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ABSTRACT

Context. Although the population of quasars evolved significantly in the past, the properties of quasars as physical objects are sup-
posed to remain almost unchanged, which makes quasars promising candidates for cosmological tests. The X—UV luminosity relation
in particular is widely used for this purpose. However, the potential of other spectral domains for this purpose remains open.

Aims. The aim of the analysis we present is to test the parameter space in order to build a well behaving OPT-IR correlation that could
serve as a cosmological probe. The main objective is to calibrate the OPT-IR luminosity relation for quasars, focusing on accurate
estimations of dusty torus and accretion disk luminosities. We analyzed contaminations related to host galaxies, particularly from
polar dust, the interstellar medium, and stellar emission that affect the optical and infrared.

Methods. We used a sample of nearly 400 quasars with photometrical observations and spectroscopical redshift divided into four red-
shift bins (0.7-2.4). Full spectral energy distribution (SED) fitting was performed with the CIGALE code, and results were compared
with simplified photometric luminosity estimates. The impact of non-active galactic nucleus components and the role of polar dust in
the fitting process were assessed.

Results. We show that for sources with a disk luminosity above 10% [ergs™!], the photometric estimates are consistent with SED-
based values. While polar dust contributes marginally to luminosity, its presence significantly alters SED fitting, particularly the torus
opening angle and cold dust properties. In the optical domain, stellar emission is the dominant contamination. In the infrared, disk
emission and cold dust play major roles. We propose two empirical calibrations for the OPT-IR relation.

Conclusions. We conclude that the optical band is dominated by the accretion disk component above 10* or 104 [erg s™'] depending
on redshift, while IR luminosity is dominated by the dusty torus emission above 1.6 x 10 or 2 x 10% [ergs™!] depending on the

redshift. In this high-luminosity regime, simplified photometric methods yield reliable disk and torus luminosity estimates.

Key words. galaxies: active — quasars: general — galaxies: statistics

1. Introduction

The unification schemes for active galactic nuclei (AGNs;
Antonucci & Miller 1985; Urry & Padovani 1995; Netzer 2015;
Hickox & Alexander 2018) were proposed to provide a simpli-
fied explanation of the structure of the AGN mechanism. Uni-
fication based on the inclination angle, where the dusty torus
hides some of the internal structures, was questioned with supe-
rior observations with Gravity GRAVITY Collaboration (2020).
Recent studies suggest that the structure of the torus might be
more complex (consisting of clumps and clouds) Nenkova et al.
(2008) and that it can be directly linked to the broad-line regions
(BLRs) and the accretion disk (Czerny & Hryniewicz 2011;
Czerny et al. 2019). There have also been indications that there
is dust located in the polar regions of AGNs, so-called polar dust
(PD; Tobaetal. 2021; Gamez Rosas et al. 2022; Davies et al.
2022). The dusty torus can change the obscuration along the line
of sight, its spectral properties, and the classification of an AGN.

* Corresponding author: mralowski@oa.uj.edu.pl

Additionally, some authors have found a significant variance in
the amount of dust in AGNs (e.g., Roseboom et al. 2013).

Among AGN, quasars are particularly important due to their
extreme brightness and wide redshift distribution. In recent
years, significant progress has been made in calibrating quasars
as standard candles for cosmological tests. The search for new
standard candles is crucial, especially considering the pressing
issue in modern observational cosmology known as the “Hub-
ble tension” (Planck Collaboration XVI 2014; Verde et al. 2013;
Planck Collaboration VI 2020; Verde et al. 2019; Riess et al.
2022). Recent studies have suggested that quasars observed with
JWST at a high redshift (z > 2) may exhibit different properties
or physical structures compared to local quasars (Maiolino et al.
2024).

Previous approaches utilized quasars for cosmology by
making use of two major methodologies. The first methodol-
ogy is based on the technique known as reverberation map-
ping (Kaspi et al. 2000; Bentz et al. 2013; Czerny & Hryniewicz
2011; Czerny etal. 2013; Zajacek etal. 2020; Czerny et al.
2019, 2021). This technique involves calculating the time
lag between emissions from different regions within the
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AGN - specifically, between the accretion disk surrounding the
supermassive black hole at the quasar’s center and the BLR
around it. From the time lag, the radius of more distant regions
can be calculated, along with the absolute luminosity. Using the
absolute luminosity, the luminosity distance can be determined,
and by comparing it to the redshift, cosmological models can
be tested. The primary drawback of this method is its time con-
sumption, as measuring the time lag requires years of observa-
tions for each object. Additionally the high dispersion of the
R(BLR)-L method makes it problematic to perform reverbera-
tion mapping outside of the local Universe.

An alternative approach is based on the nonlinear luminosity
relation proposed in the Risaliti-Lusso relation (Risaliti & Lusso
2015, 2019; Signorini et al. 2023). The Risaliti-Lusso rela-
tion is based on a widely accepted scheme that the ultra-
violet emission of AGN is produced by an accretion disk,
while the X-rays are produced by a hot corona around the
accretion disk. Studies (Tananbaum et al. 1979; Zamorani et al.
1981; Avni & Tananbaum 1986) have shown that the relation-
ship between X-ray and UV luminosities can be parametrized
as log(Lx) = ylog(Lyy) + B, where Lx and Lyy are the rest-
frame monochromatic luminosities at 2 keV and 2500 A, respec-
tively. Although Lx and Lyy are measured independently, they
are physically correlated with each other and with the luminosity
distance.

The optical (OPT) and infrared (IR) luminosity relation
for quasars also shows promise. Several studies have indicated
that this relation can be robust (Gu 2013; Ratowski et al. 2024,
Trefoloni et al. 2024). The reason is that IR luminosity (Lir) and
optical luminosity (Lopr) should be strictly connected. In bright
quasars, the bulk of Lopr emission can be explained by the emis-
sion from the accretion disk Netzer (2015). Part of this emis-
sion is absorbed and reemited by the dusty torus surrounding the
supermassive black hole. Thus Lopr and Lir should be tightly
correlated. The degree of this correlation is still not clear, but if
it were possible to account for (1) potential selection effects and
(2) any physical contaminations, it may then be possible to use
it as a universal relation that is constant with redshift. In a pre-
vious study, Ratowski et al. (2024) we showed that the OPT-IR
relation may be influenced by selection effects in the data, par-
ticularly involving the W3 and W4 filters in the IR, and that the
covering factor, calculated from the Lig/Lagn luminosity ratio,
does not evolve with redshift for quasars with similar physical
properties. Our other conclusion was that the OPT-IR relation
has to be calibrated, as it is influence by contamination, such as
from polar dust.

The importance of such a calibration is even more signifi-
cant because we believe that the OPT-IR nonlinear luminosity
relation can be used for cosmological tests. In essence, it is sim-
ilar to the X-UV Risaliti-Lusso relation that is widely used and
debated today. For the OPT-IR photometrical relation to be use-
ful for cosmology, it is necessary to exclude or/and understand
the (1) systematics and the (2) additional contributions to the
OPT or IR emission from components of the quasar host galaxy
that are not connected to AGN emission. In the following, we
analyze the photometrical observations, especially through the
spectral energy distribution (SED) fitting, to find the most impor-
tant factors and contaminations that can change the OPT-IR rela-
tion connected only to the central source AGN.

To calibrate the luminosity relation for objects as complex
as quasars, dependencies on physical parameters must be care-
fully analyzed. Some works (e.g., Toba et al. 2021; Buat et al.
2021) have indicated that the Lir—Lp relation can depend on
physical properties of AGN such as polar dust. It is also possible
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that the stellar light of the host galaxy influences the Lopr. In
Ratowski et al. (2024) we discuss possible explanations of how
the low-luminosity part of the low-z sample breaks the trend set
by the high-mass part in Lig /Lopr. This is in line with the work
by Toba et al. (2021), who suggested strong polar dust contam-
ination in Lig in the lower-luminosity part of the AGN pop-
ulation. Reddening and dust obscuration at small redshift was
reported to affect type-II AGNs more than type-I AGNs (Netzer
2015). The solution to this may be selecting the samples based
on the IR, but this approach would be biased toward sources with
a larger covering factor and against sources with large inclination
angles (see Sect. 2 in Netzer 2015). Another important contam-
ination may be emission from star-forming and inter regions in
the galaxy as well as interstellar medium (ISM). The ISM also
has an important effect on high redshift quasars (Decarli et al.
2023) and line emission (Kade et al. 2024).

With the work presented here, we aim to analyze the impact
of such contaminations while focusing on two key aspects: (1)
the role of contaminations in luminosity estimation and how they
affect the OPT-IR relation, and (2) whether it is possible to cali-
brate our method after accounting for these contaminations. The
following work is structured as follows: Section 2 presents the
data selection process, in Sect. 3 we introduce the methodology
we used, and Sect. 4 presents the most important results.

