecti ve angular resolution
orresponds to a Gaussian with full-width-at-half-maximum 6 arcsec
n W 1 − W 3, and 12 arcsec in W 4. The SDSS fifteenth Data Release
Aguado 2019 ) includes pre-calculated astrometric cross-matches
ith the earlier WISE data release ( WISE -AllSky 2 ). The AllWISE

elease 3 includes data from both the cryogenic and post-cryogenic
hases of the mission, and therefore contains better quality data, with
etter photometric sensivitity, particularly in the W 1 and W 2 bands.

http://wise2.ipac.caltech.edu/docs/release/allsky/
http://wise2.ipac.caltech.edu/docs/release/allwise/
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Figure 1. SDSS–WISE nearest counterpart cross-matching distance distri- 
bution. Numbers in orange indicate the fraction of sources in the accepted 
(left) and rejected (right) sections. 
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he cross-matching with SDSS and WISE -AllSky was used, and the 
ISE magnitudes updated with AllWISE values. 
We choose to use the AllWISE data rather than the more recent

atWISE (Marocco et al. 2021 ) because the W 3 and W 4 measure-
ents are vital to the selection process, and these two bands were

nly in operation in the earlier cryogenic years of WISE . Although
atWISE may hav e pro vided more accurate photometry, (a) we 
re only looking at bright sources, which should be present in the
arlier catalogues, and (b) in case of variation in source output it
s best to use measurements from all four bands taken in the same
ime period. 

.2 SDSS 

ata from the SDSS data release 15 (DR15; Aguado 2019 ), including
aryon Oscillation Spectroscopic Surv e y (BOSS) spectra (Dawson 
t al. 2013 ), were used for cross-matching with the WISE catalogue.

The rele v ant tables are: 

(i) SpecObjAll : the base SDSS table for spectroscopic obser- 
ations, containing all measured spectra, including potentially bad 
r duplicate data. Contains 4,851,200 sources. 
(ii) SpecObj : the sub table of SpecObjAll , containing only 

he clean data, filtered for duplicates. Contains 4,311,571 sources. 
(iii) PhotoObjAll : the base SDSS table for all photometric 

bservations. Contains 1,231,051,050 measurements. 
(iv) PhotoObj : the subset of PhotoObjAll containing only 

rimary and secondary objects (i.e. not a family object, outside 
he chunk boundary, or within a hole 4 ). Contains 794,328,715 

easurements. 
(v) wise allsky : the WISE catalogue from the WISE -AllSky 

ata release. Contains 563,921,584 sources. 
(vi) wise xmatch : a joined table that contains pointers to SDSS 

nd WISE -AllSky measurements, from astrometric cross-matches 
etween the two. Contains 495,003,196 cross-matches. 

 SAMPLE  SELECTION  

he initial SDSS to WISE crossmatch (table wise xmatch ) uses a
 arcsec distance threshold. The nominal WISE positional accuracy 
s actually significantly better than this 5 This is also seen in the
istribution of associated counterpart distances shown in Fig. 1 , 
hich peaks at < 0.2 arcsec. A few selection tests showed that an

ncreasing fraction of ambiguous counterpart identification (e.g. two 
otential SDSS sources for a single WISE source) for distances of
ore than 1 arcsec. In fact, the vast majority (86.4 per cent) of

losest associations lie at distances of less than 1 arcsec, so this is the
hreshold we selected to build our catalogue. We have chosen to do
ross-matching based on positional separation only rather than using 
 more statistical method (e.g. NWAY , Salvato et al. 2018 ) due to
he low incidence of multiple potential counterparts. The probability 
f each match being correct is high, based on low- WISE positional
ncertainties. 
The initial set was based on the wise xmatch catalogue, with 

very spectral and photometric match joined (where one existed). The 
otal number of objects in this table is 495,003,196. 6 From these, we
elected sources using the following criteria: 
 https:// www.sdss.org/ dr15/ algorithms/ masks/ 
 http:// wise2.ipac.caltech.edu/ docs/ release/ allwise/ expsup/ sec2 5.html 
 3252 of these have W1 magnitude = 9999, i.e. are not usable. 

l  

o
n  

r

(i) W1 − W2 ≥ 0.8 : This colour threshold has been shown by
tern et al. ( 2012 ) to be an efficient AGN selection criterion, yielding
GN samples with very high ( ∼95 per cent) reliability and good
 ∼80 per cent) completeness at high X-ray luminosities. AGNs are
xpected to heat dust to temperatures of several hundred degrees 
, approaching sublimation, resulting in an SED peaking at a few
icrons and producing a red W 1 − W 2 colour. Whereas the colour

ut alone can be contaminated by cool brown dwarfs, dust-reddened 
tars and star-forming galaxies (e.g. Stern et al. 2012 ; Yan et al. 2013 ;
ainline et al. 2014 ; Assef et al. 2018 ), our additional luminosity

election of only the most powerful sources is expected to weed
ut most such contaminants, preferentially selecting AGN alone (see 
tep vi). We will return to this point in Section 6 . 

(ii) WISE –SDSS cross-match distance – required to be 
 1 arcsec as discussed abo v e. 
(iii) Reliable redshift: 

(a) z ERR/z ≤0.01 – a fractional error of 1 per cent 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 0.000 16, i.e.
much smaller than the adopted threshold of 1 per cent which is
designed to weed out the most obvious unreliable sources. 

(b) zWarning flag (SDSS) = 0, indicating high confidence 
in the redshift. Possible causes for a warning flag include poor or
inconclusi ve fits, insuf ficient wav elength co v erage, or problems
with the instrumentation. 

(iv) Redshift limit: 0 < z ≤ 0.83 (for SDSS spectroscopy) or 
 < z ≤ 1.065 (for BOSS spectroscopy) – this ensures that all spectra
o v er the redshifted [O III ] λ5007 line. For SDSS, this is identical to
he redshift cut adopted by Reyes et al. ( 2008 ) for selecting [O III ]–
uminous Type 2 quasars, thus allowing us to contrast this class
f objects with our targets. We additionally include spectra from 

ewer surv e y programmes, and as these use a wider wavelength
ange spectrometer, we can include some further objects. 

(v) Reliable WISE data: 
MNRAS 527, 12065–12090 (2024) 
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Table 2. Process of cutting down objects. A full description of the steps is 
available in Section 3 . 

Criteria Number Percentage 

Step 0 Full xmatch table 495,003,196 
Step 1 W 1 − W 2 ≥ 0.8 391,049 100.0 % 

Step 2 xmatch < 1 arcsec 356,665 91.21 % 

Step 3 Redshift error < 1 % 352,522 90.15 % 

Step 4 No redshift warning 335,256 85.73 % 

Step 5 z in range 89,425 22.87 % 

Step 6 Reliable WISE data 50,207 12.84 % 

Step 7 L 12 ≥ 3 × 10 44 erg s −1 36,642 9.37 % 

Step 8 Class = GALAXY 2,033 0.520 % 

Step 9 Subclass = null 1,175 0.300 % 

Step 10 Primary science spectra 1,025 0.262 % 

Step 11 No [O III ] by fitting check 125 0.032 % 

Step 12 Estimated SNR ≥ 2 86 0.022 % 

Step 13 Visual check 47 0.012 % 
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(a) 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 artefacts that can cause confusion or
contamination in any of the bands. 

(b) WISE W?ph qual �= ‘U’ AND W?ph qual �= ‘X’ AND
W?ph qual �= ‘Z’. This ensures a detection, reliable photom-
etry, and measurable uncertainty in all WISE bands (with a
signal:noise al w ays abo v e 2 and in the majority of sources
abo v e 3), allowing a robust measurement of the MIR source
monochromatic fluxes (see the next point) as well as MIR SEDs.

(vi) IR luminosity: L 12 ≥ 3 × 10 44 erg s −1 , where L 12 is the k -
orrected monochromatic 12 μm luminosity ( λL λ), computed by
imple linear interpolation between log( λL λ( W 3)) and log( λL λ( W 4))
o rest-frame. For the MIR versus X-ray relation of Gandhi et al.
 2009 ), this L 12 corresponds to an intrinsic 2–10 keV X-ray luminos-
ty of ≥10 44 erg s −1 , widely adopted as the threshold for selection
f sources with quasar X-ray luminosities (e.g. Gandhi et al. 2004 ;
rusa et al. 2009 ; Mainieri et al. 2011 ). Furthermore, the WISE ex-

ragalactic source population abo v e this 12 μm luminosity threshold
corresponding to ≈ 10 11 L �) comprises AGN almost e xclusiv ely
Donoso et al. 2012 ). 

(vii) SDSS classification: CLASS = ‘ GALAXY ’ and SUB-
LASS = ‘’–the CLASS selection remo v es sources with detected
mission lines characteristic of QSOs (stars already having been
ulled by the redshift criteria). The SUBCLASS selection further
emo v es sources with emission lines characteristic of Seyfert and
INERs, as well as star-forming and starburst systems. 7 

(viii) Best available spectrum: SciencePrimary = 1. This
ndicates that the spectra are considered by SDSS to be the best
vailable for each object. 

(ix) No significant detection of [O III ] λ5007 . The emission-
inesPort table contains detailed flux fitting of a large number of
DSS spectra, but has the disadvantage of not having been applied

o many newer spectra. In order to include the maximum number of
ossible spectra, we measured the significance of the [O III ] λ5007
ine flux directly, similarly to the method used to fit [O III ] lines when
electing for QSO2s (Reyes et al. 2008 ): Gaussian curves were fit to
est-frame positions of [O III ] λ5007 in the spectral data from SDSS.
he outcome of this trial was that a subset of the objects had no
pparent [O III ] emission line, and therefore these will comprise the
nal sample. A more detailed explanation of this trial is presented in
ppendix B1 . 
(x) Continuum SNR limit: Estimate of SNR in the direct region

round where an [O III ] line would be detected. This is to remo v e
ny objects where the noise in the region of interest is o v erwhelming
he measurement, leading to artificially high upper limits for the
ine flux. A more detailed explanation of this trial is presented in
ppendix B3 . 
(xi) Visual inspection of sources: Automatic classification is not

erfect, and a number of sources with e.g. obviously wrong redshift,
lassification, or visible emission lines were rejected in this final
tep. 

An o v erview of the selection steps can be seen in Table 2 . 

