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ABSTRACT

Following the discovery of SAGE0536AGN (z ∼ 0.14), with the strongest 10-μm silicate emission ever observed for an active
galactic nucleus (AGN), we discovered SAGE0534AGN (z ∼ 1.01), a similar AGN but with less extreme silicate emission.
Both were originally mistaken as evolved stars in the Magellanic Clouds. Lack of far-infrared emission, and therefore star
formation, implies we are seeing the central engine of the AGN without contribution from the host galaxy. They could be
a key link in galaxy evolution. We used a dimensionality reduction algorithm, t-distributed stochastic neighbour embedding
with multiwavelength data from Gaia EDR3, VISTA survey of the Magellanic Clouds, AllWISE, and the Australian Square
Kilometre Array Pathfinder to find these two unusual AGNs are grouped with 16 other objects separated from the rest, suggesting
a rare class. Our spectroscopy at South African Astronomical Observatory/Southern African Large Telescope and literature data
confirm at least 14 of these objects are extragalactic (0.13 < z < 1.23), all hosting AGN. Using spectral energy distribution fitter
CIGALE we find that the majority of dust emission (> 70 per cent) in these sources is due to the AGN. Host galaxies appear to be
either in or transitioning into the green valley. There is a trend of a thinning torus, increasing X-ray luminosity, and decreasing
Eddington ratio as the AGN transition through the green valley, implying that as the accretion supply depletes, the torus depletes
and the column density reduces. Also, the near-infrared variability amplitude of these sources correlates with attenuation by the
torus, implying the torus plays a role in the variability.
Key words: galaxies: evolution – (galaxies:) Magellanic Clouds – (galaxies:) quasars: emission lines.

1 I N T RO D U C T I O N
Active galactic nuclei (AGNs) preside in the centre of some galaxies,
resulting from the accretion of gas by a supermassive black hole
(SMBH). The mass of SMBHs is known to correlate with the mass of
the galaxy bulge, implying the formation and evolution of bulges and
SMBHs are intertwined (Magorrian et al. 1998; Ferrarese & Merritt
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2000; Gebhardt et al. 2000; Tremaine et al. 2002). It is thought that
AGNs play a significant role in galaxy evolution by creating large
outflows that quench (Kormendy & Ho 2013) and/or trigger bursts
of star formation (Xue et al. 2010; Mullaney et al. 2011; Rosario
et al. 2015; Cowley et al. 2016), making them an ideal laboratory for
studying the evolution and formation of galaxies.
AGNs emit across the entire electromagnetic spectrum. The
diversity of observed AGNs can be explained by a small number of
physical parameters, such as the mass of the central SMBH, the rate
of gas accretion on to the black hole, the orientation of the accretion
© 2022 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society

Downloaded from https://academic.oup.com/mnras/article/515/4/6046/6651397 by Keele University user on 24 August 2022

Clara M. Pennock ,1 ‹ Jacco Th. van Loon,1 Joy O. Anih,1 Chandreyee Maitra ,2 Frank Haberl,2
Anne E. Sansom ,3 Valentin D. Ivanov,4 Michael J. Cowley,5,6 José Afonso,7,8 Sonia Antón,9
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Ambra Nanni,13 Isabella Prandoni 14 and Eleni Vardoulaki15

Quasars dominated by nuclear dust emission

star formation. Can more be found? Are they an unusual type, or a
short and therefore rarely seen stage of galaxy/evolution?
As these sources mimic evolved stars in the Magellanic Clouds,
we therefore needed to adopt a more systematic approach in finding
more of them. Unsupervised machine learning has been used to
great effect to cluster objects together and reveal patterns in large
data sets (e.g. Lochner et al. 2016; Anders et al. 2018; Reis et al.
2018; Zhang et al. 2020). This can be used to find objects with similar
properties to those already discovered, such as SAGE0536AGN and
SAGE0534AGN.
AGN are most readily identified within combinations of multiwavelength photometric survey data. The Magellanic Clouds span
∼ 100 sq. degrees on the sky that have been studied, in parts or
as a whole, in the ultraviolet (UV, e.g. Thilker, Bianchi & Simons
2014), optical [e.g. Gaia and Survey of the Magellanic Stellar History
(SMASH), Nidever et al. 2017; Gaia Collaboration 2021], IR (e.g.
SAGE and AllWISE, Lacy et al. 2004; Cutri et al. 2021), radio (e.g.
MOST and ATCA, Mauch et al. 2003; Murphy et al. 2010), and
X-ray (XMM–Newton, Sturm et al. 2013), which makes them an
ideal location to search for AGN behind them. The combination of
all these data has great potential for discovery of the more unusual
and extreme cases of AGN, such as SAGE0536AGN. The new and
deeper surveys towards the Magellanic Clouds, such as the nearinfrared (near-IR) VISTA survey of the Magellanic Clouds (VMC;
Cioni et al. 2011) and radio Evolutionary Map of the Universe allsky (EMU, Joseph et al. 2019; Pennock et al. 2021) surveys greatly
enhance such attempts.
The paper is laid out as follows: Section 2 describes the data used
and machine learning tool used to create the sample. In Section 3,
we describe the light curves (Section 3.1) and spectra, calculation of
black hole masses (Section 3.2), spectral energy distribution (SED)
fitting with CIGALE (Section 3.3), X-ray observations (Section 3.4),
and modelling of those sources where we can see their host galaxies
with GALFIT (Section 3.5). In Section 4, we discuss the selection
techniques of AGN (Section 4.1) and where this sample and sources
mistaken for AGN fall within them. This is followed by a discussion
of the sample galaxies’ identity as either star-forming (SF), quiescent,
or green valley (GV) galaxy and how their properties change as they
transition from SF to GV (Section 4.2). The radio properties and how
they link to the evolutionary stage of the sample are then discussed
(Section 4.3) followed by a discussion of the AGN dust and its effect
on observed properties such as variability and the 10-μm silicate
emission (Section 4.4).
2 T H E DATA
2.1 Photometry
2.1.1 VMC survey
The VMC (Cioni et al. 2011) is a near-IR deep, multi-epoch, and
wide-field study of the Magellanic Clouds. It has a spatial resolution
of <1 arcsec in the YJKs filters, reaching a sensitivity of about 21
mag (Vega). Its depth and coverage can be compared to the VISTA
Deep Extragalactic Observations (VIDEO, Jarvis et al. 2013) survey,
which was specifically designed to study galaxy and cluster/structure
evolution. The VMC data provide an opportunity to double the effort
of the VIDEO survey and cover more volume and cosmic variance,
and has already proven successful in discovering more AGN (e.g.
Ivanov et al. 2016). This however comes with the caveat of increased
stellar confusion with the presence of the LMC and Small Magellanic
Cloud (SMC).
MNRAS 515, 6046–6065 (2022)

Downloaded from https://academic.oup.com/mnras/article/515/4/6046/6651397 by Keele University user on 24 August 2022

disc with respect to our line-of-sight, the degree of obscuration of the
nucleus by dust, and the presence or absence of jets. This is called
the unified model of AGN (Antonucci 1993; Urry & Padovani 1995).
This model is however an oversimplification of observed variety
of AGN evolving through cosmic time (see Cowley et al. 2016,
2018). Finding the more unusual of these diverse objects could be
the key to unlocking the evolution of AGN, such as an AGN without
interstellar gas to feed it or AGN hosted by bulgeless galaxies (e.g.
Simmons, Smethurst & Lintott 2017), implying no history of major
mergers.
Emission from hot dust is associated with the torus of gas and dust
surrounding the central engine of the AGN and most often observed
in the mid-infrared (mid-IR) (Antonucci 1982, 1984; Sanders et al.
1988). The distribution (smooth, clumpy, or polar) and kinematics
(static, inflowing, or outflowing) of this hot dust are however still
uncertain. For instance, at parsec scales in the polar regions there exist
grains, thought to be irradiated by the AGN almost directly (Raban
et al. 2009; Hönig et al. 2012, 2013; Tristram et al. 2014; Asmus,
Hönig & Gandhi 2016; López-Gonzaga et al. 2016; Leftley et al.
2018; Hönig 2019), which may be associated with an AGN-driven
outflow (Schartmann et al. 2014). The properties of these grains
observed in the torus and polar regions appear to be different from
those observed in the interstellar medium, with a dearth of smaller
grains such as small graphite grains and/or polycyclic aromatic
hydrocarbon nanoparticles, indicated by the absence of a 2175-Å
bump (Czerny et al. 2004; Gaskell et al. 2004; Gaskell & Benker
2007), whilst retaining larger grains such as silicate.
Silicate features in emission are expected for AGN seen face-on
(type 1 AGN), where dust in the surface of the inner torus will be
heated by radiation from the central engine to sufficient temperatures
to allow direct detection of the 10- and 18-μm silicate bands emitted
from this hot dust. The Spitzer space telescope has been used to
detect this emission in type 1 AGN (Hao et al. 2005; Siebenmorgen
et al. 2005; Sturm et al. 2005; Weedman et al. 2005; Shi et al.
2006; Hatziminaoglou et al. 2015) as well as in type 2 AGN (Hao
et al. 2007), where it would be expected to be detected in absorption.
Silicate emission detected in type 2 AGN breaks the relation between
orientation and AGN characteristics; this is explained by clumpiness
in the torus seen in the radiative transfer models of Nenkova et al.
(2008) and Nikutta, Elitzur & Lacy (2009).
The originator of the strongest 10-μm silicate emission of
any known AGN, is the hot dust near the SMBH of SAGE1C
J053634.78−722658.5 (hereafter referred to as ‘SAGE0536AGN’)
that was discovered serendipitously behind the Large Magellanic
Cloud (LMC) by Hony et al. (2011) in the Spitzer Space Telescope
Survey of the Agents of Galaxy Evolution Spectroscopic (SAGESpec) follow-up of infrared (IR) sources seen towards the LMC
(Kemper et al. 2010; Woods et al. 2011). It lies behind the LMC and
was found to be a type 1 AGN with a negligible amount of far-infrared
(far-IR) emission meaning a lack of star formation, confirmed by
spectra obtained with the Southern African Large Telescope (SALT,
van Loon & Sansom 2015). Finding more of these could provide
valuable insight into this stage of galaxy/AGN evolution.
Our new spectroscopic observations using the South African
Astronomical Observatory (SAAO) 1.9m telescope, reveals SSTISAGE1C J053444.17−673750.1 is one such source that shows
similarities to SAGE0536AGN. This source has also been referred
to as 4XMM J053444.1−673751, 2MASS J05344418−6737501,
SHP LMC 256, or [KWV2015] J053444.17−673750.1 [identifier
for post-asymptotic giant branch (AGB) star candidate], in this paper
it shall be referred to as SAGE0534AGN. Both of these sources have
been confused as evolved stars, have silicate emission and a lack of
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Table 1. Sample of similar sources identified through a t-distributed stochastic neighbour embedding (t-SNE) analysis.
Source name