2. Data

The primary dataset used in this analysis is based on photometric
observations of quasars. Specifically, the Sloan Digital Sky Sur-
vey Quasar Catalog, Sixteenth Data Release (SDSS DR16Q;
Lyke et al. 2020), was employed. This catalog contains approx-
imately 750 000 quasars, including around 225 000 newly iden-
tified sources relative to previous data releases. Quasars in
SDSS DR16Q were classified using spectral fitting applied to
the SDSS-IV/Extended Baryon Oscillation Spectroscopic Sur-
vey (eBOSS) spectra (Dawson et al. 2016). The final data cat-
alog is estimated to have a completeness rate of 99.8%, with
defilement levels ranging from 0.3 to 1.3% (for further details,
see Lyke etal. 2020). The SDSS photometric data are pro-
vided in two formats: “asinh magnitudes” and “nanomaggies””
(Lupton et al. 1999). The fluxes in nanomaggies can be con-
verted to AB magnitudes after applying corrections for filter-
specific shifts in the u and z filters>.

There are 557000 objects after the redshift selection
within the range of z = 0.7-2.4. SDSS DR16Q was sub-
sequently crossmatched using a 3 arcsec radius. After adding
the IR from the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010) All-Sky Survey, the sample had 552372
objects. Near-IR photometry was obtained from the UKIRT
Infrared Deep Sky Survey (UKIDSS, Lawrence etal. 2007)
resulting in just over 100000 objects in the sample. For the
ultraviolet wavelength range, we used the photometry from the
Galaxy Evolution Explorer (GALEX GR6/GR7 data release
Martin et al. 2005), which we restricted to low-redshift quasars,
as the Lyman-a break becomes significant at higher red-
shifts. The UV observations were available for 17463 objects
with redshift z < 1.1. Far-IR (FIR) data were gathered

' https://data.sdss.org/datamodel/files/BOSS_QSO/
DR16Q/DR16Q_v4.html

2 https://www.sdss.org/dr16/algorithms/magnitudes/
#Fluxunits:maggiesandnanomaggies

3 https://www.sdss.org/dr12/algorithms/fluxcal/
#SDSSt0AB
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from the Herschel mission, specifically from the Photodetec-
tor Array Camera and Spectrometer (PACS; Poglitsch et al.
2010) and Spectral and Photometric Imaging Receiver (SPIRE;
Griffin et al. 2010) instruments. For the Hershel data, we used
the IRSA database, with the main condition being for the
quasars to have SPIRE 250 um. The inclusion of Herschel
data shrank the number of the whole sample massively,
leaving us with only 351 objects. Additionally, SPITZER
(Spitzer Science Center & Infrared Science Archive 2021) data
were available for a few objects. In the procedure, we also
included upper limits, which were accounted for in the SED fit-
ting procedure (described in Sect. 3.1). SDSS, UKIDSS, WISE,
and 250 um SPIRE all have 100% coverage for all the selected
objects. The data binning with respect to the redshift is presented
below. For each dataset in brackets, the fraction of coverage in
the remaining surveys is presented.
We split SDSS DR16Q into four samples based on the red-
shift ranges (see Fig. 1):
1. low-z: z € [0.7, 1.1], containing 100 objects
(PACS: blue 0%, green 2%, red 4%; SPIRE: 350 um 30%,
500 um 6%)
2. inter-z1: z € (1.1, 1.5), containing 73 objects
(PACS: blue 0%, green 1%, red 0%; SPIRE: 350 um 22%,
500 um 1%)
3. inter-z2: z € [1.5,2.0), containing 94 objects
(PACS: blue 0%, green 5%, red 3%; SPIRE: 350 um 34%,
500 um 4%)
4. high-z: z € [2.0,2.4], containing 84 objects
(PACS: blue 1%, green 0%, red 1%; SPIRE: 350 um 37%,
500 um 6%).
The observations were corrected for extinction using the Cardelli
extinction law (Cardelli et al. 1989) and dust maps from the
work of Schlegel et al. (1998).

3. Methods
3.1. SED fitting

To properly assess the physical properties of a galaxy, it is impor-
tant to carefully analyze its emitted spectrum. The SED fitting
technique provides insight into the broad energy distribution of
photons across the electromagnetic spectrum. Using broad-band
photometry that spans a wide wavelength range combined with
redshift information, we constructed an observed SED. Subse-
quently, synthetic SEDs were generated from a set of models
based on parameter-grid templates, allowing for the estimation
of the underlying physical properties.

The SED fitting was conducted using the Code Investigat-
ing GALaxy Emission (CIGALE; Boquien et al. 2019), version
2022.1%. The CIGALE methodology is based on the assumption
of an energy balance principle, and thus the energy emitted by
dust in the mid-IR (MIR) to FIR was estimated from the energy
absorbed by dust in the UV-optical range. The dust emission
can be even larger when taking the presence of the AGN and
its dusty torus into account. This approach combines computa-
tional speed and a wide range of possible applications to galax-
ies (Buat et al. 2011, 2018; Boquien et al. 2013; Lo Faro et al.
2017; Salim et al. 2018; Matlek et al. 2018), AGNs (Ciesla et al.
2015; Toba et al. 2021), ultraluminous IR galaxies (Matek et al.
2017; Dey et al. 2024). An important aspect of CIGALE is the
use of the Bayesian-like approach. In addition, the physical prop-
erties are estimated by weighing all the models on the basis

4 https://cigale.lam.fr/
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Fig. 1. Flowchart showing the data selection process as described in
Sect. 2. The y? values were calculated for the best-fit SED in CIGALE.
The Lgisx values are from the best-fit estimation of the SKIRTOR model,
as described in Sect. 3.2.

of their goodness of fit, with the best-fit models having the
heaviest weight. (For more details we refer to Noll et al. 2009;
Boquien et al. 2019).

The CIGALE modules include star formation history (SFH),
stellar population synthesis, a dust attenuation model, cold dust
emission, nebular emission, AGN emission, and X-ray and radio
emission (these last two modules were not used). The SFH mod-
ule calculates the evolution of different stellar populations based
on different SFH models, taking into account different ages of
stars and the 7-folding time. From these calculations, using the
library of stellar population synthesis models, the spectra were
generated. For the SFH model, we decided to use the one already
available in the CIGALE code with delayed exponential burst,
which can model both starburst and older stellar populations.
For the population synthesis module, we used the Bruzual and
Charlot stellar library (Bruzual & Charlot 2003), with the
Salpeter (Salpeter & Bethe 1951) initial mass function. Dust
attenuation and cold dust models estimate the fraction of the
cold dust in the host galaxy, its absorption of UV light, and
later its thermal emission in IR. There is a discussion on which
dust attenuation model is best for different sources of objects
(Matek et al. 2018). We decided to use the Charlot and Fall
(CF00, Charlot & Fall 2000) attenuation law, which takes into
account the dust clouds and HII regions around young stars, as
it allowed us to precisely model each component.

To model cold dust emission, we chose the model proposed
in Dale et al. (2014), which includes the polycyclic aromatic
hydrocarbon and the radiation field. Thanks to the inclusion of
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these elements, the model is very flexible for the modeling of
photometric data. To model the AGN components, we used the
SKIRTOR model (Stalevski et al. 2016). It parametrizes AGN
UV-OPT emission and physical parameters of the dusty torus
responsible for IR emission from the nucleus. The half-opening
angle of the torus (A) is measured between the equatorial plane
and the edge of the dusty surface of the torus. The type I quasars
in the SKIRTOR model usually have A values of about 30°,
and for type II quasars, the value of A is about 70° (Yang et al.
2020). CIGALE uses a slightly modified version of SKIRTOR to
account for the dust in the polar regions. The additional PD com-
ponent was added in the work Yang et al. (2020), calculated as
a homogeneous screen, with possible different extinction curves
(Buat et al. 2018). The exact parameter values used for the SED
fitting procedure can be found in Table 1. The observational
upper limits were taken into account to reject nonphysical mod-
els and to better constrain the main physical properties, as was
shown, for example, in Junais et al. (2023). An example SED
plot for one of the quasars in our sample can be seen in Fig. E.1.

3.2. Estimates of luminosities

In Ratowskietal. (2024), we introduced a simple method
for calculating observed SED Iluminosities based on multi-

photometric datasets for each galaxy (L‘;hom, where Y is the
either IR or OPT wavelength range). This quantity is computed
as the integral of the SED constructed from observed data points
over a given wavelength range. The purpose of this method was
to provide a practical estimate of luminosity using commonly
available filter sets covering the near UV to the MIR. This wave-
length range is typically covered by SDSS or other optical tele-
scopes, UKIDSS or 2MASS, and WISE. However, this set may
be insufficient for full SED modeling in the absence of UV cov-
erage and reliable MIR and FIR data points. In this work, we
perform SED modeling using an extended photometric set that
includes GALEX and Herschel data. Our goal is to further cal-
ibrate the Lypoo estimates by comparing them with luminosities
derived using the CIGALE code to obtain more reliable results

based on the simpler photometric method. The L0 values
were computed via integration in two wavelength ranges: from

0.11 um to 1 pm the IR luminosity is defined (hereafter Lf:;mo),
and between 1 wm and 7 um is the optical luminosity (hereafter

Lg;’;o). We assumed that for AGNs, the dominant contribution to
Lir originates from emission by the dusty torus, while the main
component of Lopr is produced by the accretion disk.