.1 Sample contaminants 

lthough the selection steps are designed conserv ati vely to produce
 clean sample, we must consider the possibility of contaminant
NRAS 527, 12065–12090 (2024) 

 https:// www.sdss.org/ dr15/ spectro/ catalogs/ #Objectinformation 

o
 

(

bjects; i.e. sources that pass all the same criteria but are not
redominantly AGN powered. 

(i) Blazars (as discussed further in Section 6.3.7 ) are highly
uminous and are generally lacking strong emission lines. Ho we ver,
he shape of their optical spectrum is often very distinct, and any
lear blazars were remo v ed in step (xi). 

(ii) Luminous dusty star-forming galaxies may reach luminosi-
ies comparable to the OQQ threshold in rare cases. To assess this
robability, we compare with the catalogue produced by Chang et al.
 2015 ), selecting non-quiescent galaxies (using the threshold from
arnall et al. 2023 ) and processing them through the OQQ MIR

election. We find that only ∼0.01 per cent would pass the colour
nd luminosity criteria. If we also include the SDSS spectroscopic
equirement for a null classification based on emission lines, no
ources remain. This is logical, as any star formation intense enough
o produce MIR emission on this level is likely to show strong
mission lines on a galactic scale. The amount and distribution of
ust that would be required to reduce the fluxes of these lines to
he lo w le vels detected (or upper limits of non-detections) would be
ighly unrealistic. 
(iii) Compact Obscured Nuclei (CONs) (as discussed further in

ection 6.3.1 ) may represent a more likely class of contaminants,
lthough still low probability o v erall. These sources contain a dense,
R-bright core that may be powered by compact star formation or
n AGN, but are usually found in LIRGs, ULIRGs, and disturbed
ystems which typically show strong optical emission lines. CONs
re currently thought to be rare, but both their intrinsic power source
nd true number counts are unknown. We should note that they
ould only be considered contaminants if they are powered by star-

ormation – if they contain a strong AGN and reside in quiescent
alaxies they would be correctly included as OQQs. 

.2 Comparison population 

s a comparative and complementary sample, we use a combination
f 

(i) The SDSS-selected sample of Type 2 quasars from Reyes
t al. ( 2008 ). These are sources that are high luminosity ( L bol >

0 45 erg s −1 ), show a significant [O III ] λ5007 line, and are optically
bscured (Reyes et al. 2008 ). 
(ii) A later , but similar , sample from Yuan, Strauss & Zakamska

 2016 ) selecting QSO2s from both SDSS and BOSS spectroscopy. 

https://www.sdss.org/dr15/spectro/catalogs/#Objectinformation
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nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/12065/7503920 by guest on 19 M
arch 2024
These objects provide a valuable counterpoint to our selection, 
hich is also based on high luminosity, but with no detectable 

O III ] λ5007 flux. We combine the two tables, removing any du-
licates. A small minority of sources were selected by Yuan, Strauss
 Zakamska ( 2016 ) as having the wrong redshift fit by SDSS, and

heir corrected redshift is used in the processing. These are flagged in
he table. The same procedure as used for the OQQs is used to match
hese QSO2s with WISE and the same luminosity cuts as outlined 
n Section 3 are applied to the combined catalogue to produce the
nal comparison set. The sample includes only objects at z< 1.06, 

he range where [O III ] can be detected in BOSS. 

 RESULTS  

.1 General sample properties 

he number of sources that cumulatively pass all selections is 47. 
e refer to this sample as ‘Optically Quiescent Quasars’ or OQQs. 8 

nformation on the final list is in Table 1 . A sample of their spectra
re in Fig. A1 . The sources span a range in redshift of 0.33 ≤ z ≤
.94 (see Fig. 2 ). No sources show significant [O III ] λ5007 lines, by
election, but other lo w-le vel emission lines are present in several
ases. 

Fig. 2 (main panel) shows the distribution across 12 μm luminosity 
nd redshift for the OQQ sample and the QSO2 comparison set. Fig.
 (bottom) shows the redshift distribution of both the OQQ sample 
nd the QSO2 comparison sample, and Fig. 2 (right) shows the 
istribution with L 12 . The K–S statistic comparing the OQQ and 
SO2 distributions is 0.073 for L 12 and 0.209 for redshift, with p-
alues 0.874 for L 12 and 0.007 for redshift. These results indicate 
hat the samples are likely to come from populations with the same
istribution in terms of luminosity, but with a different distribution 
n redshift. This is partly due to the combined selection of QSO2s
rom different studies, and the upgrade of the SDSS spectrometer –
he original SDSS spectrometer would only allow measurements of 
O III ] up to z ∼ 0.83, hence the jump in distribution at this point.
his does not invalidate their use as counterpart objects, but may 
ave implications for any detailed analysis of evolution over time. 

.2 Continuum properties 

ith regard to the infrared properties of the sources, the WISE colours
re plotted in Fig. 3 on the canonical WISE colour–colour plane. The
olours of all sources are consistent with being AGN-dominated in 
he MIR according to the Stern et al. ( 2012 ) colour cut, by selection.
n addition, most of the sources also lie within the WISE AGN wedge
roposed by Mateos et al. ( 2012 ). 
Fig. 4 compares the WISE and SDSS luminosities of the sources.

or each source, we plot the monochromatic 12 μm and 5100 Å
bserved (i.e. not absorption-corrected) rest-frame luminosities (in 
L λ). 
The same figure also includes QSO2s: as already mentioned, 

SO2s are likely to be a complementary sample to OQQs. All QSO2s
ith a WISE counterpart and MIR luminosity L 12 > 3 × 10 44 erg s −1 

re included (as described in Section 3.2 ), mimicking our selection 
trategy, and resulting in a sample of 1990 QSO2s. The OQQ sample
s reasonably well matched to the sample of QSO2s: at 5100 Å the
 With the use of ‘quasar’ in this paper we are referring to high luminosity 
GN rather than Type 1 AGN. 

s  

s  

c
 

l  
verage luminosity of the QSO2s is slightly dimmer, and the same
to a lesser extent) at 12 μm. 

.3 Emission line properties 

ig. 5 compares the 3 σ limits on the [O III ] line luminosity with
he observed MIR power. The dashed line denotes the relation 
 [O III ] = 4 × 10 −5 L 12 , which is the median ratio of the [O III ] limits

o the 12 μm detections for the OQQs. The plot shows that our
ources have a similar MIR luminosity distribution as QSO2s abo v e
he selection threshold of L 12 > 3 × 10 44 erg s −1 . On the other hand,
he L [O III ] limits of OQQs clearly lie much below the corresponding
ypical line detections for QSO2s. 

In the following steps, we fit lines to the OQQ and QSO2
opulations in order to estimate the reddening effect of the obscuring
aterial on an average rather than individual source level. This line

hould not be taken as an indication of a relationship between the
wo properties – as we are only fitting upper limits it will be heavily
f fected by e.g. le vel of obscuration and/or intrinsic luminosity of the
ource. For this reason, we have not made any special considerations
n the fitting method for the fact that these are upper limits. 

A simple linear fit to the relation between L [O III ] and L 12 (in log
pace) for QSO2s gives us the equation 

og 

(
L [O III ] 

L �

)
= ( −37 . 75 ± 0 . 13) + (1 . 04 ± 0 . 02) log 

(
L 12 

erg s −1 

)
. 

(1)

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

The dotted line denotes an [O III ] deficit of ∼253 × from the
bo v e fit. This is the mean deficit of our OQQs relative to the
xpected intrinsic [O III ] luminosity if they are typical quasars similar
o QSO2s. Since these are upper limits, this should not be considered
 true fit to the data, but merely allows us to estimate the scale of
bscuration present. The actual deficits could be much larger, and 
otentially show a different relationship to 12 μm luminosity. One 
an perform a similar comparison using the H α emission line, as it
s less affected by reddening. The result is shown in Fig. 6 . 

The corresponding relation for QSO2s is 

og 

(
L H α

erg s −1 

)
= ( −10 . 44 ± 2 . 30) + (1 . 18 ± 0 . 29) log 

(
L 12 

erg s −1 

)

(2

QSO2 [O III ] λ5007 fluxes from the source papers (Reyes et al.
008 ; Yuan, Strauss & Zakamska 2016 ) were used, but H α λ6562
ere drawn from the emissionLinesPort table. Since we are 
nly using the QSO2 sample for comparison, we did not perform our
wn H α line flux measurements. Abo v e z ≈ 0.35, when redshifted
 α is shifted to � 9000 Å, the sky noise can often render lines diffi-

ult for the pipeline to measure correctly. Therefore, we restricted the
SO2 sample to below this redshift for extracting robust automated 
 α fluxes. This results in few QSO2s for the above fit, all of which
ave a significant H α detection without having been specifically 
elected on this line, as one would expect for a standard quasar
pectrum. The scatter in this case is 0.10 dex with a Spearman rank
orrelation coefficient of 0.48. 

The OQQs have a median distribution (either a detection or a
imit) consistent with an H α deficit of ≈27. This is less than the
MNRAS 527, 12065–12090 (2024) 
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Figure 2. The 12 μm luminosity and redshift distribution of the OQQ sample 
and the QSO2s. 

Figure 3. The WISE colours of the OQQ sample 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. 
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Figure 4. Comparison of WISE , SDSS, and bolometric luminosities. OQQs 
are represented 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. 

Figure 5. A comparison of the 3 σ upper limits on the [O III ] λ5007 luminosity 
of the OQQ (large outlined blue square markers) and of the QSO2 sample 
(small green diamond markers), and their respective 12 μm luminosities. 
The dashed line shows the slope of the relationship between QSO2 L 12 and 
measured [O III ], scaled down by the average deficit. 
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eficit found from [O III ] partly because of the lower reddening
ffecting H α, and partly because redshifted H α typically lies in the
eddest portions of the spectra with strong noise from sky emission
ines resulting in less sensitive non-detection flux limits. Another 
ossibility is that H α has a larger fraction of its flux coming from
tar formation, while [O III ] is likely primarily from the AGN. 