RA
(J2000)

DEC
(J2000)

SAGE1C J053634.78−722658.5
SAGE1C J053444.17−673750.1
WISEA J003617.01−743131.3
WISEA J011337.10−742755.3
WISEA J003156.88−733113.6
WISEA J002602.54−724718.0
OGLE SMC-LPV-7107
WISEA J011408.02−723243.1
[MCS2008] 11
[MA93] 1895
MQS J012108.42−730713.1
MQS J011534.10−725049.3
WISEA J003910.76−713409.9
[VV2006] J005116.9−721651
2E 238
WISEA J013604.46−721315.3
NAME SMC B0031−7042
WISEA J004952.56−692956.4

5:36:34.78
5:34:44.17
0:36:16.99
1:13:37.08
0:31:56.89
0:26:02.54
0:48:25.71
1:14:07.99
0:55:51.51
1:22:36.94
1:21:08.43
1:15:34.09
0:39:10.78
0:51:16.95
0:57:32.75
1:36:04.46
0:34:05.26
0:49:52.53

−72:26:58.5
−67:37:50.1
−74:31:31.3
−74:27:55.3
−73:31:13.6
−72:47:18.0
−72:44:02.8
−72:32:43.3
−73:31:10.0
−73:10:16.7
−73:07:13.1
−72:50:49.3
−71:34:09.9
−72:16:51.5
−72:13:02.3
−72:13:15.4
−70:25:52.3
−69:29:56.4

2.1.2 Radio EMU-Australian Square Kilometre Array Pathfinder
survey
The Australian Square Kilometre Array Pathfinder (ASKAP) observed the LMC at 888 MHz (54 612 sources, Pennock et al. 2021)
with a bandwidth of 288 MHz and beam size of 13. 9 × 12. 1, and the
SMC at 960 MHz and 1320 MHz (7736 sources, Joseph et al. 2019)
with a bandwidth of 192 MHz and beam sizes of 30 arcsec × 30
arcsec and 16. 3 × 15. 1, respectively. The majority of these sources
were found to be extragalactic.
2.1.3 Other survey data
Other data used in this work include optical Gaia EDR3 survey
(Gaia Collaboration 2021) photometry and astrometry; the optical
SMASH (Nidever et al. 2017) photometry; mid-IR AllWISE (Cutri
et al. 2021) and Spitzer SAGE (Lacy et al. 2004) photometry; and
XMM–Newton (Sturm et al. 2013) X-ray photometry.
2.2 Spectroscopy
2.2.1 SAAO 1.9m spectra
Eight new optical spectra of SAGE0534AGN and Source 1, 2, 3,
4, 6, 11, and 14 (see Table 1 for sample list) were obtained at the
SAAO 1.9m telescope with Spectrograph Upgrade: Newly Improved
Cassegrain (Crause et al. 2019). Grating 7 (grating angle of 16◦ ) and
the order blocking ‘BG38’ filter were used, delivering a resolving
λ
power R = λ
∼ 500 over a wavelength range of 3800–9000 Å.
The CuAr lamp was used for wavelength calibration. Three 600-s
exposures were obtained for each source. The standard stars (EG
21, Feige 110, or LTT 1020, Hamuy et al. 1994) were observed on
the same night under the same conditions for 30 s. The data were
processed using the standard IRAF1 tools (Tody 1986, 1993).
2.2.2 SALT spectra
Supplementary optical spectroscopic observations were made of
three sources (SAGE0534AGN and Source 13 and 16, see Table 1

2.2.3 Other optical spectra
Prior to this study, three sources (Source 7, 9, and 10, see Table 1
for sample list) had been observed as part of the Magellanic Quasars
Survey (MQS, Kozłowski et al. 2013) and one source (Source 12)
as part of a search for variability-selected quasars in the Magellanic
Field (Geha et al. 2003).
Another (Source 15) had been observed with European Southern
Observatory’s 3.6m telescope with EFOSC2 as part of a survey to
find polarized quasars (see Kishimoto et al. 2008; Kishimoto et al.,
in preparation). For all frames, the CCD was read out with 2 × 2
binning, giving a spatial sampling of 0. 316 per pixel. The grism Gr#1
was used at a dispersion of 13 Å per pixel (after the binning). The
target was observed with 1. 5 slit width, giving a spectral resolution
of ∼60 Å. The data were reduced in a standard manner. Averaged
bias frame was subtracted, and each frame was flat-fielded. The
wavelengths were calibrated using arc frames, and the spectra were
extracted with 2. 8 window and flux-calibrated.
2.3 Target sample
2.3.1 SAGE0536AGN
SAGE1C J053634.78−722658.5 is a peculiar and rare AGN at
z = 0.14 (van Loon & Sansom 2015), which was discovered
serendipitously, as its colours indicated it was most likely a dusty
evolved star. It was discovered by Hony et al. (2011) in the SAGESpec survey (Kemper et al. 2010; Woods et al. 2011) to be an AGN
and further characterized by van Loon & Sansom (2015).

1 IRAF

is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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SAGE0536AGN
SAGE0534AGN
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Identifier

for sample list) using SALT (Buckley, Swart & Meiring 2006) under
programmes 2021-1-SCI-018 (PI: Jacco van Loon), 2021-1-SCI029 (PI: Jacco van Loon), 2021-1-SCI-032 (PI: Jacco van Loon),
and 2021-2-SCI-017 (PI: Joy Anih). We used the Robert Stobie
Spectrograph (RSS, Burgh et al. 2003; Kobulnicky et al. 2003), a
combination of three CCD detectors with total 3172 × 2052 pixels
and spatial resolution of 0. 1267 per pixel. We used the long-slit with
width 1. 5, grating PG0300 and an Argon arc lamp. These data were
also processed using the standard IRAF tools (Tody 1986, 1993).
Prior to this study SAGE0536AGN had been observed with
SALT by van Loon & Sansom (2015). Further observations of
SAGE0536AGN were obtained with SALT RSS in 2017 (programme
2017-1-SCI-001) but were unfortunately affected by focus issues.
These spectra covered ∼534–623 nm, with PG2300 grating, including Hb, Mgb, and Fe5335 spectral features. Two of the five exposures
(observed on 20/10/2017) were of sufficiently good quality and
high spectral resolution to attempt kinematic measurements. Using
PYTHON PPXF2 and INDO-US star spectral templates (Valdes et al.
2004) the measured velocity dispersion was s ∼ 202 ± 15 km s−1 ,
with overall errors from PPXF uncertainty and spectral resolution
uncertainty added in quadrature. This measurement was within the
central ∼1 arcsec along the major axis of SAGE0536AGN and is
larger than previously found, s ∼ 123 ± 15 km s−1 , in van Loon &
Sansom (2015). This may be because of the focus problems with
the 2017 data but could also result from measurement in a better
spectral range, less affected by a particular (NaD) spectral feature
and along the major axis. Integral field unit (IFU) spectroscopy data
would be needed to more accurately determine the kinematics across
SAGE0536AGN.

Quasars dominated by nuclear dust emission

2.3.2 SAGE0534AGN
This source was spectroscopically observed as part of SAGE-Spec
(Woods et al. 2011). The classification was based on a combination
of IR spectral features, continuum and SED shape, bolometric
luminosity, cluster membership, and variability information. It was
described as an unusual object as it demonstrates a very broad 20-μm
emission and a very broad but weak 10-μm emission. It also has a
double peaked SED, which is often taken as indicative of a postAGB object, though it was considered bluer than expected for a postAGB object. This study also considered X-ray counterparts. It was
identified as an X-ray source of unknown physical nature by Sasaki,
Haberl & Pietsch (2000), source ID 256, when it was observed by the
ROSAT High Resolution Imager (Zombeck et al. 1995), as well as
detected by the X-ray Multi-Mirror Mission (XMM/2XMMi, Watson
et al. 2009) where it showed an SED that peaks around 1 keV. This,
combined with the unusual Spitzer InfraRed Spectrograph (IRS)
spectrum, led to a classification of ‘unknown’. This source was also
detected five times serendipitously in the field of view of XMM–
Newton observations (Webb et al. 2020) and is designated as 4XMM
J053444.1−673751.
SAGE0534AGN was first spectroscopically observed in the optical
as part of a search for optically bright post-AGB stars in the LMC
(van Aarle et al. 2011). On the basis of a low-resolution spectrum this
object was determined to be a post-AGB star of spectral-type G. A
later optical spectroscopic study by Kamath, Wood & Van Winckel
(2015) revealed this source to be a quasi-stellar object instead. As
this source was not stellar in nature it was not further explored in that
study and the spectrum was not published.
Comparison of the full SEDs of SAGE0536AGN and
SAGE0534AGN is shown in Fig. 1. From this we can see that
they share a lack of far-IR emission, indicating a lack of emission
from star formation. At the optical/UV end there is a lack of
emission for SAGE0536AGN, whereas SAGE054AGN is bright,
implying more dust extinction in SAGE0536AGN. We can also see
the silicate emission, which is much stronger for SAGE0536AGN
than SAGE0534AGN.

