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ABSTRACT
Active galactic nuclei (AGN) are typically identified through radio, mid-infrared, or X-ray emission or through the presence of
broad and/or narrow emission lines. AGN can also leave an imprint on a galaxy’s spectral energy distribution (SED) through the
re-processing of photons by the dusty torus. Using the SED fitting code ProSpect with an incorporated AGN component, we fit
the far ultraviolet to far-infrared SEDs of ∼494,000 galaxies in the D10-COSMOS field and ∼230,000 galaxies from the GAMA
survey. By combining an AGN component with a flexible star formation and metallicity implementation, we obtain estimates
for the AGN luminosities, stellar masses, star formation histories, and metallicity histories for each of our galaxies. We find that
ProSpect can identify AGN components in 91 per cent of galaxies pre-selected as containing AGN through narrow-emission
line ratios and the presence of broad lines. Our ProSpect-derived AGN luminosities show close agreement with luminosities
derived for X-ray selected AGN using both the X-ray flux and previous SED fitting results. We show that incorporating the
flexibility of an AGN component when fitting the SEDs of galaxies with no AGN has no significant impact on the derived galaxy
properties. However, in order to obtain accurate estimates of the stellar properties of AGN host galaxies, it is crucial to include an
AGN component in the SED fitting process. We use our derived AGN luminosities to map the evolution of the AGN luminosity
function for 0 < I < 2 and find good agreement with previous measurements and predictions from theoretical models.

Key words: galaxies: active – galaxies: general – galaxies: evolution – galaxies: luminosity function – galaxies: nuclei – quasars:
general

1 INTRODUCTION

It is widely accepted that every massive galaxy hosts a supermassive
black hole (SMBH; > 106"�) in its centre (Magorrian et al. 1998;
Filippenko & Ho 2003; Kormendy & Kennicutt 2004; Barth et al.
2004; Greene & Ho 2004, 2007; Greene et al. 2008). While some of
these appear to be non-accreting, such as the SMBH at the centre of
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our Galaxy, others are accreting and termed Active Galactic Nuclei
(AGN). AGN have been detected across the entire electromagnetic
spectrum spanning the gamma ray to radio wavelengths and in their
most active phases can outshine their host galaxy (Padovani et al.
2017).

Since there are several mechanisms involved in AGN emission,
they emit across the electromagnetic spectrum and can therefore be
detected through many observational techniques, such as through
broad and/or narrow optical emission lines (e.g. Baldwin et al. 1981;
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Kewley et al. 2001; Meyer et al. 2001; Kauffmann et al. 2003), X-
ray emission (e.g. Brandt & Alexander 2015), mid-infrared emission
(e.g. Lacy et al. 2004; Stern et al. 2005; Jarrett et al. 2011; Stern
et al. 2012; Assef et al. 2013; Lacy et al. 2015), and radio emission
(e.g. Heckman &Best 2014; Padovani 2016; Tadhunter 2016). These
processes are to some extent uncoupled, making unambiguous clas-
sification of AGN difficult. The detection and classification of AGN
also depends on the environment and geometry of the system as dif-
ferent lines of sight result in different observed emission processes.
While we adopt the generic AGN terminology here, historically var-
ious geometric configurations and detection techniques have led to a
plethora of disparate naming conventions (Padovani et al. 2017).
One of the newest forms of AGN identification is through simul-

taneously fitting the galaxy and possible AGN contribution to the far
ultraviolet (FUV) to far infrared (FIR) spectral energy distribution
(SED; see Pouliasis et al. 2020; Mountrichas et al. 2021). Although
the FUV-FIR SED of galaxies is usually dominated by contribu-
tions from stellar emission and re-processing of stellar light by dust,
in some cases AGN can have a significant impact on the shape of
the SED in the mid-infrared (MIR; e.g. Polletta et al. 2006; Brown
et al. 2019). The MIR emission from AGN originates from the re-
processing of accretion disc photons by the dusty torus, which is
generally at hotter temperatures than dust in the diffuse interstel-
lar medium or in proximity to recent star formation (Laor & Draine
1993; Nenkova et al. 2002). SimpleMIR broad-band colour selection
techniques have proven extremely useful in revealing the presence
of an AGN (Lacy et al. 2007; Jarrett et al. 2011; Stern et al. 2012;
Donley et al. 2012; Assef et al. 2013, 2018). However, broad-band
MIR selection techniques are biased against low luminosity AGN
if the stellar light is bright (Barmby et al. 2006; Georgantopoulos
et al. 2008). SED fitting can alleviate this problem by using a larger
wavelength range and can disentangle AGN emission from the host
galaxy emission.
Two different modes of AGN FUV-FIR SED fitting codes exist,

each designed for different purposes - those that are designed to fit
the host galaxy with an added AGN model, and those designed to
fit an AGN component with the bare necessities for the host galaxy.
The first generally makes more assumptions about the emission and
geometry of the AGN and include codes such as Prospector (Leja
et al. 2017; Johnson et al. 2021) and Cigale (Noll et al. 2009;
Boquien et al. 2019; Yang et al. 2020) as used in Leja et al. (2018) and
Ciesla et al. (2015); Pouliasis et al. (2020) for example. The second
type generally makes more simplifications about the star formation
history, metallicity, and dust of the host galaxy and includes codes
such as AGNfitter (Calistro Rivera et al. 2016).
While many codes exist to disentangle the contribution of the

AGN and host galaxy to the FUV-FIR SED, there is no single simple
way of including an AGN in the SED fitting process. The power-law
emission from an AGN accretion disc in the rest-frame UV-optical
is often difficult to distinguish from the emission from actively star
forming galaxies (Cardoso et al. 2017), and the re-processing of
emission by the dusty torus can present in a similar manner to the re-
processing by dust in a galaxy’s interstellar medium. The geometry
of the system also needs to be considered as obscuration of the central
engine by dust can have a significant impact on the shape of the SED.
Asmentioned above, SEDfitting has the potential to identify lower

luminosity AGN than simple MIR broad-band colour selections due
to the larger wavelength range used and because it can properly sepa-
rate the star formation and AGN components. SED fitting techniques
can also identify highly obscured AGN populations that are not iden-
tifiable in X-ray emission (Pouliasis et al. 2020) but will be unable
to detect extremely obscured low-luminosity objects.

A fundamental diagnostic for studying the evolution of AGN is
the AGN luminosity function and its evolution with redshift. The
luminosity function of AGN has been studied for decades in the
rest-frame optical/UV (e.g. Schmidt 1968; Schmidt & Green 1983;
Koo & Kron 1988; Boyle et al. 1988; Richards et al. 2006; Croom
et al. 2009; Ross et al. 2013; McGreer et al. 2013), soft X-ray (e.g.
Maccacaro et al. 1991; Boyle et al. 1993; Jones et al. 1997; Page
et al. 1997; Miyaji et al. 2000; Hasinger et al. 2005), hard X-ray
(e.g. Ueda et al. 2003; La Franca et al. 2005; Barger & Cowie 2005;
Silverman et al. 2008; Ebrero et al. 2009; Yencho et al. 2009; Aird
et al. 2010, 2015), IR (e.g. Brown et al. 2006; Matute et al. 2006;
Assef et al. 2011; Lacy et al. 2015) and radio (e.g. Rigby et al. 2011;
Smolčić et al. 2017). These studies have conclusively shown that the
observed AGN luminosity function has a strong redshift evolution
in both normalisation (number density) but also in the slope. The
number density of low luminosity AGN peaks at a lower redshift
than that of bright AGN indicating the ‘cosmic downsizing’ of AGN
(Hasinger et al. 2005; Barger & Cowie 2005; Babić et al. 2012).
AGN feedback, which can limit the supply of gas for accretion, may
be responsible for this phenomenon. Recent studies have pushed the
study of the AGN luminosity function to I > 7 (Mortlock et al. 2011;
Bowler et al. 2015; Bañados et al. 2018; Wang et al. 2018; Bowler
et al. 2020) revealing the early growth of SMBHs.

Interpreting the various AGN luminosity functions is complicated
by the fact that observations in a single band are always subject to
selection effects and host galaxy contamination. Although AGN are
intrinsically luminous across the UV-optical, dust extinction along
certain viewing angles can make AGN difficult to detect. Isolating
emission from the AGN in the UV-optical can also be difficult due to
contamination from the host galaxy’s stellar light. Even in the X-ray,
which is much less impacted by dust than the UV-optical, Compton-
thick AGN, which can account for 20-50 per cent of the total AGN
population (Burlon et al. 2011; Ricci et al. 2015), are still severely
obscured and current observations remain largely incomplete. In the
MIR and FIR, observations can be contaminated by the dust emission
in the host galaxy, again limiting the effectiveness of AGN identifi-
cation and also our ability to measure accurate AGN luminosities.
Previous studies have combatted this by combining measurements
of the AGN luminosity function in various wavelengths into a single
‘bolometric luminosity function’ (Hopkins et al. 2007; Shankar et al.
2009; Shen et al. 2020). This allows for a higher level of complete-
ness across selection techniques but relies on various bolometric
conversions to combine measurements.

By identifying AGN through multiwavelength SED fitting, the
emission from an AGN and the host galaxy across the UV-FIR can
be simultaneously modelled, allowing for constraint on the AGN
emission in both the UV and MIR. Simultaneous modelling of the
AGN and host galaxy emission allows for extraction of AGN lumi-
nosities that are less likely to be contaminated by the host galaxy.
This technique is, however, still limited to AGN with emission in the
FUV-MIR distinguishable from that of the host galaxy.

In this work, we apply a new version of the SED fitting code
ProSpect (Robotham et al. 2020) with an incorporated AGN model
to a sample of 494,000 galaxies in the DEVILS D10-COSMOS
field (Davies et al. 2018) spanning 0 < I < 9 to identify AGN
through their SEDs. We also fit the SEDs of 230,000 galaxies from
the GAMA survey spanning 0 < I < 4, but with 95 per cent of
sources with I < 0.5. This work will describe the SED fitting and
AGN selection techniques used to isolate a sample of AGN. We
will also provide validation of the technique and demonstrate the
impact of an AGN component on derived galaxy properties. In a
follow-up paper we will use these SED selected AGN to investigate
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the properties of AGN host galaxies (Thorne et al. in prep). The
structure of this paper is as follows. After describing the DEVILS
project and related data sets in Section 2, we describe the SED fitting
method and AGN model used in this work in Section 3. We compare
the AGN identified and quantified by ProSpect to other techniques
in Sections 4 and 5 respectively.We investigate the impact of an AGN
component on the derived galaxy properties in Section 6. Using our
derived AGN luminosities we derive the AGN luminosity function
and evolution of the AGN luminosity density as further validation
of our derived AGN luminosities in Section 7. We summarise our
results in Section 8. Throughout this work we use a Chabrier (2003)
IMF and all magnitudes are quoted in the AB system unless stated.
We adopt the Planck Collaboration et al. (2016) cosmology with
�0 = 67.8 km s−1Mpc−1, Ω" = 0.308 and ΩΛ = 0.692.

2 DATA

For this work we use the Deep Extragalactic VIsible Legacy Survey
(DEVILS; Davies et al. 2018) and the Galaxy and Mass Assembly
(GAMA) Survey (Driver et al. 2011; Liske et al. 2015). In the fol-
lowing subsections we describe the DEVILS and GAMA data sets.