.4 Spectral Energy Distribution (SED) fitting 

e use AGNFITTER (Calistro Rivera et al. 2016 ) to fit the SEDs of
 selection of OQQs and determine contributions to the observed 
mission from different components of the AGN/galaxy system. 
his method uses the multiwavelength data available to find the 
ost likely weighted contributions to the o v erall SED, using Markov
hain Monte Carlo (MCMC) to fit from a large library of models.
he most important parameter for our analysis is the contribution to

he SED from the AGN obscuring material. We select the candidates
ith available long wavelength data (2MASS 

9 , Herschel , in addition
o all four WISE bands, present in all OQQs by selection), as this is
MNRAS 527, 12065–12090 (2024) 
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Figure 6. A comparison of the H αλ6562 luminosity (or its upper limit – out 
of the sample of 62 OQQs, 17 have detected H αemission lines), with OQQs 
(large blue square markers) and QSO2s (small green diamond markers), and 
their respective 12 μm luminosities (for those objects where H αλ6562 is not 
redshifted out of the SDSS range). The dashed line shows the slope of the 
relationship between QSO2 L 12 and measured H α, reduced by the average 
deficit. 
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ey to constraining some components; this totals only 9 sources 10 .
ig. 7 presents the results from four OQQs that have reasonably
ell-constrained results. After experimenting with different MCMC

engths, we selected one sufficient to achieve an autocorrelation time
ndicating convergence for the OQQ AGN-heated dust component
see F oreman-Macke y et al. 2013 and Calistro Rivera et al. 2016 for
etails). Settings used were: 100 w alk ers; tw o burn in sets (10,000
teps each); set length 200,000. 

In some cases, the hot dust component (e.g. the top two plots in
ig. 7 ) rises towards the blue end. This would not occur in a purely
hysical model component, but it is an empirical template based
n combinations of AGN SEDs from Silva, Maiolino & Granato
 2004 ), and the range of values these can take can be seen in Fig. 1 of
alistro Rivera et al. ( 2016 ) and Fig. 1 of Silva, Maiolino & Granato
 2004 ); they are based on N H and assumed AGN type. As can be
een in these figures, the peak remains unchanged, varying only with
ormalization. With further data into the blue and near-UV, we may
e able to take this as some indication that the OQQ in question
s lightly obscured, or at least has some accretion disc emission
isible, but currently de generac y with ‘host galaxy’ emission (solid
range line) makes this conclusion premature. Nevertheless, while
he general results should be used with caution, the key outcome
s that a high normalization of the ‘hot dust’ component (see Fig.
 , thick purple line) is required to reproduce the MIR part of the
QQ SEDs regardless of the tail shape (i.e. the peak of the hot dust

omponent at ∼6–20 μm in the rest frame). We conclude it is very
ikely each of these objects contains an AGN bright enough to heat
ts obscuring dust to produce this component. AGNFITTER makes two
eparate estimates of star formation rate (SFR) – one in the optical,
nd one in the FIR. The FIR SFR provides an estimate of potential
NRAS 527, 12065–12090 (2024) 

0 Herschel bands used were any available out of 250 μm, 350 μm, and/or 
00 μm. Of these nine sources: two have 2MASS only; five have some 
ombination of 2MASS and Herschel ; two have Herschel only. 

t  

F  

1

bscured star formation, but we note that very few candidates have
eliable data in that region, so we cannot make any conclusions about
he whole OQQ population. This estimate (and that of stellar mass)
s obtained from host galaxy template parameters (for more detail,
ee Calistro Rivera et al. 2016 ). 

.5 4000 Å break 

he 4000 Å break (D4000 from this point on), an indicator of a
ignificant population of old stars, was calculated as described in
alogh et al. ( 1999 ), as the ratio between red (4000–4100 Å) and
lue (3850–3950 Å) continuum fluxes. These ranges are slightly
ore restrictive than in previous works (e.g. Hamilton 1985 ), as

his was found to impro v e on the repeatability of D4000 between
eparate measurements, and shows less sensitivity to reddening. A
arge 4000 Å break could be indicative of significant host galaxy
ight dilution. The values are found in Table 1 and shown in Fig.
 : 44 out of 47 (94 per cent) objects have a significant D4000. The
edian value is 1.41 (including only the significant breaks, defined

s > 3 standard deviations abo v e unity). The QSO2 sample found
nly 811/1988 (41 per cent) had a significant D4000. 

 X - R AY  OBSERVATI ONS  

n the absence of AGN spectroscopic signatures in the optical, X-
ay observations arguably provide the best evidence for the presence
f an AGN independent of the MIR signatures. We checked the
EASARC archive. 11 for pointed or serendipitous observations by X-
ay satellites, and disco v ered sev eral OQQs observed during targeted
bservations of other nearby objects. We also obtained joint XMM–
ewton and NuSTAR (Harrison et al. 2013 ) data for our prototypical
QQ (see Section 6 ), and these results are discussed in Section 5.1 .
etails of a serendipitous observation with sufficient counts for fitting

re presented in Section 5.2 . 
The XMM–Newton mission has one of the best combinations of

f fecti ve area and angular resolution of current X-ray missions, and
s therefore an ideal tool to help us analyse the X-ray properties of
QQs. Chandr a , which has v ery low-background noise, can also be
aluable in detecting dim sources. We also examine Swift– XRT data
this is generally less sensitive, but in cases where no XMM–Newton
r Chandra data are available Swift -XRT can still be useful to place
imits on the X-ray emission. For detected sources, we extracted
ource and background spectra using standard FTOOLS tasks and
ecommended reduction steps for each instrument, and analysed the
ata using the XSPEC package (Arnaud 1996 ). We then assessed
he false detection probability based on counts in the source region
elative to counts in a background region, and this derived either
stimated fluxes or upper limits for each target (see e.g. Lansbury
t al. 2017 ). Figs 11 and 12 show the results of analysis of data
rom XMM–Ne wton , Chandr a , and Swift -XRT for OQQ candidates
ith serendipitous observations – in total 11 separate OQQs (See
able D2 ). These are discussed further in Section 5.3 . 

.1 X-ray obser v ations of OQQ J0751 + 4028 

e obtained targeted observations of our prototypical candidate with
he aim of confirming its AGN nature and constraining its properties.
ollowing standard procedures with XSPEC, we modelled the source,
1 heasarc.gsfc.nasa.gov/ docs/ archive.html 

file:heasarc.gsfc.nasa.gov/docs/archive.html
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Figure 7. 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 only. Photometric bands used in this plot (in addition to SDSS ugriz and WISE W1-4 ) were 
as follows: OQQ J0002-0025 all 2MASS and 250 μm; OQQ J0143 + 0151 all 2MASS and the three Herschel bands stated in footnote 10; OQQ J0231-0351 
three Herschel bands; OQQ J1454 + 1440 350 μm only. 
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nding that it is under-luminous at 2–10 keV (compared to the IR-
redicted intrinsic luminosity), and appears to be lightly obscured 
 N H ∼10 22 cm 

−2 ). This work is summarized here: for details of the
bservations and procedures, see Greenwell et al. ( 2022 ). 
We fit several models, starting with an absorbed power law 

 CABS ∗ZWABS ∗POW ), moving on to more physically realistic models
 MYTORUS; Murphy & Yaqoob 2009 ; BNSPHERE ; Brightman & 

andra 2011 ) and finally a more complex model involving a lightly
bscured leak in an otherwise Compton thick sphere of obscuration. 
sing Bayesian X-ray Analysis (BXA; Buchner et al. 2014 ), we can

ompare the results and determine the model most likely to have 
roduced the data. We find that BNSPHERE is fa v oured – a spherical
bscuration model that implies a ‘cocooned’ obscuring structure 
ay be a plausible explanation for the X-ray appearance of OQQ 

0751 + 4028. This result is shown in Fig. 9 (bottom panel). 
The SDSS spectrum of OQQ J0751 + 4028 is shown in Fig. 10

bottom spectrum), and (by selection) shows typical properties for 
n OQQ (compared to examples from the general sample in Fig. A1
nd online). For more detail, see Greenwell et al. ( 2021 ). 

Fig. 11 shows OQQ J0751 + 4028 in context with the serendipitous
bservations and the empirical relationship between 12 μm and 
ntrinsic 2–10 keV luminosity. The unobscured rest frame 2–10 keV 
uminosity is 4.39 × 10 43 erg s −1 , approximately a factor of 6
ower than expected given the 12 μm luminosity, but sufficient to
ategorically demonstrate the presence of an AGN. The photon 
ndex is harder than usual for an AGN ( � = 1.32 + 0 . 21 

−0 . 19 ), and ob-
curation is approximately Compton-thin but present (log ( N H cm 

−2 )
 21.96 + 0 . 16 

−0 . 36 ). If � is fixed to a more usual AGN-like value of 1.9,
he obscuration increased only slightly to log ( N H /cm 

−2 ) = 22.3. 

.2 Serendipitous X-ray obser v ations of OQQ J1051 + 3241 

ne serendipitous OQQ had sufficient XMM–Newton counts across 
wo observations (0781410101 and 0781410201; both only observed 
he source with the PN detector) to be analysed further with XSPEC .

e fit this source (OQQ J1051 + 3241) with several models, as
as done with the targeted observations of OQQ J0751 + 4028 (see
ection 5.1 and Greenwell et al. 2022 ). We find the best-fitting
odel to be BORUS02 (Balokovi ́c et al. 2018 ), at fixed angle of

nclination assuming viewing through the torus (cos θ = 0.05). We 
o not find a significant Fe K α emission line, and allowing the angle
f inclination to vary does not fa v our any angle strongly. This object
s more obscured and has a higher � than J0751: log ( N H cm 

−2 ) =
MNRAS 527, 12065–12090 (2024) 
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Figure 8. 4000 Å break data. Blue squares are the OQQs, with error bars 
shown for those with D4000 significantly greater than 1. Green diamond 
markers are the QSO2 comparison sample. The average D4000 is clearly 
higher for OQQs than QSOs, implying a difference in the host galaxy 
population. Ho we ver, this may be a selection rather than intrinsic ef fect. 

Figure 9. X-ray spectra of two OQQs. Top panel: OQQ J1051 + 3241, fitted 
with BORUS02 ; bottom panel OQQ J0751 + 4028, fitted with BNSPHERE . The 
sources have se veral dif fering properties (e.g. N H , intrinsic spectral shape) 
b ut ha ve underluminous intrinsic luminosities (see Fig. 11 ). 
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Figure 10. SDSS spectra of OQQ J1051 + 3241 and OQQ J0751 + 4028. 
J1051 shows a slight blue rise which may indicate that there is either some 
view of the accretion disc or recent star formation (see Appendix B2 ), whereas 
J0751 shows the continuum shape and lack of emission lines of typical OQQs. 