t-SNE (van der Maaten & Hinton 2008) is an unsupervised machine learning dimensionality reduction algorithm. It can visualize
any high-dimensional data set by projecting each data point on to a
low-dimensional map, which reveals local as well as global structure
of the data at many different scales. t-SNE has been shown to be adept
at separating sources into different classes with no prior information
about the source nature (e.g. Steinhardt et al. 2020).
t-SNE uses hyperparameters (perplexity, early exaggeration, learning rate, and number of steps) and is a non-linear technique
through non-deterministic or randomized algorithm. It embeds the
points from a higher dimension into a lower dimension whilst
trying to maintain the neighbourhood of that point, preserving the
local structure of the data. More specifically, the t-SNE technique
minimizes the divergence between a probability distribution that
measures pairwise similarities of the high-dimensional data and a
probability distribution that measures pairwise similarities of the
low-dimensional points in the embedding. Unlike the linear Principal
Component Analysis (PCA) algorithm, t-SNE cannot preserve global
structure (variance) but can preserve the local structure, allowing fine
structures to be found, which PCA is incapable of.
We searched for SAGE0536AGN and SAGE0534AGN analogues
to further explore this AGN class. We used the t-SNE algorithm on
a clean data set (no error/missing values) of 1359 sources that was
the combination of VMC, Gaia EDR3 (Gaia Collaboration 2021),
AllWISE (Cutri et al. 2021), and EMU ASKAP 960 MHz (Joseph
et al. 2019) and 888 MHz (Pennock et al. 2021) photometry, colours,
and astrometry in the area of the SMC. Surveys of the SMC have also
been performed in the X-ray (e.g. Sturm et al. 2013), UV (GALEX,
Martin et al. 2005), and mid- to far-IR (SAGE/HERITAGE, Meixner
et al. 2006, 2013). These were not used because they lack the same
coverage of the Magellanic Clouds as the VMC survey, as well as
having missing values for many of observed sources, which would
have caused the sample to be explored to be reduced significantly.
We focus on the SMC because the VMC point-spread function (PSF)
photometry and ASKAP radio survey were available for the SMC
first. This technique reduced the high-dimensional data set down
to two dimensions, producing a t-SNE map seen in Fig. 2. The
perplexity parameter of t-SNE was chosen by creating multiple maps
and choosing the value of perplexity that created the most obvious
clustering.
SAGE0536AGN and SAGE0534AGN are shown to be close to
each other in an area containing few sources, implying a rare class
of AGN. We focused on the group of 18 sources that include
SAGE0536AGN and SAGE0534AGN, see red box in Fig. 2 (righthand panel), that are also separate from the large clusters of sources,
in order to find more such objects. A list of these sources, with
their identifiers and coordinates, can be seen in Table 1. The other
objects in this t-SNE map are to be explored in a following paper
that makes use of more than one machine learning technique and a
wider range of multiwavelength data, which will classify the sources
in the direction of the SMC and LMC, as well as estimate the
redshifts of extragalactic sources behind the clouds (Pennock et al.,
in preparation).
3 R E S U LT S

2.3.3 Machine learning
In order to find sources similar to SAGE0536AGN and
SAGE0534AGN in a large data set with ill-defined properties, we
employ machine learning, which has been used to great effect to
separate sources into different classes (e.g. Lochner et al. 2016;
Anders et al. 2018; Reis et al. 2018; Zhang et al. 2020).

The sample (including SAGE0536AGN and SAGE0534AGN) is
made up of 18 sources, 16 of which are spectroscopically confirmed
extragalactic sources (see next subsection). Source 8 has no current
spectroscopic confirmation of it being an extragalactic source, but
has been previously identified as a potential H α emission line star
(Meyssonnier & Azzopardi 1993; identified an emission line and no
MNRAS 515, 6046–6065 (2022)

Downloaded from https://academic.oup.com/mnras/article/515/4/6046/6651397 by Keele University user on 24 August 2022

Figure 1. Comparison of SEDs from optical to far-IR of SAGE0536AGN
and SAGE0534AGN. Both show the 1- to 10-μm bump that is associated
with AGN, a noticeable 10-μm silicate emission, as well as a lack of far-IR
emission.
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underlying continuum), a far-IR object (Boyer et al. 2011; Srinivasan
et al. 2016), and an emission line object (Groenewegen et al. 2020).
Source 5 is a near-superposition of a carbon star in front of the
true extragalactic radio source, which can be seen from the spectrum
and the annotated spectral lines (Barnbaum, Stone & Keenan 1996;
van Loon et al. 1998) that is included in the online appendix.
3.1 VMC light curves
The VMC survey is comprised of multi-epoch observations, which
allows for the detection of variability. The light curves of the sample
can be seen in Fig. 3. The amplitudes of variation in Ks were
calculated by selecting the highest and lowest set of points. At these
points of time the median value is selected as the highest/lowest
value. The amplitude is calculated as the difference between these
values. For some of these sources we are not seeing the full amplitude,
such as for Source 14, where the source becomes brighter without
reaching a noticeable peak. The amplitudes calculated from the VMC
light curves in Ks can be seen in Table 2.
Source 5 shows large-amplitude, semiregular variability that
corroborates its identity as a carbon star. The variability of the other
sources combined with their extragalactic spectroscopic confirmation, confirms the presence of an AGN. However, Sources 3, 4, and
6 show little to no variability.
3.2 Optical line identifications and spectral analysis
The spectra of SAGE0536AGN, SAGE0534AGN, and 14 out of
16 t-SNE sample sources that were observed with SALT, SAAO’s
1.9m telescope or with other facilities prior to this study are shown
in Fig. 4. Sources that were observed as part of other surveys are
also shown in Fig. 4. Only Sources 5 (star) and 8 (no available
spectrum) are not shown. The spectra of Source 5 and sources
with multiple available spectra that are not shown in Fig. 4 can
be found in the online appendix. Redshifts are listed in Table 3. The
redshift for Source 8 was estimated from photometry (Flesch 2015,
2021).
The full width at half-maximum (FWHM) is calculated by
modelling the continuum surrounding the emission line and then
MNRAS 515, 6046–6065 (2022)

subtracting the continuum from the spectra. After this the half
maximum height of the emission line is calculated from the line
profile and then subsequently the width of the emission to get the
observed FWHM.The intrinsic FWHM is then calculated from
F W H Mintrinsic = (F W H Mobserved )2 − (F W H Minstrument )2, where
FWHMinstrument is the FWHM of the instrument used to obtain the
spectrum.
The continuum of the optical spectra was modelled using
PYTHON’s Astropy module (Astropy Collaboration et al. 2013, 2018).
This facilitated the use of a low-order polynomial to model the
continuum. The most notable emission line is the Mg II λ2798 line,
observed in all but four of the sources.

3.2.1 Black hole masses
The sample showcases emission lines from either Mg II λ2798, H α
λ6563 Å, or H β λ4861 Å. From these we can calculate the black hole
masses (MBH ). The black hole mass was not calculated for Sources
6 and 14 due to their spectra being too noisy, and Sources 1, 7, and
11 had FWHM that were too close to the instrumental FWHM to be
disentangled.
The calibrations used for calculating the black hole masses from
the Mg II (Trakhtenbrot & Netzer 2012), H β (Vestergaard & Peterson
2006), and H α (Baron & Ménard 2019) emission lines are

0.620 

L3000
F W H MMg II 2
MBH = 106.748
M
(1)
1044 erg s−1
103 km s−1

0.500 

L5100
F W H MHβ 2
MBH = 106.910
M
(2)
1044 erg s−1
103 km s−1

0.54 
2.06
L5100
F W H MHα
MBH = 106.9
M ,
(3)
1044 erg s−1
103 km s−1
where L3000 and L5100 are the monochromatic continuum luminosities at rest frame 3000 and 5100 Å, respectively, in erg s−1 , derived
from SED fitting (see Section 3.3 for more information). Calculated
black hole masses are shown in Table 4. The constant  = 1.075
(Reines & Volonteri 2015) was adopted. Error on the monochromatic
continuum luminosities were calculated by the SED fitter, errors on
the FWHM is the standard error of the mean measurement from the
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Figure 2. Left-hand panel: t-SNE map created from a combination of VMC, Gaia EDR3, AllWISE, and ASKAP data. Blue dots represent known AGN that
have been spectroscopically confirmed. Red indicates the dusty AGN SAGE0536AGN and SAGE0534AGN. Right-hand panel: Zoom in on area containing the
dusty AGN. The 16 sources (blue and grey dots) within the red box in this plot represent the sample explored in this paper. The numbers correspond to the
source names in Table 1.
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Figure 3. Light curves from the VMC survey of all sources in our t-SNE selected sample.

line profile and error of the black hole masses is propagated from
these two errors.
SAGE0536AGN’s black hole mass was previously reported as
MBH = (3.5 ± 0.8) × 108 M , and Lbol = (5.5 ± 1.3) × 1045

erg s−1 (≈12 per cent of the Eddington luminosity, van Loon &
Sansom 2015). In this work the black hole mass of SAGE0536AGN
is calculated from the H α line to be MBH = (5.5 ± 1.3)× 107
M with an Eddington ratio of ∼6 per cent. This mass combined

MNRAS 515, 6046–6065 (2022)
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Table 2. t-SNE selected sample variability amplitudes and mean magnitudes
in the Ks band.
Source name

Mean Ks (Vega mag)

0.09 ± 0.01
0.05 ± 0.01
0.18 ± 0.02
0.16 ± 0.02
0.02 ± 0.02
0.02 ± 0.01
1.20 ± 0.13
0.03 ± 0.03
0.16 ± 0.03
0.55 ± 0.07
0.09 ± 0.02
0.17 ± 0.02
0.22 ± 0.01
0.25 ± 0.01
0.27 ± 0.01
0.26 ± 0.02
0.09 ± 0.02
0.12 ± 0.01

13.49 ± 0.01
13.98 ± 0.03
15.83 ± 0.05
15.34 ± 0.05
14.79 ± 0.02
15.65 ± 0.03
11.45 ± 0.36
15.95 ± 0.04
15.10 ± 0.06
13.19 ± 0.14
15.30 ± 0.03
14,53 ± 0.05
14.56 ± 0.07
15.34 ± 0.10
15.49 ± 0.08
14.13 ± 0.32
14.70 ± 0.03
13.70 ± 0.08

