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Abstract

Modern and future surveys effectively provide a panchromatic view for large numbers of extragalactic objects.
Consistently modeling these multiwavelength survey data is a critical but challenging task for extragalactic studies.
The Code Investigating GALaxy Emission (CIGALE) is an efficient PYTHON code for spectral energy distribution
(SED) fitting of galaxies and active galactic nuclei (AGNs). Recently, a major extension of CIGALE (named X-
CIGALE) has been developed to account for AGN/galaxy X-ray emission and improve AGN modeling at UV-to-IR
wavelengths. Here, we apply X-CIGALE to different samples, including Cosmological Evolution Survey
(COSMOS) spectroscopic type 2 AGNs, Chandra Deep Field-South X-ray detected normal galaxies, Sloan Digital
Sky Survey quasars, and COSMOS radio objects. From these tests, we identify several weaknesses of X-CIGALE
and improve the code accordingly. These improvements are mainly related to AGN intrinsic X-ray anisotropy,
X-ray binary emission, AGN accretion-disk SED shape, and AGN radio emission. These updates improve the fit
quality and allow for new interpretation of the results, based on which we discuss physical implications. For
example, we find that AGN intrinsic X-ray anisotropy is moderate, and can be modeled as Ly(f) « 1 + cos8,
where 6 is the viewing angle measured from the AGN axis. We merge the new code into the major branch of

George P. and Cynthia Woods Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University, College Station, TX, 77843-4242 USA

CIGALE, and publicly release this new version as CIGALE V2022.0 on https://cigale.]lam.fr.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Spectral energy distribution (2129);
Astronomy software (1855); Open source software (1866); Radio active galactic nuclei (2134); X-ray active
galactic nuclei (2035); X-ray binary stars (1811); Quasars (1319); Radio sources (1358)

1. Introduction

Extragalactic surveys from X-ray to radio have become
increasingly important for studying the evolution of galaxies
and supermassive black holes across cosmic history. Broad
wavelength coverage provides insights into a diversity of
properties of extragalactic sources. X-rays can reveal intrinsic
active galactic nucleus (AGN) emission, even when it is
obscured. UV /optical light traces young stars and unobscured
AGN accretion disks. IR light reveals the dust-obscured AGN
and/or star formation (SF) activities. Radio emission can be
generated by high-energy electrons associated with, e.g., AGN
jets, AGN-driven winds, and HII regions.

Modern surveys such as Legacy Survey of Space and Time
(Ivezi¢ et al. 2019) and eROSITA All-Sky Survey (eRASS;
Predehl et al. 2021) can sample millions to billions of diverse
objects, from luminous quasars to low-luminosity AGNs, and
from brightest cluster galaxies to dwarf galaxies. Interpreting

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

these large volumes of multiwavelength data coherently and
efficiently is a challenging task for extragalactic studies.

Many codes have been developed to fit AGN/galactic
spectral energy distributions (SEDs; see Figure 1 of Thorne
et al. 2021 for a summary of different codes). The Code
Investigating GALaxy Emission (CIGALE) is an open-source
SED-fitting code written in PYTHON (Burgarella et al. 2005;
Boquien et al. 2019). It employs a parallel algorithm, able to
build thousands of SED models per second and fit them to data.
The SED models are built through a series of “modules”
defined by the user. This architecture is designed to allow for
easy updates or even the addition of branches in the code that
carry scientific investigations. For example, the dust-attenua-
tion module applies a specific attenuation recipe to the starlight
and line emission, and the dust-emission module is responsible
for the IR dust radiation. The dust-emission module always
normalizes the SED so that the re-emitted total energy is equal
to the obscured total energy in the dust-attenuation module. In
this way, CIGALE obeys the law of energy conservation.
CIGALE has an AGN module that is responsible for the UV-to-
IR emission from AGNs (Ciesla et al. 2015; Boquien et al.
2019).
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Recently, Yang et al. (2020) developed a major CIGALE
extension, X-CIGALE, adding a brand new range of the
electromagnetic spectrum (i.e., X-ray) to the existing UV-to-
radio range. Yang et al. (2020) also implemented several AGN-
related improvements including a clumpy torus model and a
polar-dust model for X-CIGALE. The X-ray module allows for
the modeling of X-ray fluxes, accounting for the emission from
both AGNs and galaxies (i.e., hot gas and X-ray binaries). X-
CIGALE has become increasingly popular especially among
AGN researchers (e.g., Zou et al. 2020; Mountrichas et al.
2021b; Ni et al. 2021; Toba et al. 2021; Yang et al. 2021).

In this work, we aim at testing X-CIGALE on diverse
extragalactic populations; therefore, we use several AGN/galaxy
samples selected over different wavelength ranges, including
COSMOS spectroscopic type 2 AGNs, Chandra Deep Field-
South (CDF-S) X-ray detected normal galaxies, Sloan Digital
Sky Survey (SDSS) quasars, and COSMOS radio objects. From
these tests, we identify weaknesses and improve the code
accordingly. These improvements are mainly related to AGN
X-ray anisotropy, binary X-ray emission, AGN accretion-disk
SED shape, and AGN radio emission. We discuss the physical
implications based on the fitting results of the new code. Finally,
we merge the new code into the main branch of CIGALE, after
minimizing the differences between the two branches in terms of,
e.g., coding structures and variable naming. This procedure
removes a heavy burden of software maintenance, because,
previously, an upgrade (such as algorithm improvements and
additional functionalities) in CIGALE had to be modified and
tested before implementation into X-CIGALE, and vice versa. We
publicly release the merged software as CIGALE V2022.0 on the
CIGALE official website, https://cigale.lam.fr.

The structure of this paper is as follows. In Section 2, we fit a
sample of type 2 AGNs and implement AGN anisotropic X-ray
emission. In Section 3, we fit a sample of X-ray detected
normal galaxies (non-AGNs) and introduce a flexible recipe for
binary X-ray emission. In Section 4, we fit a sample of type 1
quasars and implement code changes allowing for more flexible
AGN disk SED shapes. In Section 5, we fit a sample of radio
sources and introduce an AGN radio component to the radio
module. In Section 6, we present some miscellaneous updates
of the code. We summarize our results and discuss future
prospects in Section 7.

Throughout this paper, we assume a cosmology with
Ho=70 kms ™! Mpcfl, Oy =0.3, and Q25 =0.7. We adopt a
Chabrier initial mass function (Chabrier 2003). Quoted
uncertainties are at the 1o (68%) confidence level. Quoted
optical /infrared magnitudes are AB magnitudes. We adopt the
“Bayesian-like” (rather than the best-fit) quantities in (X)-
CIGALE output catalogs, unless otherwise stated. A Bayesian-
like quantity/error is calculated as the average/standard
deviation of all model values weighted by the probability
distribution (Noll et al. 2009; Boquien et al. 2019).