For the second method, we used best-fit results obtained
from SED fitting with CIGALE. The AGN luminosities were
estimated from the SKIRTOR model. We extracted the disk
luminosity (Lfli;k) and the torus luminosity estimate (L}‘f{“s). All
CIGALE luminosities were derived from the best-fit synthetic
spectrum and integrated over the same wavelength ranges as
in the photometric method. To evaluate contaminating contribu-
tions, we included additional components in the Ldoili]‘r and Li‘l’{us
luminosities, specifically stellar emission from the host galaxy,
cold interstellar dust, and dust located in the polar regions
of the AGN (PD). This resulted in the following luminosity
definitions:

- Ldoif',kT is based on the AGN disk component, in the wavelength
range of 1 um to 7 pm.

— Li"* is calculated from the estimated luminosity of the dusty
torus, in the wavelength range of 0.11 um to 1 um.

— Ldoi;l}“‘e"ar is the sum of the disk and stellar components, in

the wavelength range of 1 um to 7 um.

A31, page 4 of 23

— Ligs*PD s the sum of the dusty torus and polar dust compo-
nents, in the wavelength range of 0.11 um to 1 pm.
- L}‘f{““PDJ'diSk is the sum of the dusty torus, polar dust,
and accretion disk, in the wavelength range of 0.11 um to
1 pm.
The two independent luminosity estimates enable comparison
and calibration of our photometric method. This comparison
is shown in Fig. A.1 and is discussed in detail in Sect. 4.1. It
should be noted that the uncertainties provided by CIGALE for
the luminosity estimates are likely overestimated. The CIGALE
code computes uncertainties only for bolometric luminosities of
each model component. As a result, the reported errors corre-
spond to the full wavelength range of the model, whereas our
integration of Ljr and Lopr in IR and OPT luminosity ranges are
consecutively 0.11 pum—1 um for IR and 1 um-7 um. This was
done for Lgjsk and Lioys but also for other components (stellar,
cold dust, PD).

4. Results

The primary objective of this analysis is to identify the main
sources of contamination that affect the luminosities Lz and
Lopr. We then aim to calibrate the photometric luminosity esti-
mation method so that it more accurately reflects the dusty torus
and accretion disk luminosities of AGNs as determined through
CIGALE fitting.

4.1. Comparison of luminosity estimations

The integrated luminosities were computed using two distinct

approaches: (1) from the photometric SED, yielding L%:lom and

L’(’)}};’Tm, and (2) based on the CIGALE estimations, LI%** and
Lgi;kT. The former estimations were subsequently combined with

the dominant contaminating components. In Fig. A.1 the com-
parison between both estimates is shown. The fitter regression
is the ordinary least squares regression. The spread (o) was cal-
culated as the standard deviation of residuals from the regres-
sion fit. Further, the mean uncertainty of observations (o) was

calculated as ooy = mean( vx2, + y2,), Where X, Yorr are the
observation error of X and Y variables, respectively. To test what
the contribution of the spread from the observational uncertain-
ties is within the total spread of the relation, the intrinsic scatter
(oint) Was calculated as ratio of o/ The subsequent rows in
Fig. A.1 show different sources of contamination that affect the
CIGALE-based estimations. A tight correlation between the two
luminosity estimates, in the IR and OPT ranges, can clearly be
observed. As expected, the photometric estimates exhibit sys-
tematically higher values and effectively serve as upper limits to
the CIGALE-based estimates. The observed offset from the 1:1
relation, along with the scatter in the L}‘f{“s versus Lfgom relation
(Fig. A.1, first row) indicates the presence of additional IR con-
tributions that cannot be attributed solely to polar dust (Fig. A.1,
second row). Our analysis shows that the accretion disk emis-
sion extends beyond the OPT range and contributes significantly
to the IR regime as well. As shown in Table 2, the disk con-
tribution to Lfl;mto is significant. After inclusion of Ligs+PD+disk,
the relation is not only closer to 1:1, but it also shows a narrower
spread (low-z 0.16—-0.08, inter1-z 0.10-0.06, inter2-z 0.23—0.19,
high-z 0.29-0.26; see the third row in Fig. A.1). The remain-
ing discrepancy between the data points and the 1:1 relation is
attributed primarily to stellar emission and cold dust. In general,
for redshifts below 1.5, the intrinsic scatter drops (from ~1.6 to
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Table 1. CIGALE modules and input parameters used for all the fits.

Parameter Symbol

Range

Delayed star formation history and recent burst

Age of the main population agemain 4000.0, 6000.0, 9000.0, 12 000.0 Myr
e-folding timescale of the delayed SFH T 3500.0, 7500.0 Myr
Age of the burst agChurst 100.0, 300.0 Myr
Burst stellar mass fraction fburst 0.0, 0.01,0.1,0.3
Dust attenuation based on Charlot & Fall (2000)
V-band attenuation in the ISM APM 0.01,0.3,0.7, 1.5
Power-law slope of dust attenuation in the BCs  ngc -0.7
AIVSM/(AIVSM + Aﬁc) u 0.6,0.44,0.2
Power-law slope of dust attenuation in the ISM  nigm -1.3,-0.7, -0.48, -0.2

Dust emission Dale et al. (2014) model

Alpha 1% 2.0,2.5,3.25
AGN Skirtor Stalevski et al. (2016) model
AGN fraction SfacN 0.7,0.75, 0.85, 0.9, 0.95, 0.99
Opening angle A 10, 20, 40, 60, 70
Inclination i 10, 20, 40, 60, 80
Color excess of the polar dust E(B=V)ps 0.0,0.03,0.1, 0.15, 0.25, 0.3 (O for the fit without PD)
Temperature of the polar dust Tpa 100.0, 500.0, 1500.0

Average edge-on optical depth at 9.7 micron t

7,11

Notes. (VFor the fit without polar dust the E(B—V),q was set only to 0.

0.7 for low-z, ~1.2 to 0.4 for inter1-z), while for higher redshifts,
the oy slightly increases.

In the OPT range, the correlation between the modeled disk
emission and the photometric estimates follows a well-defined
main trend, as illustrated in Fig. A.1, fourth row. Additionally,
the Lgif,kT versus Lf)l}?Tm relation also exhibits a substantial num-
ber of outliers across all redshift bins. To investigate how these
outliers differ from the main quasar population, we conducted
two dedicated tests. The first test involved fitting two least-
squares regression lines: one to the full sample of quasars (solid
black line, shown in Fig. A.1, fourth row) and a second exclud-
ing outliers. Outliers were defined as objects lying beyond a
1o threshold from the first regression line. The second regres-
sion, fit to the remaining sources, is represented by the dash-dot
gray line and follows the main trend more closely, with a slope
approaching unity (low-z from 1.53 £ 0.13 to 1.22 + 0.04; inter1-
z from 1.39+0.09 to 1.13 +£0.03; inter2-z from 1.35+0.09 to
1.13 £ 0.04; high-z from 1.61 +0.28 to 1.24 +£0.10). When the
stellar component is included (Fig. A.1, fifth row), the relation
between the photometric and CIGALE luminosities becomes
consistent with a 1:1 relation, within the uncertainties, particu-
larly for the previously identified outliers. A subset of these out-
liers can thus be attributed to a significant stellar contribution,

which is absent in L3S but is present in the next row of pan-

els with Lgi;',kT*Ste“”I. Most of the remaining sources exhibit high
facn values, indicating that stellar emission plays a less signifi-
cant role in their total luminosity. The ratio of each contamina-
tion can be seen in Tables 2 and 3. The outliers were responsible
for the majority of the oy, as it drops massively for each redshift
range.

It should noted that the low-luminosity outliers with a higher
AGN fraction are influenced by the addition of polar dust in Lg
(see inter-z1), visible in Fig. C.2. For outliers with a lower AGN
fraction, the stellar component plays a significant role in estimat-
ing the Loprt.

4.2. Luminosity cut

The quasars shown in the fourth row of Fig. A.1 exhibit
increased scatter at the low-luminosity end of L&sk. To have
a universal selection of objects, we applied a luminosity cut at
L3Sk ~ 10% across all redshifts, similar to the threshold adopted
by Trefoloni et al. (2024). The spread o for the objects below
Ldoils,kT = 10% is almost ten times wider compared to the quasars
above the threshold (low-z: 0.63—0.07, interl-z 0.36—0.08,
inter2-z 0.51-0.06, high-z 1.06—0.11 for objects below and
above the L%i;kT = 10% threshold). This separation divides
the sample into two groups of objects: (1) lower-luminosity
sources with greater scatter and stronger contamination and (2)
brighter objects with a more robust trend. Our goal was to exam-
ine whether different types of contamination affect these two
regimes in distinct ways As shown in Fig. A.1, a fixed thresh-
old of Ldoi;',l} = 10% [erg/s] does not perfectly follow the “break
point” of the OPT-IR relation for all redshift due to luminos-
ity evolution. Therefore, we propose a redshift-dependent cut,
defined as L‘Ci)if,kT = 10% + 0.25 x |z|, where |z] is the mean red-
shift in each bin. The selection of this particular threshold was
mainly empirical, as proper selection should be based on fluxes.
This issue is discussed in Sect. 6 and in Fig. 5. This adjusted
threshold serves two main purposes: (1) to identify the lumi-
nosity regime in which both methods, photometric and CIGALE
estimated, yield consistent OPT-IR relations and (2) to calibrate
the photometric method in a region of reduced scatter. Although
a similar effect can be observed in the IR part, we did not impose

an additional cut for it.