SAGE0536AGN
SAGE0534AGN
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

with the calculated velocity dispersion, s ∼ 202 ± 15 km s−1 , puts
SAGE0536AGN in agreement with the known correlation between
velocity dispersion and black hole mass (e.g. Graham 2008).
3.3 CIGALE modelling
3.3.1 The code and models
Code Investigating GALaxy Emission (CIGALE, Noll et al. 2009;
Boquien et al. 2019; Yang et al. 2020, 2022), is a versatile PYTHON
code for studying the evolution of galaxies by modelling the X-ray to
radio spectrum of galaxies and estimating their physical properties
such as star-formation rate (SFR), attenuation, dust luminosity,

Figure 4. Spectra of t-SNE selected sample, excluding Source 5 (carbon star, spectrum shown in online appendix) and 8 (no spectrum available). Spectral flux
has been normalized. Black indicates sources that were observed with SAAO 1.9m telescope and blue indicates sources observed with SALT. Orange indicates
sources that were observed prior to this study with other facilities.
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Ks amplitude (Vega mag)

stellar mass, and characteristics of an active nucleus. It does this
by comparing modelled galaxy SEDs to observed ones.
The AGN model of CIGALE is from Fritz, Franceschini & Hatziminaoglou (2006) and assumes that the dusty torus is a smooth
structure. However, more recent theoretical and observational works
find that the torus is mainly made of dusty clumps (e.g. Nikutta et al.
2009; Stalevski et al. 2012). Recently, Yang et al. (2022) developed
an updated version of CIGALE, which allows for the modelling of
the X-ray emission to account for X-ray fluxes in the fits of the
SED. This version also includes a more recent AGN model, with
a clumpy two-phase torus model derived from a radiative-transfer
method (SKIRTOR model, Stalevski et al. 2012, 2016). This model
also accounts for the presence of AGN polar dust extinction that has
been observed in type 1 AGN (Gandhi & Hoenig 2015). Furthermore,
the radio models now account for radio emission from an AGN, not
just star formation as it did previously. It is this version of the code
that we use in this work.
The SKIRTOR model is a library of AGN dusty torus emission
models that were calculated with SKIRT, a radiative transfer code
based on a Monte Carlo technique. In this model the dust distribution
of the torus is modelled as a two-phase medium. This medium
consists of a large number of high-density clumps embedded in a
smooth dusty component of low density. The advantage of this model
is that it can produce both attenuated silicate features and pronounced
near-IR emission at the same time, which both smooth and clumpy
models find challenging. Since SKIRTOR’s creation evidence, both
simulated (Roseboom et al. 2013) and observational (Ponti et al.
2013; Markowitz, Krumpe & Nikutta 2014; Leighly et al. 2015),
have shown that the dusty torus is a multiphase structure.
The CIGALE fit is made of a maximum of eight modules. The first
is the star-formation history (SFH) module, the one used here is the
delayed SFH with optional exponential burst which provides efficient
modelling of early-type and late-type galaxies. The second is the
simple stellar population module that computes the intrinsic stellar
spectrum, for which we selected the standard Bruzual & Charlot
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Table 3. Table of sources investigated in this work. Redshifts are calculated from spectroscopy, except for Source 8 (indicated with an ∗) for which the
redshift was calculated from photometry. (1) van Loon & Sansom (2015); (2) Kozłowski et al. (2013); (3) Flesch (2015, 2021); (4) Geha et al. (2003); (5)
Kishimoto et al. (in preparation). Source 5 was found to be a carbon star in the SMC dominating in the optical/IR.
Source name

Emission lines

z

Hα
SAGE0536AGN
SAGE0534AGN
SAGE0534AGN

Hα
Mg II
Mg II

3900 ± 450

0.77 ± 0.01
1.12 ± 0.01
1.2 ± 0.01
1.23 ± 0.02
–
1.06 ± 0.02
0.186 ± 0.005
0.5∗
0.985 ± 0.005
0.201 ± 0.005
0.4 ± 0.01
0.49 ± 0.005
0.81 ± 0.02
0.81 ± 0.02
0.41 ± 0.01
0.363 ± 0.005
0.125 ± 0.01

Mg II
CIII, Mg II
Mg II
CIII, Mg II

6450 ± 200
10310 ± 300
2300 ± 250
5100 ± 550
3800 ± 350
6100 ± 200

Mg II
H α, H β
Mg II
H α, H β
3050 ± 1000
H β, H γ and Mg II
Mg II, H γ , H β, O III
Mg II, H β
Mg II, H β
Mg II, H β
Mg II, H γ , H β, O III, H α 5450 ± 900
H α, H β, O III
2050 ± 450

3350 ± 500
3700 ± 1000
1900 ± 250 2200 ± 250
5750 ± 500
6300 ± 350
6150 ± 300
2800 ± 300

6450 ± 500

Date
observed

Ref.

SALT 08-09-2012
SAAO 16-11-2019
SALT 01-11-2021/
17-03-2022
SAAO 24-11-2019
SAAO 31-10-2019
SAAO 05-11-2019
SAAO 22-11-2019
SALT 17-07-2021
SAAO 29-10-2019
02-2012–01-2013
N/A
02-2012–01-2013
02-2012–01-2013
SAAO 02-11-2019
10-1999–01-2001
SAAO 19-11-2019
SALT 24-07-2021
SAAO 30-10-2019
22-08-2004
SALT 01-09-2021

(1)
This work
This work
This work
This work
This work
This work
This work
This work
(2)
(3)
(2)
(2)
This work
(4)
This work
This work
This work
(5)
This work

Table 4. Black hole masses calculated using equations (1), (2), and (3). Lbol (AGN) is the AGN bolometric luminosity
calculated during SED fitting (see Section 3.3). Eddington ratio is defined as the Lbol (AGN)/Ledd , where the Ledd
= 1.25 × 1038 MBH erg s−1 . Sources that are not listed here either have a noisy spectrum or emission lines that are
smaller or close to the FWHM of the instrument.
Source name
SAGE0536AGN
SAGE0534AGN
2
3
4
9
10
12
13
15
16

Hα

— MBH (M )—
Hβ

Mg II

Lbol (AGN)
(erg s−1 )

Eddington ratio
(per cent)

(5.5 ± 1.3)× 107
–
–
–
–
–
(6.7 ± 4.6)× 107
–
–
(5.7 ± 1.9)× 108
(1.7 ± 0.8)× 107

–
–
–
–
–
–
(9.2 ± 4.7)× 107
–
–
(5.0 ± 0.5)× 108
(3.1 ± 0.7)× 107

–
(1.9 ± 0.1)× 1010
(2.9 ± 0.6)× 109
(1.8 ± 0.3)× 109
(3.3 ± 0.2)× 109
(6.9 ± 2.1)× 108
–
(2.9 ± 0.5)× 108
(1.2 ± 0.1)× 109
–
–

(4.4 ± 0.2)× 1044
(2.4 ± 0.1)× 1047
(9.5 ± 0.5)× 1046
(1.9 ± 0.1)× 1047
(7.8 ± 0.4)× 1046
(4.5 ± 0.2)× 1046
(6.4 ± 0.3)× 1044
(5.1 ± 0.3)× 1045
(2.8 ± 0.2)× 1046
(6.5 ± 0.3)× 1045
(5.7 ± 0.3)× 1044

6.3 ± 1.5
9.8 ± 0.8
26.0 ± 5.6
80.4 ± 15.5
18.6 ± 1.6
52.3 ± 15.9
6.4 ± 3.9
14.2 ± 2.6
18.0 ± 2.6
9.7 ± 3.7
19.1 ± 8.2

(2003) model. The modified dust attenuation law from Calzetti et al.
(2000) is our third module, which controls the UV attenuation with
the colour excess E(B − V), and also the power-law slope (δ) that
modifies the attenuation curve. We included the nebular emission
module, though we kept default parameters. The module to model the
dust emission in the SED uses a modified blackbody spectrum following Dale et al. (2014). Next is the AGN module, modelled as a twophase torus (Stalevski et al. 2012, 2016), where we set the extinction
law of the polar dust to the SMC values (Prevot et al. 1984), the temperature to 100 K (e.g. Buat et al. 2021) and the emissivity index of
the polar dust to 1.6 (Casey 2012). The radio module is also included
as all the sources have radio observations, as the recent update to
CIGALE (Yang et al. 2022) now models radio emission from an AGN.
Where there is only one radio observation, the spectral index, α, is
set to the default of −0.7, typical of synchrotron emission. Where the
sources have X-ray observations the X-ray module was implemented.

3.3.2 Inputs
The known redshifts and photometry from SMASH, Gaia EDR3,
VMC, SAGE, AllWISE, and HERITAGE (Meixner et al. 2013) were
used to model the SEDs of the 17 objects. Not all sources had farIR fluxes, due to either being outside of the HERITAGE survey
field of the Magellanic Clouds or the fluxes being too faint. Where
far-IR fluxes were not found in images an upper limit on the flux
was calculated from the HERITAGE images. For Source 8, where
there was no spectroscopically determined redshift, the photometric
redshift, calculated by Flesch (2015, 2021) was used.
Models used and the parameters that were varied over the fit are
shown in Table 5. Each AGN was initially fit without extragalactic
dust model and where the models did not fit in the far-IR and showed
fAGN < 0.99, where fAGN is the fraction of the total dust that is due to
the AGN, the extragalactic dust model was then added, which is the
case for five of the AGN.
MNRAS 515, 6046–6065 (2022)
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1
2
3
4
5
6
7
8
9
10
11
12
13
13
14
15
16

0.1428 ± 0.0001
1.0 ± 0.01
1.009 ± 0.002

— FWHM (km s−1 ) —
Hβ
Mg II
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Table 5. Modules and parameter values used to model the sample in CIGALE. For the parameter values not listed the default values were used.
Parameter

Model/values

Description

Delayed SFH with optional exponential burst
100–4000
100–6000

e-folding time of main stellar population model (Myr).
Age of oldest stars in the galaxy (Myr).

Simple stellar population (SSP)
IMF
Metallicity
Separation age

Bruzual & Charlot (2003)
0
0.0001, 0.01, 0.02, 0.05
1, 5, 10

Initial mass function from Chabrier (2003)
Metallicity, where solar metallicity ∼0.02.
Separation between young and old star populations (Myr).