2.1 Deep Extragalactic VIsible Legacy Survey

DEVILS is an on-going optical spectroscopic redshift survey using
the Anglo-Australian Telescope specifically designed to have high
spectroscopic completeness over a large redshift range (0.3 < I < 1).
DEVILS targets three well-studied extragalactic fields: COSMOS
(D10,1.5 deg2), ECDFS (D02, 3 deg2), and XMM-LSS (D03, 1.5
deg2) covering a total of 6 deg2. These three fields were selected
due to the wealth of existing multiwavelength data covering the X-
ray to radio regimes. DEVILS will build a spectroscopic sample of
∼ 60, 000 galaxies down to .mag < 21.2 to a high completeness
(> 85 per cent), allowing for robust parameterization of group and
pair environments in the distant universe. For a full description of
the survey science goals, survey design, target selection and spectro-
scopic observations see Davies et al. (2018).
In this work, as in Thorne et al. (2021), we use the spectro-

scopic and photometric data from the D10-COSMOS field. The
D10-COSMOS field was prioritised for early science due to the
large number of existing spectroscopic redshifts from previous sur-
veys (i.e. zCOSMOS; Lilly et al. 2009) and as such currently has
the highest spectroscopic completeness. We use the new DEVILS
photometry catalogue as described in depth by Davies et al. (2021)
which uses the ProFound source extraction code (Robotham et al.
2018) to detect sources and measure source photometry consistently
in 22 bands spanning the FUV-FIR (1500Å- 500 `m). For D10 we
use imaging in the GALEX FUV NUV (Zamojski et al. 2007), CFHT
u (Capak et al. 2007), Subaru HSC griz (Aihara et al. 2019), VISTA
YJHKB (McCracken et al. 2012), Spitzer IRAC1 IRAC2 IRAC3 IRAC4
MIPS24 MIPS70 (Sanders et al. 2007; Laigle et al. 2016), and Her-
schel P100 P160 S250 S350 S500 (Lutz et al. 2011; Oliver et al.
2012) bands. Photometry was extracted in two phases to account
for large differences in resolution and depth between the FUV-NIR
and MIR-FIR regimes. Photometry for the FUV-IRAC4 bands was
extracted using the segment mode in ProFound while the photome-
try for the MIPS24-S500 bands was extracted using the FitMagPSF
mode in ProFound. Due to poor resolution and shallow imaging,
FIR photometry was only extracted for optically selected objects with
. < 21.2mag or that were detected in the MIPS24 imaging. If an
object met the criteria for FIR photometry extraction it was passed

through the FitMagPSF mode. Objects that met the FIR photometry
criteria but not detected in a FIR band have a flux measurement of
zero and a flux error measured from the sky noise. If no attempt was
made to measure FIR photometry for an object then it will have no
value for the flux and flux error. 5 per cent of all optically-detected
objects used in this met the FIR photometry criteria and therefore
have FIR photometry measurements.

As described in Thorne et al. (2021), we use a compilation of
spectroscopic, grism and photometric redshifts to allow for galaxy
properties to be estimated for as many galaxies as possible. The
various redshift sources are presented in table C1 of Thorne et al.
(2021) and include 3,394 spectroscopic redshifts measured as part
of the DEVILS program.

As in Thorne et al. (2021), we remove all segments classed by
Davies et al. (2021) as stars (starflag column, 16 158 segments),
artefacts (artefactflag, 11 072 segments) or that are masked (mask,
120 863 segments). Each of these flags are described in detail by
Davies et al. (2021), but briefly, stars and ambiguous objects are
identified through size and colour, with cuts defined using the source
type derived from the photometric redshift fitting code Le Phare from
the COSMOS2015 catalogue (Laigle et al. 2016).1 Potential artefacts
are flagged where flux is not associated with an astronomical source
if the source is only detected in one optical/NIR band, if the source’s
Y-band R50 is less than half a pixel, or if the source has an r-Z
colour < −0.75mag (an unphysical colour). Masking is performed
to remove ghosting around bright stars as this is a significant problem
in the DEVILS imaging (see figure 8 of Davies et al. 2021).

This results in 494,084 objects, of which 24,099 have spec-
troscopic redshifts, 7,307 have grism redshifts and the remaining
462,678 have photometric redshifts. Thorne et al. (2021) demon-
strate that ProSpect works reasonably with photometric redshifts,
so we use all available redshifts.

2.2 Galaxy and Mass Assembly Survey

We also use the spectroscopic and photometric data from the GAMA
survey. GAMA was a large spectroscopic campaign on the Anglo-
Australian Telescope targeting five fields (G02, G09, G12, G15, and
G23), amounting to a total sky area of 230 square degrees. GAMA
targets were selected by size and colour above a magnitude limit
of Amag ≤ 19.8 (or 8mag ≤ 19.0 in G23), and the survey gathered
redshifts for ∼ 300, 000 galaxies.

We use the new far-UV to far-IR photometry derived using the
ProFound source-finding software (Robotham et al. 2018) and de-
scribed in detail by Bellstedt et al. (2020a). The photometric bands
from this data release include GALEX FUV and NUV; VST u, g, r, i;
VISTA Z, Y, J, H, K( ; WISE W1, W2, W3, W4; and Herschel P100,
P160, S250, S350, and S500.

The photometry for GAMA is derived in much the same way as for
DEVILS, with minor changes due to differences in depth between the
surveys. Similarly to DEVILS, the GAMA photometry also covers
the FUV-FIR regime, but the biggest difference in the photometry
between DEVILS and GAMA is in the MIR. In GAMA the MIR is
provided by theWide-field Infrared Survey Explorer (WISE) whereas
in DEVILS the MIR is covered by Spitzer-IRAC and MIPS. For the
GAMA photometry the ProFound segmentation mode is used for
the FUV-W2 imaging and the FitMagPSFmode is used forW3-S500.
Due to differences in wavelength coverage of the two instruments,

1 There are ∼ 1, 000 objects (0.2 per cent) classed as stars due to small sizes
but have galaxy colours which could potentially be AGN (QSOs).
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Figure 1. The results of fitting Ark 120 with ProSpect when using the AGN template used in Andrews et al. (2018) (left) and the AGN model used in this
work and described by Fritz et al. (2006); Feltre et al. (2012) (right). The different SED components are shown including the unattenuated and attenuated stellar
emission (blue and red respectively), the AGN contribution (purple), the re-emission from dust (brown) and the total resulting SED (black). We show the input
data as the green points with the observed wavelength shown.

the DEVILS photometry includes additional bands between 5−8 `m
whereas the GAMAphotometry provides constraint at 12 `m. This is
not expected to impact the recoveredAGN luminosities or host galaxy
properties. As GAMA is a much shallower survey than DEVILS, the
far-infrared imaging in the GAMAfields has sufficient resolution and
depth that it can be extracted for all optically detected sources.
For this work we use the three equatorial fields (G09, G12, and

G15) as well as G23. We select all objects with I > 0, a redshift
quality flag =& ≥ 3, and an UBERCLASS=galaxy based on size
and colour. This results in a sample of 233,762 galaxies all with
spectroscopic redshifts.

3 SED MODELLING

3.1 Galaxy Component

We implement the same method as outlined in Thorne et al. (2021)
for the stellar and dust components, using the photometry presented
in Davies et al. (2021) and passed into the ProSpect SEDfitting code
(Robotham et al. 2020). For a detailed description of the fitting we
direct the reader to Thorne et al. (2021), however we provide a brief
summary in this section. We use the Bruzual & Charlot (2003) stellar
templates, assume a Chabrier (2003) initial mass function and model
the dust attenuation and re-emission using the Charlot & Fall (2000)
and Dale et al. (2014) models respectively assuming energy balance.
We also include a 10 per cent error floor across all bands to account
for offsets between facilities and instruments. In our analysis we use
the massfunc_snorm_trunc parameterisation for the star formation
history which takes the form of a skewed Normal distribution in
lookback time, with the peak position (mpeak), peak star formation
rate (mSFR), SFHwidth (mperiod), and skewness (mskew) set as free
parameters. The SFH is anchored to 0 at a lookback time of 13.4 Gyr,
selected to be the age at which galaxies start forming.
In Thorne et al. (2021) we emphasise the importance of imple-

menting a physically motivated evolving gas phase metallicity as it
results in a systematic 0.2 dex offset in the recovered stellar masses.
This is also investigated and justified in Robotham et al. (2020)
with comparison to the Shark semi-analytic model (Lagos et al.

2018). To do this within ProSpect we map the metallicity evolution
of each galaxy linearly to the stellar mass evolution, given by the
Zfunc_massmap_lin function. This ensures that chemical enrich-
ment in the galaxies follows the assumed star formation rate (SFR),
where increased star formation is associated with an increased rate
of metal production. The final metallicity for each galaxy is allowed
to be a free parameter, Zfinal. We highlight that this value rep-
resents the gas-phase metallicity at observation of the object, and
correspondingly the metallicity of the youngest stars in the galaxy.
Using the recovered star formation and metallicity histories of a sam-
ple of 7,000 galaxies with I < 0.06, Bellstedt et al. (2020b, 2021)
show that this simple yet physical assumption allows for an accurate
recovery of the cosmic star formation history (CSFH) and evolution
of the mass-metallicity relation. The specific impact of various as-
sumed metallicity implementations on the CSFH was demonstrated
in figure 4 of Bellstedt et al. (2020b).

In addition to the five free parameters specifying the star formation
and metallicity histories, we include four free parameters to describe
the contribution of dust to the SED. Within ProSpect the dust is
assumed to exist in two forms; in birth clouds formed around young
stars, or distributed as a screen in the interstellar medium. For each
of these components we include two free parameters, describing the
dust opacity (tau_screen, tau_birth), and the dust radiation field
intensity (alpha_screen, alpha_birth). See figure 3 of Thorne
et al. (2021) for the impact of each parameter on a generated galaxy
SED.

3.2 AGN Component

ThreeAGN templates/models have, at this stage, beenmade available
within ProSpect; the one contained within Dale et al. (2014), the
extended AGN template from Andrews et al. (2018) and the model
initially presented in Fritz et al. (2006) and expanded in Feltre et al.
(2012). Figure 1 shows the SED of Ark 120 with photometry from
Brown et al. (2019), fit with both the template used in Andrews et al.
(2018) and the more flexible model described in Fritz et al. (2006)
and Feltre et al. (2012). It is clear fromFigure 1 that theAndrews et al.
(2018) template does not have the required flexibility to fit the MIR
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Table 1. The parameters used by ProSpect in this work. We list the parameter name, a brief description, whether it is fit in linear or logarithmic (log) space or
if it is fixed, the range of allowed values and any imposed non-uniform prior.