Figure 11. Observed 2–10 keV luminosities of the OQQs (blue markers), 
plotted against their 12 μm luminosities. OQQ J0751 + 4028 is shown as a 
large cross marker. For comparison, available QSO2 luminosities are shown 
as diamonds (see Table D1 ). We also show MIR predicted values for intrinsic 
luminosities (dark grey dashed line; 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 S15 relation by Compton thick material. 
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3.26 ± 0.06, �= 2.05 ± 0.2 (see Fig. 9 , top panel). For all sources
with the exception of our targeted observation; Section 5.1 ), we
ave assumed the same photon index as for this source, and used
ebPIMMS 

12 to estimate the luminosity of each source, given the
et counts (or upper limit) observed. We find that the detected OQQs
re underluminous compared with expectations. If the non-detected
QQs are equally underluminous, they may still be detectable with

ufficiently long observations. 
NRAS 527, 12065–12090 (2024) 

2 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3pimms/ w3pimms.pl 
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The SDSS spectrum of OQQ J1051 + 3241 is shown in Fig. 10
top spectrum). In this case it shows a slight rise towards the blue
nd, implying that this is not as strictly ‘typical’ of an OQQ as OQQ
0751 + 4028. 

.3 Discussion of X-ray results 

ig. 11 shows the comparison between X-ray and 12 μm luminosity,
ncluding the predicted relationship between intrinsic X-ray and
uclear 12 μm luminosity from Asmus et al. ( 2015 ) and between

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 12. 2–10 keV luminosities of the OQQs (blue markers), plotted 
against their [O III ] upper limit luminosities. OQQ J0751 + 4028 is shown 
as a large cross marker. For comparison, available QSO2 luminosities are 
shown as diamonds (see Table D1 ). We also show [O III ] predicted values for 
intrinsic luminosities (solid line; Lamastra et al. 2009 ). 
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-ray and 6 μm luminosity (Stern 2015 ); for the latter, 6 μm lumi-
osities were converted to 12 μm luminosities using a relationship 
erived from the QSO template of Hao et al. ( 2007 ). The OQQ X-ray
uminosities are slightly lower than the relations would predict, but 
his may be due to the difference between observed and intrinsic IR
uminosities – if the OQQs are heavily obscured (whether from the 
ircum-nuclear material or larger scale obscuration), their intrinsic 
uminosities will be higher. OQQ IR luminosities refer to the total 
alaxy emission, not the nuclear emission alone, as with current 
ata there is no reliable way to extract or convert this for individual
bjects. Fig. 11 shows where obscuration-reduced MIR-predicted 
-ray luminosities (Asmus et al. 2015 ; Stern 2015 ) would fall.
his would imply that most OQQs lie somewhere between Compton 

hick and unobscured. Ho we v er, if the y are intrinsically similar to
QQ J0751 + 4028 (Greenwell et al. 2022 ), the obscuration depth is

ow for an obscured AGN ( N H ∼10 22 cm 

−2 ), and thus the intrinsic
alues for the OQQs may be only slightly higher. Fig. 12 shows the
elationship between [O III ] and X-ray luminosity found by Lamastra 
t al. ( 2009 ), with the QSO2s falling where expected. Upper limits on
O III ] luminosity place the OQQs significantly below expectations, 
einforcing the disconnect between observed [O III ] and intrinsic 
roperties. 

 DISCUSSION  

he combination of WISE all-sky MIR photometry and SDSS optical 
pectroscopy have enabled us to identify an interesting class of 
ources showing all the characteristics of luminous AGN in the MIR
based upon their colours and luminosities) but no obvious signatures 
f the corresponding AGN activity in the optical. 
Multiple physical scenarios can explain these observations, prin- 

ipally based on whether the optical AGN signatures are obscured, 
r intrinsically absent. In the former, we can consider the OQQ 

n terms of the spatial scale of its obscuration. As opposed to the
utative donut shape envisaged by the zeroth order AGN unified 
orus scheme, full or near full sky covering by dusty ‘cocoons’ could
asily explain the optical absence of emission signatures by not 
llowing an extended NLR to form or be ionized in the first place.
uch cocoons would still reprocess the intrinsic AGN emission to 

he MIR, and the high WISE luminosities (along with bright hot dust
omponent, where SED fitting is available) of these sources strongly 
uggest that the underlying power sources are luminous quasars, 
s does the MIR comparison with SDSS-selected QSO2s. For the 
atter scenario, AGN emission lines are not currently produced 
y the OQQ. We can envisage this as a ‘young’ AGN – recently
witched on, with the AGN radiation not yet ionizing the NLR,
nd consequently no narrow emission lines. It is still likely that
his is an obscured AGN, i.e. that it is being viewed through a
usty torus, which would hide any broad emission lines (produced 
loser to the supermassive black hole (SMBH), and therefore 
arlier in the switching on process). As in the ‘cocooned’ picture,
eprocessed intrinsic emission can still produce the observed IR 

roperties. 
We previously identified a prototypical example of this class, 

escribed in Greenwell et al. ( 2021 ) and Greenwell et al. ( 2022 ).
e found that it indicated a new subclass of AGN that does not

asily fit into current models: 

(i) The spectral shape of the optical continuum is that of a typical
alaxy, including showing a strong 4000 Å break. 

(ii) Strong upper limits on emission lines that may indicate the 
resence of an AGN – there is no [O III ] by selection. Others may be
resent at a very low level. 
(iii) The WISE IR colours are firmly within the AGN wedge 

Mateos et al. 2012 ), a stricter criterion than that required for the
ain sample selection. 
(iv) The 12 μm luminosity is very high, consistent with the quasar

egime: there is a high chance of a hidden AGN being present, and
t is not likely that this comes from a different mechanism. 

(v) X-ray luminosity is luminous enough to clearly indicate the 
resence of an AGN, but underluminous compared to expectations 
rom 12 μm luminosity (see 5.1 ). 

(vi) An upper limit on radio flux is available from FIRST (Becker,
hite & Helfand 1995 ): < 0.695 mJy beam 

−1 . 

.1 Optical reddening 

Non)-detection of emission lines can be used to place constraints 
n the optical depth of the theoretical cocoons, if present (see
ection 6.2.2 ). We assume that the QSO2s have low extinction to

heir NLRs (an approximation), and that therefore the relationship 
etween 12 μm and [O III ] luminosity (H α luminosity) (equations
 and 2 abo v e) can be used to predict the approximate intrinsic
ux of a cocooned source at the same 12 μm luminosity (assuming

hat all OQQs had [O III ] signals at the upper limit of detection.
he extinction A V can be calculated using this predicted flux, 

he actual measured flux, and the standard Milky Way extinction 
aw of Cardelli, Clayton & Mathis ( 1989 ) with an R V = 3.1. The
esultant values of the extinction A V as derived from the two lines
re listed in Table 1 . Since QSO2s are also likely to suffer mild
LR e xtinction (Re yes et al. 2008 ), these should be re garded as

ower limits on the true A V . The A V limits measured from the
O III ] non-detections range o v er 3.4–10.5 mag, with a median value
f 4.69. 
What would be the corresponding column density of gas for this

xtinction? A factor of 100 deficit in [O III ] does not need extreme
olumns. Our median extinction A V = 4.69 mag is equi v alent to a
eutral gas column of N 

⊥ 

H ∼ 7 × 10 22 cm 

−2 along the galaxy axis,
MNRAS 527, 12065–12090 (2024) 
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Figure 13. Inferred N 

⊥ 
H values from [O III ] (i.e. obscuring the NLR, distinct 

from the N 

los 
H related to X-ray obscuration). 

a  

M  

t  

t  

f  

s  

d  

i  

t
 

a  

T  

c  

r

6

I  

t  

p  

o  

t

6

A  

b  

h  

n  

n  

e  

A  

o  

t  

r  

a  

d  

a  

d  

t  

t  

m  

l  

X  

w  

fi  

l  

F
p
s
a
‘

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/1206
ssuming the gas–to–dust ratios found in A GN en vironments by
aiolino et al. ( 2001 ). The parameter N 

⊥ 

H is used to denote the fact
hat these gas columns are rele v ant for the NLR, which is likely
o probe angles out of the direct l.o.s., thus making the distinction
rom the N 

los 
H measured from X-rays in the previous section. Further

peculations on the gas columns or spatial distributions with only two
etected objects would be premature. The N 

⊥ 

H values are lower limits
nferred from the limits on the optical extinction, so it is unexpected
hat the N 

los 
H would be lower. 

Fig. 13 shows the N 

⊥ 

H values inferred from [O III ] extinction. In
 small number of cases, this can also be calculated using H α (see
able 1 ). Where a H α-inferred value is available, the predicted N H is
NRAS 527, 12065–12090 (2024) 

igure 14. Schematic showing (left) a typical QSO2, producing a spectrum with 
roduced, and (right) a ‘cocooned’ OQQ, producing typical [O III ] emission that is
ide of the diagram. Inset boxes show a zoom in on the [O III ] region of the spectrum
re as follows: black central circle for SMBH, blue accretion disc, dark brown s
cocoon’. Composition of dust/obscuring material may be different across various p
onsistently lower, and as some of these emission lines are measured
ather than upper limits, are likely to be closer to the true value. 

.2 Intrinsic nature 

t is difficult at this stage to make definitive statements about the
rue intrinsic nature of OQQs, but we can speculate on some likely
ossibilities. A schematic comparison between QSO2s and theories
n OQQs can be found in Fig. 14 . In Section 6.3 , we discuss how
hese theories might relate OQQs to various other object classes. 