2. AGN X-ray Anisotropy
2.1. Motivation

It is generally believed that the observed X-rays are a result
of a “disk-corona” structure. The disk emits UV /optical
photons, and a fraction of them are up-scattered to X-ray
wavelengths by the high-energy electrons in the corona (i.e.,
inverse Compton scattering). The angular dependence of the
X-ray emission is related to the detailed physical properties of
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the corona, such as shape and optical depth (e.g., Sunyaev &
Titarchuk 1985; Xu 2015).

The observations of Liu et al. (2014) found that type 2 AGNs
tend to systematically have lower intrinsic X-ray luminosity
(Lx) than type 1 AGNs at a given [O 1V] 25.89 pum luminosity.
Assuming that the [O IV] emission from the narrow-line region
(NLR) is isotropic, they interpreted their result as an indicator
of AGN X-ray anisotropy, because type 2 AGNs have larger
viewing angles (as measured from the AGN axis) than type 1
AGNs under the scheme of AGN unification (e.g., Anto-
nucci 1993; Urry & Padovani 1995; Netzer 2015). Also, based
on the X-ray and high-resolution mid-IR observations of
nearby AGNs, Asmus et al. (2015) suggested that AGN X-ray
emission might be anisotropic (see their Section 5.4 for details).

However, X-CIGALE assumes that AGN intrinsic X-ray
emission is isotropic, and does not allow anisotropic modeling.
This assumption could overestimate the X-ray emission for
type 2 viewing angles.

2.2. Sample and Preliminary Fitting

In X-CIGALE, the AGN X-ray emission is modeled using the
0ox—Ly, 25004 relation from Just et al. (2007), where L, 5004 1S
the intrinsic-disk emission at a viewing angle of 30°'* and avx
is the AGN SED slope connecting L, 25004 and L, k.. For
type 1 AGNs, whose viewing angles are near 30° (Yang et al.
2020), the SEDs are similar for isotropic and anisotropic X-ray
models in the framework of X-CIGALE. However, for type 2
AGNs, whose viewing angles are much larger than 30°, the
isotropic and anisotropic models will predict significantly
different X-ray emissions, at a given AGN power.

To test the effectiveness of X-CIGALE (isotropic X-ray
emission), we use a spectroscopic type 2 AGN sample from the
Chandra COSMOS-Legacy survey (Civano et al. 2016; Marchesi
et al. 2016). We require these AGNSs to have signal-to-noise ratio
(S/N) > 3 in the hard band of Chandra (2-7 keV), and we apply
absorption corrections to the hard-band fluxes based on the
correction factors from Marchesi et al. (2016), because X-CIGALE
requires that the input X-ray fluxes are intrinsic (Yang et al.
2020).15 The absorption corrections from Marchesi et al. (2016)
are based on a standard hardness-ratio analyses.

We remove sources with Ly < 10*2° erg s~ !, for which the
X-ray emission might originate from normal galaxies rather than
AGNs (e.g., Aird et al. 2017). We adopt the 14 broadband
photometric data (u to Infrared Array Camera (IRAC) 8 ym) from
the COSMOS2015 catalog (Laigle et al. 2016). We also use the
Multiband Imaging Photometer for Spitzer (MIPS) 24 pim, Photo-
detector Array Camera and Spectrometer (PACS) 100/160 pum,
and Spectral and Photometric Imaging Receiver (SPIRE) 250/
350/500 pm photometry from the “super-deblended” catalog of
Jin et al. (2018). There are a total of 296 type 2 AGNs, spanning a
redshift range of 0.3—1.6 (10th-90th percentiles).

14 30° is the typical probability-weighted viewing angle for type 1 AGNs,
assuming that the torus half-opening angle (between the equatorial plane and
torus edge) is 40° (see Section 2.2.3 of Yang et al. 2020).

15 For users without intrinsic X-ray fluxes, it is feasible to estimate the
absorption corrections on their own (see, e.g., Section 3.1 of Mountrichas et al.
2021b). To perform this task, users can first use BEHR (Park et al. 2006) to
estimate the hardness ratios (HRs) based on hard and soft-band counts, which
are often available in X-ray catalogs. They can then input these HR values to
PIMMS (Mukai 1993) for the estimations of column density Ny and intrinsic
fluxes. An alternative approach is to directly adopt the hard-band fluxes without
absorption corrections, because hard X-ray photons are penetrating and only
modestly affected by absorption in general. For our case, the median correction
for hard-band fluxes is only ~5%.
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Table 1
Model Parameters for the Type 2 AGNs in COSMOS
Module Parameter Symbol Values
Star formation history SFR o f exp(—t/7) Stellar e-folding time Tetar 0.1, 0.5, 1, 5 Gyr
Stellar age totar 0.5,1,3,5,7 Gyr

Simple stellar population; Bruzual & Char- Initial mass function

- Chabrier (2003)

lot (2003)
Metallicity V4 0.02
Dust attenuation; Calzetti et al. (2000) Color excess EB-YV) 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7,
0.9 mag
Galactic dust emission; Dale et al. (2014) Slope in dM gy x U~ “dU « 2
AGN (UV-to-IR) SKIRTOR AGN contribution to IR luminosity fracagn 0-0.99 (step 0.1)

Viewing angle 0 60, 70, 80, 90°
Polar-dust color excess EB—-V)yp 0,02, 04
X-ray AGN photon index r 1.8

Maximum deviation from the ay—L,, 25004 relation
AGN X-ray angle coefficients (ay, as)

|ACYOX|ITI2]X 0'2
(0, 0)/ (0.5,0) / (1, 0) / (0.33, 0.67)"

Note. For parameters not listed here, we use the default values. Bold font indicates new parameters in CIGALE V2022.0 introduced in this work. (a) Each set of angle
coefficients is for one X-CIGALE run. (a;, a,) = (0, 0) indicates the X-CIGALE (isotropic) run.