Parameter Description Type Units Values Prior
mSFR peak star formation rate log "� yr−1 [-3,4]
mpeak lookback time when peak star formation occurred linear Gyr [-2,13.38]
mperiod width of the SFH log Gyr [log10 (0.3) ,2] 100 erf (mperiod + 2) − 100
mskew skewness of the SFH linear [-0.5,1]
Zfinal final gas-phase metallicity log [-4, -1.3]
alpha_SF_birth Power law of the radiation field heating birth cloud dust linear [0,4] exp (− 12 (

Ubirth+2
1 )2)

alpha_SF_screen Power law of the radiation field heating general ISM dust linear [0,4] exp (− 12 (
Uscreen+2
1 )2)

tau_birth optical depth of the birth clouds log [-2.5,1] exp (− 12 (
gbirth−0.2
0.5 )2)

tau_screen optical depth of the general ISM log [-5,1] −20 erf (gscreen − 2)
AGNan angle of observation linear deg [0.001,89.990]
AGNlum bolometric luminosity of AGN source log erg s−1 [35,49]
AGNta optical depth tau log [-1,1]
AGNrm outer to inner torus radius ratio fixed 60
AGNbe beta dust parameter fixed -0.5
AGNal gamma dust parameter fixed 4.0
AGNct opening angle of torus fixed deg 100
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Figure 2. The resulting SED for a simulated galaxy with constant star for-
mation and total stellar mass formed of 1010"� . We show the SED with no
AGN component in black, and an AGN component with central engine power
of AGNlum = 1044 erg s−1 shown in a face-on orientation (AGNan = 90◦) is
blue, and in an edge on orientation (AGNan = 0◦) with a low torus dust optical
depth (AGNta = 1) in yellow, and a high optical depth (AGNta = 10) in dashed
red.

excess while the Fritz et al. (2006) model does. While this example
shows the benefits of the flexibility of the Fritz et al. (2006) template
in the MIR, in other cases we have found that the larger wavelength
coverage into the ultraviolet regime by the Fritz et al. (2006) models
also allows for greater constraint of the AGN parameters.
Fritz et al. (2006) models the primary AGN source as a composi-

tion of power-laws, with different spectral indices as a function of the
wavelength. The contribution of the power-law in the UV-optical can
have a considerable impact on the resulting galaxy properties (Car-
doso et al. 2017). As such, it is important to model the contribution
from the primary source in addition to the emission from the torus
in the MIR. To model the contribution from the torus, Fritz et al.
(2006) uses a simple but realistic torus geometry, a flared disc, and a
dust grain distribution function including a full range of grain sizes
and assumes that the dust in the AGN torus is smoothly distributed.
There has been much debate as to whether the dust in an AGN torus
is smoothly distributed (Pier &Krolik 1992; Dullemond& van Bem-

mel 2005; Fritz et al. 2006; Franceschini et al. 2006), clumpy (Krolik
& Begelman 1988; Nenkova et al. 2002, 2008; Elitzur & Shlosman
2006; Tristram et al. 2007), or a combination of the two (Stalevski
et al. 2012; Assef et al. 2013). While observations of the strength of
the silicate feature at 9.7 `m in AGN seem to favour models where
the dust is predominantly clumpy, Feltre et al. (2012) argued that
observations are not yet able to discriminate between the different
models. Feltre et al. (2012) also conclude that the properties of dust
in AGN as measured by model fitting will strongly depend on the
choice of the dust distribution. As such, we continue to treat dust as a
nuisance parameter but include it when fitting to allow for more accu-
rate estimates of the AGN luminosity. The torus dust is modelled as a
combination of graphite and silicate particles with a power-law distri-
bution of sizes with scattering and absorption coefficients taken from
Laor & Draine (1993). The model from Fritz et al. (2006) facilitates
a more detailed fitting of the torus geometry and physics including
the outer to inner torus radius, the opening angle of the torus, and
the angle of observation (where \ = 0◦ is edge-on through the torus,
and \ = 90◦ is polar aligned). Within ProSpect the emission from
the central source and dust torus is also re-attenuated through the
general ISM screen (see figure 1 of Robotham et al. 2020).

Within ProSpect wemodel the AGN contribution by allowing the
bolometric luminosity of the central source (AGNlum), optical depth
at 9.7`m (AGNta), and angle of observation (AGNan) to vary freely
between the limits given in Table 1. Motivated by Pouliasis et al.
(2020), we fix the outer to inner torus radius ratio (AGNrm), the pa-
rameters controlling the radial and angular distribution of torus dust
(AGNbe and AGNal), and the opening angle of the torus (AGNct) to
the values given in Table 1. These values are fixed as there are signif-
icant degeneracies between the AGN parameters that are difficult to
disentangle even when fitting emission purely from an AGN with no
host galaxy contribution. Currently ProSpect does not include UV
absorption but this is planned for future versions and has no impact
on derived AGN luminosities.

Figure 2 shows the impact of various AGN implementations on
the overall galaxy SED.We show the resulting SED for a galaxy with
constant star formation and a total stellar mass formed of 1010 "�
as the black line. We also show the SED of a galaxy with the same
stellar mass and star formation history but with an AGN component
with a bolometric luminosity AGNlum = 1044 erg s−1 in a face-on
orientation (AGNan = 90◦), and two edge-on cases (AGNan = 0◦) with
varying dust torus optical depths. The face-on AGN SED differs the
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Figure 3. Here we present example SED outputs as a function of observed wavelength for galaxy 101494591582430080 at I = 1.24 fit without and with an
AGN component in the upper and lower panels respectively. The MIPS24 data point is not shown in the upper panel as bands within the PAH features were
removed from the fitting when an AGN component was not included (see Thorne et al. 2021). We show the contribution from the AGN component in the lower
panel as the purple line. The left panels show the input photometry (black circles and error bars), the best fit SED in blue and the SED generated from each step
of the final MCMC chain in pale blue. The right panels show the best fit SFH in blue and the posterior sampling in pale blue with the scaling given by the left
axis. The metallicity history for each galaxy is also presented in the right panel as the red line for the best fit solution and as the pink lines for sampling of the
posterior. The scale of the metallicity history is shown on the right axis.

most from the SED without an AGN component as the AGN impacts
the emission of the galaxy across the entire modelled wavelength
range (FUV-FIR). The edge on, low optical depth (AGNta = 1) case
differs from the no AGN case across the NIR-MIR and can often be
identified through rising fluxmeasurements in increasingwavelength
IRAC bands. The edge on, high optical depth (AGNta = 10) case
differs from the no AGN case only in the MIR where there is a slight
increase in the flux. Note that this wavelength range of the SED is
poorly sampled at most redshifts in this sample and can be very hard
to constrain.

In Thorne et al. (2021), we removed wavelength bands that fall
within the polycyclic aromatic hydrocarbon (PAH) features (rest-
frame wavelengths of 5 − 15 `m) when fitting due to large residuals
at these wavelengths when compared to the Dale et al. (2014) dust
templates. For some AGN cases, these bands provide the constraint
of an AGN component and cannot be ignored for this work. We
therefore include the photometric measurements in these wavelength
bands in this AGN-focused work. We also use a longer optimisation
routine for fitting AGN than that used in Thorne et al. (2021) as the

degeneracies introduced by the AGN model increase the prevalence
of local minima in the fitted parameter space, requiring increased
sampling to identify the true global minimum. For this work we use
the Highlander R package2, which was originally developed for
use with ProFit (Robotham et al. 2017), and alternate between ge-
netic optimisation and Markov Chain Monte Carlo (MCMC) phases
twice with 2000 iterations in each case for 8000 iterations total. This
is 6000 steps longer than in Thorne et al. (2021) and takes approxi-
mately 15 minutes on a modern CPU. To ensure reasonable fits for all
objects, we re-fit objects with a significantly worse fit with an AGN
component than without (Δlog-likelihood = 20), and objects with a
significantly bad likelihood in general. Fits with low likelihoods arise
due to the optimisation routine not finding the true global minimum,
but instead finding local minima which produce solutions with large
residuals. These objects are re-fit using an extra 1000 steps in each
of the genetic optimisation phases. After re-fitting these objects, all
494,084 galaxies have secure and accurate SED fits. We present each

2 https://github.com/asgr/Highlander
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Figure 4. The distribution of ProSpect-derived 5AGN values for the full
DEVILS D10 sample (top). Note the increasing frequency of objects with
5AGN > 0.8 is primarily due to cases where the AGN component entirely
dominates the SED with minimal contribution from the host galaxy due to
lack of FIR photometry. Density distribution of the specific AGN luminosity
(!AGN/"★) (middle) and stellar mass (bottom) as a function of 5AGN for
all sources in the DEVILS-D10 sample. Both the size and colour reflect the
number of sources in each bin. We show the running median and one sigma
ranges as the solid and dashed red lines respectively. The vertical black line
shows the 5AGN > 0.1 threshold used in this work.

of the parameters used by ProSpect, a brief description and their
values in Table 1.

3.3 Outputs

We show the SED of an example galaxy from the DEVILS sample
with significant AGN contribution to the MIR emission (Figure 3)
fit with no AGN component (as per Thorne et al. 2021) in the top
panel and with an AGN component in the bottom panel. When fitting
with an AGN component, the derived stellar mass and SFR of this
galaxy are lower by 0.13 and 0.27 dex respectively than when no
AGN component is included (see Section 6). The fit in the MIR and
FUV is significantly better for this galaxy when including an AGN
component which is reflected in the likelihood of the fit. Note that
these are rare cases in the results from Thorne et al. (2021) where
most fits have small residuals in the FUV and MIR.
As an indication of the performance of our technique we include

the ProSpect fits to the SEDs of well known low-redshift AGN from

Brown et al. (2019) in Appendix A. The remainder of this work
explores the ability to identify and quantify AGN in the DEVILS
D10 field using ProSpect as described above.

In order to classify galaxies as containing a significant AGN com-
ponent we define the value 5AGN, which is calculated to be the frac-
tion of flux contributed by the AGN component between 5 − 20 `m
(based on the definition in Dale et al. 2014). We define a significant
AGN contribution as objects that have 5AGN > 0.1 as used by Leja
et al. (2018). The value of 5AGN is calculated after fitting from the
best fit total and AGN component SEDs.

Figure 4 shows the distribution of recovered 5AGN values, how they
vary with galaxy stellar mass ("★), and with what we are defining
as specific AGN luminosity (!AGN/"★). The increased number of
objects with 5AGN > 0.8 is primarily due to cases where the AGN
component entirely dominates the SED with minimal contribution
from the host galaxy due to lack of FIR photometry. As the ability
for ProSpect to identify AGN depends on both the luminosity of
the host galaxy and the luminosity of the AGN source, we expect
objects with low specific AGN luminosity to also have low 5AGN.
Objects with a significant AGN contribution can be seen as the
horizontal band across the figure, whilst objects with no significant
AGN contribution can be seen on the left of the figure spanning a
larger range of specific AGN luminosity values. The rising median
!AGN/"★ value for 5AGN < 0.1 supports the use of the 5AGN > 0.1
threshold to isolate galaxies with significant AGN contribution.

We show there is no clear trend in stellar mass as a function of
5AGN which demonstrates that our recovered 5AGN are not biased
towards certain stellar mass ranges. For 5AGN > 0.9, there is a slight
turn down in median stellar mass. As described above, this is due
to cases where the AGN component dominates the SED due to poor
constraint in the FIR and the resulting stellar mass is unconstrained.
These objects are generally at very high redshift (I > 4) and are
not used for comparisons in Section 4 or for the calculation of the
luminosity function in Section 7.
ProSpect recovers 5AGN > 0.1 for 205,668 objects in theDEVILS

sample (41.5 per cent) and 67,258 galaxies in the GAMA sample
(28.7 per cent). The higher fraction of AGN in the DEVILS sample is
because of two reasons. Firstly, as DEVILS covers a higher redshift
range than GAMA, we expect the fraction of objects that host an
AGN to increase with redshift. Secondly, as the FIR imaging in the
DEVILSfield is not deep enough to extract photometry for all objects,
especially objects that are faint or at high redshift, there is minimal
constraint on an AGN component. This means that in some instances,
a significant AGN component ( 5AGN > 0.1), can be included in
the MIR-FIR without impacting the host galaxy contribution to the
FUV-NIR or the likelihood of the fit. In GAMA, FIR photometry is
extracted for every object with a spectroscopic redshift resulting in
FIR constraint for every source used in this work.

Excluding objects with no FIR constraint we recover 9,761 AGN
in the DEVILS sample. These objects span 0 < I < 6, but 90 per
cent of these objects have I < 2. We show the redshift distribution of
the AGN samples in Figure 5. For the remainder of this work we use
the full sample of AGN recovered in DEVILS as although the AGN
component may not be well constrained, the inclusion of a significant
AGN component can impact the derived host galaxy properties.

4 COMPARISONS TO OTHER AGN IDENTIFICATION
METHODS

AGN have unique observational signatures over the entire electro-
magnetic spectrum. Although many types of AGN exist in the lit-
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Table 2. Summary of the AGN identification comparisons. We list the method used, any selections applied to the total galaxy sample and the particular criteria
used. In each case we also include the number of objects that meet the literature criteria, the number of objects that have a ProSpect-derived 5AGN > 0.1, and
the number of objects that satisfy both the literature criteria and have 5AGN > 0.1. We also include the percent of objects that satisfy both selections given that
they satisfy the criteria (% Criteria) or are selected as AGN by ProSpect (% ProSpect).