Galactic dust attenuation
E(B − V)
Ext law emission lines
Galactic dust emission
β

Modified Calzetti et al. (2000) attenuation law
0.4
LMC, SMC
Dale et al. (2014)
0.0625–4

AGN
τ
pl

SKIRTOR UV-to-IR, from Stalevski et al. (2012),
Stalevski et al. (2016)
3, 5, 7, 9, 11
0, 0.5, 1, 1.5

q
Opening angle
R
i
fAGN

0, 0.5, 1, 1.5
10, 20, 30, 40, 50, 60, 70, 80
10, 20, 30
0, 10, 20, 30, 40, 50, 60, 70, 80, 90
0.6, 0.7, 0.8, 0.9, 0.999

Colour excess of nebular lines (mag).
Extinction law for attenuating emission lines flux (Pei 1992).
Slope in dMdust ∝ U−β dU

Optical depth at 9.7 μm.
Torus radial density parameter, such that
ρ ∝ r−pl e−q|cos(θ)| , where ρ is the torus density and r
is the radius of the torus.
Torus density angular parameter.
Angle between the equatorial plane and edge of the torus.
Ratio of the outer to inner radii of the dust torus, Rout /Rin
Viewing angle where face-on: i = 0◦ , edge-on: i = 90◦
Ldust,AGN
AGN fraction, fAGN = Ldust,AGN
+Ldust,galaxy , where

−0.36–0.36
SMC
0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0
100 K
1.6

Ldust, AGN and Ldust, galaxy are AGN and galaxy dust
luminosity integrated over all wavelengths, respectively.
Power-law modifying the optical slope of the disc.
Extinction law of polar dust.
Polar-dust colour excess (mag).
Temperature of polar dust.
Emissivity index of polar dust
(see equation 10 of Yang et al. 2020).

α ox

1.5–2.0
−1.9, −1.8, −1.7, −1.6, −1.5, −1.4

Photon index, , of the AGN intrinsic X-ray spectrum.
UV/X-ray slope calculated at i = 30◦ .

Radio
α SF

0.8

α AGN

0.01–2

RAGN

0.1–300

Slope of the power-law synchrotron emission related to SF,
which is a free power-law slope.
Slope of the power-law AGN radio emission, defined as
Lν,AGN ∝ ν −αAGN .
Radio-loudness parameter, defined as Lν, 5GHz /Lν, 2500Å ,
where Lν, 5GHz and Lν, 2500Å are the monochromatic AGN
luminosities per frequency at rest frame 5 GHz and 2500 Å.

δ
Lawpolar
E(B − V)polar
Tpolar
Emissivitypolar
X-ray

3.3.3 CIGALE models for SAGE0536AGN and SAGE0534AGN

3.3.4 CIGALE models of the t-SNE sample

CIGALE SED fits of SAGE0534AGN and SAGE0536AGN are shown
in Fig. 5 and the calculated parameters can be found in Table 6.
The fit of SAGE0536AGN shows that the emission from this object
is not solely due to the AGN, as expected from the visible galaxy seen
in survey images (see top-left in Fig. 6), ∼11 per cent is from the host
galaxy. Extinction due to polar dust is the highest for SAGE0536AGN
compared to the rest of the sample. Accretion power is smallest for
SAGE0536AGN.
The fit of SAGE0534AGN however shows that the emission
is almost solely due to the AGN. Compared to SAGE0536AGN,
SAGE0534AGN shows similar τ , i, and R (radial thickness of
torus) values. Extinction in polar dust is minimal compared to
SAGE0536AGN. The opening angle is expected to be ∼40◦ from
observations (e.g. Stalevski et al. 2016). SAGE0534AGN has the
expected opening angle, whilst SAGE0536AGN has the largest
opening angle of the sample, implying a thinner torus.

The majority of sources show a lack of host galaxy contribution,
f AGN > 70 per cent, which implies differences in the dusty torus
(shape, density, etc.) are causing the differences. This is shown by
the ranges of the other parameters such as R, τ , pl, q, and polar
dust extinction. All the sources, except Source 7, show an inclination
angle between 0 < i < 45◦ , implying the central engine of the AGN
is seen for all sources. All the sources, except Source 2, show R > 20,
implying a sample with a thick torus, some of which may be thicker
than the models allow (10 >R > 30).

MNRAS 515, 6046–6065 (2022)

3.4 X-ray observations
Seven of these sources have been detected at X-ray energies with the XMM–Newton telescope (Jansen et al. 2001;
Table 7).
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Table 6. AGN properties calculated with CIGALE. AGN fraction is the fraction of IR luminosity from the object that is due to the AGN. τ is the torus optical
depth at 9.7 μm. The inclination angle, i, is the viewing angle, where i = 0◦ is face-on and i = 90◦ is edge-on. R is the ratio between the maximum and minimum
radii of the torus. The opening angle, oa, is the angle between the equatorial plane and edge of the torus. pl is the torus radial density parameter and q is the
torus density angular parameter, such that ρ ∝ r−pl e−q|cos(θ)| , where ρ is the torus density and r is the radius of the torus. E(B − V) is the extinction caused by
polar dust. Accretion power is the intrinsic AGN disc luminosity averaged over all directions. AGN luminosity is the sum of the observed AGN disc luminosity
(some might be extincted) and the observed AGN dust re-emitted luminosity. AGN torus fraction is the fraction of the AGN luminosity that is re-emitted by the
torus dust.
Source

SAGE0536AGN
SAGE0534AGN
Source 1
Source 2
Source 3
Source 4
Source 6
Source 7
Source 8
Source 9
Source 10
Source 11
Source 12
Source 13
Source 14
Source 15
Source 16

AGN
fraction

τ

i
(degrees)

R

oa
(degrees)

pl

q

E(B − V)

Accretion
power
(1037 W)

AGN
luminosity
(1037 W)

Torus
fraction

0.90 ± 0.01
0.99 ± 0.01
0.98 ± 0.02
0.99 ± 0.01
0.91 ± 0.01
0.99 ± 0.01
0.94 ± 0.01
0.72 ± 0.01
0.89 ± 0.01
0.98 ± 0.02
0.70 ± 0.02
0.96 ± 0.03
0.99 ± 0.01
0.93 ± 0.03
0.98 ± 0.02
0.90 ± 0.02
0.95 ± 0.02

3.0 ± 0.1
4.0 ± 1.0
7.4 ± 1.5
4.1 ± 1.0
3.3 ± 0.7
4.7 ± 1.6
3.7 ± 0.9
5.8 ± 1.4
4.6 ± 0.8
3.8 ± 1.0
10.1 ± 1.3
5.4 ± 1.9
9.1 ± 1.6
8.5 ± 1.6
5.7 ± 1.3
7.8 ± 2.2
5.1 ± 1.6

3.4 ± 4.7
4.5 ± 4.9
10.3 ± 7.9
21.9 ± 9.5
5.7 ± 5.0
10.7 ± 9.0
24.4 ± 7.0
49.3 ± 2.5
21.8 ± 3.9
4.6 ± 5.0
2.5 ± 4.5
21.8 ± 9.6
19.1 ± 11.5
5.7 ± 6.4
12.3 ± 9.7
0.4 ± 2.0
27.4 ± 7.0

29.1 ± 2.9
26.2 ± 4.9
23.0 ± 6.5
16.6 ± 7.5
29.0 ± 3.1
27.1 ± 4.6
29.0 ± 3.0
24.8 ± 6.3
28.1 ± 3.9
26.5 ± 4.8
29.4 ± 2.4
28.1 ± 3.9
24.7 ± 6.0
23.8 ± 6.2
25.8 ± 5.5
26.4 ± 5.5
20.4 ± 8.0

79.5 ± 2.2
40.1 ± 1.0
65.9 ± 7.7
40.3 ± 1.6
50.0 ± 0.1
54.9 ± 5.0
53.9 ± 4.9
40.7 ± 2.5
68.2 ± 3.9
53.3 ± 4.7
74.0 ± 6.0
52.6 ± 4.5
46.7 ± 4.8
62.7 ± 6.5
50.6 ± 2.7
79.5 ± 2.2
46.0 ± 4.9

0.5 ± 0.2
1.2 ± 0.3
1.2 ± 0.2
0.6 ± 0.3
1.4 ± 0.2
1.2 ± 0.3
1.2 ± 0.2
0.9 ± 0.2
1.4 ± 0.2
0.4 ± 0.3
0.6 ± 0.3
1.2 ± 0.2
0.6 ± 0.3
0.5 ± 0.2
0.9 ± 0.3
0.1 ± 0.2
0.7 ± 0.6

1.2 ± 0.3
1.0 ± 0.4
0.2 ± 0.2
1.2 ± 0.2
1.3 ± 0.2
1.0 ± 0.4
0.6 ± 0.4
1.3 ± 0.2
1.5 ± 0.1
1.3 ± 0.2
0.5 ± 0.4
1.1 ± 0.4
0.4 ± 0.4
1.0 ± 0.4
0.4 ± 0.4
0.0 ± 0.1
1.0 ± 0.4

0.96 ± 0.01
0.00 ± 0.01
0.10 ± 0.01
0.00 ± 0.01
0.04 ± 0.01
0.00 ± 0.01
0.30 ± 0.01
0.22 ± 0.03
0.08 ± 0.01
0.00 ± 0.01
0.30 ± 0.01
0.08 ± 0.01
0.12 ± 0.02
0.10 ± 0.02
0.00 ± 0.02
0.00 ± 0.01
0.50 ± 0.07

2.7 ± 0.2
772.1 ± 38.6
69.4 ± 6.9
358.1 ± 29.2
738.9 ± 36.9
233.1 ± 17.4
124.3 ± 14.1
5.7 ± 0.3
117.6 ± 12.4
136.5 ± 6.8
2.7 ± 0.1
38.3 ± 4.9
24.0 ± 3.4
119.3 ± 13.5
29.9 ± 2.2
16.4 ± 0.8
3.9 ± 0.5

4.4 ± 0.2
2375.9 ± 118.8
171.4 ± 8.6
953.6 ± 47.7
1850.2 ± 92.5
774.8 ± 38.7
329.7 ± 16.5
5.9 ± 0.3
223.1 ± 11.2
447.7 ± 22.4
6.4 ± 0.3
82.6 ± 5.2
50.6 ± 2.5
276.7 ± 22.9
98.6 ± 4.9
64.8 ± 3.2
5.7 ± 0.3

0.72 ± 0.05
0.17 ± 0.01
0.52 ± 0.04
0.17 ± 0.02
0.30 ± 0.02
0.28 ± 0.03
0.33 ± 0.03
0.43 ± 0.04
0.58 ± 0.04
0.24 ± 0.02
0.65 ± 0.05
0.41 ± 0.03
0.40 ± 0.04
0.52 ± 0.06
0.28 ± 0.02
0.35 ± 0.03
0.43 ± 0.06

Comparing with the CIGALE parameters calculated, the overall
luminosity of the AGN increases with X-ray luminosity as expected.
Also, the X-ray luminosities decrease with both the AGN inclination
angle, polar extinction, and AGN dust percentage, as expected, as
when the central engine becomes more obscured, X-ray emission
decreases. Overall, from looking at Table 6, the X-ray luminosities
of the sources with f AGN <99 per cent are in general lower than for
f AGN >99 per cent sources.