Our fitting parameters are listed in Table 1. For the star
formation history (SFH), we adopt a delayed 7 SFH model and
a Bruzual & Charlot (2003) simple stellar population model.
We adopt the Calzetti et al. (2000) galaxy attenuation law and
the Dale et al. (2014) dust IR spectral templates. For AGN IR
emission, we adopt the SKIRTOR clumpy torus model
(Stalevski et al. 2012, 2016). We fix the torus half-opening
angle to the default 40°, which is observationally preferred
(e.g., Stalevski et al. 2016). Under this setting, there are four
type-2 viewing angles (60°, 70°, 80°, and 90°) available in
SKIRTOR, and we allow all of these values in our fits (see
Table 1). The full SKIRTOR model set has another five
parameters such as 9.7 ym optical depth and ratio of outer to
inner radius. These parameters generally have minor effects on
the broadband SED shapes (e.g., Yang et al. 2020), and thus we
leave them at the default values to reduce the needed
computing resources. In summary, we employ four templates
(corresponding to different viewing angles) out of the total
19200 SKIRTOR models. In X-CIGALE, AGN X-ray and UV/
optical emissions are related with the a,x—L, 25004 relation of
Just et al. (2007), where a,,y is the UV /X-ray slope calculated
at the typical AGN type-1 viewing angle of 6§ =30° (Yang
et al. 2020), i.e.,

lox = —0.3838 log Zx20A 0G0 )

Ly okev(30°)
where L, 55004 and L,y are the monochromatic AGN
luminosities per frequency at rest frame 2500 A and 2keV,
respectively. Although the ax—L, 25004 relation is reasonably
tight, it has a non-negligible intrinsic scatter of ~0.1 in terms of
Qox (e.g., Steffen et al. 2006; Just et al. 2007). X-CIGALE
considers the scatter by constructing different models around
the aox—L, 25004 relation, and the user can set the maximum
deviation from the relation, |Acgy|max (see Section 2.2.3 of
Yang et al. 2020 for details). In our fits, we set |Acvoxmax = 0.2
(Table 1), about 20 of the intrinsic scatter (e.g., Just et al.
2007). We set the photon index I'=1.8, a typical value for
distant X-ray AGNs (e.g., Yang et al. 2016; Liu et al. 2017).

1)

Figure 1 (top left) shows an example SED fit for one of the
COSMOS type 2 AGNSs. Under the scheme of AGN unification
(e.g., Antonucci 1993; Urry & Padovani 1995; Netzer 2015),
our type 2 AGNs should also follow the cx—L, 25004 intrinsic
relation (Equation (1)). To test this point, we plot the
Aoy = Qox,  fitted — Qlox, expected (.€., deviation from the
ox—Ly 25004 relation) distribution from our X-CIGALE run in
Figure 2. The Aayy, values tend to be systematically negative,
with a median value of —0.093 (corresponding to a factor of
1.75 lower in terms of L, srev/L,25004) for X-CIGALE. This
result suggests that, with the assumption of isotropic AGN
X-ray emission in X-CIGALE, the observed X-ray fluxes of our
type 2 AGNs tend to systematically lie below the expectations
from the aox—L, 25004 relation. One natural solution to this
issue is allowing intrinsic X-ray anisotropy, so that an AGN
viewed at type2 angles will have lower X-ray fluxes than
viewed at type 1 angles. We perform this code-implementation
task in Section 2.3.

2.3. Code Improvement

Considering the evidence for X-ray anisotropy in
Sections 2.1 and 2.2, we modify the code so that the user
can model Ly as a second-order polynomial function of the
cosine of the viewing angle (e.g., Netzer 1987):

Lx(0)

=a;cosf + arcos?f + 1 —a; — as, )
Lx(0)

where the coefficients (a; and a,) are free parameters set by the
user, and 6 is the viewing angle (face-on = 0, edge-on = 90°).
The constant term in Equation (2), 1 — a; — a,, guarantees that
the right-hand side equals the left-hand side when 6 =0. (a;,
a,) = (0, 0) means isotropic Lx. In CIGALE V2022.0, avy is still
calculated using Equation (1).

2.4. Results and Interpretation

We repeat the fitting of type 2 AGNs (Section 2.1) but using
CIGALE V2022.0. We perform three runs each with (a;, a,) set to
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Figure 1. Example SED fits for COSMOS type 2 AGNs from X-CIGALE (top-left panel) and CIGALE Vv2022.0 [three different (a;, a,)] as labeled. The CIGALE V2022.0
fits have better quality than the X-CIGALE fits, as indicated by the labeled AAIC values (see Section 2.4 for the AAIC definition). Therefore, the X-ray anisotropic

models are preferred over the isotropic one for this example source.

(0.5, 0), (1, 0), and (0.33, 0.67), respectively, while the other
parameters are the same as the run in Section 2.2 (see Table 1).
(ai, a;) =(0.33, 0.67) means the same angular dependence as
that of the AGN disk emission (Lg) in the UV-to-IR AGN
module (the SKIRTOR model; Stalevski et al. 2012, 2016). (a4,
a;) = (1, 0) is equivalent to a thin disk geometry with an angle-
independent X-ray intensity. The angle dependence of (ay,
a) = (0.5, 0) is between (a;, a;) = (1, 0) and the isotropic case.
Figure 3 displays the viewing angular dependence under these
(a1, ay) settings. The angular dependence is stronger on the
order of (0.5, 0), (1, 0), and (0.33, 0.67).

The SED fit for an example source is displayed in Figure 1.
For this source, the anisotropic models have better fitting
quality than the isotropic model (as indicated by the reduced x>
labeled in Figure 1). Figure 2 displays the Aq,, distributions
from the CIGALE v2022.0 runs. The settings of (a;, a;) = (1, 0)
and (a;, a,) = (0.33, 0.67) lead to systematically positive Acy,
with median values of 0.069 and 0.120, respectively. This
result indicates that the angular dependence defined by these
two parameter sets is overly strong. In contrast, the Aq,, from
(a;, a)=1(0.5, 0) is more evenly distributed around zero
compared to those from (a;, a;) = (1, 0), (0.33, 0.67), and the
X-CIGALE (isotropic) result. The Aq,, median (—0.027) is the
smallest among all four models, indicating that (a;, a,) = (0.5,
0) is likely the most physical model among the tested ones.

To assess the overall fitting quality, we calculate the
difference of the Akaike information criterion (AAIC; Akaike
1974) between the CIGALE V2022.0 (anisotropic) and the
X-CIGALE (isotropic) fits. This quantity is defined as AAIC =
2Ak + Ax?, where Ak is the difference in the number of free
parameters. Ak is zero for our case here. A lower AAIC
indicates a stronger probability of anisotropic models. For
example, AAIC < —4 means the anisotropic model is more
than ~7 (¢ >*“/?) times more probable than the isotropic
model, indicating a strong support for the former (e.g., Burnham
& Anderson 2002).

The example source in Figure 1 has AAIC < —4, indicating
that the anisotropic models are preferred over the isotropic
model. When inspecting the residuals in Figure 1, one could be
puzzled that the main difference between the X-CIGALE versus
CIGALE v2022.0 fits is in the IR rather than X-ray. We note that
the root of this difference is not related to the IR AGN emission
model, as all fits are based on the same IR AGN models
(Table 1). Instead, the actual cause is X-ray angle dependence,
which is the only different setting among the fits. We briefly
explain this cause below.