Method Selection Criteria N Criteria N ProSpect N Both % ProSpect % Criteria
#� #% #� #�/#� #�/#%

X-ray 2 arcsec position match to 2,345 9,603 1,528 65.2 15.9
(DEVILS) Marchesi et al. (2016) catalogue
BPT S/N > 3 in each emission line Kewley et al. (2001) 2,404 7,062 936 38.9 13.3
(GAMA) total N = 34,571 Kauffmann et al. (2003) 7,843 7,062 1,671 21.3 23.7

Seyfert + Broad Lines 163 149 91.4
Spitzer S/N > 5 in all IRAC bands Lacy et al. (2013) 45,929 57,804 24,944 54.3 43.2
(DEVILS) total N = 116,449 Donley et al. (2012) 14,944 57,804 10,309 69.0 17.8
WISE S/N > 5 in W1 and W2 Stern et al. (2012) 4,137 67,036 3,386 81.8 5.1
(GAMA) total N = 232,076 Assef et al. (2018) R90 8,385 67,036 5,932 70.7 8.8

Assef et al. (2018) R75 13,364 67,036 8,167 61.1 12.2
Assef et al. (2018) C90 38,334 67,036 16,352 42.7 24.4
Assef et al. (2018) C75 17,020 67,036 9,407 55.3 14.0
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Figure 5. The redshift distribution of the recovered AGN ( 5AGN > 0.1) from
DEVILS (light blue) and GAMA (purple). We also show the sub-sample of
AGN from DEVILS that have measured FIR photometry (dark blue).

erature it is becoming increasingly clear that these classifications
are only partially related to intrinsic differences between AGN, and
primarily reflect variations in the method by which each class of
AGN is selected. Multiple studies show that AGN indicators are far
from complete and can pick out different and often non-overlapping
AGN populations (Juneau et al. 2013; Trump et al. 2015). As the
processes driving radio emission from AGN can be uncoupled from
the processes that drive emission over the rest of the electromagnetic
spectrum, we focus here on X-ray, MIR, and optical selection, de-
ferring detailed radio comparisons to Thorne et al. (in prep.). In the
following sections we compare our SED AGN selection with AGN
selected using different approaches to demonstrate the effectiveness
of our method.

4.1 X-ray

The accretion disc surrounding a black hole is believed to produce a
thermal spectrum, with most photons produced at UV-optical wave-
lengths. Some of these photons are scattered to higher energies by rel-
ativistic photons via inverse Compton processes (Haardt &Maraschi
1993) and appear as an approximate power-law shape at X-ray wave-

lengths. X-ray identification of AGN is thought to be the least biased
as X-rays penetrate through dust and gas efficiently and X-ray emis-
sion from host galaxy processes is typically weak when compared to
the AGN (Brandt &Alexander 2015; Padovani et al. 2017). However,
it is possible that ∼ 40 per cent of Compton-thick AGN at redshifts
I > 0.5 − 1.5 would remain undetected in even the deepest Chandra
surveys (Brandt et al. 2006). Juneau et al. (2013) find that ∼ 35 per
cent of optical- and IR-selected AGN are undetected in X-ray obser-
vations, while other studies find anywhere between 22 to 50 per cent
of MIR-selected AGN are detected in X-rays (Donley et al. 2012;
Cowley et al. 2016; Koss et al. 2016; Ichikawa et al. 2017).

To compare our ProSpect-selectedAGN to those selected fromX-
ray measurements we use data from the Chandra COSMOS-Legacy
project, a 4.6Ms Chandra program covering 2.2 deg2 of the COS-
MOS field (see Marchesi et al. 2016 for more details). Chandra
COSMOS-Legacy is deep enough to identify obscured sources with
no clear AGN signatures in the optical spectra orMIR up to I ≈ 6 and
X-ray luminosity !- ≈ 1045 erg s−1. The benefit of using Chandra
for AGN identification is that it has sub-arcsecond resolution imag-
ing providing the best possible source positions with no significant
source confusion (Brandt et al. 2006).

Using the catalogue described in Marchesi et al. (2016), we per-
form a position match to our catalogue within a 2 arcsecond ra-
dius using the coordmatch function in the Celestial R package
(Robotham 2016a). We find X-ray counterparts for 2345 of our
sources but note that 35 per cent of these objects are not selected
as AGN by ProSpect. This is not surprising as Merloni & Heinz
(2013) find that at !bol = 1045erg s−1, hard X-ray samples miss up
to 30 per cent of objects while MIR colour selections miss ≈ 60− 80
per cent.

Objects with X-ray luminosities !X-ray2-10keV < 1042 erg s−1 could
be contaminated by emission from X-ray binaries and/or hot inter-
stellar medium gas. There are 32 objects in this sample that have
!
X-ray
bol < 1043 erg s−1, so to ensure the sample is not contaminated,

we use the X-ray hardness ratio for each object calculated using
Bayesian Estimation of Hardness Ratios (BEHF; Park et al. 2006)
and presented in Civano et al. (2016) and Marchesi et al. (2016). The
hardness ratio is defined as follows;

HR = (� − ()/(� + (), (1)

where � and ( are the count rates in the 0.5–2 keV and 2–10 keV
X-ray bands. Using the hardness ratio as a proxy for X-ray emission
type, we confirm that all sources have a hardness ratio above that of
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Figure 6. The redshift distribution of the zCOSMOS broad line AGN fit with
ProSpect.

thermal emission from X-ray binaries or hot interstellar medium gas
(i.e. HR > −0.8), supporting classification as AGN (Mezcua et al.
2018).
ProSpect identifies an AGN in 65 per cent of X-ray detected

sources (1,528 objects), which we confirm have X-ray emission con-
sistent with that of an AGN. We do find that ProSpect predicts an
X-ray counterpart detectable above the Chandra sensitivity limit for
∼ 8, 000 additional objects with 5AGN > 0.1. These AGN could
be Compton-thick, and could remain undetected in even the deep-
est Chandra surveys (Brandt et al. 2006). This difference could also
be due to over-estimations of the bolometric AGN luminosity from
ProSpect. We summarise these results in Table 2.

4.2 Emission Lines

AGN can also be identified through the presence of broad and/or nar-
row emission lines in their optical spectra (e.g. Seyfert 1943; Baldwin
et al. 1981; Kewley et al. 2001; Meyer et al. 2001; Kauffmann et al.
2003). In this section we compare to a subset of galaxies from the
DEVILS sample with spectra from the zCOSMOS survey (Lilly et al.
2009) with broad line classifications and then compare the ProSpect
and spectroscopic classifications for the GAMA sample.

4.2.1 Broad Line AGN in zCOSMOS

Weuse existing spectra from the zCOSMOS survey (Lilly et al. 2009)
that have already been classified and include 123 objectswith a secure
or very secure redshift and a broad line classification (confidence
classes 13 and 14). The majority of these objects are masked (mask
column) or counted as stars (starFlag) in the DEVILS_PhotomCat
catalogue. 62 of these broad line objects are selected for fitting in this
work but 9 of these objects do not have measured FIR photometry.
The redshift distribution of these sources is shown in Figure 6. 51 of
the remaining 53 objects have a ProSpect-derived 5AGN > 0.1.

The two objects that are not selected as AGN by ProSpect
show very little visual evidence for a MIR excess. This agreement
demonstrates that using ProSpect on multiwavelength photometry
alone we are able to recover the AGN classifications that are derived
through broad line spectra.

4.2.2 Narrow and Broad Lines in GAMA

One of the other AGN identification techniques is through narrow
line flux ratios (Baldwin et al. 1981; Kewley et al. 2001; Kauffmann
et al. 2003; Kewley et al. 2006). As the DEVILS spectra do not
have the signal-to-noise required to measure line fluxes, we turn
to spectroscopic and photometric measurements from the GAMA
survey.

To compare to emission line selected AGN in GAMA, we
use the BPT diagram (Baldwin, Phillips & Terlevich 1981) and
the demarcations from Kewley et al. (2001) and Kauffmann
et al. (2003). We use the emission line measurements from the
SpecLinesGaussFitComplexv05 catalogue (Gordon et al. 2017).
For each object in GAMA, we use the best spectra (IS_BEST = T)
available regardless of survey as, although some are not flux cali-
brated, the flux ratios required for AGN identification are very close
in wavelength are robust to poor calibration. To ensure accurate line
ratios for all objects we restrict our sample to objects with I < 0.4 that
have a signal-to-noise ratio > 3 in all four emission lines used in the
BPT classification (i.e. HU, HV, [N II] and [O III]). Figure 7 shows the
number distribution of the GAMA sources across the BPT diagram
and the median 5AGN in each bin. Bins with a median 5AGN < 0.1
are shown in grey and bins with increasing 5AGN < 0.1 are shown in
darker shades of purple. From Figure 7, it is clear that ProSpect gen-
erally recovers objects with line ratios above the demarcation from
Kewley et al. (2001) and with high values of [N II]/HU, typically
associated with the lowest-luminosity AGN (low-ionization nuclear
emission regions; LINERs). There are however, a number of sources
that would be identified as AGN using the Kewley et al. (2001) de-
marcation, or as Seyferts that ProSpect does not recover. This is not
entirely unexpected as low accretion rate AGN (Seyferts, especially
type 2s) are commonly associated with narrow line emission, but not
significant MIR emission (e.g. Deo et al. 2009).

BPT-selected samples can be contaminatedwith non-AGNas there
is no clear separation between populations in the BPT parameter
space, and because BPT-selected samples can be contaminated by
poor measurements of emission line fluxes. To select robust AGN
from the BPT diagram we isolate a sample of AGN with narrow-line
ratios indicative of an AGN and with clear broad lines to compare to
ProSpect-selected AGN.

To first select narrow-line AGN, we use the Seyfert demarcation
presented in figure 1 of (Kauffmann et al. 2003; i.e. we require [O
III]/HV > 3 and [N II]/HU > 0.6). As we are selecting sources with
both broad and narrow lines present in the spectrum, we use the
narrow component of the Balmer lines (HU and HV) included in the
SpecLinesComplexFitv05 catalogue (Gordon et al. 2017). These
linemeasurements are obtained usingmultiple Gaussian components
including a possible broad component for the hydrogen lines. Using
the narrow component ensures the line ratios do not include the broad
component which would change the line ratios.

To ensure that the excitation in the line ratios is due to the presence
of an AGN rather than another process (such as shocks or star forma-
tion) we limit our selection to objects with broad HU or HV emission.
This will preferentially select for face-on AGN where the broad line
regions are visible. We do this by first visually selecting objects with
clear broad features in the spectra and then confirming through the
width measurements in the GAMA SpecLinesComplexFitv05.

There are a number of galaxies in GAMA with a large angular
size where the fibre probes only the emission from the very central
region (i.e. possibly dominated by an AGN), while the SED could
be dominated by the host galaxy. To ensure that the spectra and SED
are measured over similar spatial scales we remove objects with an
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Figure 7. The distribution of the GAMA sample on the BPT (Baldwin, Phillips & Terlevich 1981) diagram for objects with a S/N > 3 for each of the four
emission lines (left) and the parameter space coloured by median ProSpect-derived 5AGN in each bin (right). Bins with a median 5AGN < 0.1 are shown in
grey, and bins with increasing 5AGN > 0.1 are shown in darker shades of purple. The solid red curve shows the demarcation between starburst galaxies and
AGN defined by Kewley et al. (2001) while the dashed red curve shows the demarcation as defined by Kauffmann et al. (2003). Using the prescription from
Kauffmann et al. (2003) we define Seyfert objects as those with [O III]/HV > 3 and [N II]/HU > 0.6 (shown as the black lines).