.2.1 Young AGN 

 form of changing look AGN (e.g. Yang et al. 2018 ), objects
elonging to this class have been recently acti v ated such that they
eat the torus to produce strong IR signals. Ho we ver, radiation has
ot extended far enough to ionize the outer NLR, where the [O III ] we
ormally see in QSO2s is produced (middle diagram in Fig. 14 ). For
xample, Gezari et al. ( 2017 ) present an example of a ‘switching-on’
GN that goes from the appearance of a LINER to a Type-I quasar
 v er less than 1 year. No [O III ] is found in the ‘before’ or ‘after’ spec-
ra, due to [O III ] following longer term AGN activity than other nar-
ow emission lines, such as H α, which increase strongly. If OQQs are
n obscured analogue to this object, it follows that we are unable to
etect other emission lines. They must be observed through the torus,
s otherwise we would still observe the broad emission lines pro-
uced closer in. If this is the case, and we expect broad emission lines
o be present, then detection of these in spectral ranges less subject
o obscuration could provide evidence for this explanation (e.g. NIR
easurements; Onori et al. 2017a ). An analogous and opposite popu-

ation would be those described in Saade et al. ( 2022 ) which have low
-ray luminosity when compared with their strong [O III ] emission,
ith one possible explanation being a ‘switching-off’ AGN. They
nd an example with NLR and nuclear MIR emission but low X-ray

uminosity and conclude that this object has recently become inac-
strong [O III ], (middle) an OQQ that is intrinsically ‘young’, with no [O III ] 
 obscured by a larger region of material, with the observer positioned to one 
 – a strong line in the QSO2, but not detected in the two OQQs. Components 
tandard torus, green trapeziums for ionized gas, lighter brown annulus for 
arts of these structures. 

5/7503920 by guest on 19 M
arch 2024
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iv e. Disco v ery of this object among their relatively small parent sam-
le implies that AGN caught ‘mid-change’ may not be extremely rare; 
e might expect ‘switching-on’ AGN to be found in similar numbers. 

.2.2 ‘Cocooned’ AGN 

his type of OQQ would be more mature than a young AGN, and has
imilar intrinsic features to a QSO2, but with a ‘cocoon’ of obscuring
aterial preventing either observation of the NLR (right diagram 

n Fig. 14 ), or its formation entirely. This ‘cocoon’ is likely to be
nstable, and as such these objects may only have a short lifetime,
uggested by the small number counts found when compared to 
SO2s. 
At z ≈ 0.5 for most of our sample, a physical size of 1 kpc

orresponds to an angular size of 0.16 ′′ , so any circumnuclear dust
n sub-kpc scales would certainly be unresolved in most ground- 
ased imaging. If the cocoon is comparable in radius to the dust
ublimation radius, it may be even smaller – pc-scale – and thus 
nresolv able e ven with instruments such as ALMA. Ho we ver, high
esolution imaging might be expected to show very late stage mergers 
r other disturbances in the centres of these galaxies, as the source
f the ‘cocoon’, despite the ‘cocoon’ itself being unobservable. 
e searched public archives such as MAST 

13 and the Virtual 
bservatory 14 for any high angular resolution imaging of our targets, 
ut these fields have not been observed with HST , nor with any
ther large ground-based observatory. In SDSS imaging (as well as 
ISE ), the targets do not show any special characteristics, preferred 
orphologies or orientations, nor obvious disturbances. This appears 

o support small physical scales for any putative dust cocoons in 
ur sample. Ho we ver, it must be cautioned that SDSS imaging is
eeing-limited and not very deep, so for fainter sources, signatures 
f interaction may be missed. 

.3 Comparison with other object classes 

lthough the idea of optically quiescent AGN is not new, there are
o close counterparts of our selected sample, at least in the local
niverse. In this section, we briefly compare and contrast other 

elated samples with the OQQs. 

.3.1 ULIRGs 

ur selected targets have total MIR powers within or close to the
LIRG regime. ULIRGs tend to be hosted in chaotic appearing 

ystems, with little clear structure and sometimes lack important 
ptical emission lines, but are not usually completely devoid of 
trong emission signatures. For example, Mrk 231 has much stronger 
 α than [O III ] λ5007 emission (Lacy et al. 1982 ; Malkan et al.
017 ). Several local ULIRGs are also considered as being ‘buried’ 
GN obscured along all lines of sight (e.g. Imanishi, Dudley & 

aloney 2001 ; Oyabu et al. 2011 ). These are typically associated
ith sources that have LINER-like optical spectra with clear emission 

ines (Imanishi et al. 2007 ). 
As discussed in Section 4.3 , 15 of the 28 sources for which

edshifted H α lies within the SDSS spectral range show significant 
 α emission. These sources may be similar to ULIRGs such as
rk 231, though the comparison with SDSS-selected QSO2s implies 

hat H α also suffers some extinction, as already discussed. The 
3 https://archive.stsci.edu/ 
4 http://www.usvao.org/ 

a
 

‘  

i  
emaining objects clearly differ from local ULIRGs in their lack of
 α. This may be explained by correspondingly higher NLR dust

o v ering factors in the ‘cocooned AGN’ scenario. It could also be a
ign that the dust distribution in the galaxy is less centrally located,
dditionally obscuring H α from sources other than AGN ionization. 

Compact Obscured Nuclei (CONs) are found in LIRGs and 
LIRGs (e.g. Falstad et al. 2021 ). They are dense, IR bright cores

ound at the centre of an optically normal galaxy. The strength of
he IR emission indicates a heavily obscured nucleus, with either a
ompact starburst or AGN powering the luminosity. One intensively 
tudied example is NGC 4418 (Costagliola et al. 2013 ; Asmus et al.
014 ; Ohyama et al. 2019 ), which appears optically as an Sa type
alaxy, and is part of an interacting pair. Extreme visual obscuration is
emonstrated by a very deep silicate absorption feature in the MIR,
nd high resolution imagery shows a small, optically thick core. 
hyama et al. ( 2019 ) find that a dusty wind and compact starburst

ctivity are present in the core, but that an additional energy source
n the core is still required to explain the observations; it is still
urrently unknown whether this is an AGN or an extremely compact
tarburst. In a study with NuSTAR , Ricci et al. ( 2021 ) do not detect it
nd find that a SF model fits the data better, implying either no AGN
r extremely thick column densities. 
CONs are not very well understood, and there are not many

 xamples. F alstad et al. ( 2021 ) search LIRGs and ULIRGs for
ompact sources of HCN vibrational emission, which are only found 
n e xtreme environments. The y find that 40 per cent of ULIRGs and
0 per cent of LIRGs contain a CON, noting that their sample size
s not large, and that the selection in the FIR does introduce some
iases. This indicates that CONs are relatively common in (U)LIRGs;
o we ver, (U)LIRGs themselves are not extremely common. 
OQQs are also bright in the IR, but are at larger distances than

hese prototypical CONs tend to be. Without high resolution imaging, 
t is impossible to definitively say whether the OQQs are equally
ompact. Unlike NGC 4418, OQQs appear to be small red galaxies
ith no obvious signs of interaction. 

.3.2 Weak line and lineless quasars 

t higher redshifts, several studies have been made of ‘Weak Line
uasars’ (WLQs; e.g. Meusinger & Balafkan 2014 ). Similarly to 
QQs, these appear as normal quasars in terms of continuum 

mission, but show weak or absent emission lines. Examination 
f WLQs ( z � 2.5; OQQs: z � 1.0) with Chandra snapshots and
ultiwavelength analysis from Wu et al. ( 2012 ) and Luo et al. ( 2015 )
nd spectra that rise in the optical blue end which are generally

acking in stellar absorption lines, in contrast to the majority of the
QQs. They tend to have weak but detectable X-ray emission. At
igher redshift, Shemmer et al. ( 2010 ) examine the region around the
 β and [O III ] lines of two WLQs at z ≈ 3.5, finding extremely weak
 β and no detectable [O III ]. Wu et al. ( 2012 ) show results consistent
ith a weak, or ‘anaemic’ BLR producing weaker emission lines, and
uo et al. ( 2015 ) suggest that a ‘puffed up’ inner accretion disc could
e preventing ionisation of the Broad Line Region (BLR). WLQs are
ot selected or restricted in terms of MIR colour or luminosity, which
s a key factor in our OQQ selection. Where possible, spectroscopic
easurements of more emission lines, along with targeted X-ray 

bservations, could shed light on the link between low redshift OQQs
nd higher redshift WLQs. 

Laor & Davis ( 2011 ) suggest a cold accretion disc could produce
Lineless Quasars’ – if the accretion rate of the AGN is low, then no
onization can occur, and no emission lines will be observ ed. The y
MNRAS 527, 12065–12090 (2024) 
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Figure 15. Comparison between SDSS spectra (thin grey lines), WISE derived luminosities (coloured points) and the AGN spectral template (solid blue line) 
from Assef et al. ( 2010 ). 
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rgue that in the case of a cold disc, the ionizing component is the
-ray power law alone. These may cross o v er with WLQs if the X-

ay luminosity is high enough, but will appear lineless if L X � L bol .
onsidering the underluminous X-ray results of OQQ J0751 + 4028

see Section 5.1 ) this may be one reasonable explanation for an
ntrinsic lack of lines, if that is the case. The optical-NUV-FUV
ontinuum would be expected to be blue in shape, and at this time
he wav elength co v erage of OQQs does not e xtend far enough to
urther investigate this possibility. 

.3.3 Low X-ray scattering fraction AGN 

n interesting population of AGN selected from hard X-ray surv e ys
as been identified by Ueda et al. ( 2007 ). These sources show
pparently low X-ray scattering fractions with scattering fractions at
east an order of magnitude lower than observed in typical Seyferts,
nd weak [O III ] as expected from a geometrically thick torus (Ueda
t al. 2015 ). Interstellar dust reddening is also likely to play a role
n depressing the scattered flux, as evidenced from the fact that a
ignificant fraction appear to be hosted in edge-on host galaxies
H ̈onig et al. 2014 ). 

Gupta et al. ( 2021 ) present a detailed study on 386 Swift - BAT
GN, looking at the relationship between scattering fraction and
arious AGN properties. They find a significant correlation between
cattering fraction and ratio of [O III ] to X-ray luminosity – i.e. low
oft X-ray scattering fraction correlates with weak [O III ]. In the
ontext of OQQs, it follows that if the [O III ] emission is intrinsically
ot present (as in the ‘Young’ AGN theory), there may also be less
cattering of soft X-rays. Ho we ver, if the obscuring material in the
cocoon’ is sufficiently thick to absorb soft X-rays, we may not be
ble to distinguish between the theories in this way. In the same
aper, they find that low scattering fraction AGN are also likely to
ave higher intrinsic column densities, compounding the problem of
electing obscured AGN via optical methods. 

Since our sample is MIR–selected, it may be better suited to
earch for Compton-thick counterparts to low X-ray scattering AGN.
NRAS 527, 12065–12090 (2024) 
etailed comparison of the OQQs to this sample will require more
-ray observations than are available so far. 