For our COSMOS type 2 sample, the AGNs have emission
mostly in X-ray and IR as their UV /optical radiation is
obscured. The X-ray/IR ratio is an observable quantity closely
related to the X-ray angle dependence (e.g., Asmus et al. 2015).
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Figure 2. Aa,y distributions for COSMOS type 2 AGNs from X-CIGALE and CIGALE V2022.0 [three different (a;, a,)] as labeled. We use the best-fit Aa,, values
here, because X-CIGALE cannot perform Bayesian-like analysis for the quantity of Aca,, due to a technical reason. The vertical dashed line indicates the median value
of each distribution. These median values are also labeled on each panel. The new X-CIGALE fits with (a;, a;) = (0.5, 0) have median Acy closest to zero, indicating
that this anisotropic model is the most physical among the four models (one isotropic and three anisotropic) tested.

| — (a1,a2) =(0,0)

t— (a1, a2)=(0.5,0)
—(a1,a2)=(1,0)

00— (a1, a2)=1(0.33,0.67)

0 10 20 30 4|0 50 60 70 80 90

0 (degree)

Figure 3. Dependence of Ly on viewing angle. Different colors indicate
different (a, a,) settings that are tested in this work. (a;, a») = (0, 0) indicates
the X-CIGALE (isotropic) test. The Ly (y-axis) is normalized at § = 30°, where
the aox—L, 25004 relation is applied in X-CIGALE and CIGALE V2022.0.

To see this point, we can write the X-ray/IR ratio as

Lx(30°)
Lyv,0(30°)

Lyv,0(30°)
Lir(0)

Lx(®) _ Lx(0)
Lir(®)  Lx(30°)

)

where Lx, Lir, and Lyv,o are AGN X-ray, IR, and intrinsic
UV /optical luminosities, respectively. In Equation (3), the
Lx(30°)
Lyv/0(30°)
directly links AGN X-ray and UV /optical emission by the
aox—L, 25004 relation at a 30° viewing angle (Yang et al. 2020).

. Lyv,0(30°)
The third factor ———
! L (0)

on the dust-model details), because the IR emission originates
from the UV /optical photons absorbed by dust, and CIGALE
strictly keeps energy conservation (Boquien et al. 2019; Yang

et al. 2020). Therefore, the X-ray/IR ratio is approximately
Lx (0)

Lx(30°)°
dependence. For type 2 viewing angles, compared to the X-ray

isotropic model, our tested anisotropic models have lower

LL’(‘S(g)D) values (Figure 3) and thereby systematically lower
X

X-ray /IR ratios. For the source in Figure 1, the observed IR /X-
ray ratio is more similar to the anisotropic model values than

second factor is roughly a constant value, as CIGALE

is also about a constant (depending

proportional to the first factor which is the X-ray angle

the isotropic one. This is the reason why the anisotropic
configurations model the observed data better than the
isotropic one.

This source in Figure 1 is also a representative example
demonstrating that different bands are not modeled indepen-
dently. CIGALE templates are rigid across all bands, finding a
solution that minimizes the “global” x? although such a
solution might not minimize residuals in some bands.

Figure 4 shows the distribution of AAIC. For the model of
(ai, a») = (0.5, 0), 13% of the sources have AAIC < —4, while
only 2% sources have AAIC > 4. The overall distribution is
toward the negative sign (median AAIC = —0.11). This result
indicates that the fitting quality has an overall improvement
from the isotropic model to the (a;, a>) = (0.5, 0) anisotropic
model. However, from Figure 4, the models of (a;, a,) = (1, 0)
and (0.33, 0.67) have similar or even worse fitting quality than
that of the isotropic model.

From the Aay, and the AIC analyses above, an isotropic
AGN X-ray model is disfavored compared to the anisotropic
model with (a;, a;) = (0.5, 0). Therefore, AGN X-ray emission
is likely weaker toward larger viewing angles, qualitatively
consistent with the observations of Liu et al. (2014) and Asmus
et al. (2015; see Section 2.1). On the other hand, the amplitude
of this viewing-angle dependence is moderate, since (ay,
a;) = (0.5, 0) results in better fitting quality than (a;, a>) = (1,
0) and (0.33, 0.67), which have stronger angular dependence
(see Figure 3). The conclusion that AGN X-rays have weaker
angular dependence than UV /optical [(a}, a,) = (0.33, 0.67)] is
understandable. The X-ray photons result from the inverse
Compton scattering of the UV /optical seed photons, and the
strength of anisotropy is suppressed by this scattering process
(e.g., Xu 2015; Yang et al. 2020).

We caution that our conclusion of X-ray angle dependence is
for the overall type 2 AGN population rather than individual
sources, as our analyses above are based on the statistical
analyses of the entire type 2 sample. It might be possible that
individual AGNs have different angular dependence, because
the structure of the AGN corona, which produces the X-ray
photons (Section 2.1), could vary among individual sources
(e.g., Ricci et al. 2018; Tortosa et al. 2018).

We set I' = 1.8 in our runs (Table 1), but the actual power-
law photon index for an X-ray AGN may range from ~1.6 to
~2.2 (e.g., Yang et al. 2016; Liu et al. 2017). The photon-index
parameter can affect the model-predicted X-ray fluxes. To
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Figure 4. Distribution of AIC difference between the fits of CIGALE V2022.0 and X-CIGALE. Different panels are for the fits with different (a;, a,) values as labeled.
The median value and the fractions of AAIC < —4 and AAIC > 4 are marked on each panel. The new X-CIGALE fits with (a;, a,) = (0.5, 0) have overall the best fit

quality compared to other ones.

assess this effect, we repeat our runs allowing I' to vary
between 1.6 and 2.0. The resulting Aa,, and AAIC
distributions are similar to those in Figures 2 and 4, and the
(ay, ax) = (0.5, 0) configuration is still the most favored model.
In Table 1, we adopt large viewing angles (>>60°) assuming the
classic unification model, i.e., type 2 AGNs are obscured by the
torus. However, some recent observations suggest that type 2
AGNs might also have small viewing angles and be obscured
by polar dust (e.g., Mountrichas et al. 2021a; Ramos Padilla
et al. 2022). To consider this possibility, we test new CIGALE
runs allowing all available viewing-angle values in SKIRTOR
(0-90° with a step of 10°). The result still favors the (a,
a,) = (0.5, 0) anisotropic model, consistent with our original
result. Based on the tests above, we consider our main
conclusion not to be critically dependent on the adopted
parameters of the photon index and viewing angle in Table 1.

In the code of CIGALE v2022.0, we set the default (a;, a,) to
(0.5, 0) based on our results above. For general purposes of
AGN modeling, the user does not need to change these default
values. For the specific purposes of studying AGN X-ray
anisotropy, the user can test different (a, a,) values in different
runs and select the best parameters, like in our approach above.
This method allows further studies of X-ray angular depend-
ence for different AGN samples (e.g., high-accretion rates
versus low-accretion rates), and thereby can provide insight
into the properties of AGN coronae.