Figure 8. The BPT (Baldwin et al. 1981) diagram for the sample of galaxies
from GAMA in which we plot the emission-line flux ratio [O III]/HV versus
the ratio [N II]/HU. The orange 2D histogram shows the distribution of
sources with I < 0.4, where all four lines are detected with S/N > 3. The solid
red curve shows the demarcation between starburst galaxies and AGN defined
by Kewley et al. (2001) while the dashed red curve shows the demarcation as
defined by Kauffmann et al. (2003). Using the prescription from Kauffmann
et al. (2003) we define Seyfert objects as those with [O III]/HV > 3 and
[N II]/HU > 0.6 (shown as the black lines). The sample of BPT and broad
line selected AGN are shown as the coloured circles. Objects with increasing
values of 5AGN are shown in darker shades and the colour transitions from
grey scale to shades of purple at the 5AGN = 0.1 threshold.

R50 > 4 arcsec. The R50 value is measured by ProFound during the
photometry extraction and is the semi-major axis containing 50 per
cent of the flux (see Bellstedt et al. 2020a).
This process of selecting AGN based on BPT line ratios, clear

presence of broad lines, and small angular size results in a sample
of 163 galaxies. ProSpect recovers an 5AGN > 0.1 for 149/163 of
these galaxies (91.4 per cent). Figure 8 shows the BPT distribution
of all sources in the GAMA catalogue with I < 0.4 and S/N > 3

in each of the four emission lines. We show the positions of the
163 objects on the BPT as the coloured circles, where objects with
ProSpect-derived 5AGN > 0.1 are shown in blue and 5AGN < 0.1
shown in grey. The objects that are not selected as AGN by ProSpect
have high stellar masses "★ > 1010.5"� , and lie on or above the
star-forming main sequence (see Thorne et al. 2021). The presence
of an AGN in the SED of these galaxies could be concealed by the
high luminosity of the host galaxy. Visually inspecting the SEDs and
ProSpect fits we find no evidence of a MIR excess for any of these
galaxies.

4.3 MIR Colours

One of the other commonly used methods to identify AGN is through
MIR colours (i.e. Lacy et al. 2004, 2007; Assef et al. 2010; Jarrett
et al. 2011; Stern et al. 2012; Assef et al. 2013; Lacy et al. 2013). Out
of all the different AGN selection techniques discussed here, SED
selection is most similar to MIR colour selections as the wavelength
range that drives the constraint of an AGN component in SED fitting
is the MIR. We expect the greatest overlap between ProSpect and
MIR colour selections as the value of 5AGN is also derived from
emission in theMIR. AlthoughMIR colour selections are simple and
can, in some cases, be implemented with measurements in only two
photometric bands, they can be contaminated by other populations.
The MIR selection techniques rely on the typically redder colours of
AGN, particularly between 3-5 `m. However, there are a number of
other populations that can mimic the colours of AGN in these bands
and contaminate the sample. This includes star forming galaxies at
I ∼ 0.2 with powerful polycyclic aromatic hydrocarbon emission,
or massive galaxies at high redshift (I > 1) for which the stellar
bump is shifted into the MIR. SED fitting allows us to disentangle
the contribution from the host galaxy, quantify the luminosity of the
AGN, and also allow for the shift of the observed SED to longer
wavelengths with increasing redshift.

In the following sections we use compare various MIR selection
criteria to AGN identified using ProSpect. Due to the different
photometric coverage between surveys, we use DEVILS to compare
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Figure 9. Comparison of Spitzer AGN selection criteria with ProSpect selected AGN for DEVILS objects with S/N > 5 in each of the four IRAC channels.
The left panel shows the number distribution of the DEVILS sample in Spitzer colour-colour space where both the colour and size of the hexagons represent
the number of objects in each bin. The right panel shows the Spitzer colour-colour space coloured by median ProSpect-derived 5AGN in each bin. Increasing
values of 5AGN < 0.1 are shown in greyscale, and increasing values 5AGN > 0.1 are shown in darker shades of blue. We show the commonly used Spitzer colour
selections from Lacy et al. (2004, 2007, 2013) and Donley et al. (2012) in both panels where AGN are selected from within the boundaries.

to selections derived using Spitzer, and GAMA to compare toWISE-
based selection criteria.

4.3.1 Spitzer Colours

An IRAC colour-colour diagram, using all four broad band channels
of the IRAC instrument is shown in Figure 9. The left panel shows
the number distribution of objects from the DEVILS sample and a
signal-to-noise ratio, S/N> 5 in each of the four bands. In this panel
both the colour and size of the hexagons represent the number of
galaxies in each bin. We also show this parameter space coloured
by median 5AGN derived by ProSpect to show a comparison to the
MIR selection criteria presented in Lacy et al. (2004, 2007, 2013) and
Donley et al. (2012). We find that in general objects with 5AGN < 0.1
are also selected by these MIR criteria, but there are a number of
bins with median 5AGN > 0.1 outside the Lacy et al. (2004, 2007);
Donley et al. (2012); Lacy et al. (2013) AGN region. These are
often due to poor photometry in a single band incorrectly biasing
the flux ratio. AGN with confused photometry would be missed by
the simple colour-colour selections. By incorporating the rest of the
SED, especially measurements in the NIR and FIR, these issues can
be mitigated and a more complete selection of AGN can be obtained.
The Spitzer AGN selection criteria presented in Lacy et al. (2004,

2007, 2013) are designed to have high completeness, but are not
optimised for reliability. Of objects selected as AGN using the cri-
terion from Lacy et al. (2004), we recover 54 per cent of these as
AGN with ProSpect (i.e. 5AGN > 0.1). To demonstrate this we
randomly generate 100,000 SEDs with ProSpect using the ranges
for each parameter presented in Table 1. We show the recovered
IRAC colour-colour diagram in Figure 10 coloured by 5AGN. Us-

ing generated photometry rather than measured photometry shows
the possible colour combinations from the model for objects with a
significant AGN component without contamination from poor mea-
surements. It is clear from Figure 10 that the Lacy et al. (2004, 2007,
2013) AGN selection criteria recover almost all AGN colour combi-
nations generated by the Fritz et al. (2006) and Feltre et al. (2012)
model. However it is clear that there is significant contamination in
this selection from objects with no AGN component, demonstrating
the low reliability of these criteria.

Although the Donley et al. (2012) criteria are designed for higher
reliability than those from Lacy et al. (2004, 2007, 2013), it is appar-
ent from Figure 10 that there are a significant number of AGN colour
combinations that lie outside the criteria, reducing the completeness
of these criteria. There are also colour combinations selected as AGN
by the Donley et al. (2012) criteria for which we find no significant
AGN contribution on average.

4.3.2 WISE Colours

To compare our SED-selected AGN to commonly-usedWISE colour
selections we use the fits to the sub-sample of GAMA galaxies with
a signal-to-noise (S/N) ratio > 5 in W1 and W2. We use the entire
redshift range covered by these objects but note that the vast majority
of objects in GAMA have I < 0.4. This results in a sample size of
232,076.

Figure 11 shows the distribution of the GAMA sample in colour
(W1-W2) versus magnitude (W2) space and the parameter space
coloured by median 5AGN. We also show commonly used AGN
selection criteria from Stern et al. (2012) and Assef et al. (2018)
where AGN are selected if they exist in the upper left corner. As
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Figure 10. As per Figure 9 but using 100,000 mock galaxies generated using
ProSpect with I < 3 and parameters drawn from the ranges presented in
Table 1.

expected due to the nature of the selection techniques, it is clear from
this comparison that there is good agreement between ProSpect
andWISE colour selected AGN. However, there are sources selected
as AGN through the WISE colour cuts that are not selected using
ProSpect and vice versa. For example using the Stern et al. (2012)
selection (shown as the black rectangle), ProSpect recovers 81.8
per cent of these objects as AGN. This number drops to 70.7
per cent using the Assef et al. (2018) 90 per cent reliability cut.
ProSpect is also able to recover AGN that are fainter in W2 than the
reliability cuts from Assef et al. (2018). We note that ProSpect does
miss objects that would be selected as AGN using the Assef et al.
(2018) completeness selections, but this is in the region with low
reliability. As with the Spitzer colour selections, poor photometry
measurements in either band can bias the colour measurement
for AGN, incorrectly placing them outside the AGN selection region.

In summary, by combining the results from ProSpect with
previous multiwavelength AGN diagnostics we demonstrate that
ProSpect recovers 54.3 and 69.0 per cent of AGN selected through
the Lacy et al. (2013) and Donley et al. (2012) Spitzer criteria re-
spectively. ProSpect also recovers between 42-82 per cent of AGN
selected by theWISE criteria defined in Stern et al. (2005) and Assef
et al. (2018) depending on the reliability or completeness selections
used. We also demonstrate, using the GAMA sample, that ProSpect
recovers 38.9 and 21.3 per cent of AGN selected using the BPT se-
lections from Kewley et al. (2001) and Kauffmann et al. (2003). We
find that ProSpect recovers an AGN component in 91.4 per cent of a
subsample of Seyferts with visible broad lines (Seyfert 1s) from the
GAMA survey. Finally, by cross-matching to theChandra-COSMOS
Legacy catalogue described by Marchesi et al. (2016), we demon-
strate that ProSpect recovers and AGN component in 65 per cent of
X-ray detected sources. However, we find that the ProSpect-derived
AGN luminosities predict far more X-ray sources above the Chan-

dra sensitivity limit than detected. Each of these comparisons are
summarised in Table 2.

5 COMPARISONS TO OTHER AGN QUANTIFICATION
METHODS

While we have shown that ProSpect can identify AGN that are also
selected by MIR, emission line and X-ray techniques, ProSpect can
also be used simultaneously to quantify the emission from an AGN
component. In the following sections we compare the ProSpect-
derived AGN luminosities to those derived from X-ray emission and
from another SED-fitting code.

5.1 X-ray

As both the X-ray and MIR emission from AGN are related to the
accretion rate of the SMBH, AGN luminosities measured from both
regimes should be correlated. Differences can arise due to X-ray
emission depending on properties of the hot corona gas density,
temperature etc and the MIR emission depending on geometry. If
ProSpect has accurately detected and quantified AGN emission in
these galaxies we expect good agreement with AGN luminosities
measured from X-ray imaging. We stress that ProSpect does not use
X-ray measurements in fitting the SEDs, and agreement with X-ray
measurements is not a guaranteed outcome of the modelling.

Using the position-matched catalogue described in Section 4.1,
we compare the luminosities obtained from the Chandra-COSMOS
legacy survey to those obtained by ProSpect. We limit our compar-
isons to objects with an X-ray counterpart and a ProSpect-derived
5AGN > 0.1 (i.e. both ProSpect and X-ray selected AGN), resulting
in a sample of 1,528 AGN.

In Figure 12, we show the comparison between our derived bolo-
metric AGN luminosities from ProSpect to those from X-ray mea-
surements. We convert the Chandra hard X-ray luminosities (2-
10keV) to bolometric AGN luminosities using the correction from
Netzer (2019) as follows:

!BOL = 7[!2−10keV/(1042 erg sec−1)]0.3 × !2−10keV. (2)

We use Hyper-fit (Robotham & Obreschkow 2015) to fit the
comparison and recover a slope of 0.807 ± 0.03, with an orthogonal
scatter of 0.46 ± 0.01 dex. This implies good correlation between
the ProSpect-derived AGN luminosities and the corrected X-ray
luminosities from Chandra.