4.3. Comparison of OPT-IR relation through different
luminosity estimations

and L;)}f’o 4, exhibits the

strongest correlation (R?> ~ 0.8) and the narrowest spread (o =~

The OPT-IR relation between Lﬁom
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0.11). Uncertainties for the photometric method were estimated
using Monte Carlo Markov chain simulations. These uncertain-
ties increase with redshift, reflecting the larger observational
errors associated with higher redshift bins. The errors for the
SED fitting estimations are overestimated, as they are computed
over the entire model wavelength range, rather than being lim-
ited to the relevant IR or OPT intervals (as noted in Sect. 3.1).
The second row of Figure A.2 shows the relation between L%‘;kT
and L**. A low-luminosity tail is clearly visible, character-

ized by increased scatter in L‘glil}, particularly among low-z, low-

luminosity objects. The third row shows that the addition of polar

dust luminosity in Lix***P*" " does not significantly alter the
distribution, but it does introduce large uncertainties for most
objects. These uncertainties are again calculated over the full
wavelength range of each model since CIGALE does not pro-
vide error estimates for individual wavelength intervals (e.g., IR
or OPT) separately. Consequently, the resulting uncertainties are
likely overestimated. The uncertainties for the sum of luminosi-
ties were computed via standard error propagation methods.

In contrast, the inclusion of the stellar luminosity component
in L&Serstellar substantially increases the total Lopr, exerting a sig-
nificant influence on the group of outliers previously observed
in the panel showing only L3 Uncertainties for high-redshift
objects remain the largest among the sample. The luminosity dis-
tributions that account for the contamination sources Lf)i;l}“‘e“ar ,

Liorus+PDrdisk geem to be the most reminiscent of the photometric
method, which is confirmed by the slopes of the fit regressions.

Surprisingly, the distribution of the AGN fraction is mixed
even among the most luminous objects. No clear correlation
was observed between the AGN fraction and the total luminos-
ity. Notably, some of the highest-luminosity sources exhibit low
AGN fractions, as illustrated in Fig. C.2. This can be explained
by the imperfections in the SED fitting, as after checking the
PDF and fit half-opening angles, we found that most of these
objects were classified as type II quasars. However, for the
majority of these cases, the type I quasar solutions yielded com-
parable x? values and were accompanied by lower stellar lumi-
nosity components, higher AGN fractions, and smaller opening
angles. We tested whether the low AGN fraction might be due to
a higher starburst fraction (f;). For the majority of objects, the
average value of f; is approximately f. ~ 0.15, which is similar
to the main group of objects.

The OPT-IR relation for photometric luminosities in the first
row of Fig. A.2 shows significant similarities with those in the
fiftth row regarding all major contaminations in terms of both
regression equation and the spread of the relation. The only
exception is the high-z sample. This signifies that within the
OPT-IR relation, there are indeed contaminations influencing the
distribution. We address this issue in the next section.

5. Contamination analysis

In Sect. 4.2 we demonstrated that the photometric method
is prone to contamination, especially for the objects with a
low Lopr. Therefore, to reliably investigate the relationship
between the accretion disk and the torus in AGNs, it is essen-
tial to account for multiple sources of contamination, includ-
ing polar dust within the AGN, stellar emission, cold dust
from the host galaxy,and disk emission extending into the IR.
In this section we analyze each of these major contamina-
tion sources in detail, taking into consideration their potential
redshift-dependent effects. Tables 2 and 3 present a comparison
between CIGALE-derived luminosity components (with addi-

A31, page 6 of 23

. o . hot hot
tional contaminations) and the corresponding Lyp"* and Ly}’

values. It is worth noting that Ly and Ldoi;ﬂ‘r respectively con-

stitute the dominant contributions to Lf]:'mo and Lpo};fT‘O, with their
fractional contributions increasing at higher redshifts (Table 2

rows 1 and 5).

5.1. Polar dust

One of the key sources of contamination analyzed in this work is
dust located in the polar regions of the AGN, commonly referred
to as PD. To investigate its impact, we performed SED fitting
under two configurations: (1) with polar dust with parameters
described in Table 1 and (2) without polar dust, i.e., parameter
E(B-V)pp was set to O (see also Table 1). The main results of
this comparison are discussed in Sect. 5.1.2.

5.1.1. Fit with PD

Polar dust was modeled within the SED fitting framework using
CIGALE, specifically through the SKIRTOR module. In this
implementation, the SKIRTOR module was slightly modified by
incorporating a polar dust component, represented as a black-
body emitter (for further details, see Yang et al. 2020). Polar dust
has a relatively minor influence on Lig. For the brighter objects,
the polar dust luminosity is up to a few percent for all redshift
ranges. For objects below the luminosity threshold, this contam-
ination is higher (8% for low-z, 3% for interl-z, 4% for inter2-z,
and 9% for high-z).

Additionally, we examined the influence of polar dust by
analyzing the ratio Ly /L?. This metric quantifies the extent
to which the torus luminosity dominates over the polar dust con-
tamination. As shown in Fig. F.1, the torus is typically found
to be four to six times more luminous (on average 79% across
all redshift samples with L3/ LE? greater than four and 40%
when above five) than the polar dust component (indicated in
brown and pink colors). Among the objects below the luminos-
ity threshold, there are more objects with a lower Liorus/ Lpolardust
ratio (only 7% objects above five). The only sample different
from this trend is the inter2-z at Fig. F.1, where the major-
ity of objects have a very high ratio. Objects above and below
the luminosity threshold appear to exhibit similar values of
the Lio™/LiP ratio. Although the most luminous sources with

LPO};);O > 10™ [erg/s] tend to have the highest ratio, the torus
remains the dominant IR component by a substantial margin.
This trend seems to be consistent across redshift bins.

When comparing the reddening E(B—V)pp caused by the
presence of polar dust on the line of sight, for the objects below
L3Sk ~ 10 across the full redshift range, the polar dust has
a higher E(B—V)yolaraust value of 0.18, which is over two times
greater than objects above the luminosity threshold. The high-
z sample below the threshold has the lowest E(B—V)polardust Of
around 0.14. This is particularly evident in Fig. F.2 (lower panel),
where objects below the threshold show increased dust attenua-
tion. The estimated temperature of the polar dust in the low-z
bin is, on average, the lowest among all redshift groups, with
a median value of 170 K + 70K, and it strongly affects the FIR
portion of the spectrum. inter1-z objects have a high E(B—V)pp
(Fig. E.2). These results confirm that the luminosity cut effec-
tively excludes sources with significant polar dust attenuation,
not only at low redshift but also in higher redshift bins. A sim-
ilar trend is observed for inter2-z objects, where those with the
highest E(B—V)polaraust have Las < 10% [erg/s] (see Fig. F.2).
It should be noted that the E(B—V)polarqust can be influenced not
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only by the amount of the polar dust but also by the inclination,
which can significantly change its values.

5.1.2. Fit without polar dust

In the previous section, we described the characteristics of the
SED fitting we performed with the inclusion of polar dust. As
shown in Toba et al. (2021), the inclusion or exclusion of polar
dust can significantly affect the derived model parameters. Moti-
vated by this analysis, we conducted a second SED fitting run
with polar dust excluded by setting E(B—V)pp = 0 (see Table 1).
The sample size after applying a reduced y? cut was smaller:
50, 40, 50, and 38 sources respectively for the low-z, interl-
z, inter2-z, and high-z samples. In this configuration, the torus
luminosity increased by up to 8% of the IR emission, while the
disk contribution to the IR remained similar to the previous fit, at
approximately 16%. (For the results of the fit without polar dust,
see Tables 4 and 5). A visual inspection of the SEDs indicated
that for objects previously fit with hot polar dust, the absence of
this component leads to torus models with systematically higher
temperatures. From the comparison between Figs. A.1 and A.4

in the L™ versus Li’llgmo (first row), one can see that (1) the torus
luminosity is slightly higher in the model without polar dust, and
(2) the overall scatter remains comparable across all redshift bins
(on average o = 0.03 compared to o = 0.04 for the fit with polar
dust). Additionally, the number of outliers based on the regres-
sion fit changed (13-4-11-4, for low-inter1-inter2-high datasets,
compared to 8-8-9-10).

A detailed comparison between the two SED fitting
approaches is presented in Fig. A.3. The best-fit SKIRTOR
parameters differ significantly between the fits with and without
polar dust. The fit without PD is characterized by the follow-
ing parameter differences: (1) a steeper slope of the accretion
disk emission, d; (2) a significantly lower AGN fraction, fagn,
with an average value of ~70% (see Fig. A.3, second row); (3)
a lower average inclination angle (i), approximately ~30 [deg]
compared to ~40 [deg] in the fit with PD; (4) a higher opening
angle, with a median of 44 [deg] compared to 30 [deg] when PD
is included; and (5) the total accretion disk luminosity (fifth row
in Fig. A.3) has higher errors for low luminous objects. The total
AGN luminosity is slightly higher in the fit that includes polar
dust, whereas the torus luminosity increases in the fit without
polar dust.