3. Normal-galaxy X-Ray Emission
3.1. Motivation

Both AGNs and normal galaxies can emit X-ray photons.
Normal-galaxy X-rays originate primarily from point sources
of X-ray binaries and diffuse hot gas. AGNs tend to be more
luminous than normal galaxies at X-ray wavelengths. As a
consequence, most of the X-ray detected sources in extra-
galactic surveys are AGNs. However, normal galaxies become
increasingly important as survey depth improves. The 7 Ms
Chandra Deep Field-South (CDF-S) survey has ~30% of the
X-ray detections classified as normal galaxies, and such sources
dominate the faintest detections (Luo et al. 2017). It is thereby
expected that many more normal galaxies will be detected in
deep surveys by future X-ray telescopes with large collecting

areas such as Athena and Lynx. Therefore, it is critical to have
realistic recipes for normal-galaxy X-ray modeling.

X-CIGALE has both AGN and galaxy X-ray components
(Yang et al. 2020). The latter includes the emission from high-
mass X-ray binaries (HMXBs), low-mass X-ray binaries
(LMXBs), and hot gas. The AGN component has been well
tested (e.g., Yang et al. 2020; Zou et al. 2020; Mountrichas
et al. 2021b), but this is not the case for the galactic component.
Below, we test and improve the modeling of galaxy X-ray
emission.

3.2. Sample and Preliminary Fitting

We test the galaxy X-ray modeling in X-CIGALE using the
7 Ms CDF-S survey, which is the deepest X-ray survey to date
(Luo et al. 2017). We take advantage of this unique data set to
study the X-ray emission from normal galaxies in the distant
universe, as galaxies’ X-ray power is typically low (Lx < 10*2
ergs~') and beyond the sensitivity of most X-ray surveys.

We first select sources classified as “galaxy” instead of “AGN”
or “star” by Luo et al. (2017). The classification is based on X-ray
and other multiwavelength data. We then restrict the sample to
only sources within the GOODS-S field (Guo et al. 2013), where
deep multiwavelength coverage is available from UV to far-IR
(FIR). We compile the UV-to-IRAC4 data from Guo et al. (2013)
and Spitzer /Herschel mid-IR to FIR data from the ASTRODEEP
team (T. Wang 2020, private communication; GOODS-S
Herschel catalog). We discard sources with MIPS 24 ym
S/N < 3, as reliable IR data are essential in constraining star
formation rate (SFR; which scales with LiM*B) and possible
low-level AGN activity. There are a total of 39 X-ray detected
galaxies in our sample. We adopt the redshift measurements
compiled by Luo et al. (2017), which are secure spectroscopic
redshifts or high-quality photometric redshifts. The redshifts
cover a range of z=0.10-1.06 (10th-90th percentiles), with a
median of z=0.44.

We first perform SED modeling of these galaxies using X-
CIGALE. The fitting parameters are summarized in Table 2. The
galaxy settings are similar to those in Section 2, except that we
allow two metallicity values of Z=0.004 and 0.02, as the
LyMXB_SER scaling relation depends on metallicity (e.g., Fragos
et al. 2013a). We still allow a moderate AGN component in the
fitting (fracagn < 0.2). Although the sources are classified as
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Figure 5. Model vs. observed X-ray 0.5-7 keV flux for our CDF-S normal galaxies from the X-CIGALE (left) and CIGALE v2022.0 (right). The red solid line indicates a
model = observed relation; the red dashed lines indicate 0.5 dex offsets from this relation.

Table 2
Model Parameters for the CDF-S Normal Galaxies
Module Parameter Symbol Values
Star formation history SFR o 7 exp(—t/7) Stellar e-folding time Tstar 0.1, 0.5, 1, 5 Gyr
Stellar age totar 0.5, 1, 3, 5,7 Gyr
Simple stellar population; Bruzual & Charlot (2003) Initial mass function — Chabrier (2003)
Metallicity Z 0.004, 0.02
Dust attenuation; Calzetti et al. (2000) Color excess of the nebular lines EB-YV) 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 mag
Galactic dust emission; Dale et al. (2014) Slope in dMyyg x U~ “dU « 2
AGN (UV-to-IR) SKIRTOR AGN contribution to IR luminosity fracagn 0, 0.01, 0.03, 0.1, 0.2
Viewing angle 0 30°, 70°
Polar-dust color excess EB — V)pp 0
X-ray Deviation from the expected log LiMXB SHMXB — 0.5 to 0.5 (step 0.1) dex
Deviation from the expected log LMXB SLMXB — 0.5 to 0.5 (step 0.1) dex

Note. For parameters not listed here, we use the default values. Bold font indicates new parameters in CIGALE V2022.0 introduced in this work.

galaxies by Luo et al. (2017), some could possibly be low-
luminosity AGNs (e.g., Young et al. 2012; Ding et al. 2018).

We compare the model versusobserved X-ray fluxes in
Figure 5 for X-CIGALE (left panel). For many (21%) of our
sources, the offsets between the model and observed fluxes are
more than 0.5 dex. We show an example SED fit with such an
issue in Figure 6 (left panel). Therefore, X-CIGALE is not able
to model well all of the observed X-ray fluxes.

3.3. Code Improvement

X-CIGALE assumes that galaxy X-ray emission from HMXBs
and LMXBs can be calculated from the scaling relations of
LYMXB_SER and L{MXB_M, (Fragos et al. 2013a). However,
this is an oversimplified assumption, because these relations are
just an approximation for the overall galactic population, and
scatters around them exist. For example, the content of globular
clusters at a given M,, which is not modeled in X-CIGALE, can
significantly affect LLM*B (e.g., Lehmer et al. 2020). Also,

since the HMXB and LMXB emissions are from discrete point
sources, LyMXB and LEMXB jnevitably suffer from statistical
fluctuations that are especially strong in low-SFR and/or
low-M, galaxies (e.g., Lehmer et al. 2019, 2021).