As mentioned above, there are X-ray detected AGN that are not
identified as AGN using ProSpect and vice versa. To calculate the
number of ProSpect-selected AGN that we expect to be detected
by Chandra, we convert the ProSpect-derived AGN luminosity to
a hard X-ray flux density using Equation 2. Objects with a predicted
hard X-ray flux density above 7.3×10−16 erg cm−2 s−1 are above the
sensitivity limit of Chandra and should be detected. The top panel of
Figure 12 shows the fraction of detected objects at each luminosity
out of thosewith predicted fluxes above theChandra sensitivity limit.
This fraction peaks at 40 per cent for objects with !AGN ≈ 1046 erg
s−1. We also show the fraction of X-ray selected AGN also detected
as AGN from the SED in the right panel. This fraction is generally
higher than the top panel and peaks at 70 per cent for objects with
!AGN ≈ 1047 erg s−1. This shows that ProSpect generally recovers
the presence of an AGN in 50 per cent of X-ray selected objects
across all luminosities. However, ProSpect recovers far more AGN
than detected in X-rays.

When comparing luminosities directly, the correlation can be
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Figure 11. The left panel shows the number distribution of the GAMA sample in WISE colour-magnitude space where both the colour and size of the hexagons
represent the number of objects in each bin. The right panel shows the WISE colour-magnitude coloured by median ProSpect-derived 5AGN in each bin. Bins
with a median 5AGN < 0.1 are shown in grey, and bins with increasing 5AGN > 0.1 are shown in darker shades of purple. We show the commonly used WISE
colour selections from Stern et al. (2012) and Assef et al. (2018) in both panels. The Assef et al. (2018) relations are shown for the 75 (dashed) and 90 per cent
(solid) completeness (orange) and reliability (red) cuts.

strengthened by the implicit inclusion of distance in the luminosity
value. To demonstrate that the correlation we find between ProSpect
and X-ray derived bolometric luminosities is not driven purely by
distance we show the luminosities divided by the square of the lu-
minosity distance (�2

!
) in Figure 13. The running median shows

that ProSpect and X-ray derived bolometric luminosities still fol-
low a one-to-one trend when accounting for distance, albeit with
more scatter.
Figure 14 shows the ProSpect-derived specific SFR (sSFR) and

hardX-ray luminosity of all objects from this workwith a counterpart
in the Chandra COSMOS-legacy catalogue. At a given luminosity
objects with 5AGN < 0.1 have higher sSFRs than objects with signif-
icant AGN contribution. This offset could be for two reasons. Firstly,
for objects with 5AGN < 0.1, ProSpect could be incorrectly attribut-
ing elevated emission across the UV-optical regime with increased
star-formation instead of a contribution from an AGN accretion disc.
Or, the X-ray emission of objects with 5AGN < 0.1 could originate
from stellar processes rather than from an AGN component in which
case we would not expect an AGN to be identified from the MIR
emission. Distinguishing between these possibilities is beyond the
scope of this work.

5.2 Spectral Energy Distributions

With the prior knowledge of the presence of an AGNwithin a galaxy,
SED fitting tools have, in recent years, been applied to characterise
these AGN (Calistro Rivera et al. 2016; Yang et al. 2020). While
we are not limited to ‘known’ AGN, as our approach is blind, in the
sense that we do not rely on prior information of AGN to characterise

them, we asses how similar our results are to those that are extracted
from other such techniques.

Suh et al. (2019) derived AGN luminosities of X-ray selected
AGN from Chandra using a similar SED fitting code to AGNfitter
(Calistro Rivera et al. 2016). They use predetermined AGN types
from optical properties to class AGN as Type 1 (Type 2), if they
have broad lines (no broad lines) and/or their photometric redshift
measurements were obtained using an unobscured (obscured) AGN
template. Both types of AGN were fit with a nuclear torus, a host
galaxy, and a starburst component while the Type 1AGNwere fit with
an additional big blue bump component in the UV-optical range. The
host galaxy was modelled using a simple exponentially declining star
formation history and fixed constant solar metallicity. We direct the
reader to Carnall et al. 2019; Leja et al. 2019; Lower et al. 2020 for a
discussion on the impacts of the choice of star formation history on
galaxy properties and Bellstedt et al. 2020b; Thorne et al. 2021 for a
discussion on the impacts of a poorly motivated chemical enrichment
history.

Figure 15 shows the comparison between the ProSpect derived
AGN luminosities and those derived by Suh et al. (2019) for ob-
jects with a ProSpect 5AGN > 0.1. As the objects fit by Suh et al.
(2019) were selected from theChandra sample shown in Section 4.1,
this sample will have the same completeness fractions as shown in
Figure 12. Using Hyper-fit we derive a linear fit with a slope of
0.733 ± 0.0005 and an orthogonal scatter of 0.37 ± 0.0001 dex. As
such we find close agreement with the AGN luminosities derived by
Suh et al. (2019) despite the differences in SED modelling choices.
When comparing to the stellar masses derived by Suh et al. (2019) we
recover stellar masses ∼0.2 dex higher due to the implementation of
the star formation andmetallicity history in ProSpectwhich recovers
older stellar populations with higher mass-to-light ratios and there-
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Figure 12. The bolometric AGN luminosity derived from ProSpect com-
pared to the bolometric luminosity derived from the hard X-ray luminosities
from Chandra for objects with a ProSpect-derived 5AGN > 0.1. The solid
red line shows the best linear fit from Hyper-fit and the dashed lines show
the one standard deviation range. The points are coloured by their ‘sigma-
tension’ from the linear fit and the black line denotes the one-to-one relation.
The top panel shows the fraction of objects that are ProSpect-selected AGN
and detected by Chandra out of those with predicted fluxes above the Chan-
dra sensitivity limit. The right panel shows the fraction of Chandra selected
AGN that are also selected as AGN by ProSpect as a function of X-ray AGN
luminosity.

fore more massive galaxies. While codes such as AGNfitter and
the variant used by Suh et al. (2019) are specifically constructed to
recover AGN properties while simplifying the star formation history,
metallicity and dust of the host galaxy, ProSpect recovers consistent
AGN luminosities while also allowing for more flexibility in the star
formation and metallicity history of the host galaxy.

6 THE IMPACT OF AN AGN COMPONENT ON DERIVED
GALAXY PROPERTIES

As the contribution from an AGN can span the entire wavelength
range covered by typical SED modelling (FUV-FIR), the inclusion
of an AGN component can have a significant impact on the recovered
galaxy properties. Leja et al. (2018) find that the inclusion of an AGN
in broad band SED fitting can change stellar ages and SFRs by up to
an order of magnitude, and dust attenuation by up to a factor of 2.5 for
a sample of 129 galaxies in the local Universe (I < 0.05). Cardoso
et al. (2017) investigated the contribution of an AGN power-law
component to spectral fitting and found that neglecting a power-law
component can lead to an overestimation of ∼ 2 dex in stellar mass.
They also found that stellar age was more significantly impacted by a
power-law component than the stellar metallicity, but note that these
biases become more severe with increasing AGN fraction.
It is therefore important to characterise the impact of AGN on

the other galaxy properties as implementations of SED fitting codes
often neglect the contribution of AGN (i.e. Driver et al. 2018; Carnall

Figure 13. As per Figure 12 but showing the luminosities divided by the
square of the luminosity distance (�2

!
) to remove the implicit distance bias

when comparing luminosities. We show the running median binned in Chan-
dra-derived luminosities (red) and the one-sigma range (dashed red). We also
show the one-to-one line in blue.

Figure 14. ProSpect-derived specific SFRs as a function of hard X-ray
luminosity for all objects with a counterpart in the Chandra COSMOS-
legacy catalogue presented in Marchesi et al. (2016). We show all objects
with 5AGN < 0.1 in light blue with the running median and one standard
deviation ranges shown in dark blue and objects with 5AGN > 0.1 in orange
points and red lines respectively.
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Figure 15. The bolometric AGN luminosity derived from ProSpect com-
pared to that derived in Suh et al. (2019). We show objects with a ProSpect-
derived 5AGN > 0.1. The solid red line shows the best linear fit from Hyper-
fit and the dashed lines show the one standard deviation range. The points
are coloured by their ‘sigma-tension’ from the linear fit and the black line
denotes a one-to-one relation.

et al. 2019; Leja et al. 2019; Bellstedt et al. 2020b, 2021; Thorne
et al. 2021). If the exclusion of AGN in our SED fitting process
were to significantly impact the other properties, then this would be
a significant caveat to the work. This is not usually an issue in the
low-I Universe (I < 0.1), because AGN are expected to be rare, but
the number density of AGN increases by a factor of 10 by I = 1
and by a factor of 100 by I = 2 (e.g. Richards et al. 2006; Smolčić
et al. 2009). Therefore, to recover accurate galaxy properties using
photometry at higher redshifts, it is essential to ensure that we are not
creating any specific biases, by adequately characterising the impact
of AGN on SED science.
We use the SED fits for the same sample of galaxies from Thorne

et al. (2021) to investigate the impact of a significant AGN compo-
nent on various galaxy properties. The fits from Thorne et al. (2021)
were run without an AGN component using the same star formation
and metallicity history prescriptions, the same dust models and pri-
ors, and the same photometry. The only minor changes between the
AGN and no AGN versions are a slightly longer chain for the fitting
when including an AGN, and including photometry within the PAH
features which was excluded when fitted with no AGN component
(as discussed in Section 3.2). Photometry within the PAH features
was removed in Thorne et al. (2021) as these are highly susceptible
to modelling assumptions, and because of potential AGN contami-
nation in the MIR which was not included in the modelling at the
time. Including all MIR bands where available when fitting impacts
the derived SFR and dust properties, but is minimal (< 0.01 dex)
compared to the AGN contribution.
Figure 16 shows how key galaxy properties change as a function

of 5AGN when the AGN model is turned on. We only show galaxies
with 5AGN > 0.01 in this figure, but note that most of our sample has
5AGN � 0.01 and lies off the left of the figure, and with properties

that, on average, do not change with the inclusion of AGN in the
fitting. We show a histogram of the change in each parameter on the
right of each panel with the whole sample shown as the black line,
and the population of sources with 5AGN > 0.1 shown in the blue
line. This shows that for the majority of objects, the stellar mass,
SFR, final metallicity, and stellar age do not change significantly on
average due to the relatively low prevalence of AGN. Figure 16 also
demonstrates that including an AGN component in fits does not bias
derived properties for galaxies with no significant AGN component.

As expected, we find the largest differences in galaxy properties
for galaxies with 5AGN > 0.1, in which the AGN component begins
to dominate the MIR emission. The changes between fitting with and
without an AGN contribution arise because the SEDmodel is largely
unable to model an excess of emission in the MIR (see Figure 3)
without an AGN component.

An increasing 5AGN reduces the SFR by up to 2 dex (as 5AGN → 1)
as the UV-optical power-law component of the AGN model can be
degenerate with emission from young stars. When an AGN com-
ponent is included and constrained by emission in the MIR, this
degeneracy can be broken. Without the inclusion of the AGNmodel,
many of the strong AGN galaxies are fitted with an extremely high
recent SFR to compensate. This differs from Leja et al. (2018) who
find that an increasing 5AGN has a strong, though variable, effect on
specific SFR. The differences between these findings could originate
from the UV-NIR power-law component expected from AGN which
is not incorporated by Leja et al. (2018) but is included in this work.
We find no change in the stellar age (shown here using the mass
weighted age, as derived using equation 10 from MacArthur et al.
2004) except at the very highest values of 5AGN.

We also find no considerable impact on the stellarmass (< 0.05 dex
on average) and that a high 5AGN (> 0.5) decreases the final gas phase
metallicity by up to 0.2 dex on average. The dust mass is the most
affected by a large 5AGN as the AGN model can both reduce the
attenuation required in the UV-NIR through the contribution of the
power-law component and reduce the emission required in the FIR
through the contribution of the dusty torus. As stated in Thorne
et al. (2021) the dust mass estimates have large model-dependent
uncertainties that are not truly reflected in the uncertainties from
the fitting process and are treated as a nuisance parameter. For all
parameters at all values of 5AGN there is some scatter around zero
due to randomness in the optimisation, the longer optimisation chain
and the inclusion of the MIR bands within the PAH features.