Overall, considering both this result and the opening angle
(panel 4, Fig. A.3), the majority of objects fit without polar
dust can be interpreted as type II objects (low AGN fraction,
high opening angle). In general, the inclusion of polar dust
affects both the opening angle and inclination angle (7). For most
objects, the fit opening angle values decrease when polar dust
is included, as illustrated in Fig. 2. For redshifts in the range
0.7 < z < 2.0, a clear degeneracy is observed in the fit — mani-
fested as a triangular distribution at an opening angle of around
40 [deg] and a diagonal trend. For high-z objects, the fit opening
angle values tend to increase (typically reaching ~50—60 [deg]),
while the inclination angles decrease.

5.2. Cold dust

Cold dust from the ISM has a minor influence on Lflgom, as
the majority of its emission lies beyond the upper wavelength
limit of 7 um used in our integration. This FIR component con-
tributes approximately 3% to LIt for objects above the lumi-
nosity threshold, across all redshift bins. For sources below the

threshold, the impact is more pronounced: ~8% for low-z, 12%
for interl-z, 7% for inter2-z, and 2% for high-z. In the fit with-
out polar dust, the contribution of cold dust is reduced to around
2% across all redshifts. This is due to the dusty torus effectively
absorbing the role of both the polar dust and cold dust compo-
nents in the IR range.

5.3. Stellar emission

Stellar emission constitutes the primary source of contamination
in L3Sk across all redshift bins. This effect is clearly visible in
Fig. A.1, fourth row. All outliers (marked with stars) exhibit-

ing a low Ldoif,kT show a substantial stellar component. When

stellar emission is added and the relation between L{iskrstellar

and Lpot;’Tto is plotted, a tight correlation emerges, and the previ-
ously observed outliers disappear. The slope of the fit regression
approaches unity for all redshift intervals. A lower stellar contri-
bution is typically observed for sources with Last. > 10%° [erg/s].
For these brighter objects, the average stellar contamination is
approximately 5% (5% low-z, 4% interl-z, 4% inter2-z, and
7% high-z). In contrast, for dimmer sources, the stellar con-
tamination increases to around 10%, with even higher values
for z > 1.5: 12% low-z, 7% interl-z, 10% inter2-z, and 13%
high-z. This trend is likely due to the reduced quality of UV
photometric data at higher redshifts, which is critical for accu-
rately separating AGN and stellar components in the UV/optical
range. Overall, stellar emission remains the dominant source of
contamination in Lopr across the full sample. In the fit without
polar dust, stellar contamination levels are similar for sources
above the luminosity threshold: 6% for low-z, 5% for interl-z,
6% for inter2-z, and 4% for high-z. However, for sources below
the threshold, contamination is higher: 9% for low-z, 12% for
interl-z, 6% for inter2-z, and 9% for high-z.

5.4. Accretion disk emission in IR luminosity

The accretion disk emission modeled in SKIRTOR extends into
the IR regime. This component of the disk continuum is visible
in Fig. E.1 as an dashed orange line for the example SED. The
calculated photometric luminosity is directly influenced by the
definition of the wavelength ranges used for OPT and IR lumi-
nosities. Since the accretion disk emits across a broad spectral

range, including the near-IR, its contribution to Lfgom can be sig-
nificant. Surprisingly, for sources above the luminosity thresh-
old, the disk contributes approximately 17% to L&*. For dimmer

objects, those below the threshold (L&sk. < 10%° [erg/s]), the con-
tribution from disk emission to IR decreases with redshift: 17%
low-z, 21% inter1-z, 15% inter2-z, and 4% high-z. In the fit with-

out polar dust, Li** maintains a similar contribution of ~17%

to L‘fgom for brighter objects (see Table 4). For sources below
the luminosity threshold, the disk contamination in IR shows a
strong redshift dependence: 21% for low-z and decreasing to 1%
for high-z (see Table 5).

5.5. AGN properties

To further investigate the differences between sources below and
above the Lg;kT ~ 10% [erg/s] threshold and SED fits performed
with and without the polar dust component, we analyzed and
compared the physical properties of the quasars. Our analysis
focused primarily on AGN-related parameters as modeled by the

SKIRTOR framework.
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Fig. 2. Relation between opening angle on the X axis and inclination on the Y axis for the fit with polar dust (diamonds) and without (circles). The
shift for each object for both fits is marked with gray arrows.

Table 2. Median values of ratios of different estimations of luminosities for objects with LOTT > 10* [erg/s].

Column Low Inter 1 Inter 2 High

(1) Lo /Li’g"“’ 0.73+0.14 0.72+0.12 0.70£0.16 0.71+0.14
(2) Ly o /L?}‘;"‘“ 0.76+£0.07 0.76+0.06 0.76+0.09 0.75+0.10
(3) Ly Ustpotarreoldypphote 0.78+0.06 0.79+0.05 0.79+0.08 0.77+0.09
@) L;‘g“”*")“‘““"“‘”‘ellﬁ“ JLRR 0.83+0.06 0.83+0.05 0.83+0.08 0.84=0.08
5) L;““”p”"‘”c"ld*“e”“‘”d“E/LPh““ 1.00£0.00 1.00+0.00 1.00+0.00 1.00+0.00
(6) Ly >+l tores 1.00+£044 1.00+033 1.00+£0.76 1.00+0.37
(7) LSk L2 0.85+0.11 0.94+0.08 094+0.09 0.85+0.13
(8) Liisksstellarattenuated / y Poto 0.99+0.01 1.00£0.01 1.00+£0.01 1.00+0.01
9) L%;‘;lelarattmuawd /L;(i:;sk 1.17+0.17 1.06+0.14 1.07+0.12 1.18+0.25

Notes. The errors are the median absolute deviation (MAD) errors. The particular luminosities estimates are described in Sect. 4.3.

Table 3. Median values of ratios of different estimations of luminosities for objects with Lo} < 10* [erg/s].

Column Low (45) Inter 1 (30) Inter 2 (22) High (17)
(1) Lo /Li’l‘;‘“" 055+0.17  0.57+0.14 0.640.16  0.72£0.26
(2) L™ f“/Li’g"“) 0.63+0.16 0.60+0.12 0.68+0.15  0.81+0.13
(3) Lostpolarteold pphote 0.71+0.15 072+0.10 075+0.13  0.83+0.12
(4) Ly rpolarseoldselar /Lfg"“’ 0.83+0.14 079+0.11 0.85+0.13  0.96+0.06
(5) L stpoarreoldstellarkdisk pphote 1 00+0.00  1.00£0.00  1.00£0.00  1.00+0.00
(6) Lyl torus 1.00£0.37 1.00£0.88 1.00£0.64  1.00+2.16
(7) L3Sk /2o 0.53+025 076030 050026  0.38+0.28
(8) Lf?i;‘frﬂw“afa“e“uated/LP';’;" 097+0.02 098+0.03 098002  0.96=0.02
(9) Liskstcllarattenuated  disk 1.82£62.94 1.31+591 1.95+1329 2.53+713.33

Notes. The errors are the median absolute deviation errors. The particular luminosity estimates are described in Sect. 4.3.

The vast majority of sources exhibit torus opening angle,
A, values between 20[deg] and 40[deg], as can be seen in
Fig. B.2, with an average of 30[deg]. A systematic shift
in the opening angle inclination, A — i, space can be seen
in Fig. 2. Fits that include polar dust tend to yield smaller
opening angles and larger inclination angles compared to those
without polar dust. For fainter sources, the fit parameters
are associated with significantly larger uncertainties, which
can be attributed to two main factors: (1) lower flux lev-
els and consequently higher observational errors and (2) an
increased level of contamination, as discussed in the previous
section.
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We found that high-luminosity objects in high-z have a high
opening angle (A ~ 70 [deg]) and high Liz > 107 [erg/s], sug-
gesting a possible type I AGN and an ultraluminous IR galaxy.
In general, high-z objects above the luminosity threshold have
higher A values, as can be seen in Fig. F.3. Additionally, in
Fig. F4, the luminosity relation with the power-law of index ¢
is presented. The higher values of the ¢ slope imply a redder
spectrum of the modeled AGN, especially in the high-luminous
objects. Surprisingly, when we tried to quantify the AGN frac-
tion (fagn), we found that the most luminous objects in the high-
z bin have a quite low fagn ~ 0.7—0.8. This can further suggest
the hypothesis of type II sources. In Appendix B, we analyze the
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Table 4. No PD: Median values of ratios of different estimations of luminosities for objects with LOPT > 10%

[erg/s].