To model the L{M*® and LiM*® dispersions of individual
galaxies in greater detail, we introduce two new free
parameters, dpyvxps and Oy vxs, to account for the scatters of

the LIMXB_SFR and LIMXB_M, scaling relations, i.e.,

L HMXB
g( 25;_; keV) =40.3 — 62Z + 56922 — 183473
+ 1968Z* + Sumxs

L LMXB

log (%) =403 — 1.5log? — 0.42(logt)?
+ 0.43(log7)® + 0.14(log)* + Spmxs

“4)
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Figure 6. Example SED fits for a CDF-S normal galaxy from X-CIGALE (left) and CIGALE v2022.0 (right). The best-fit fracogn is zero in both fits. The observed
0.5-7 keV X-ray flux is much higher than the model one from the X-CIGALE, but is similar to the one from CIGALE v2022.0. Also, we note that CIGALE V2022.0 also
has a better fit to the UV data than X-CIGALE. This is because X-CIGALE is forced to use a stellar population model that corresponds to a relatively high X-ray flux,

although this model does not well fit the observed UV fluxes.

where M, and SFR are in solar units; ¢ denotes stellar age in
gigayears; Z denotes metallicity (mass fraction). The para-
meters of dpvxp and Opvxp are logarithmic deviations from
the scaling relations, with positive/negative values meaning
higher/lower HMXB and LMXB luminosities, respectively.
The user can set multiple values for each parameter to enable a
more flexible XRB prescription.

In addition to introducing Ogymxg and Opmxm, Wwe also
implement another update of the code. The code provides three
SFR parameters: the instantaneous SFR, the average SFR over
10 Myr, and the average SFR over 100 Myr. While X-CIGALE
adopted the instantaneous SFR when calculating LIMXE e
adopt the average SFR over 100 Myr in CIGALE v2022.0. This
change is because the HMXB emission has strong variability
on ~10 Myr timescales (e.g., Linden et al. 2010; Garofali et al.
2018; Antoniou et al. 2019), but we do not have well-informed
calibrations for how the LiMX*B varies on such short timescales.
On the other hand, the L{™*® dependence on longer timescales
of ~100Myr has been carefully characterized (e.g., Lehmer
et al. 2019, 2021). Although the instantaneous SFR and the
100-Myr averaged SFR are similar for a smooth SFH, they can
differ significantly if a recent burst/quenching is present in
the SFH.

3.4. Results and Interpretation

With CIGALE V2022.0, we re-fit our sample of CDF-S normal
galaxies. We set dyvxg from —0.5 to 0.5 dex with a step of
0.1dex, while keeping the other parameters unchanged
(Table 2). This parameter range is chosen because Lehmer
et al. (2021) found the 20 scatter of L)IEIMXB / SFR is ~0.5 dex
at SFR ~4 M, yr~', which is the median SFR of our sample.
We also set 6 mxp to the same values as dpnvixs.

Figure 5 (right) compares the CIGALE V2022.0 resulting
model versus observed X-ray fluxes. The model fluxes agree
much better with the observed fluxes compared to those fitted
by X-CIGALE (Figure 5, left). The offsets between the model
and observed are all within 0.5 dex. Figure 6 (right) shows an
example SED fit with CIGALE Vv2022.0. For this example,
compared to X-CIGALE, CIGALE V2022.0 has a better fit not only
to the X-ray data but also to the UV data. This is because

X-CIGALE is forced to use a stellar population model that
corresponds to a relatively high X-ray emission, although this
model does not well fit the observed UV fluxes. This example
highlights the importance of introducing éyvxp and Oy vxs,
without which inappropriate stellar models might be selected.

Figure 7 displays the distributions of the fitted dyvxp and
Ormxs, respectively. Both distributions have slightly positive
median values, i.e., 0.04 dex (HMXB) and 0.12 dex (LMXB).
These near-zero medians indicate that the Ly "*® and LyM*®
scaling relations (Fragos et al. 2013a) are good approximations
for the overall galactic population detected in deep X-ray surveys
at 7 < 1. The slightly positive trend of the distributions suggests
that the scaling relations might have systematic offsets. But the
positive trend is expected due to a selection effect, because our
X-ray data are flux-limited and thus tend to select higher LMXB
and LeMXB sources. A larger normal-galaxy X-ray sample, from,
e.g., eROSITA (e.g., Vulic et al. 2021), is needed to investigate
the nature of the positive trend of Syvxp and 8y vxg. Both of the
bumxe and O mxp distributions have substantial scatters
(standard deviations ~0.2 dex; Figure 7). These scatters are
likely caused by, e.g., globular-cluster contents and statistical
fluctuations (see Section 3.3).

We set fracygn < 0.2 in our runs (Table 2) since the sources
were classified as normal galaxies by Luo et al. (2017), but this
quantitative choice is rather arbitrary. One might worry that our
fitting results could heavily depend on the assumption of
fracagn < 0.2, as AGNs can also contribute to the observed
X-ray fluxes. To assess the effects of this assumption, we
perform a new run including higher fracagn values, i.e.,
fracagn =0, 0.01, 0.03, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, while
keeping the other parameters the same. The resulting dgnvxs
and 6pvxp distributions are identical to those in Figure 7,
indicating that these two parameters are not strongly degenerate
with fracygn. Figure 8 displays example 2D and 1D probability
distributions of fracagy and O vxg from the new fit with
fracagny = 0-0.6. The fracpogy is tightly constrained at a low
level (<0.01), and the situations are similar for all of our
sources. The tight AGN constraints are understandable as the
AGN emission is constrained not only by the X-ray data but
also by the UV-to-IR data. In summary, we conclude that our



THE ASTROPHYSICAL JOURNAL, 927:192 (20pp), 2022 March 10

150 CIGALE v2022.0

median=0.04
12.5f0=0.18 b
10.0
=
7.5
5.0
2.5
005656 —04 -02 00 02 04 06
O6nmxe [dex]
10T CIGALE v2022.0 ]
median=0.14
8rg=0.22 .
6_ 4
=
4t ]
2_ 4

06 -04 —02 00 02 04 06
O mxp [dex]

Figure 7. The distributions of dymxp (top) and 6y mxp (bottom) for CDF-S
normal galaxies from the fits of CIGALE v2022.0. The median and standard
deviation are labeled on each panel. The medians are close to zero, indicating
that the LEMXB and LMXB scaling relations (Fragos et al. 2013a) are good
approximations for the overall galactic population detected in deep X-ray
surveys at z S 1.

fitting results based on the parameters in Table 2 do not depend
on the assumption of fracagn < 0.2.

We set the default values of Spmxs and O vxs both to O,
corresponding to the standard Fragos et al. (2013b) scalin%
relations. For luminous X-ray sources (e.g., Lyx > 10%*
ergs '), the observed X-ray fluxes are likely dominated by
AGNs, and thus, the user can just keep the default values of
OoavxB = Ormxs = 0. For less luminous sources, galactic X-ray
emission could dominate the observed fluxes, and the user can
adopt different values of dyvxp and 6y mxp (e.g., Table 2) to
allow for more flexible XRB modeling. For specific galactic
populations, the user could allow multiple values for only one
of dymxs and O pxp to save memory and reduce computation
time. For example, for quiescent galaxies, Ly ™*B should be
negligible compared to LMXB_ In this case, the user can adopt
multiple values for 6y pxp While keeping Spvxs = 0.