In Figure 17 we also show the redshift evolution of the median
offset in each of the parameters shown in Figure 16 for objects with
no AGN contribution ( 5AGN < 0.1, black) and for objects with an
AGN contribution ( 5AGN > 0.1, blue). We find no offset in the stellar
mass, metallicity or stellar age for objects with no AGN contribution
at all redshifts. We do find that SFRs are slightly higher (0.02 dex
on average) for these objects for I > 0.5. This is due to the inclusion
of the bands covering the PAH features in the fitting when fitting
with the AGN model. The inclusion of these bands also impacts the
recovered gscreen and dust masses.

For objects with 5AGN > 0.1 we find an offset in all parameters
in at least one epoch. The stellar mass offset increases with redshift
in a step-like manner because of two effects. The first of these
is that as the Lyman break (912Å) moves through the UV and
optical bands, there are fewer photometric measurements of the
SED, resulting in a reduced constraint of the SED fit. The second
effect is that as the AGN-dominated portion of the SED moves into
the observed-frame FIR with redshift, the data are shallower also
reducing the constraint. However, the stellar mass offset remains at
less than 0.2 dex for I < 4. The final gas phase metallicity (Zfinal)
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Figure 16. The binned change in galaxy properties as a function of 5AGN between fits with and without AGN for objects with 5AGN > 0.01 shown as a 2D
histogram. Both the colour and size of the hexagons shows the number of sources in each bin. The running median is shown as the solid line with the running
one sigma range shown as the dashed red lines. We show the normalised distribution of change in each parameter on the right with the distribution of the whole
sample (black) and the normalised distribution of the sample with 5AGN > 0.1 (blue). The median, upper and lower quartiles of the change for the AGN sample
are shown in the upper right corner. The dust mass shown here refers only to the birth cloud and general ISM dust and does not include the mass of dust in the
AGN torus which should be negligible.

and stellar age are most impacted by the inclusion of an AGN model
at low redshift (I < 0.5) but show little change at higher redshifts
(I > 1). We find the largest offset for the dust parameters as per
Figure 17, which is constant at ∼ 0.2 dex for I > 1. This ∼ 0.2 dex
offset is most likely driven by the imposed dust priors, as beyond
I > 1 there are fewer objects with measured FIR photometry which
significantly reduces the constraint on an AGN component. Most
significantly, at decreasing redshifts (I < 1) we find an increas-
ing offset in SFR ranging from 0.2 dex at I = 1 to≈ 0.9 dex at I = 0.2.

We conclude that incorporating the flexibility of an AGN compo-
nent in the SED fitting of galaxies with no significant AGN contri-
bution has no significant impact on the derived galaxy properties on
average.We stress, however, that in order to obtain accurate estimates
of the properties of an AGN’s host galaxy, including an AGN model
is crucial especially at higher redshifts.

7 AGN LUMINOSITY FUNCTION

To further demonstrate the power of AGN identified and quantified
with ProSpect, and to further validate the luminosities derived, we
construct the AGN luminosity function for 0.02 < I < 2.2. Figure 18
shows our recovered AGN luminosity function in bins evenly spaced
in lookback time out to I = 2.2 as beyond this we diverge significantly
from previous measurements due to incompleteness. In a luminosity
and redshift bin, we define the binned luminosity function as

q =
#AGN
+bin

, (3)

where #AGN is the number of AGN in a given luminosity and redshift
bin, and +bin is the comoving volume of the redshift bin. In each
redshift bin we estimate the uncertainty in the luminosity function by
re-sampling the AGN luminosities from the final MCMC chain 2000
times and extracting the 16th and 84th percentiles in each luminosity
bin. We combine this in quadrature with the Poisson uncertainties,
which are the dominant source of uncertainty in most cases.
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Figure 17. Median offset in parameters between fits with and without an AGN component from Figure 16 as a function of redshift. We show objects with
5AGN > 0.1 in blue (i.e. significant AGN component) and objects with 5AGN < 0.1 in black. The shaded areas of the same colours show the standard error of
the median and the point size corresponds to the number of objects in that redshift bin.

The resultant binned luminosity function estimates are shown by
the blue points in Figure 18.

When constructing the AGN luminosity function, it is possible
that the number densities will be contaminated by objects with un-
constrained AGN luminosities. This is especially problematic at the
high luminosity end where there are a low number of sources. These
unconstrained AGN are caused by a lack of MIR-FIR photometry for
the object due to the two-stage method of FIR photometry extraction
implemented for the DEVILS catalogues and described in detail in
Davies et al. (2021). Briefly, FIR photometry is only extracted for
objects that have Y< 21.2 mag or are detected in the MIPS 24 imag-
ing. This means that for objects that do not satisfy either criteria, no
attempt is made at extracting measurements in any FIR band. This
results in no constraint on the shape of the SED in the FIR and ulti-
mately leaves the AGN component unconstrained in many cases. In
Figure 18 we limit the sample to only sources that were passed to the
FIR photometry stage and have 5AGN > 0.1 so that any AGN com-
ponent impacts the shape of the SED and has constraint provided by
the photometry. We also limit the redshift range shown in Figure 18,
as beyond I > 2.2 there are very few objects with FIR photometry

due to the depth of the imaging resulting in very little constraint on
an AGN component.

When constructing the AGN luminosity function, we do not in-
clude completeness corrections but acknowledge that at low lu-
minosities we will be incomplete for two reasons. Firstly, at low-
luminosities it is difficult to differentiate AGN emission from that
of the host galaxy and ProSpect will not recover an AGN compo-
nent. Secondly, we will be incomplete to low luminosity galaxies in
general due to the imposed FIR requirement. As FIR photometry is
only measured for sources with . < 21.2mag or a MIPS24 detec-
tion, the faintest galaxies (least massive or least star-forming) at each
redshift will be missed, and also their potential AGN. The impact
of incompleteness on the derived luminosity function is evident in
Figure 18 through the turn-over in density at all redshifts. We show
the luminosity range where we are incomplete as the grey shaded
region.

We showcomparisons to literature luminosity functions fromHop-
kins et al. (2007); Shankar et al. (2009); Shen et al. (2020) who use
compilations of optical, X-ray, and IR selected AGN to measure the
bolometric quasar luminosity out to I = 6. We find clear evidence
for evolution in the normalisation with redshift and find good agree-
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Figure 18. Bolometric AGN luminosity functions at 14 redshift bins, selected to be evenly spaced in lookback time. We show the luminosity function from
DEVILS in the solid blue points and the low redshift GAMA results as the purple squares. We also show the impact of changing the required 5AGN threshold as
the blue lines showing steps from 5AGN = 0.1 (darkest) to 0.9 (lightest) in increments of 0.1. The grey shaded region shows the range of luminosities for which
we are incomplete in DEVILS. The number of AGN in each redshift bin is shown in the upper right, with the redshift limits of each panel. We compare our
results to previous bolometric luminosity functions from Hopkins et al. (2007) (grey), Shankar et al. (2009) (yellow), and Shen et al. (2020) (red) which use a
compilation of observational data in the rest-frame IR, B band, UV, soft and hard X-ray.

ment with literature measurements at the high luminosity end at all
redshifts. Due to the small area covered by D10 and the lack of bright
X-ray in the D10-COSMOS field at low redshift, we do not recover
extremely bright AGN at low redshifts. As described in Section 4.2.2,
we have also fit the low redshift, larger area sample of galaxies in the
GAMA regions using almost the same prescription as for DEVILS.
We show these results as the open circles out to I = 0.36 and find

very good agreement with both the DEVILS measurements but also
the previous literature measurements. Using GAMA at low redshifts
allows us to trace the AGN luminosity function out to AGN lumi-
nosities ∼ 1 dex higher than DEVILS (in one case 2 dex higher).
Supplementing the low-redshift DEVILS results with GAMA also
limits the impact of cosmic variance which is high for DEVILS due
to the very low area. We also show the impact of changing our 5AGN

MNRAS 000, 1–22 (2021)



DEVILS: Identifying AGN through SED Fitting 19

Figure 19. Bolometric AGN luminosity function at low (top panel) and in-
termediate (bottom panel) redshift compared to luminosity functions derived
in Amarantidis et al. (2019) from various simulations. The simulation lumi-
nosity functions have been converted from X-ray luminosity functions using
the bolometric corrections from Hopkins et al. (2007). We show comparisons
to Horizon-AGN (Dubois et al. 2014) in light purple, Illustris (Vogelsberger
et al. 2014) in dark purple, eagle (Crain et al. 2015; Schaye et al. 2015)
in blue, Shark (Lagos et al. 2018) in green, GALFORM (Cole et al. 2000;
Lacey et al. 2016) in orange, and L-Galaxies (Henriques et al. 2015) in red.
We show the DEVILS (blue) results for both redshift bins and GAMA (pur-
ple) for low redshift, and shade the region in the higher redshift bin where our
results become incomplete. We also show the fit from Hopkins et al. (2007)
for comparison.

cut as the blue lines, which we show in increments of 0.1 where the
darker blues represent lower values of 5AGN. At the highest lumi-
nosities this makes little difference, but at intermediate luminosities
this can cause a spread of up to ∼ 1 dex.

Finally, we show comparisons of our bolometric luminosity
function to theoretical models in Figure 19 in two redshift bins
(0.0 < I < 0.2 and 0.8 < I < 1.0). We compare to theoretical
predictions from a range of hydrodynamical simulations and semi-
analytic models presented in Amarantidis et al. (2019). To calculate
the luminosity functions, Amarantidis et al. (2019) estimate the bolo-
metric luminosity for each SMBH present. To do this they distinguish
between quasar accretion mode (thick disc scenario) and the radio
accretion mode (which is assumed to take place whenever the accre-
tion rate is below 1 per cent of the Eddington accretion limit). The
bolometric luminosities are calculated using the prescription from
Griffin et al. (2019) accounting for these different accretion modes.

The luminosity functions presented in Amarantidis et al. (2019), are
done so as a function of X-ray luminosity. To convert back to a bolo-
metric luminosity, we use the Hopkins et al. (2007) correction instead
of the Netzer (2019) correction used in Section 4.1 as this was the
correction used in Amarantidis et al. (2019). We show values from
the hydrodynamical simulations Horizon-AGN (Dubois et al. 2014),
Illustris (Vogelsberger et al. 2014), eagle (Crain et al. 2015; Schaye
et al. 2015), and the semi-analytic models Shark (Lagos et al. 2018),
GALFORM (Cole et al. 2000; Lacey et al. 2016), and L-Galaxies
(also known as the Munich model; Henriques et al. 2015). Of the hy-
drodynamical models shown, Horizon-AGN is the only model that
specifically tracks the spin of the SMBH. GALFORM uses the accre-
tion of gas and the transfer of angular momentum to change the spin
of the SMBH, which is used to calculate a spin-dependent radiative
efficiency. Amarantidis et al. (2019) note that their luminosity func-
tion estimates should be considered only as lower limits, due to the
limited volume of the simulations and the inability to reproduce the
most extreme SMBH masses.

We find a higher number density of AGN at all luminosities at low
redshift (I < 0.2) in both DEVILS and GAMA than predicted by the
simulations, with both samples predicting a higher density than Hop-
kins et al. (2007). We find closer agreement with the simulations at
higher redshift (0.8 < I < 1.0) especially with Horizon-AGN.When
presenting the theoretical X-ray luminosity functions, Amarantidis
et al. (2019) find good agreement with observed X-ray luminosity
functions from Aird et al. (2015) which predicts lower densities of
AGN than DEVILS or GAMA. This could be due to an underes-
timation of Compton-thick sources predicted by Aird et al. (2015)
who assume a Compton-thick fraction of 25 per cent, while Ueda
et al. (2014) assume a fraction of 50 per cent. Overall, the agree-
ment in the luminosity function constructed from ProSpect-derived
AGN luminosities with those from observations and theoretical pre-
dictions suggests that we can recover a significant fraction of high
luminosity AGN using SED fitting. We are unable to recover the
luminosity function at low luminosities due to the inability to dis-
tinguish a low luminosity AGN component from its host galaxy and
due to incompleteness in the general galaxy sample.