disk

Column Low Inter 1 Inter 2 High
(1) L;‘l’{“s/Lfl};mo 0.74+0.04 0.77+0.07 0.80+0.06 0.78+0.09
2) L}‘I’{“S*COM/L{);O{O 0.77+0.04 0.79+0.07 0.82+0.06 0.80+0.09
3) L}‘};r“”“’ld”te"ar/L?gmo 0.83+0.05 0.84+0.04 0.83+0.13 0.84+0.09
@) L}‘}’{“S“Old“te”ar”d“k/Lf}gow 1.00+0.00 1.00+0.00 1.00+0.00 1.00+0.00
is hot
5) Ldofykr/LgI?T0 0.92+0.06 095+0.07 094+0.05 0.83+0.14
(6) L%if,k{s‘e”ar attenuated / Lgl;)Tto 1.00+0.00 1.00+0.00 1.00+£0.00 1.00+0.01
@) Ldoilsykr“‘e”arat‘e“”a‘ed/Lfgk 1.08+0.08 1.05+0.11 1.06+0.08 1.21+0.24
Notes. The errors are the median absolute deviation errors.
Table 5. No PD: Median values of ratios of different estimations of luminosities for objects with LSFT < 10% [erg/s].
Column Low Inter 1 Inter 2 High
1) L}‘ﬁms/Lﬁgow 0.68+0.11 0.75+0.13  0.85+0.05 0.86 +0.07
2) Li‘g““c"]d/Li’gom 0.70+0.12 0.78+0.13  0.88+0.05 0.90 +0.06
3) L}‘g“S*C"]d*Ste”“I/L{’EmO 0.79+0.13 0.90+0.13 0.94+0.04 0.99 +0.02
@) Li‘f{””c"ld*“e”*‘”‘mk / Lfgom 1.00£0.00 1.00+0.00 1.00=+0.00 1.00+0.00
o) Ldoi;kT Lg};’Tto 0.71+£0.40 0.87+0.33 0.22+0.34 0.02+0.16
(6) LdAiéﬁ'“e"ar a"e““ated/Lpo};)Tm 098+0.04 1.00+0.03 0.98+0.03 0.97 +£0.02
@) Lﬁé‘;“e"ara‘w““a‘ed/Lfligk 1.38+19.97 1.15+6.07 4.43+13.82 114.30+2347.41

Notes. The errors are the median absolute deviation errors.

best-fit PDFs to check whether the second-best fit would change
the type II to type I. We find that the fit for those objects is quite
poor, as can be seen in Fig. B.1, where the PDF for the A param-
eter is shown. The PDF is flat, which results in a poor constraint
on the A value.

5.6. Luminosity transformation

The main purpose of the luminosity cut at the threshold of
LSk ~ 10% [erg/s] was to separate type I objects from out-
liers with significant contamination. Another goal was to check
whether there is a simple transformation that changes the distri-
bution of the photometric luminosity estimations to a distribution
similar to the SKIRTOR L9FT and LR estimations. This check
should show whether the apparent photometry distribution can
be easily calibrated to follow the AGN component’s luminosity.
We used the following method:
1. Fit the ordinary least squares regression to the Lyporo VErsus
Lcigarg for both Lig and Lopr in the form L)C(IG ALE = @ X

Lf)(h oo T b, where X is either IR or OPT.

2. Use calculated coeflicients to the Ltransrorm as follows:

X _ X
Lphoto—tranformed =ax Lphoto +b.
The results of the luminosity transformation can be seen in

Figs. 3 and 4 (for objects with LOFT > 10% [erg/s] and LT <

10% [erg/s] respectively). The transformation shifts the whole
distribution toward lower luminosities, which correspond to the
luminosities after extraction of the major contaminations from
both photometric luminosities. The change is visible in the

increase of the slopes for all redshift bins. The slopes are closer
to those fit to the SKIRTOR estimations. The mean luminosi-
ties for all redshift bins are also closer to those of SKIRTOR.
It can be seen that the transformation based on the CIGALE-
estimated luminosities does not work for objects below LOPT <

disk
10% [erg/s].

5.7. Reduction of contaminations

An alternative approach to the luminosity transformation pro-

posed in Sect. 5.6 is to reduce the Lg{om and Lpolg’Tm by a cer-
tain percentage. Based on our analysis and results shown in

Table 2, we decided to reduce the luminosities for objects with

Lk > 10% [erg/s] as follows: (1) Lﬁfduced/ photo-_ 7 x Lfgom

and (2) L /P = 0.85 x LEt°. The results of this approach
can be seen in Fig. 3, third panel. As one can see, the described
approach seems to yield distributions that are similar to the trans-
formed luminosities, but compared to those estimations, it does
not change the slopes of the relation. An additional advantage
of this method of luminosity transformation is that it is easy to
reproduce with other data. The transformations have almost no
effect on the overall scatter of the relation.

6. Discussion

Here, our goal is to calibrate a simple Lopr—Lir relation based
on more precise method of fitting the SED. By doing so, we can
estimate the contributions of various components to the apparent
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photometric approach. As a result, it improves the accuracy of
deriving AGN emission in the optical and IR bands from broad-
band photometry. We calculated the intrinsic luminosities of key
components, including stellar emission, the accretion disk, the
dusty torus, polar dust, and cold dust. Subsequently, we evalu-

A31, page 10 of 23

ated their respective contributions within the typical photometric
coverage in the optical and near-IR bands.

Our interest was in identifying the parameter range in which
a simple estimation of the disk and torus luminosities is feasi-
ble. In particular, we investigated whether integrating the SED

in two fixed wavelength intervals, 0.11—1 um for optical (LP'2%)

OPT
and 1-7 um for IR bands (L}p™), can be reliably used, following
Ratowski et al. (2024). Figure 5 displays the threshold luminosi-
ties for LPO]E’TtO in blue and Lfgmo in red, below which the trend
in correlation with the AGN components breaks in a given red-
shift bin. The approximate limits on optical log luminosity are
45,45.2,45.5, and 46 for the consecutive redshift bins, as shown

in the first row of Fig. A.1. Above these values, Lpol;’Tto strongly

correlates with L3, and the accretion disk dominates the SED
in the 0.11-1 um range. For the IR, the respective log luminos-
ity limits are 45.2, 45.5, 45.8, and 46.3, as visible in the fourth

row of Fig. A.1. Those limits denote the lower end of the good
behaving correlation of LIt with LIY™, so they give luminosi-
ties where the dusty torus dominates in the 1-7 um band. Within
these luminosity ranges, the contribution from the host galaxy
components can be considered negligible, and thus the luminos-
ity cut allows for robust photometric estimation of AGN emis-
sion. The final size of the sample is 171 objects.

The luminosity cut, which divides the sample into sources
with a well-defined correlation between observed and modeled
AGN luminosity and those with a broken correlation, can be
translated into fluxes, as shown in Fig. 5. Our analysis indicated
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that these cuts in both the optical and IR bands are primarily
driven by data quality. In the 0.11—1 um range, the most impor-
tant factor is the short-wavelength point, which in most cases
is the NUV from GALEX (for low-z) and u from SDSS. This
point determines the CIGALE solution, as it influences the clas-
sification between UV dominated by attenuated starlight (type
2 AGN) and accretion disk dominated UV (type 1 AGN). As a
result, fainter sources often exhibit prominent outliers with the
fit low disk luminosity. In the IR part, long wavelength points
impose their limits. The W3 and W4 WISE filters are import
for dusty torus and polar dust fit accuracy. The W4 is especially
known to be flaky (i.e. Ratowski et al. 2024). Additionally, Her-
schel data, especially for high-z sources, in the dimmer regime
are challenging. For instance, their blending issue compromises
the accuracy of constraining cold dust and polar dust contribu-
tions. Beyond observational issues, physical effects may also
contribute to the dispersion. For example, in low-z less lumi-
nous sources are expected to be more affected by polar dust con-
tamination (i.e. Toba et al. 2021; Ratowski et al. 2024). On the
other side, z > 2 galaxies tend to exhibit higher dust content
overall.

Based on Fig. 2, we find that the majority of sources in the
inclination versus opening angle plane are clustered within a
triangular region. This distribution suggests that many objects
fall into the intermediate category, where the edge of the dusty
torus is expected to be close to the line of sight. Removing the
polar dust component increases the opening angle by at least 20°,
while the inclination typically decreases.

The primary motivation for incorporating a polar dust com-
ponent into the SED fitting procedure was to enhance the preci-
sion of addressing photometric points between 20 and 300 um.
In a subset of sources, the MIR and FIR points were insuffi-
cient. We find that polar dust can strongly influence the estimated
physical properties of quasars. Although its luminosity is typi-
cally four orders of magnitude lower than that of the torus, the
polar dust constitutes an important contaminant when estimat-
ing the parameters of the torus. In the presence of polar dust, the
opening angle is on average smaller compared to the fit without
it. This leads to a model-dependent degeneracy: either a solu-
tion with polar dust and a low opening angle or one without
polar dust and a higher opening angle. This finding is similar
to Toba et al. (2021), where the PD was also shown to influence
the estimated covering factor, and the authors stated that the use
of PD improves fit quality, based on the Bayesian information
criterion. However, the authors of that study did not account for
contamination from the ISM, specifically cold dust. When fitting
the IR photometry up to W4, the cold dust influence in the longer
wavelength starts to be significant (see Fig. E.1). It is therefore
expected that including a model component dedicated to FIR
emission (e.g., polar dust) leads to improved fits compared to
models that exclude it. Nevertheless, even in our models without
polar dust, the cold dust component alone does not fully repro-
duce the observed emission. Ciesla et al. (2015) reported that the
AGN contribution estimates with CIGALE are often overesti-
mated for type 1 AGN and underestimated for type 2 AGN, with
the threshold being an AGN fraction of around 50%.

It has been reported that the SKIRTOR model does not pro-
duce deep enough silicate absorption features to fit the SEDs of
ultraluminous IR galaxies (Efstathiou et al. 2022). In CIGALE,
slight modifications to the SKIRTOR model were implemented,
in particular, the inclusion of the polar dust component. How-
ever, this addition appears insufficient to resolve the issue, as
the polar dust component does not contribute significantly in
the wavelength range where silicate features are prominent. This

limitation was evident when comparing fits with polar dust and
without polar dust.