3.5 The host galaxies
The host galaxy of SAGE0536AGN is resolved in VMC images,
giving the appearance of a red galaxy. The fits of CIGALE also show
that ∼11 per cent of this object’s total dust emission is due to the host
galaxy. CIGALE also calculated Sources 7, 8, 10, 15, and 16 to have
emission contributed by the host galaxy. Of these, only Sources 10
and 16 have host galaxies that are resolved in the VMC images.

The appearance of the host galaxies provides insight into what
step of evolution they are in, be they red dead elliptical, blue and SF,
or intermediate as a GV galaxy (Salim 2014).

3.5.1 GALFIT
GALFIT (Peng et al. 2002) is a well-known software used for galaxy
decomposition and by using it we hoped to shed some light on
the structure of the three host galaxies. It uses parametric functions
to model objects as they appear in two-dimensional images, i.e.
modelling their light distributions. It can be used to determine the
global morphology or to dissect a galaxy into its separate components
such as bulge, disc, bar, etc.
We used the Sérsic profile function, as varying the Sérsic exponent
(which determines the light profile) can match the other available
functions in GALFIT. The GALFIT modelling was done using VMC
Ks band images. The models used are shown in Table 8. Each AGN
MNRAS 515, 6046–6065 (2022)
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Figure 5. CIGALE best fits of SAGE0536AGN (left-hand panel) and SAGE0534AGN (right-hand panel). SED fits of the rest of the sample can be found in the
Appendix.
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4 DISCUSSION
4.1 IR properties and selection criteria

Figure 6. GALFIT models of SAGE0536AGN (top panel), Source 10 (centre),
and Source 16 (bottom panel). The cyan line represents 10 kpc based off of
the respective redshift of each source. The input images are Ks band VMC
images.
Table 7. The average, error-weighted 0.2- to 12-keV X-ray flux and the
corresponding luminosity and their identifications from Maitra, Haberl &
Ivanov (2018).
Source
Name
6
7
8
9
10
12
13

0.2- to 12-keV flux
(10−13 erg s−1 cm−2 )

Luminosity
(1036 W)

Designation

0.76 ± 0.09
2.58 ± 0.14
0.16 ± 0.07
1.13 ± 0.11
0.50 ± 0.20
6.94 ± 0.30
1.72 ± 0.18

47.27 ± 5.59
2.56 ± 0.14
1.57 ± 0.69
58.49 ± 5.69
0.59 ± 0.24
64.85 ± 2.80
54.83 ± 5.74

J011408.02−723243.1
J005551.53−733110.1
–
J012108.43−730713.1
–
208.16034.100
J005732.73−721302.1

was fit with three Sérsic functions, one for the host galaxy and two
for the central component that includes the AGN. The models are
shown in Fig. 6.
The host galaxies of Sources 10 and 16 display rotation as a
function of radius, as is seen in spiral galaxies. GALFIT allows for
coordinate rotation in the light profile, and in this case we use the
power-law spiral function in conjunction with the Sérsic function to
account for the spiral arms. The residuals of SAGE0536AGN also
suggest the presence of spiral arms, though they were not fit here.
When the Sérsic exponent, n, is large, it has a steep inner profile
(cusp), and a highly extended outer wing. When n is small, it has
a shallow inner profile (core) and a steep truncation at large radius.
For the host galaxies of these three AGN, SAGE0536AGN has n =
0.62, implying a form between a Gaussian function (n ∼ 0.5) and
an exponential disc (n ∼ 1). Source 10 has n = 0.71 and Source 16
has n = 0.70, implying host galaxies closer to exponential disc than
SAGE0536AGN.
Combining the AGN and bulge components of each source
provides a total magnitude brighter than the host galaxy, as expected.
The AGN appears unresolved in the images, so the Re calculated by
GALFIT for the Sérsic profile is not true value. A Sérsic exponent,
MNRAS 515, 6046–6065 (2022)

The IR has proven to be an effective wavelength regime to select
AGN in and therefore many selection criteria for AGN have been
created for IR wavebands based on previously spectroscopically
identified AGN.
AGN selection criteria have been created for Spitzer IRAC and
WISE wavebands by Lacy et al. (2004), Stern et al. (2005), Mateos
et al. (2012), and Donley et al. (2012). The Donley et al. (2012)
wedge, shown in Fig. 7, was designed to be an improvement on the
Lacy et al. (2004) and Stern et al. (2005) wedges, as it excludes
high-redshift SF galaxies whilst incorporating the best aspects of
the previous AGN selection wedges. All but SAGE0536AGN fall
within the Donley et al. (2012) wedge. SAGE0536AGN, however,
does still fall within the Lacy et al. (2004) wedge. This implies that
sources similar to SAGE0536AGN could potentially be missed by
the Donley et al. (2012) wedge.
The Mateos et al. (2012) wedge, shown in Fig. 8 (right-hand panel)
shows that all sources fall well within the expected area in the colour–
colour diagram. Also, as expected, Source 5 (the carbon star) falls
outside this area. All the sources fall well within the criteria from
Stern et al. (2005), except SAGE0536AGN which is only just within
its bounds.
Cioni et al. (2013) created AGN selection criteria which are shown
in Fig. 8 (left-hand panel). It separates the colour–colour space into
four regions. Regions A and B are where most known AGN are found
where point-like AGN dominate region A and AGN with visible host
galaxies dominate region B. The average redshift was found to be z =
1.22 ± 0.25 in region A and z = 0.44 ± 0.25 in region B. Region C
was found to contain reddened Magellanic sources and region D was
found to contain stars and low-confidence AGN. As expected, none of
our sources are found in region C. Source 9, however, was found unexpectedly in region D, where stars dominate. The three sources with
clear host galaxies, Source 10, 16, and SAGE0536AGN are found,
as expected, in region B. All sources that have CIGALE fits with fAGN
< 0.99 are found in region B and all of the sources found in region A
have fAGN = 0.99. Sources 11, 13, and 14 are also found in region B,
despite the predicted fAGN = 0.99. Source 5 is found at Y − J = 1.4
and J − Ks = 4.6 (not on the diagram), when it would be expected
to be found in region C or D. From the sample the average redshifts
for A and B are, z ∼ 1.02 and z ∼ 0.35, respectively, as expected.
AGB and post-AGB/red giant branch (RGB) stars, classes known
for being confused with AGN, have been added to the plots. These
stars have all been spectroscopically observed (Groenewegen &
Blommaert 1998; van Loon et al. 1998; van Loon, Zijlstra &
Groenewegen 1999a; van Loon et al. 1999b, 2005, 2006, 2008;
Kamath, Wood & Van Winckel 2014) and are all in the Magellanic
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n ∼ 0.5 gives a Gaussian component, and a Gaussian component
with Re ∼ 0.5 pixels is an alternative for fitting a PSF profile and
therefore an unresolved source, such as an AGN. Source 10 AGN
has Re ∼ 0.5 pixels, showing it is as expected an unresolved source.
SAGE0536AGN and Source 16 both have Re ∼ 1.5 pixels, implying
the AGN bulge is slightly resolved.
All three galaxies are brighter at redder wavelengths, implying
dust and/or lack of star formation. However, these three galaxies
also have the appearance of spiral galaxies. This could imply a
recent shut-down of star formation and that the galaxy has yet to
transition morphologically into an elliptical galaxy. This could mean
GV galaxies.
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Table 8. The functions fitted to SAGE0536AGN, Source 10 and Source 16 in GALFIT and their parameters. All sources were fitted with one Sérsic function for
the host galaxy and two Sérsic functions for the central AGN. A sky background object was also fitted, the only parameter of that used was sky background at
centre of fitting region (in ADUs), fitted prior to fitting the other models by setting an estimate of the background and allowing GALFIT to iterate and find the best
value for the background. The magnitude is the total Ks Vega magnitude from the VMC survey. Re is the effective radius in kpc (calculated from the redshift,
conversion factors are 2.49 kpc arcsec−1 for SAGE0536AGN, 3.34 kpc arcsec−1 for Source 10, and 2.26 kpc arcsec−1 for Source 16), such that half of the total
flux is within Re . Re for AGN is not meaningful since the AGN is not resolved. n is the Sérsic exponent. b/a is the axial ratio. The position angle (PA) is the
angle the major axis, a, is orientated to. To account for the presence of spiral arms the Sérsic components of the host galaxy include PA rotation angle function.
The bar radius is the radius where the rotation reaches roughly 20◦ . The 96 per cent asymptotic radius is the radius at 96 per cent tanh rotation. Rotation is the
cumulative coordinate rotation out to the asymptotic radius. The asymptotic spiral arm power law is related to the rotation, θ ∝ ra , where r is the radius and a is
the power law.