8 CONCLUSIONS

We have applied the ProSpect SED-fitting code with an incorpo-
rated AGN component to 494,000 galaxies from the D10 field of the
DEVILS survey and 230,000 galaxies from the GAMA survey to
identify and quantify AGN. We combine a parametric star formation
history and evolving metallicity tied to the growth of stellar mass
with an AGN component to extract AGN and host galaxy properties
for each galaxy. The results are summarised as follows:

• In this work we obtain AGN luminosities for 9761 galaxies in
the DEVILS D10 field with a fractional MIR flux contribution from
the AGN component of 5AGN > 0.1 and with FIR constraint.
• We also recover an AGN component in 67,258 galaxies in the

GAMA G09, G12, G15, and G23 fields.
• Wedemonstrate that while these ProSpect-selectedAGN agree

well with MIR colour-colour selections, the SED selected sample is
more reliable and far less likely to be contaminated by galaxies with
no AGN component.
• We also show that our derived luminosities are consistent with

X-ray measurements from Chandra and previous SED fits to X-ray
selected AGN.
• We find that ProSpect identifies a significant AGN component
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( 5AGN > 0.1) in 91 per cent of AGN selected through the presence
of narrow and broad emission lines.
• On average, host galaxy properties such as stellar mass, stel-

lar age, and final gas phase metallicity do not change significantly
between SED fits with and without an included AGN component.
However, for objects with a significant MIR AGN contribution, we
find that the SFR can be up to 2 dex lower when we allow for an AGN
component in the SED fitting.
• Using the AGN luminosities recovered from ProSpect for both

the DEVILS and GAMA, samples we find good agreement with
previous bolometric luminosity functions fromHopkins et al. (2007);
Shankar et al. (2009); Shen et al. (2020) for 0.02 < I < 2. Due to
the lack of very bright AGN (!AGN > 1047 erg s−1) in DEVILS and
GAMA, we are unable to constrain the luminosity density of AGN
without much larger and deeper surveys. Given the increased area
and depth of the upcoming Wide Area Vista Extragalactic Survey
(WAVES; Driver et al. 2019), it could be possible to constrain the
evolution with redshift of the AGN luminosity density using SED
fitting alone.
• We find that our ProSpect derived luminosity functions are

systematically higher than predictions from simulations at I ∼ 0.1
and I ∼ 0.9.

From this we conclude that SED fitting using ProSpect is a viable
method of AGN identification and can recover AGN luminosities
consistent with other methods. We also conclude that in order to
obtain accurate galaxy properties for sources with a significant AGN
component, including anAGNmodel in the SEDfitting is imperative.
The radio emission and host galaxies properties of these SED-

selected AGN will be explored in detail in Thorne et al. (in prep).

9 DATA AVAILABILITY

The DEVILS and GAMA data products described in this paper are
currently available for internal team use for proprietary science and
will be made available in upcoming data releases. The SED fits to the
Brown et al. (2019) sample will be shared upon reasonable request
to the corresponding author.
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APPENDIX A: FITS TO THE BROWN ET AL. (2019) ATLAS
OF AGN SEDS

We also fit the atlas of AGN SEDs presented in Brown et al. (2019)
using the same procedure presented in Section 3. The Brown et al.
(2019) atlas includes the SEDs of 41 low-redshift well studied AGN
with coverage of at least 0.09 to 30 `m but in some cases the SEDs
extend into the FIR. As the photometry for each of the sources are ob-
tained from various facilities with differing filter sets we elect to use
the synthesised SEDs which were created by filling the gaps in spec-
tral coverage to map the SED onto the same filter set. For all galaxies
we use the synthesised photometry in the GALEX FUVNUV, SDSS
ugriz, 2MASS JHKs, IRAC 1-4, WISE 1-4, MIPS 24 70 bands and
the PACS 100, 160 and SPIRE 250,350 bands where available. As
no photometric errors are provided we assume a 0.05mag error in
the FUV-W4 bands and a 0.1 mag error in the FIR to mimic the
uncertainties measured from the DEVILS photometry. We acknowl-
edge that these sources have significantly more photometric coverage
across theMIR than the DEVILS sources due to the inclusion of both
Spitzer IRAC and WISE measurements. Due to the way the sample
was selected, the sample favours bright quasars or nearby galaxy nu-
clei that are dominated by AGN light. As the AGN component can
outshine the contribution from the host galaxy (i.e. 5AGN > 0.9),
there is very little constraint on the host galaxy properties in the SED
and we therefore recover unphysical solutions for the stellar mass and
star formation of the host galaxy. The right panel of Figure 1 shows
the fit to Ark 120 using the implementation described above.
Table A1 includes the recovered AGN properties for each of these

sources and the reduced j2 of the SED fit. Note that we have not
explored the accuracy of the AGNta or AGNan parameters. In the
implementation of the Fritz et al. (2006) and Feltre et al. (2012)
model in ProSpect the shape of the SED for the AGN component
changes for angles between 0-30 degrees due to increased attenuation

through the torus, but above 30 degrees there is no difference in SED
because of the adopted opening angle (AGNct = 100 degrees).

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–22 (2021)

http://dx.doi.org/10.1086/517885
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.1086/149446
http://dx.doi.org/10.1086/161048
http://dx.doi.org/10.1086/144488
http://dx.doi.org/10.1088/0004-637X/690/1/20
http://dx.doi.org/10.1093/mnras/staa1381
http://dx.doi.org/10.1086/529572
http://dx.doi.org/10.1088/0004-637X/696/1/24
http://dx.doi.org/10.1051/0004-6361/201630223
http://dx.doi.org/10.1111/j.1365-2966.2011.19775.x
http://dx.doi.org/10.1086/432523
http://dx.doi.org/10.1088/0004-637X/753/1/30
http://dx.doi.org/10.3847/1538-4357/ab01fb
http://dx.doi.org/10.1007/s00159-016-0094-x
http://dx.doi.org/10.1093/mnras/stab1294
http://dx.doi.org/10.1051/0004-6361:20078369
http://dx.doi.org/10.1088/0004-637X/811/1/26
http://dx.doi.org/10.1086/378940
http://dx.doi.org/10.1088/0004-637X/786/2/104
http://dx.doi.org/10.1093/mnras/stu1536
http://dx.doi.org/10.3847/2041-8213/aaf1d2
http://dx.doi.org/10.1093/mnras/stz3001
http://dx.doi.org/10.1088/0004-637X/698/1/380
http://dx.doi.org/10.1086/516593


DEVILS: Identifying AGN through SED Fitting 23

Table A1. Values of AGN parameters for fits to the sample of AGN presented in Brown et al. (2019). Note the AGNlum parameter is log 10(!AGN/erg s−1) , the
AGNta is logged as per fitting, and AGNan= 0 deg when viewed edge on through the torus and AGNan= 90 deg when viewed face-on.

Name z AGNlum AGNta AGNan Reduced j2

2MASX J13000533+1632151 0.0799 45.82 ± 0.05 0.76 ± 0.11 32 ± 5 1.054
3C 120 0.033 45.33 ± 0.03 0.675 ± 0.16 43 ± 2 4.891
3C 273 0.1583 46.96 ± 0.04 0.659 ± 0.22 43 ± 2 4.481
3C 351 0.3719 46.89 ± 0.05 0.762 ± 0.22 46 ± 1 3.669
3C 390 0.0561 45.31 ± 0.04 0.756 ± 0.19 46 ± 1 5.677
Ark 120 0.0327 45.38 ± 0.02 0.384 ± 0.12 44 ± 1 1.544
Ark 564 0.0247 44.75 ± 0.06 0.911 ± 0.37 38 ± 10 1.312
F2M1113+1244 0.6812 47.67 ± 0.05 0.488 ± 0.19 28 ± 6 1.789
Fairall 9 0.047 45.66 ± 0.03 0.782 ± 0.15 44 ± 1 2.869
H 1821+643 0.2968 47.19 ± 0.04 0.67 ± 0.25 40 ± 6 5.596
IRAS 11119+3257 0.1876 46.8 ± 0.03 0.489 ± 0.17 33 ± 4 0.414
IRAS F16156+0146 0.132 44.9 ± 0.15 0.783 ± 0.74 41 ± 1 5.357
Mrk 110 0.0353 44.78 ± 0.03 0.679 ± 0.14 44 ± 1 1.451
Mrk 1502 0.0589 45.9 ± 0.03 0.774 ± 0.16 43 ± 1 3.580
Mrk 231 0.0422 46.38 ± 0.03 0.614 ± 0.2 40 ± 2 0.808
Mrk 279 0.0305 44.87 ± 0.04 0.856 ± 0.16 46 ± 2 2.623
Mrk 290 0.0302 44.57 ± 0.03 0.764 ± 0.24 47 ± 2 1.253
Mrk 421 0.03 44.85 ± 0.03 0 ± 0.37 51 ± 5 0.922
Mrk 493 0.031 44.65 ± 0.03 0.317 ± 0.46 47 ± 2 1.863
Mrk 509 0.344 47.51 ± 0.04 0.397 ± 0.27 44 ± 1 3.481
Mrk 590 0.0261 44.03 ± 0.1 0.467 ± 0.72 40 ± 4 4.147
Mrk 817 0.0315 45.11 ± 0.03 0.693 ± 0.19 47 ± 1 3.239
Mrk 876 0.129 46.1 ± 0.03 0.777 ± 0.18 44 ± 1 2.682
Mrk 926 0.0469 45.44 ± 0.03 0.301 ± 0.14 41 ± 1 2.227
NGC 3227 Central 0.0039 43.34 ± 0.12 0.972 ± 0.43 33 ± 5 3.188
NGC 3516 Central 0.0088 44.09 ± 0.04 1 ± 0.12 45 ± 2 3.099
NGC 4051 Central 0.0023 43.02 ± 0.04 −0.753 ± 0.25 41 ± 4 0.969
NGC 4151 Central 0.0033 43.83 ± 0.03 0.934 ± 0.11 45 ± 1 3.515
NGC 5548 Central 0.0166 44.35 ± 0.03 0.549 ± 0.47 43 ± 1 3.432
NGC 5728 0.0094 37.6 ± 3.55 0.819 ± 1 52 ± 7 0.836
NGC 7469 0.0163 44.76 ± 0.03 0.301 ± 0.4 49 ± 3 4.767
OQ 530 0.1525 46.03 ± 0.03 −0.246 ± 0.2 43 ± 3 0.645
PG 0026+129 0.142 45.8 ± 0.04 0.637 ± 0.3 44 ± 3 2.374
PG 0052+251 0.1545 45.87 ± 0.04 0.778 ± 0.19 46 ± 2 3.386
PG 1211+143 0.0809 45.77 ± 0.06 1 ± 0.04 42 ± 1 5.323
PG 1307+085 0.1538 45.78 ± 0.03 −1 ± 0.14 59 ± 8 5.337
PG 1415+451 0.1137 45.55 ± 0.02 −0.241 ± 0.34 46 ± 2 1.139
PG 2349-014 0.1738 46.08 ± 0.03 0.548 ± 0.19 43 ± 1 3.691
PKS 1345+12 0.1205 45.79 ± 0.1 −0.995 ± 0.16 21 ± 4 2.090
Ton 951 0.064 45.08 ± 0.04 1 ± 0.16 89 ± 3 3.342
W Com 0.102 45.76 ± 0.02 −0.598 ± 0.24 38 ± 3 0.721
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