.3.4 X-ray Bright Optically Normal Galaxies (XBONGs) 

he class of objects known as XBONGs are X-ray selected AGN
hat are hosted in optically normal galaxies lacking (optical) AGN
ignatures. This lack has been attributed to extinction along all lines
f sight, or due to dilution by host galaxy light in a substantial
raction. Ho we ver, as opposed to our targets, XBONGs tend to
enerally possess lower Seyfert-like luminosities (Comastri et al.
002 ; Moran, Filippenko & Chornock 2002 ; Caccianiga et al. 2007 ;
i v ano et al. 2007 ; Smith, Koss & Mushotzky 2014 ). In such cases, it
an be easier for the host galaxy to dominate o v er the AGN and dilute
GN optical signatures. This becomes much harder for the quasar-

ike luminosities for our targets, and we do not believe dilution to be
mportant for the sample presented herein. 

In order to demonstrate this, in Fig. 15 , we compare the OQQ
road-band SEDs with the low resolution broad-band AGN template
ompiled by Assef et al. ( 2010 ). The SEDs have been normalized
t 12 μm for comparison. All wavelengths referred to here are in
est frame. The median optical–to–MIR flux ratio for our sample is
.31 when measured at 5500 Å and 12 μm. The template AGN SED
learly lies above most of our sample in terms of median optical
ormalised fluxes, with an optical–to–MIR ratio of 0.40. This implies
hat host galaxy dilution alone is unlikely to be a major effect, if our
ample harbours typical central AGN. Not all XBONG classifications
re considered to be a result of dilution, and XBONGs that are good
andidates to be fully co v ered (Maiolino et al. 2003 ) may constitute
he lower luminosity end of our selected sample. 

.3.5 High intrinsic accretion rate AGN 

n anticorrelation between [O III ] and the relative intensity of Fe II
as been shown in analyses of emission-line and accretion properties
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Figure 16. WISE colour–colour diagram (as in selection; see Fig. 3 ) showing 
the categorization of the OQQs. OQQs that pass in all three planes of Massaro 
et al. ( 2012 ) are outlined with yellow squares. 
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f A GN (Eigen vector 1; e.g. Boroson & Green 1992 ; Shen & Ho
014 ). This relationship can be explained by differences in Eddington 
atio – an intrinsically high-accretion rate could be associated with 
 low [O III ] luminosity. To assess the plausibility of the scenario
or statistically significant numbers of the OQQ population, accurate 
easurements of the black hole (BH) masses would be needed; 
hile this is out of the scope of this paper, analysis of NIR broad

ines that may be less obscured (e.g. NIR measurements; Onori et al.
017b ) could provide the necessary information. Results from OQQ 

0751 + 4028 do not support this (Greenwell et al. 2021 , 2022 ), as it
s not luminous enough to imply a sufficiently high Eddington ratio. 

.3.6 Other IR-selected quasars 

sing the WISE– WISE colour plane, as done here for OQQs, Hviding
t al. ( 2018 ) focus on a different region of the plane, choosing targets
ore likely to be heavily obscured. They also make no selection 

ased on emission lines, and the majority of their sources appear more
ptically typical than the OQQs. Ho we ver, while there is no direct
 v erlap between these samples, they are likely to be close cousins
ith unusually heavy obscuration instead of unusually distributed. 
urther investigation of the targets with insufficient spectral lines or 
eatures to assign a spectroscopic redshift leads Hviding et al. ( 2018 )
o hypothesise that a subset of these may be powerful AGN with
mission lines attenuated by thick line of sight obscuration. 

Extremely Red Quasars (ERQs) are quasars that show an unusually 
igh IR to optical ratio (e.g. Banerji et al. 2015 ; Glikman et al. 2022 ).
oss et al. ( 2015 ) select these objects based on a comparison between
DSS and WISE magnitudes, producing a sample of objects up to z 
4. An interesting subset of these, at z ∼2–3, show extremely broad

mission lines which are not easily explained by current models. 
ome of these ERQs could be a Type 1 analogue to ‘cocooned’
QQs – i.e. sources with a high co v ering factor (not the complete
 π steradians) and possibly obscuring material on large scales, but 
hat retain some (unobscured but possibly reddened) line-of-sight to 
heir nucleus; therefore presenting with broad AGN emission lines. 
pectropolarimetry results from Type 2 ERQs (Alexandroff et al. 
018 ) indicate that the visible emission lines are due to reflection
rom a dusty disc wind rather than a direct line-of-sight. A potential
nterpretation is that these are similar to ‘cocooned’ OQQs, but with a
mall opening that allows the opportunity for reflected emission to be 
isible. Furthermore, an attempt at OQQ selection in large surv e ys
ased on photometry alone or low-quality spectroscopic data may 
nclude a number of ERQs, therefore it is important to understand 
heir physical differences and how they might be distinguished. 

Another interesting population found with extremely high infrared 
uminosities are Dust Obscured Galaxies (DOGs). These objects 
re selected based on an excess of 24 μm (from Spitzer ; Dey et al.
008 ) or 22 μm (from WISE ; Toba et al. 2015 ) emission compared to
ptical, and are thus selected to be underluminous in the rest-frame
V. They often show signs of intense star formation or obscured 
GN activity (Dey et al. 2008 ; Toba et al. 2017 ), with MIR colours

ndicating AGN presence in a large number of them, particularly at 
igher luminosities (Toba & Nagao 2016 ; Toba et al. 2017 ). The
igh luminosity along with dust obscuration seem to place them into 
he high-growth post-merger phase of the galaxy merger scenario 
or AGN-host galaxy growth (Hopkins et al. 2008 ). Their selection 
rocess results in a subset of DOGs that lack broad emission lines, and
hus may be closer to OQQs than Type 1 ERQs. Ho we ver, e vidence
f star formation and the presence of strong narrow lines shows that
hey are not an identical population. Spectropolarimetry results may 
uggest an evolutionary connection between ERQs, Hot DOGs, and 
ther reddened quasars (Assef et al. 2022 ). 
Glikman et al. ( 2012 ) select candidate red quasars based on

MASS (IR) and FIRST (radio) data. A detailed examination of 
he radio properties of OQQs is outside the scope of this paper,
ut we searched the FIRST catalogue (Becker, White & Helfand 
995 ) and found 7 FIRST counterparts to OQQ candidates, of which
our are brighter than 10 mJy at 1.4 GHz. The OQQs are therefore
ot consistently radio bright or dim, and unlikely to be similar,
opulation-wise, to radio-selected objects. 

.3.7 Blazars 

ne potential source of contamination in this sample is likely to
e blazars – the chance viewing of AGN head on to a relativistic
et (Landt et al. 2004 ), producing a bright, variable source, strong in
adio emission. These are known to be very bright objects, with some
 xhibiting v ery flat spectra. As such, there may be a number that pass
he criteria specified in Section 3 , but that are not rele v ant objects
or this paper. It would be useful therefore to be able to estimate the
evel of such contaminants in our sample, and if possible to remo v e
ome in order to impro v e the reliability of the sample. 

D’Abrusco et al. ( 2014 ) created a catalogue of γ -ray emitting
lazars, assembled from WISE sources. Comparison of o v erlapping 
ources from this catalogue ( WIBRaLS ) with our OQQ sample, and
ith respect to various parameters, could help identify the unwanted 
bjects. Massaro et al. ( 2012 ) identified the WISE Gamma-ray
trip (WGS), which uses IR colour–colour diagrams to distinguish 
ossible blazars. They divide these into two sub-categories – BZBs 
BL Lac objects, with featureless optical spectra – galactic absorption 
ines or weak emission lines only), and BZQs (flat spectrum radio
uasars, where the optical spectrum should show broad emission 
ines). According to these definitions, the most likely category for 
ny contaminant objects will be BZB. Massaro et al. ( 2012 ) quantify
he likelihood of a source being within the WGS, based on its location
n three WISE colour–colour diagrams, and the uncertainties on 
hose colours. Fig. 16 shows the application of this method to our
bjects. This is not considered a sufficiently reliable classification to 
MNRAS 527, 12065–12090 (2024) 



12080 C. Greenwell et al. 

M

Figure 17. Intrinsic spread added to force the WISE data to be consistent 
with an unvarying source – higher values indicate that the source is more 
variable, and less likely to be stable. 
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Figure 18. W2 variability of the OQQ showing significant variation 
( > 0.1 mag). It appears to show random variability, although the large time- 
steps in available WISE data make statistical assessment of the variability 
difficult. 
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emo v e an y sources from the OQQ list, merely to assess the level of
ontamination from BZB sources. 

Furthermore, given the flat spectrum characteristic of blazars,
hey tend to have weak values of D4000. Fig. 8 shows that the
OQs tend to show significant breaks, and this can be seen in the

ndividual optical spectra (Fig. A ). Hence, a visual check of the
pectra substantially reduces the likelihood of blazar contamination
Section B2 ). 

One property common to all blazar types is that the y e xhibit high,
rregular variability across the whole spectrum. As such, this may be
 useful way to distinguish likely blazars from OQQs. 

After the completion of the main WISE mission, the NEOWISE
roject (Mainzer et al. 2011 ) continues to scan the sky, doing so
pproximately every six months (depending on sky location) with
he W1 and W2 bands ( W3 and W4 cannot operate without cryogenic
ooling, and this was exhausted during the main phase). The primary
cience aim of this phase is the study of near Earth objects. Ho we ver
s the single exposure images and source magnitudes are available
rom the NEOWISE database 15 , it provides a measure of the multi-
ear timescale infra-red variability. 

To approximately quantify the level of variability in each source,
he data from each WISE measurement epoch was averaged, then
hese combined points fit to a time-invariant line. χ2 was used
o assess whether this invariant state could reasonably explain the
bserved variation in WISE detections 16 If it could not, then intrinsic
ncertainty was added to the points. The size of this intrinsic
ncertainty was used as an estimate of the variability of the source,
nd Fig. 17 shows the results of this. Fig. 18 shows the fitting with the
QQ sho wing highest v ariability, OQQ J1208 + 1159. This source

s flagged as a WGS BZB (see Fig. 16 ), and is detected in FIRST
Beck er, White & Helf and 1995 ) as a compact source with integrated
NRAS 527, 12065–12090 (2024) 

5 http:// wise2.ipac.caltech.edu/ docs/ release/ neowise/ 
6 The W3 (12 μm) band magnitudes were chosen as most representative of 
he region of interest. A more detailed investigation would examine the effects 
ith luminosities rather than magnitudes. 
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O  

h  
ux 67.31 mJy. This combined with the MIR variability suggests that
t may be a blazar. 