4. Flexible UV/optical SED Shape of AGN Accretion Disk
4.1. Motivation

X-CIGALE adopts a single fixed SED shape of an AGN
accretion disk from Schartmann et al. (2005), which is a broken
power law. Although the Schartmann et al. (2005) recipe is a
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Figure 8. 2D and 1D probability distributions of fracagn and épmxg for the
CDF-S normal galaxy in Figure 6. The plot is generated from the CIGALE
v2022.0 run with fracagny = 0-0.6. The dashed line indicates the Bayesian
(probability-weighted average) values of the two parameters. The fracagy is
tightly constrained at a low level (<0.01) despite the wide allowed fracagn
range in the fit. The situations are similar for other sources.

good approximation for the overall disk SED shape, it might
not be sufficiently accurate for individual sources. This is
because the observed UV /optical slopes of type 1 quasars have
non-negligible intrinsic dispersions (e.g., Elvis et al. 1994),
possibly due to different black hole (BH) masses, accretion
rates, and spins (e.g., Koratkar & Blaes 1999).

4.2. Sample and Preliminary Fitting

To test whether this single spectral shape is sufficient to
account for the observed SEDs, we use the SDSS DR14 type 1
quasar sample (Paris et al. 2018) that has XMM-Newton X-ray
detections (see Section 3.1.1 of Yang et al. 2020 for details). We
further apply a magnitude cut (rag <21.8 mag) and a redshift
cut (z> 1) to ensure that the observed SEDs are dominated by
AGNs, as SDSS normal galaxies with rap < 21.8 mag are
always below z =1 (e.g., Sheldon et al. 2012). Therefore, these
cuts allow us to model SEDs with pure-AGN templates as
below, avoiding potential degeneracy issues (see Section 4.4).

The final sample has 1080 sources. We run X-CIGALE on the
SDSS ugriz and the 2-10keV fluxes. The inclusion of X-ray
photometry is to better constrain the AGN intrinsic emission.
The fitting parameters are listed in Table 3. We set fracagn
(fractional AGN IR luminosity) to a value close to unity
(0.9999), so that the observed UV /optical SED is totally AGN
dominated, which is the case for the SDSS quasars after our
magnitude and redshift cuts. We also allow different levels of
polar-dust extinction.

We compare the resulting X-CIGALE model versus observed
u — z colors in Figure 9 (left). In this figure, we only consider
sources having both u and z S/Ns above 5. One notable issue is
that a “plateau” exists at model u — z = 0.5. This is because the
model u —z cannot be bluer than the intrinsic-disk color
(u — z=0.5), but a significant fraction (32%) of sources have
observed u — z < 0.5. Due to this issue, the offsets between the
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Figure 9. Top: model vs. observed u — z color of our SDSS quasars from X-CIGALE (left) and CIGALE V2022.0 (right). The red solid line indicates a model = observed
relation; the red dashed lines indicate 0.3 mag offsets from this relation. We only plot points for sources having both u and z S/N > 5. Bottom: the distributions of
model—observed u — z color from X-CIGALE (left) and CIGALE Vv2022.0 (right). The median and standard deviation values are labeled on each panel. The observed
u — z color can be bluer than 0.5 mag. This cannot be reproduced with X-CIGALE, where the AGN disk SED shape is fixed, but CIGALE V2022.0 can account for these

blue SEDs with u — z < 0.5 mag.

Table 3
Model Parameters for the SDSS Quasars
Module Parameter Symbol Values
AGN (UV-to-IR) SKIRTOR AGN contribution to IR luminosity fracagn 0.9999
Viewing angle 0 30°

Polar-dust color excess
Intrinsic-disk type

EB — V)pp 0., 0.01, 0.02, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6 mag

— Schartmann et al. (2005)

Deviation from the default UV/optical slope OAGN — 1to 1 (step 0.1)
X-ray AGN photon index I 1.8
Maximum deviation from the c,x—L, 25004 relation | Aox max 0.2

Note. For parameters not listed here, we use the default values. Bold font indicates new parameters in CIGALE v2022.0 introduced in this work.

model and observed u —z have a positive median value of
0.15. Figure 10 (left) shows an example SED. The observed
SED is even bluer than the zero-extinction model SED. To
address this issue, it is necessary to allow a flexible SED shape
for AGN intrinsic-disk emission.

4.3. Code Improvement

To allow for deviations from the default Schartmann et al.
(2005) optical spectral slope as suggested by the observed
quasars (Section 4.2), we introduce a free parameter, dogn;, i.€.,

10

X 0.008 < A < 0.05 [pm]
0.8 <

Ay o X 0.05 < A <0.125 [um]'
X O03+han 0125 < A < 10 [pm]
X3 10 < A < 1000 [pm]

&)

In CIGALE V2022.0, we also allow the user to choose the disk
continuum from the SKIRTOR model (Stalevski et al.

2012, 2016), i.e.,
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Figure 10. Example SED fits for an SDSS quasar from X-CIGALE (left) and CIGALE v2022.0 (right). This source has observed UV /optical SED bluer than the model
SED of Schartmann et al. (2005), and thus it cannot be fitted well with X-CIGALE. CIGALE V2022.0 allows for a flexible model that can account for the blue SED shape.

N2 0.008 < A < 0.01 [pum]
X 0.0l < A<0.1
ALy < [pum] 6)
X 0-5+8aan 0.1 < A< 5 [pum]
X3 5 < A < 1000 [pm]

From Equations (5) and (6), the major differences between the
Schartmann et al. (2005) and SKIRTOR disk continuum are the
wavelength boundaries and power-law indices at far-UV
(A< 125 nm), where observational constraints are weaker
compared to those at longer wavelengths (e.g., Stevans et al.
2014; Lusso et al. 2015).

4.4. Results and Interpretation

We re-fit the SDSS quasar SEDs using CIGALE V2022.0. We
still adopt the Schartmann et al. (2005) disk SED shape
(Equation (5)), since it agrees better with observations than the
SKIRTOR disk model (Equation (6); e.g., Duras et al. 2017).
We allow 5N to vary from —1 to 1 with a step of 0.1 (see
Table 3). This dpgn range covers nearly all of the observed
SED slope variations in the SDSS quasar sample of Davis et al.
(2007; see their Figure 2).