However, the photometric method of luminosity estimation
is not perfect, as it contains 15-30% contaminations (Lfgom and

LPOI;;);O respectively). Despite these uncertainties, the transformed

luminosities agree well with SKIRTOR-based estimates of Li%"

and Ldoif)kT. It should be noted that although the transformed
luminosity values are close to SKIRTOR, they may still inherit
the same model-dependent limitations discussed earlier. How-
ever, the transformed OPT-IR relation, visible in Fig. 3, remains
robust across the sample, with a similar spread before and after
the transformations, around 0.15 for joined redshifts 0.7-2.4.
The slope of the transformed OPT-IR relation for all redshift bins
is in the range of 0.8—0.9, which suggests its potential applica-
bility in cosmological studies (Lusso et al. 2025). Analogous to
the X-UYV relation described in the introduction of this paper.

7. Conclusions

In the presented work, the OPT-IR relation based on the large
sample of OPT-UV quasars was analyzed. We outline our major
findings as follows:

. L hot
— The major contaminations for L2

R
cold dust, while polar dust have a minor influence. For L
the major contamination was stellar emission.

— The accretion disk, starlight, and cold dust respectively con-

tribute up to 17%, 15%, and 12% to the L.

— The photometric luminosity estimation method works well
for objects with a luminosity above LIk ~ 10% [erg/s] com-
pared to the luminosity estimations from CIGALE.

— Instead of the cut on LISk we can minimize the influence

OPT
of contaminations on optical and IR luminosity by using

redshift-dependent cuts on Lgl}thO and Lﬁgom.

— The population of type 1 AGNs can be contaminated by
misclassified sources of type 2 — Lgisx outliers. This type of
misclassification can result in a drop in the accuracy of the
SED fitting below the luminosity threshold. This effect can
be strongly suppressed by imposing luminosity cuts.

— The proposed transformation for photometric luminosities
produces the OPT-IR relation with a distribution similar to
L™, Ldoif,l} estimated with the SKIRTOR model.

— The inclusion of the polar dust model changes the estimation
of the physical properties of the quasars, such as the opening
angle, inclination, and AGN fraction. This can be seen in the
comparison between the fit with polar dust and the fit without
polar dust (see Fig. A.3). However, it should be noted that the
effect on luminosities is minor.

— The polar dust, which can be thought of as the extended
atmosphere of the torus, is important in the lower luminosity
end of the population (especially low-z, where it contributes
up to 10% LiR).

— Accounting for the polar dust improves fit quality and affects
the inclination and the torus thickness estimations.

We believe that we identified the major contaminations within the

Lglg’;o and Lfgmo. The calibration procedure for the OPT-IR rela-
tion is crucial to using it in the future as a cosmological probe.

were disk emission and
photo
OPT

Data availability

Tables with photometrical data are available at the CDS via
https://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/
708/A31
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Appendix A: Plots of luminosity estimations and
OPT-IR relations

In this appendix we present the plots referenced in the main body
of the article. Figure A.l illustrates the relationship between
photometrical luminosity estimates and their estimates from
CIGALE, with and without components from the host-galaxy.

. hoto . .
Starting from the L‘,‘;{“S versus Lf r » we add contamination com-

ponents estimated through the SED fitting are added sequen-
tially, culminating in Lio™*PP+disk " where PD and disk stand
for polar dust and accretion disk emission in the IR range.
After including these components, the relation between modeled
and photometric IR luminosities becomes tighter, with a slope
approaching unity (see rows 1 to 3 of Fig. A.1). A similar com-

parison is shown for the optical range between Lk and L2
is shown (row 4 in Fig. A.1). This time a significant number of
outliers is visible across a redshift bins, being the reason for the
luminosity cut at L3S = 10% + ||, where |2] is the mean redshift
for each bin. Only objects above this threshold are considered
in the main analysis. Stellar emission from the host galaxy is
identified as the dominant source of contamination in the optical
range. Further details are provided in Sects. 4.1, 4.2, and 4.3.

Figure A.2 shows relation between photometrical estima-

tions of the Lil;om versus Lpohr‘,);‘) and the luminosity-luminosity
relation for the CIGALE based estimations. Only after tak-
ing into account all contamination components the relation
Li‘l’{us"PD*diSk versus Ldoi;kT“te“a‘ is similar to photometrical in
terms of slope and scatter. For a detailed description, please see
Sect. 4.3.

Although polar dust is not the dominant source of contam-
ination it significantly affects the fit AGN model parameters,
particularly inclination and accretion disk slope. The impact of
polar dust was assessed through two separate CIGALE runs,
performed with and without this component. A comparison of
the resulting model parameters and AGN luminosities is shown
in Fig. A.3. Figure A.4 presents an analog of Fig. A.2 for
fits excluding polar dust. detailed discussion is provided in
Sect. 5.1.2.

Appendix B: Testing Cigale PDFs

After running an additional test for outliers after the luminosity
cut described in Sect. 4.2, we considered whether this group of
objects is wrongly fit by the Cigale. Our hypothesis was, that
some of those objects were wrongly classified as type II source,
and the solution for type I had only slightly smaller probability
distribution function (PDF) for values of parameters described
as type 1. We performed additional SED fitting to calculate PDFs
for SKIRTOR and stellar models. The example PDFs are shown
in Fig. B.1. As on can see the y? values are extremely similar for
this object, and it is unclear whether the chosen value 60 [deg] is
truly the best one.

Appendix C: OPT-IR relation versus AGN fraction

Figures C.1 and C.2 are modifications of Fig. A.1 and A.2, the
color representing the f4sy. Figure C.1 shows that the relation
with f45y is not obvious. On one side the low values of f,;y are
present with low luminosity outliers (see the third row, which
would mean that those objects could be recognized as type II
AGN). On the other hand, few of high luminous objects also
have a low f4gn of < 0.8.

Appendix D: Star formation rate versus stellar mass

We checked the estimated stellar masses (M,) and star forma-
tion rate (SFR) on Fig. D.1. In recent work by Buat et al. (2021)
the authors also analyzed SED for quasars with CIGALE. We
wanted to compare the received distributions of M, and SFR to
the results therein. Buat et al. (2021) calculated the SED with,
and without polar dust component, and then compare SFR and
M. histograms (see Fig. 9 therein). Distributions for our samples
in Fig. D.1 resemble values calculated with polar dust.

Appendix E: SED example

Below we present the SED plot generated with CIGALE code in
Fig. E.1. The plot was slightly modified to calculate the reduced
x? in IR and OPT domains. The solid black line represents the
model spectrum which is the sum of stellar, AGN, cold dust
models.

Appendix F: Diagnostic plots

hot hot
L2%% versus L2 rela-

The additional diagnostic plots for the IR

tion, showing with the color the E(B-V)pp in Fig. F.2 and the
ratio of L,,,,./Lpp visible with color in Fig. F.1. Figure F.2 show
that a number of objects below the luminosity threshold have the
highest values in E(B-V)pp. There are still some pbjects with the
lowest luminosities above the threshold with similarly high E(B-
V)pp, which suggests that not all of the contaminated objects
were excluded with the luminosity cut, but for the majority of
objects the luminosity cut work well, as on average the objects
with lower values of E(B-V)pp are left.

Figure F.1 shows that the objects above the luminosity
threshold on average have torus luminosity 5 or more times
higher than the PD luminosity. The objects below the threshold
have lower ratio, though still few times higher than PD luminos-

1ty.
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Fig. A.1. Comparison of luminosities estimated from 1) our photometric method (presented on X-axis) and 2) CIGALE estimates without and with
contaminations for four redshift bins. The dashed line represents the 1:1 relation, while the solid black line corresponds to the best-fit ordinary least
squares regression. In the fourth row, outliers were identified as objects lying below the 1o threshold (indicated by green lines) and are marked
with star symbols. These outliers were excluded, and a second ordinary least squares regression was fit to the remaining data points (dash-dot gray
line). Additionally, in the fourth row, the dashed red line indicates the luminosity cut described in Sect. 4.2. The o is the spread of the relation.