The number of objects found that are abo v e the threshold for
eing within the WGS BZB is 17 out of 47 OQQ. The number
f objects with matches in the WIBRaLS table is 8 out of 47
QQs—these are all also abo v e the BZB threshold. The number of
bjects with high variability is currently difficult to quantify without
 comparison threshold. The QSO2 variability is slightly lower on
verage (mean 0.031/median 0.020 for OQQ, mean 0.026, median
.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

wo OQQs abo v e this threshold, both of which are likely BZBs. Of
he 47 OQQs below the threshold, 36 per cent are likely BZBs. In
omparison, 57 QSO2s (out of 1,990; 2.9 per cent) pass the BZB
hreshold o v erall. An e xamination of the variability of a large sample
f non-AGN and various types of AGN would be illuminating, but
utside the scope of this work. Due to the high uncertainties on these
ethods, it is difficult to fully quantify the number of BL Lac objects

hat could be interfering in the results here: anything from 3 per cent
o 25 per cent may be possible. 

.4 Evolutionary context 

t is important to consider the cosmological situations where we
ight find OQQs. Many works hav e e xamined the life cycle of

alaxies and AGN during mergers (e.g. Di Matteo, Springel &
ernquist 2005 ; Springel, Di Matteo & Hernquist 2005 ; Hopkins

t al. 2006 ). As the two galaxies interact, the interstellar medium from
oth comes together, and the resultant enhanced density of matter
eads to increased star formation, and (as the bulk of the merging
alaxy reaches the nucleus of its pair) we may see increased AGN
ctivity. This brightening starts as the AGN is still enshrouded in dust
nd gas from the merger, but as the emission increases in intensity,
nergy and matter feedback starts to clear out the obscuring matter.
ur OQQ sample objects, for the most part, do not show signs of
igh SFR as may be expected if they lie in this part of the sequence.

http://wise2.ipac.caltech.edu/docs/release/neowise/
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hus, OQQs do not obviously fit the standard paradigm for AGN 

nd host galaxy evolution. 
Springel, Di Matteo & Hernquist ( 2005 ) show that in a modelled
erger of two disc galaxies, including AGN feedback and BH 

rowth, the peak of SFR precedes the black hole accretion rate 
BHAR) peak by a small amount of time. SFR begins to drop before
he BHAR, so there may be a short period of time where the SFR
s well below peak, but BHAR is high. As BHAR is proportional
o AGN luminosity, the OQQ objects might be objects in this
hort transitional phase. We find fewer OQQs compared to QSO2s, 
uggesting that the OQQ duty cycle is shorter than the duty cycle
f Type 2 quasars. Interestingly, the difference in median redshift 
etween these two samples (e.g. Fig. 2 ) implies that there may be
enuine e volutionary dif ferences between their populations, with 
QQs peaking earlier than QSO2s. Ho we ver, incompleteness issues 

ould impact both source samples at the upper redshift end, and the
umber of nearby OQQs may be artificially low simply due to easier
etectability of faint [O III ]. 
The two galaxies are coalescing at this point so would not 

ecessarily be clearly identifiable as advanced mergers, especially 
ith the images currently available. Additional high resolution 

magery could be valuable in identifying any late stage mergers 
mong the sample. For the OQQs to be objects existing in this brief
eriod of time, we may expect strong outflows to be visible, if the
FR is being quenched by AGN activity. These will manifest as
lueshifted absorption lines, or broadened and asymmetric emission 
ines at the systemic velocity of the source. With the current spectra
his is impossible to either confirm or rule out, but measurements 
f select likely candidates with more sensitive instruments could 
rovide more insight into these scenarios. 
Simulations by Blecha et al. ( 2018 ) suggest that MIR selection

f AGN in mergers may miss AGN, particularly low apparent 
uminosity and very late stage mergers. This work selects for high 
R luminosity objects in order to produce a more reliable candidate 
ist; lower luminosity OQQs may be missed from MIR selection due 
o (a) selection being less complete in general for less bright objects,
b) as shown in Blecha et al. if OQQs are late stage mergers. 

The absence of obvious merger signatures may instead point 
owards high-mass ratio mergers, with the smaller galaxy not massive 
nough to significantly disrupt the morphology of the larger primary, 
or massive enough to trigger substantial star formation throughout 
he body of the primary. Ho we ver, an ef ficient mechanism to channel
he gas from the donor galaxy to the central SMBH would be
equired in this case. Alternatively, whether secular processes such 
s efficient gas flows can trigger AGN activity without simultaneous 
tar formation remains unclear. 

Alternatively, the ‘Young AGN’ scenario presents a different 
 volutionary perspecti ve. If the triggering e vent is recent enough,
he AGN could be switching on, mimicking the phase described by 
chawinski et al. ( 2015 ) as ‘Optically Elusive AGN’. They show that

here could be a period of ∼10 4 yr in which the AGN is visible in
-rays but has not yet photoionized the extended area that will later
ecome the NLR. As the dusty torus (the source of reprocessed IR
mission, and the IR colour that we select for in this work) is closer
o the central engine than the NLR, we expect that sign of AGN life
o appear prior to any narrow optical emission lines. 

Schawinski et al. ( 2015 ) calculated the full duty cycle of an AGN
s ∼10 5 yr, and the optically elusive phase as ∼10 4 yr. If we expect
he IR bright OQQ phase to be some fraction of the optically elusive
hase, this puts the OQQ lifetime at less than ∼10 per cent of the
normal AGN’ duty cycle. The viewing angle of OQQs and QSO2s 
s likely to be similar – both viewed through the torus, obscuring 
ny broad emission lines – so assuming they have similar covering 
 actors, we w ould expect to see them in the same proportions as
he full range of AGN types: approximately 10:1. We find ∼1000
SO2s and 47 OQQs: approximately 20:1; encouragingly close, but 

ome what fe wer OQQs than expected, especially if we consider that
ome OQQs may be ‘cocooned’ rather than ‘young’. As stated abo v e,
o we ver, the 10:1 ratio is a lower limit , based on the full ‘optically
lusive’ timescale. If every OQQ is a ‘young AGN’ our results are
onsistent with the IR bright stage being approximately two thirds 
f the ‘optically elusive’ phase. These are merely crude estimates 
hat do not fully account for selection and modelling biases, much of
hich remain unknown. 
An investigation of the morphologies of OQQs could provide some 

nteresting insight into their relationship with their host galaxies; 
or example, Rigby et al. ( 2006 ) found from an examination of the
orphologies of X-ray–selected optically dull AGN that such sources 

xhibited a wider range of axis ratios (major–minor axis, assuming an 
lliptical shape) as compared to optically active AGN which showed 
nly very round axis ratios. They conclude that extranuclear dust 
ithin the host galaxy is responsible for an optically dull nature.
DSS photometry is severely limited for this purpose and is unlikely

o be able to accurately resolve the size or axis ratio of the host galaxy
xcept in unusual cases. Future surveys, such as Euclid (Euclid 
ollaboration et al. 2022 ), will greatly impro v e on this. 

 SUMMARY  

y selecting MIR–luminous sources with red WISE colours and a 
arked absence of optical emission lines, we have presented a new

ample of quasars that are candidates for being enshrouded within 
ust cocoons. The o v erall sample shows broad-band continuum 

roperties very similar to those of SDSS-selected QSO2s, but with 
n [O III ] λ5007 emission line suppression factor of � 250 (see
ection 4.3 ). We show that host galaxy dilution is unlikely to be
 major effect in most cases. 

The idea of fully enshrouded AGN is far from new. Various
odels suggest that the bulk of AGN growth occurs in highly

bscured phases (e.g. Fabian & Iw asaw a 1999 ; Hopkins et al. 2006 ).
he shape of the cosmic X-ray background spectrum also requires 
imilar numbers of Compton-thick ( N H > 10 24 cm 

−2 ) obscured AGN
ompared to unobscured. Ananna et al. ( 2019 ) calculate the required
roportion at z = 1.0 as 56 per cent ± 7 per cent (50 per cent ±
 per cent at z = 0.1). A number of dedicated le gac y surv e ys with
uSTAR that are selected in the infrared are finding CT fractions
 30 per cent within � 200 Mpc (e.g. the NuSTAR Local AGN NH
istribution Surv e y – NuLANDS, Boorman et al. in preparation), 

nd the [Ne V] surv e y; Annuar et al. 2020 ). In any evolutionary
aradigm, this would naturally include fully obscured sources in 
he stochastic competition between gas feeding from large scales 
nd AGN feedback, especially if there is a delay between the
wo competing processes (noting that NuLANDS currently includes 
ptical classification as part of the sample definition; the preliminary 
nfrared selection should still include such fully co v ered objects). It
ay also imply the existence of obscured objects that do not occur

s part of the merger-driven growth phase, but instead represent a
eparate path. 

The receding torus model also suggests that the co v ering factor
f AGN decreases with luminosity (e.g. Lawrence 1991 ) so fully
o v ered AGN may be more likely to occur at low AGN luminosities.
his issue is far from settled, ho we ver, with conflicting results from
 variety of studies in different bands (e.g. Glikman et al. 2007 ;
awrence & Elvis 2010 ; Toba et al. 2014 ; Assef et al. 2015 ). An
MNRAS 527, 12065–12090 (2024) 
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lement of bias can be introduced by requiring that optical emission
ines be present for secure source redshift and type identification –
ny sample based on this selection criteria may be missing objects
ith some emission lines blocked, either completely or to a level
elow measurable. The strength of our selection criteria is to instead
ely upon the reprocessed thermal spectrum (i.e. MIR colours) and
uminosities, allowing us to search for objects in which potential 4 π
r near 4 π co v ering completely extinguishes the optical lines. 

(i) We show that unknown AGN with unusual properties can be
elected with a combination of multiwavelength selection techniques,
nding 47 ‘Optically Quiescent Quasars’ (OQQs; strong MIR objects
ith no [O III ] emission) – see Section 3 . 
(ii) Comparisons with Type 2 quasars (QSO2s; similarly MIR

right, but selected for strong narrow [O III ]) show similar underlying
roperties in e.g. redshift, colour, and luminosity distrib utions, b ut
ewer numbers of OQQs – see Section 3.2 . 