Object type
Magnitude
Re (kpc)
n
b/a
PA (degrees)
PA rotation func.
Bar radius (kpc)
96 per cent asymp. radius (pixels)
Rotation (degrees)
Asymp. spiral arm power law
Inclination to L.o.S. (degrees)
Sky PA (degrees)

AGN
13.1
1.3
0.6
0.9
−6.5
none
–
–
–
–
–
–

Bulge
13.2
2.3
0.6
1.0
51.7
none
–
–
–
–
–
–

Source 10
Host
12.7
7.8
0.6
0.7
77.8
none
–
–
–
–
–
–

AGN
14.9
0.4
0.2
0.6
−55.3
none
–
–
–
–
–
–

Bulge
16.1
1.1
1.7
0.5
6.8
none
–
–
–
–
–
–

Source 16
Host
14.5
8.9
0.7
0.4
86.9
power
16.1
106.9
126.7
−3.3
0.0
7.7

AGN
14.6
1.5
0.5
1.0
−19.8
none
–
–
–
–
–
–

Bulge
14.7
3.4
0.7
0.8
−87.9
none
–
–
–
–
–
–

Host
14.1
11.6
0.7
0.9
12.8
power
3.9
96.0
100.4
−5.2
−47.0
67.5

4.2 Green valley
To determine whether the sources of the t-SNE selected sample are
blue SF, GV, or quiescent galaxies, they can be plotted on a diagram
of SFR versus stellar mass of the host galaxy (e.g. Chen et al. 2016;
Belfiore et al. 2018).
The SFR was calculated using the CIGALE best fits (after subtracting the AGN components) by using the correlation between
total luminosity between 8 and 1000 μm and SFR as shown in Bell
(2003):
⎧

109
⎨1.57 × 10−10 LTIR (1 +
) , LTIR > 1011
−1
 LTIR
SF R(M yr ) =
9
10
⎩1.17 × 10−10 LTIR (1 +
) , LTIR ≤ 1011
LTIR
(4)

Figure 7. IRAC colour–colour diagram for the sample. The red and the blue
dashed lines indicates the Lacy et al. (2004) and Donley et al. (2012) AGN
selection criteria, respectively.

Clouds. In Fig. 7, the locus of the AGB stars is outside the two AGN
selection criteria; however, some are still found within the Lacy
wedge, some of which are avoided with the Donley wedge. In Fig. 8
(right-hand panel) most of the stars are outside the Mateos wedge.
Of those that encroach on the AGN criteria, AGB stars are in the top
of the wedge, whilst post-AGB/RGB stars are at the bottom of the
wedge. In Fig. 8 (left-hand panel) AGB stars can be mostly found in
region B, whilst post-AGB/RGB stars can be found in region A. For
all colour–colour diagrams AGB and post-AGB/RGB stars can be
found amongst the AGN sample. It is known that combining near-IR
and mid-IR selection techniques can efficiently select a high number
of AGN Bornancini et al. (2022), and the combination of WISE
and VMC colour selection techniques has the potential to efficiently
remove the AGB and post-AGB/RGB sources.

where LTIR is the total luminosity between 8 and 1000 μm in solar
luminosities. The stellar mass was calculated by using the correlation
between black hole mass and stellar mass as described in Häring &
Rix (2004):
log(MBH ) = −4.12 + 1.12 log(M∗ ),

(5)

where M∗ is the stellar mass. The resulting diagram can be seen in
Fig. 9 (centre). The CIGALE output for SFR was not used as most
of the sources are dominated by the AGN, meaning the host galaxy,
and therefore the SFR, could not be modelled accurately. For these
sources the calculated SFR is an upper limit.
This plot shows that 12 out of 17 of the sources are GV galaxies.
However, the far-IR fluxes from these galaxies are upper limits,
meaning the SFR could possibly be lower and therefore in the
quiescent region. SAGE0536AGN and Source 16 show spiral arm
structure, meaning star formation shut off recently and they are at
least more likely to be GV galaxies rather than quiescent.
Of the sources in the SF region, Source 6 may be a GV galaxy as
its SFR is an upper limit. Of the other galaxies it is possible that the
far-IR emission is not due to star formation. The far-IR from these
galaxies could instead be accounted for by dust heated by the AGN
beyond the torus. It has been shown that for torus opening angles
MNRAS 515, 6046–6065 (2022)
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of 20–70◦ (Zhuang, Ho & Shangguan 2018) the AGN emission will
heat dust in the narrow-line region (where the polar dust is) if the
black hole accretion disc is aligned with the galaxy plane (Baron
et al. 2016), or the dust in the host galaxy if the accretion disc and
the galaxy plane are misaligned (Viaene et al. 2020).
We compare other observed characteristics of these sources and
CIGALE model outputs with the distance along the evolutionary
sequence, which we define as the distance of the source in the host
mass versus SFR plane from the 1σ scatter from the SF galaxies
main-sequence line.
From this we can see that the AGN fraction increases along the
evolutionary sequence, which is expected as the host galaxy star
formation reduces and the AGN becomes more prominent. Also as
expected, the BH mass increases along the evolutionary sequence.
Source 3 is the furthest above the SF main sequence and has the
largest Eddington ratio. The upper limit to Eddington ratio seems
to decrease along the evolutionary sequence, this could imply its
running out of fuel at later stages.
X-ray observed AGN are more likely to be found in the GV than
in the SF region (e.g. Treister et al. 2009; Pović et al. 2012, 2013).
This is corroborated by the most X-ray luminous of the AGN being
found in the GV. X-ray luminosity increases along the evolutionary
sequence, which could correspond with decreasing R (ratio of outer
torus radii to inner torus radii) and torus fraction, implying a thinning
torus, which would mean that there is less dust and gas to absorb the
X-ray emission.
4.3 Radio analysis
4.3.1 Radio morphology
From the radio continuum images taken with ASKAP of the SMC
and LMC, all 18 sources appear compact (unresolved at ASKAP
resolutions) apart from three: Sources 6, 15, and 16, which are shown
in Fig. 10. Sources 6 and 16’s extended nature could be caused by
MNRAS 515, 6046–6065 (2022)

radio emission from nearby sources blending with the main source.
Source 15’s radio lobes would imply we are observing the source
close to edge-on. The CIGALE model predicts i ∼ 0.4◦ , and therefore
close to face-on. However, the radio image in Fig. 10 also shows a
bright centre to the source. This could mean that the lobes are old
relics, since then the source has rotated, and is now emitting a face-on
radio jet.

4.3.2 Spectral Indices
We define the spectral index α by Fν ∝ ν α , where Fν is the integrated
flux density at frequency ν. A flatter spectral index close to zero
indicates free–free emission, and a steep negative spectral index of
approximately −0.7, indicates synchrotron emission. Table 9 shows
the radio luminosity and radio MHz spectral indices, α.
Fig. 11 shows the distribution of spectral indices for our sample
compared to the spectroscopically observed AGN behind the Magellanic Clouds. This shows that whilst there is a peak at α ∼−0.7,
coinciding with the expected value for synchrotron radiation, there
is also an unexpected peak at more negative values.

4.3.3 Radio properties across the GV
We compare the radio properties of our sources with the distance
along the evolutionary sequence, which we define as the distance of
the source in the host mass versus SFR plane from the 1σ scatter
from the star-formation main-sequence line (Fig. 12).
From Fig. 12 (top panel) we can see that the spectral index is steep
at the start of the evolutionary sequence, is flattest at the beginning
of the GV section and then steepens again. Fig. 12 (bottom panel)
shows that radio loudness, RAGN (see Table 5), is lowest at the start
of the evolutionary sequence, reaches a peak at the beginning of the
GV section, and then reduces again.
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Figure 8. Left-hand panel: VISTA colour–colour diagram of the sample. The regions A, B, C, and D were devised by Cioni et al. (2013). Regions A and B
are where most known AGN are found and are well matched by the models. Region C is dominated by reddened Magellanic Cloud sources and region D is
populated by stars and low-confidence AGN. Right-hand panel: AllWISE colour–colour diagram of the sample. The sample is clumped together in the AGN
region, apart from Source 5, a carbon star, which is to the left of AGN region and within the region populated by AGB stars. The red dashed line indicates the
Mateos et al. (2012) AGN selection criteria. Spectroscopically observed AGB stars in the Magellanic Clouds have been added to both plots as grey points and
show how the two classes can be mistaken for the other.
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Sources 3 and 8 (two sources on the far left of Fig. 12) could
be compact steep spectrum sources which are young sources that
could go on to become large-scale FR II objects (Fanti et al. 1995),
such as Source 15. Furthermore, an observational signature of an
AGN ‘switching-off’ is also a steep spectrum (α < −1.5). This is
due to plasma ejected from the AGN losing energy causing highenergy particles that radiate mostly at high radio frequencies to
lose their energy fastest, making radio emission strongest at lower
frequencies and causing a steep spectrum to be observed. This
could imply that the AGN of the sources at the beginning of the
evolutionary sequence have just switched on, explaining their steep
radio spectrum. As the sources transition into the GV the sources
are at their radio loudest and have spectral indices ∼−0.7, implying
steady synchrotron emission, after which the AGN, and subsequently
the radio emission switches off, causing the radio loudness to
decrease and the spectral index to steepen. The overall implication
is that the AGN traces the transition from SF, across the GV and into
quiescence.

4.4 AGN dust properties
4.4.1 Variability
All the sources show some variability. From those with a known
Eddington ratio we can see that high-Eddington ratio sources tend to
have little variability, while those with decreasing Eddington ratios
tend to include sources with larger variability (Fig. 13). This relation
holds true for black hole mass in place of Eddington ratio, so therefore
smaller black holes (with smaller tori) vary the most whilst larger
black holes (with larger tori) tend to vary less.
There is a general increase in variability with an increase in optical
depth, implying the more emission from the accretion disc that is
absorbed by the torus, the greater the variability. The Eddington ratio
also decreases with increased optical depth and torus fraction. This
implies Eddington ratio increases with less attenuation by the torus,
as expected, but also that variability decreases with less attenuation
by the torus, implying the torus is playing a part in the variability of
the AGN that we observe. This could mean we are seeing variability

MNRAS 515, 6046–6065 (2022)
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Figure 9. Centre: The position of the t-SNE selected sample on a SFR versus stellar mass diagram. The blue and red dashed lines are an approximation of the
boundary (at the 1σ level in scatter from the main trend lines of the SF and quiescent galaxies) of the SF main sequence and the quiescent sequence, respectively,
taken from Chen et al. (2016). Those with blue error bars are sources with known black hole masses to calculate stellar mass from. Those with grey error bars
are those with no known black hole mass, set at the average black hole mass of the sample. Top panel: How Eddington ratio changes with M∗ . Left-hand panel:
How R changes with SFR. This shows that GV galaxies tend to have smaller tori than SF galaxies. Right-hand panel: How X-ray luminosity changes with SFR.
This shows that higher X-ray luminosities are seen in the GV. Bottom panel: How the torus and polar dust emission fractions of the AGN change with M∗ .
Accretion disc emission is the remaining fraction of AGN not plotted here.
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Table 9. Radio luminosities and spectral indices for the t-SNE selected
sample from ASKAP (888 MHz for LMC, 960 MHz for SMC).
Source name