A31, page 14 of 23



Ratowski, M., et al.: A&A, 708, A31 (2026)

s Low(0.7-1.1) s Inter(1.1-1.5) s Inter(1.5-2) s High(2-2.4)
y = (0. 75*007)x+(1007‘188) R?=0.75; KO70‘UUS)X+ 1380*236) R?=0.64; =(0.69 + 0.05)x + (14.25 + 0.98); = 058‘005)x+(1455*1181 R?=0.85;
:D 12, 06y=0.04, 0 13 - =2 T 0=0.11, 0¢,=0.13, 0/4=0.88 T 0=0.10, 06 =0.18, 0j=0.53
47.0 47.0 7 47.0 47.0
v w v Q)
S 465 S 465 S 465 S 465
= =4 = =4
[ [ [ [
— 160 — 6.0 — 160 — 6.0
2 8 2 2
2 2 2 K
% % % %
7 455 27 455 ] 45.5 27 455
o o o o
S = = =
S 450 S 450 S 450 S 450
o K=} o o
aas a5 . 1b) s a5
7
7 d 7 -
24,0 b= 44.0 44.0 44.0
44.0 445 45.0 455 46.0 46.5 47.0 475 44.0 445 45.0 455 46.0 465 47.0 475 44.0 445 45.0 455 46.0 46.5 47.0 415 44.0 445 45.0 455 46.0 465 47.0 475
photo photo photo photo
logio Lopr - Lerg/s] 10910 Lopr~ [erg/s] logio Lopr - Lerg/s] log1o Lopr - [erg/s]
a5 415 475 415
=(0.71 £ 0.11)x + (13.08 + 2.80); R?=0.49; y =(0.58 £ 0.11)x + (19.04 + 2.98); R?=0.39; y—(O 78 + 0.11)x + (9.92 + 2.15); R?=0.49; =(0.75 £ 0.14)x + (11.12 + 3.04); R?=0.47;
= 0=0.21, 06;=0.08, 0/,=2.48 T 0=0.19, 04y =0.11, 0jn=1.67 = 0=0.27, 06,=0.14, 0/,=1.90 0.28, 0, =0.18, Ojni=1.54
470 470 7 470 470
—_ —_ 7/ —_ —_
w ) 7z w w
S 965 By 465 S 965 5465
s b= o =
[ [ [ @
— 46,0 —' 6.0 — 46.0 — 6.0
9 9 0 9
2 2 2 2
Sx Sx Sx Sx
SFass SFass SFass STass
o o o o
= = = =
D450 D450 o450 > 450
L L L 2
s 415 . 2b) s 45
/
e g
44,0 b= 44.0 44.0 44.0
440 445 450 455 460 465 470 475 440 445 450 455 460 465 470 475 440 4a5 450 455 460 465 470 475 440 445 450 455 460 465 470 475
disk disk disk disk
log1g Lp7 [erg/s] logio L& [erg/s] log1o L7 [erg/s] logio LG [erg/s]
475 475 475 475 -
079‘009)x+(936*227) R?=0.65; y = (0.60 + 0.10)x + (17.93 + 2.62); R?=0.48; (0.76 + 0.08)x + (10.75 + 1.60); R*=0.63; 7
17, 0=0.16, 0; = 0=0.17, 0,,=0.20, 0;5=0.82 .20, 0 =0.18, Ojnr=1.14 ® 7
T a0 2 T 470 v T a0
= = =
o o o
= s =
Q 465 Q 465 Q 465
N o N
5 3 b5}
S 460 S 460 S 460
a <Y a
+ + +
v 0 v
3 ass 3 4ss 3 ass
Sx Sx S
_| ) i}
P 45.0 P 45.0 P 45.0
= = =
o o o
O ass 3a) | O ws . 3b) [ O ws 3d)
Va =(0.78 + 0.16)x + (9.83 * 3.46); R2=0.42;
Y g R 0=0.32, 0er=0.21, Ojne=1.53
44.0 k= 44.0 44.0
440 4a5 450 455 460 465 470 475 440 445 450 455 460 465 470 475 440 4a5 450 455 460 465 470 475 440 445 450 455 460 465 470 475
disk disk disk disk
logio LpT [erg/s] logio LT [erg/s] logio LpT [erg/s] logio LT [erg/s]
475 475 47.5 4715
:[0761012)x+{]06€*297;,R’052 =(0.70 £ 0.11)x + (13.26 + 3.08); R?=0.51; y—(OSG 011)x+(613*223) R2=0.55; y*{079*015)x+{919*3A6) R2=0.46;
| — =0 20, 0r=0.08, 0; =0.17, Oerr=0.11, 0;n=1.53 0=0.26, O, .15, Ojne=1.78 0=0.29, 0r=0.18, Ojnt
470 470 7 470 470 s
— — 4 —_ —
4 2 4 2
5465 S 465 5465 S 465
=4 = =4 =
[ [ [ [
— 46.0 — 460 — 46.0 — 46.0
©w 9 © 9
2 2 2 2
Sx Sx Sx Sx
SFaess SFass SFass SFass
o o o o
2 % 2 2 =
O 45.0 ‘ O 45.0 O 45.0 O 45.0
o - o o o
/
ws| 4 L 4a) | s ab) | s ws|
; 4
2 2
44.0 440 44.0 440
44.0 445 450 455 460 465 470 475 440 445 450 455 460 465 470 475 440 445 450 455 460 465 470 475 440 445 450 455 460 465 470 475
disk + stellar disk + stellar disk + stellar disk + stellar
log1o Lopr lerg/s] log1o LosT lerg/s] log1o Lopr lerg/s] log1o0 LGsT [erg/s]
475 415 475 415
=0.70; =074 £ 0,09 + (1159 & 2.53) R=0.63; = (0,842 0,08+ (718 £ 159) =069
=0.14, 0er=0.20, Oine =0.18, Oer=0.18, Ojn="
) & a0 ’ & 470 & ar0
< < J < <
o o = o
= =4 = =4
@ 465 T 465 @ 465 @ 465
E 46.0 E 46.0 E 46.0 Q/ E 46.0
S S S ot S
Q Q Q o Q
+ + + +
2 ass L ass 2 uss . 2 a5
2 2 2 y 2
S« S S Sx
2 i} 2 2 /2’0 )
45.0 450 450 / 450
) o o P o
2 2 = P o
o o o
O aas 5a) | O ws 5b) [ O ws 7 (e} 5¢) [ O ws 5d)
VL ‘/'(084‘0161X+(711‘3BB] R?=0.43;
2 f™ 0=0.32, 00;=0.21, O
44,0 k= 44.0 44.0 44.0
440 445 450 455 460 465 470 475 440 445 450 455 460 465 470 475 44.0 aa5 450 455 460 465 470 4715 440 445 450 455 460 465 470 475
disk + stellar disk + stellar disk + stellar disk + stellar
log10 LT [erg/s] log1o LO3T [erg/s] log1o LO3T [erg/s] log1o LO3T [erg/s]
475 - 415 - 475 415 —
b (079*007)x+(923‘190) R#=0.74; — y—(076‘008)x+110 79‘2371 R?=0.67; — 0061X+(]2 20‘1]7) R#=0.76; —
n 0.13, 0er=0.08, 0, 9 = 0=0.13,0,,=0.10, g, n er=0.08, Ojnr= Q ® 4
D 47.0 - D470 D 47.0 D470
= s o = b4
[ [ [ (3]
N 465 465 465 465
@ 9 2 o
S S S S
T oo N T oo N
kg K g g
8 g g g
+ 455 + 455 + 455 + 455
0 I 0 9
2 2 2 2
Swxaso Sxaso S xas0 S xaso
) ) ) )
) o ) o
o5 6a) & 6b) &5 G445 6d)
(081+0]41x+1830*322) R?=0.51;
o =) o g o — =011, 0j=2.45
24.0 aa0 L a0 1L
44.0 445 45.0 455 46.0 46.5 47.0 475 44.0 445 45.0 455 46.0 465 47.0 475 44.0 445 45.0 455 46.0 46.5 47.0 415 44.0 445 45.0 455 46.0 465 47.0 475

|0910 Ldolg_lF+steIIar [erg/s] |0910 Lgig[l<_+ stellar [erg/s] |0910 LdOIE_IF+SteIIar [erg/s] |0910 Lgips!f—+ stellar [erg/s]

Fig. A.2. OPT-IR relation for all redshift bins through different estimates of luminosities. The solid black lines are the ordinary least squares
regressions. In the first row the Lz and Lopr are estimated with the photometric method. The legend is explained under previous plot.
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Fig. A.3. Comparison of SKIRTOR model parameters derived from two independent SED fitting runs: 1) With polar dust, and 2) without polar
dust (E(B — V)pp = 0). The X-axis shows values from the fit including polar dust, while the Y-axis corresponds to the fit without polar dust. The
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Fig. A.4. No PD: Comparison of luminosities estimated from 1) our photometric method (presented on X-axis) and 2) CIGALE estimates without
and with contaminations for 4 redshift bins. The dashed lines is the 1:1 relation, while the solid black line is the best-fit regression. In the fourth
row the outliers were also accounted for, defined as objects below 1o error (green lines), marked with stars. Then the outliers were extracted and
another regression was fit (dashed gray line).

A31, page 17 of 23



Ratowski, M., et al.: A&A, 708, A31 (2026)

Reduced y? distribution of agn.oa for 020736.49+021559.4.
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Fig. B.1. Example PDF plot for A parameter for one of the problematic galaxies at high-z.
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Fig. B.2. A error analysis. On Y axis the A is presented. On X axis the difference between A,,, and median of A,,, is shown. It is visible that 1) for
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Fig. C.1. Comparison of luminosities estimated from 1) our photometric method (presented on X-axis) and 2) CIGALE estimates without and
with contaminations for 4 redshift bins.
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Fig. C.2. OPT-IR relation for all redshift bins through different estimates of luminosities. In the first row the L,z and Lopr are estimated with
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Fig. D.1. SFR vs. M., for our sample of quasars.
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Fig. F.1. The Lz vs. Lopr relation for all data samples. Upper panel
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dimmed objects with Lgp7 < 10* [erg/s]. With the color the ratio of
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Fig. F.2. L vs. Lopr relation for all data samples. Upper panel shows

the objects with L&k > 10% [erg/s], while lower shows dimmed objects
with L4k < 10% [erg/s]. With the color the E(B-V) for polar dust is
shown.
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