(iii) The exception to this is a strong deficit between the detected
O III ] emission from QSO2s and the upper limits placed on the OQQ
ines – see Section 4.3 . 

(iv) We consider what physical explanations may produce the
bserved properties (Section 6.2 ), principally: 

(a) ‘Cocooned’ AGN – an accreting black hole entirely
shrouded in obscuring material. 

(b) ‘Young’ AGN – a recently switched on AGN, resulting
in contrasting signals originating at different distances from the
black hole. 

(c) Intrinsically weak lined AGN – some properties of the
accretion disc can cause ionization of narrow lines to be less
prominent. 

(v) Comparisons with other populations of AGN show that OQQs
o not fit into any of these groups, but may be similar to some,
epending on their intrinsic nature – e.g. Weak Line Quasars may be
imilar to OQQs that are caused by unusual accretion activity that
esults in low ionization; Compact Obscured Nuclei may be similar
o ‘cocooned’ AGN – see Section 6.3 . 
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PPENDIX  A :  S O U R C E  SPECTRA  

his section presents the SDSS spectra of a sub-sample of OQQs at 

PPENDIX  B:  SPECTRA  SELECTION  

1 [O III ] Line Presence Elimination 

e start with the primary SDSS spectrum for each OQQ candidate,
avelength 4860 to 5100 Å – see Fig. B1 ). We aim to find upper and

traight line. In Reyes et al. ( 2008 ), they used a double Gaussian fit
o w le vel of our target [O III ] lines, the second peak caused the fit to
ssess the uncertainty on the line flux, with the aim of checking wh
ound can be placed on the emission. The continuum can be ignored
QQs from the candidate objects that pass all other tests (as outline
Method: 

(i) cut to local region around [O III ] line wavelength (see Fig. B1 )
(ii) Set bounds for all parameters (see Table B1 ) 
(iii) Remo v e re gions where an y spectral lines other than [O III ] wo
(iv) Fit function to data ( y = mx + c + gaussian ( x 0 , σ , h )) 
(v) Simulate an [O III ] line for parameters randomly selected from
(vi) Calculate line flux for each simulated line 
(vii) Look at lower bound on line flux from simulations – if less 

hows spectra for a selection of [O III ] detected and non-detected can
(viii) Select subset to pass onto the next step. 

2 Visual check 

ll spectra that passed the automatic check were then inspected by
one with the aim of making a highly reliable rather than complete 
ach passing candidate. A summary of these results is shown in Tab

(i) Visible [O III ] – the automatic check sometimes fails to find a 
eak. We visually examine each spectrum, and based on the region 
eep objects based on whether the [O III ] seems truly absent. 

(ii) Noisy data – we discard any candidates where the noise in th
emo v e an y where the [O III ] is likely to be lost in the noise. The S/N

(iii) Incorrect class – candidates were selected based on SDSS s
iscard any objects where the class appears unreasonable. 
(iv) Uncertain redshift – candidates were already selected based o

ails occasionally. We discard any objects where it is not clear how t
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Figure A1. SDSS spectra of the first eight OQQs by RA, smoothed to show the continuum shape of each spectrum. Dashed lines in dark red mark key features: 
the 4000 Å break (see Section 4.5 ), [O III ], and H α. Full sample available online. 
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Figure B1. Full spectrum, showing cut out with the region used in the fits. Purple + markers show the possible location of any spectral lines. Red star marker 
shows the location of [O III ]. Vertical shaded regions show emission lines cut for the fit. Bottom right panel shows the region used for SNR calculations. Vertical 
shaded areas show the SNR estimate regions. Noise is estimated from these and compared to the continuum flux, as described in Section B3 . 

(i) Blue continuum shapes : although any sources with extremely blue spectra were removed in Section 3 , some remain with a blue upturn 
below the 4000 Å break (for example, sources shown in Fig. B3 , top), which may indicate some contribution 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. Alternatively, this blue emission could be due to recent star 
formation, especially if seen in combination with other signatures such as [O II ]. 

(ii) 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 Fig. B3 (middle) shows broad H α emission, possibly implying a source with greater velocity dispersion than expected from 

the galaxy, and likely AGN-related. H α is present in several more sources but generally less broad. It is outside of the clean spectroscopic 
range for a large proportion of the OQQs, making judgement of population properties in this case harder. 

(iii) SF versus dead galaxy indications : some SED fitting shows a contribution to MIR luminosities from SF (see Section 4.4 ), 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 conclusion. Narrow 

emission lines such as [O II ] may indicate a younger stellar population and thus recent or ongoing star formation, and some sources (e.g. 
sources in Fig. B3 , bottom) may show this. A strong 4000 Å break and Ca H and K absorption lines could instead imply an older population. 
Ho we ver, as discussed in Section 4.5 , 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 similar in terms of OQQ 

selection (see Section 6.2 ). Future work is needed to ef fecti vely and conclusively distinguish between intrinsic properties. 

B3 Continuum SNR check 

To eliminate sources where the spectrum in the region of [O III ] is significantly noisy – i.e. that there may be [O III ] present at a low level – we 
estimate the noise as follows (summary of results in Table B2 as ‘Poor S/N’): 

(i) Cut the spectrum to two regions on either side of the expected position of [O III ] (vertical bands in Fig. B1 , bottom right panel), a v oiding 
any other potential emission or absorption lines. 

(ii) Estimate the noise in these regions as the standard deviation on the flux data. 
(iii) Estimate the signal as the mean on the flux data. 
(iv) Discard any candidate OQQ with the ratio of these > 2. 
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Figure B2. Candidate OQQs, randomly selected from the catalogue at Step 8 (see Table 2 ). Labelled in green (‘[O III ] not detected’) show the objects that pass 
this test and mo v e on to visual checks, and those labelled in red (‘[O III ] detected’) are discarded. Grey sections of the spectra show re gions remo v ed for this test 
to a v oid other possible emission lines biasing the fit. 

B4 Duplicate spectra 

For the fitting and selection process, and the properties in the main sections of the paper, 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). Ho we ver, for a minority 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 dismissed for high levels of noise. We discuss the 
exceptions to this below. 

B4.1 J0002: 0.592036, -0.4320923 

Two available spectra; generally consistent in appearance and flux, but one has been assigned the SDSS subclass ‘Star-forming’ (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. 

B4.2 J0231: 37.99002, 0.648491 

Fifteen available spectra; generally consistent in appearance and flux, but again one has been assigned the SDSS subclass ‘Star-forming’. 
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. 
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Figure B3. OQQ spectra showing selected spectra with the following properties: (top) spectra showing blue rises, (middle) spectra showing strong and/or broad 
H α emission, (bottom) spectra showing narrow [O II ] emission. 
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Table B1. Bounds imposed on fit parameters. Slope and intercept of 
background continua were allowed to vary freely, whereas parameters of the 
Gaussian fit to the emission line were restricted to physically likely values. 

Parameter Symbol Bounds 

Slope m none 
Intercept c none 
Line wavelength/ Å x 0 up to 1000 km s −1 from centre 
Line FWHM/ Å σ physical min up to 500 km s −1 

Line height/flux units h max based on data 

Table B2. Counts of objects remo v ed or kept at all stages of checks outlined 
in this Appendix. 

Original 
candidates % 

Total 1,520 
Lower bound flux < 0 203 13.4 
Keep (after basic vis check) 98 48.3 
Remo v e (visible [O III ]) 48 23.6 
Remo v e (noisy) 42 20.7 
Remo v e (wrong class) 14 6.9 
Keep (after detailed vis check) 64 64.3 
Uncertain redshift 20 20.4 
Poor S/N 12 12.2 
Wrong shape continuum 3 3.1 

Figure C1. PanSTARRS colour images of the first 8 OQQs by RA. Bars show approximate scale of objects based on redshift. Full sample available online. 

B4.3 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. 

APPEN D IX  C :  C O L O U R  IMAG ES  

This section presents PanSTARRS colour images of a sub-sample of OQQs in Fig. C1 . The full sample is available online. 

APPEN D IX  D :  X - R AY  DATA  S O U R C E S  

Here we summarize the source papers used for QSO2 X-ray information and observation IDs of OQQ data used in Section 5 . 
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Table D1. X-ray and [O III ] data for QSO2s used in Section 5 . MIR data is from this work, [O III ] is from Reyes et al. ( 2008 ) and Yuan, Strauss & Zakamska 
( 2016 ). X-ray data is indicated in column (8): (a) Vignali, Alexander & Comastri ( 2006 ), (b) Vignali et al. ( 2010 ), (c) Lamastra et al. ( 2009 ). 

Name (1) 
RA (J2000) 

deg. (2) 
Dec. (J2000) 

deg. (3) 
log L 12 erg s −1 

(4) 
log L 2 − 10 keV erg 

s −1 (5) 
log L [O III ] L � erg 

s −1 (6) 
log N H cm 

−2 

(7) Reference (8) 

WISEA J012341.47 + 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 44.23 9.39 22.33 (b) 
WISEA J083945.98 + 384318.9 129.942 38.722 44.97 44.26 9.71 22.52 (c) 
WISEA J115314.38 + 032658.6 178.310 3.450 45.04 44.08 9.61 22.19 (a) 
WISEA J122656.47 + 013124.3 186.735 1.523 45.30 44.63 9.66 22.42 (a) 
WISEA J122845.73 + 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 22.74 (a) 

Table D2. In Section 5 , we examined available serendipitous X-ray observations of OQQs, where available. The targeted observations obtained for J0751 are 
listed in Section 5.1 . The remainder of instruments and observation IDs used are listed here. 

Name (1) Instrument (2) Observation ID(s) (3) 

OQQ J0002-0025 Swift - XRT 38112001,38112003,38112009,38112002,38112007,38112008,38112005,38112006,38112004 
OQQ J0109 + 0103 Swift - XRT 47886001 
OQQ J0231 + 0038 XMM–Newton 652400801 
OQQ J0751 + 4028 XMM–Newton , NuSTAR 0884080101,60701009002 
OQQ J1051 + 3241 XMM–Newton 781410101,781410201 
OQQ J1611 + 2247 Chandra 15679 
OQQ J1617 + 0854 Swift -XRT 46227001,46227006,46227004,46227005,46227003 
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