L (× 1023 W)
888/960 MHz
1320 MHz

SAGE0536AGN
SAGE0534AGN
1
2
3
4
6
7
8
9
10
11
12
13
14
15
16

0.5 ± 0.1
0.1 ± 0.1
0.1 ± 0.1
99.7 ± 14.2
123.1 ± 24.8
179.8 ± 18.0
115.1 ± 9.6
0.6 ± 0.2
6.4 ± 1.6
113.9 ± 10.4
0.9 ± 0.2
7.5 ± 1.7
18.7 ± 1.9
44.6 ± 15.9
11.0 ± 1.8
–
–

–
–
0.1 ± 0.1
69.8 ± 5.0
77.8 ± 7.6
142.1 ± 7.2
109.9 ± 5.3
0.4 ± 0.1
3.6 ± 0.6
89.6 ± 3.1
0.9 ± 0.1
5.9 ± 0.5
11.4 ± 0.8
35.1 ± 6.4
6.5 ± 0.6
340.3 ± 4.8
0.6 ± 0.2

α
–
–
−0.34
−1.05
−1.46
−0.69
−0.1
−1.12
−1.73
−0.69
−0.38
−0.67
−1.58
−0.93
−1.67
–
–

Figure 11. Spectral indices of the sample compared to other spectroscopically observed AGN behind the Magellanic Clouds.
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Figure 12. Variation of spectral indices, α (top panel), and radio loudness
(bottom panel) of the sample as they transition from SF to GV galaxies.

Figure 13. The comparison of variability with Eddington ratio and optical
depth, τ , of the t-SNE selected sample.
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Figure 10. ASKAP 1320 MHz radio flux of Sources 6, 15, and 16 shown as contours on top of the VMC Ks band images. Source 6 has five linearly spaced
contours from 0.18–1.1 mJy. Source 15 has eight linearly spaced contours from 1–70 mJy. Source 16 has five linearly spaced contours from 0.3–0.72 mJy.
Source 6 could potentially be an Fanaroff–Riley II (FR II) source, with an offset radio peak and a counter-lobe at the other side. Source 15 is an FR II source.
Source 16 radio emission extends towards the west most likely due to the point source to the west of it also being a radio source.
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4.4.2 CIGALE model components
CIGALE provides the separate models that make up the overall bestfitting model. These models can be seen in Fig. 14. In the optical,
the sources where the host galaxy dominates over the AGN disc are
SAGE0536AGN and Source 7.
Polar dust contribution varies from source to source. Source 7 has
the highest polar dust fraction at ∼53 per cent. This source also has
one of the lowest AGN fractions of ∼72 per cent. However, the source
with the lowest AGN fraction of ∼70 per cent, only has polar dust
fraction of ∼3 per cent. Those with <1 per cent polar fraction can
all be found in the GV. These could be those where no outflows are
present to push out the polar dust, and the AGN is starting to turn-off.
As expected, we see a negative correlation between accretion disc
fraction and torus disc fraction (Fig. 15), where SAGE0534AGN has
the highest disc fraction and SAGE056AGN has the highest torus
dust fraction, bracketing the sample. The opening angle also follows
this trend, increasing with torus dust fraction (and decreasing with
accretion disc fraction). However, Source 16, and to a larger extent,
Source 7, veer off from these correlations due to their increased polar
dust fraction. Their decrease in opening angle leads to an increase
in polar dust fraction, which could be due to the increased space
available at the poles with a smaller opening angle, as well as the
poles being less obscured by the torus.
In general polar dust fraction increases with decreasing R and oa,
and increases with i. Note that Table 6 shows that Sources 7 and
16, that have the highest polar dust fraction, also have the highest
values for i, which implies a link between the narrow-line region
and polar dust fraction. The relation with R could imply the presence
of an outflow. This outflow would push out polar dust to become
observable, increasing the polar dust fraction, as well as erode the
dusty torus, decreasing R, which then in turn reveals more of the
polar dust. The polar dust fraction would then also be expected to
increase with i: As the accretion disc becomes more obscured by the
dusty torus, then the torus dust and polar dust being pushed out by
an outflow would become more prominent. As oa decreases the view
into the centre of the AGN opens, increasing the space over which
polar dust can be found, thus increasing polar dust fraction.

4.4.3 Silicate 9.7-μm dust
The prominence and peak wavelength of the silicate emission of
AGN varies. To quantify the strength of this emission we define it as
the silicate peak relative to the continuum, at the wavelength where

the silicate feature peaks (Hao et al. 2007):
Si9.7μ m = ln

f9.7μ m (peak)
.
f9.7μ m (continuum)

(6)

The silicate strength of SAGE0534AGN is calculated to be
0.24 ± 0.04. In comparison, SAGE0536AGN yields a silicate
strength of 0.85 ± 0.13.
CIGALE models the silicate dust as part of the AGN modelling.
Calculating the silicate strength for all the sources as done previously
with SAGE0536AGN and SAGE0534AGN revealed that silicate
strength seems to increase with redshift. However, while the model
correctly predicts that the silicate 9.7-μm feature is in emission
for SAGE0536AGN and SAGE0534AGN, the model underestimates
SAGE0536AGN (low-z source) as Si9.7μ m ∼ 0.54 and overestimates
SAGE0534AGN (high-z source) as Si9.7μ m ∼ 0.72. This could imply
the modelling of the silicate feature strength is not accurate or missing
something.
The model predicts that all sources in this sample show silicate
9.7-μm emission. This could mean that the t-SNE selection separates
those sources in emission from those in absorption. Confirming this
requires follow-up mid-IR spectroscopy.

4.4.4 Comparison to other silicate emitting AGN
SAGE0534AGN and SAGE0536AGN are not alone in their emission
of silicate features. Comparing the two with more common less
extreme versions of silicate emitting AGN may lend a clue to how
these came about, whether they be extreme versions of an already
established class of AGN or exist in a class of their own. To compare,
a sample of local (z < 0.1) type 1 AGN with silicate emission were
taken from Martı́nez-Paredes et al. (2020). They are a sample of 67
local (z < 0.1) type 1 AGN. Another comparison was made with
a sample from Dicken et al. (2014) which include 46 2Jy radio
galaxies (0.05 < z < 0.7) and 17 3CRR FRII radio galaxies (z
< 0.1) nuclei (AGN) with Spitzer spectra dominated by non-stellar
processes. The sources in this sample have silicate strength calculated
using equation (6).
The silicate strength of SAGE0534AGN, SAGE0536AGN, and
the silicate emitting AGN sample were compared with their far-IR
colour [WISE 4 (23 μm) – IRAS 60 μm]. For the sources in these
samples that had no IRAS 60-μm measurements, a limit on the flux
was calculated from the IRAS images. For the t-SNE selected sample
the IRAS 60-μm magnitudes were estimated from the CIGALE bestfitting models. This comparison is shown in Fig. 16. The AGN sample
are all to the right from SAGE0536AGN, SAGE0534AGN, and the
t-SNE selected sample. The higher redshift galaxies tend to be further
to the right, but this could be because high-z galaxies are most likely
biased towards SF galaxies to make them bright enough. The limits
on W4 – IRAS60 could suggest there are already interesting sources
observed. SAGE0536AGN however, remains apart due to its high
silicate strength.
SAGE0536AGN is the strongest 10-μm silicate emitter currently known. In terms of torus properties predicted by CIGALE,
SAGE0536AGN has one of the highest values for R, the largest values
for oa and torus fraction, lowest value for optical depth, τ , and one
of the lowest values for inclination angles. All this together could
have provided the necessary environment for strong silicate emission.
In contrast, SAGE0534AGN’s silicate strength was overestimated.
CIGALE predicts SAGE0534AGN has a similar inclination angle and
optical depth to SAGE0536AGN, but the smallest values for oa and
torus fraction. Both of these sources also have very little polar dust,
the presence of which correlates with weak or absent silicate emission
MNRAS 515, 6046–6065 (2022)
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in the attenuation of the emission from the accretion disc, instead
of the variability of the accretion disc emission, which could mean
high variability is caused by a ‘clumpy’ torus moving around the
accretion disc causing the amount of attenuation of the emission to
increase and decrease.
High-Eddington ratio sources vary the least. In general the highest
Eddington ratios are at the start of the evolutionary sequence, whilst
the lowest Eddington ratios are at the end of the GV. This could imply
that the sources at the beginning, where the AGN is just ‘switching
on’ and have the greatest amount of fuel and a high accretion rate,
have the lowest variability, whilst the AGN that are starting to ‘switch
off’ and have the lowest amount of fuel and a lower accretion rate,
have the highest variability. This could be due to the erosion of the
dusty torus surrounding the AGN leading to a more porous torus and
therefore increased variability. This would however be dependent on
inclination angle of the AGN.
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Figure 15. Separate components of the CIGALE models for the t-SNE sample
at rest-wavelength.
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Figure 16. Silicate strength versus WISE band 4 – IRAS 60-μm (in magnitudes). The IRAS60 measurements for SAGE0536AGN, SAGE0534AGN,
and the t-SNE sample are all calculated from the CIGALE model best fit.
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Figure 14. Accretion disc fraction versus torus disc fraction for the t-SNE selected sample. The colour bar represents the opening angle, oa. Sources 16 and 7
veer off from the negative correlation shown due to increased polar fraction, which also correlates with a decreased opening angle.

Quasars dominated by nuclear dust emission
(e.g. Tazaki & Ichikawa 2020). This could imply that the increased
silicate emission strength is due to a thicker torus with little to no
polar dust to obscure the centre of the AGN. Of the rest of the t-SNE
selected sample, the closest to SAGE0536AGN in terms of oa, torus
fraction, polar fraction, and inclination angle is Source 15, however
the values for τ and R are not as close. This could mean that the
silicate emission of this source may rival that of SAGE0536AGN.

5 CONCLUSIONS
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