We compare the model versusobserved u —z colors in
Figure 9 (right). The model colors agree better with the
observed colors than those from the X-CIGALE fits. The median
offset of the model and observed u — z is close to zero (0.05),
while the X-CIGALE fits have a median of 0.15. Also, the scatter
has been reduced from 0.24 (X-CIGALE fits) to 0.16 (CIGALE
v2022.0 fits). Figure 10 (right) shows an example SED fit. The
observed SED can be well fitted with a reduced xf = 0.6 (the
value is 3.4 for the X-CIGALE fit). Figure 11 displays the 2D
and 1D probability distributions of dpgn and E(B — V)pp of
this example fit. There is an anticorrelation between d,gn and
EB —V)pp in the 2D probability distribution. This antic-
orrelation is expected, because, e.g., a higher dpgn (redder
intrinsic slope) and a lower E(B — V)pp (Weaker polar-dust
extinction) can roughly cancel out the effects of one another.
Therefore, there is a natural degeneracy between these two
parameters.
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Figure 11. 2D and 1D probability distributions of dxgn and E(B — V)pp for
the SDSS quasar in Figure 10, generated from the CIGALE v2022.0 run. The
dashed line indicates the Bayesian (probability-weighted average) values of the
two parameters. From the color-coded 2D probability distribution, the dagn
and E(B — V)pp are anticorrelated, indicating a degeneracy between these two
parameters.

Figure 12 displays the distribution of the fitted d5gn and
E(B — V)pp. The median of the d5gn distribution is —0.36,
with a significant scatter of 0.34. This negative median value
could be intrinsic, as the default Schartmann et al. (2005)
spectral shape is based on the observed quasar SEDs, without
considering polar-dust extinction. Indeed, the polar-dust
extinctions are non-negligible [median E(B — V)pp = 0.03],
although heavy extinctions of E(B — V)pp > 0.1 are rare (6%).
However, we note that the degeneracy between dagn and
EB—V)pp (e.g., Figure 11) might also contribute to the
negative trend of dogn. We caution that both of the d,gn and
E(B — V)pp distributions quantitatively depend on the adopted
specific extinction law. We adopt the default SMC law here,
and refer to Buat et al. (2021) for a detailed discussion on the
effects of different laws.
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Figure 12. Distribution of the d,gn and E(B — V)pp for the SDSS quasar
sample from the fits with CIGALE v2022.0. The median and standard deviation
values for the distributions are labeled on the corresponding panels. The dagn
values tend to be negative (i.e., bluer than the default Schartmann et al. 2005
SED model).

Given the degeneracy between S,y and E(B — V)pp, one
might think of adapting the original disk SED shapes
(Schartmann and SKIRTOR; Section 4.3) to the bluest
variation in our sample and attributing all observed SED
variations to E(B — V)pp. This idea has the benefit of
simplicity, but we do not adopt it for three reasons. First, it
is unlikely that all AGNs share the same intrinsic SED shape
over wide ranges of BH masses and accretion rates (e.g.,
Whiting et al. 2001; Richards et al. 2003). Second, the current
approach is more flexible than adapting the template, and the
philosophy of CIGALE highlights flexibility rather than
simplicity. Third, although E(B — V)pp and dagn are degen-
erate over UV /optical wavelengths, they can be better
differentiated given excellent IR coverage, because dust-
reddened AGNs have polar-dust IR re-emission (included in
CIGALE), but intrinsically red AGNs do not. In CIGALE, polar
dust is an obscuration structure with an optical depth much
smaller than the torus (see Section 2.4 of Yang et al. 2020 for
details). CIGALE assumes that the polar-dust IR emission
follows a “graybody” model (e.g., Casey 2012) with temper-
ature and emissivity as free parameters. Future IR missions,
e.g., the James Webb Space Telescope (JWST) and Origins,
will be able to detect (tightly constrain) the polar-dust IR re-
emission and thereby differentiate the two cases of dust-
reddened versus intrinsically red SEDs.
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We set the default §pgn and E(B — V)pp to the median
values of our fits, i.e., oy = —0.36 and E(B — V)pp = 0.03.
When fitting type I AGNSs, the user is recommended to adopt
multiple values of these two parameters (such as those in
Table 3), because both parameters have significant scatters
based on our fits (see Figure 12). When fitting type 2 AGNs, for
which the AGN disk emission is almost entirely obscured by
the dusty torus, the user can keep the default dogn to save
memory and reduce computational time. However, it is still
recommended to adopt multiple values of E(B — V)pp when
mid-IR to FIR coverage is available for the type2 sources,
because E(B — V)pp sets the strength of polar-dust re-emission
that could contribute significantly at IR wavelengths.

Finally, we stress the importance of our redshift and
magnitude cuts (Section 4.2). These cuts guarantee the
observed SEDs are dominated by AGNs, allowing us to model
the data with pure-AGN templates. Actually, we have tested fits
with AGN+-galaxy mixed templates by freeing fracagn, and
found our parameters of interest (5pogn and E(B — V)pp) could
be significantly affected. This is because a blue observed SED
can be either explained by a low-dust star-forming galactic
component or an AGN component. Figure 13 displays such an
AGN-galaxy degeneracy for an SDSS quasar, for which dagn
and E(B—V)pp are strongly affected when a galactic
component is allowed. Therefore, our redshift/magnitude cuts
and pure-AGN approach are crucial for our investigation of
b6agn and E(B — V)pp. The user who is interested in these
parameters should be cautious of the degeneracy effects when
modeling SEDs that have non-negligible galactic components.
On the other hand, some studies indicate that some other source
properties such as fracagn, AGN bolometric luminosity
(LagN), and SFR are not strongly affected by the degeneracy
issue, especially when good multiwavelength coverage is
available (e.g., Mountrichas et al. 2021c; Yang et al. 2021;
Thorne et al. 2022). This is understandable, considering that
those properties can be constrained by multiwavelength data
simultaneously, e.g., Lagy is related to X-ray, UV /optical, and
IR wavelengths. However, in contrast, agn and E(B — V)pp
are very sensitive to the detailed SED-shape modeling at UV/
optical wavelengths, and thus they are more strongly affected
by the AGN-galaxy degeneracy than properties like Lagn-

5. AGN Radio Emission
5.1. Motivation

X-CIGALE can only account for radio emission from SF
(Boquien et al. 2019). This SF radio emission has two
components: one is a thermal component contributed by the
“nebular” module; the other is a synchrotron component
contributed by the “radio” module. The latter is often dominant,
and is calculated in X-CIGALE using the radio-IR correlation
parameter g (e.g., Helou et al. 1985), i.e.,

(N

qr = log( Lsr, )
Lz/,2]cm x 3.75 % 1012HZ
where Lgg, 1r is the total star-forming IR luminosity (mostly in
FIR) and L,5icm is the corresponding radio synchrotron
luminosity at 21 cm (1.4 GHz). The default value of gr is
2.58 in X-CIGALE. Other than g, which sets the normalization
at 21 cm, there is another free parameter (agg) that controls the
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Figure 13. Example SED fits for an SDSS quasar using AGN+galaxy mixed models (left) and pure-AGN models (right; the approach in our analysis). Both fits can
explain the observed SED data, indicating that quasar and blue star-forming templates are degenerate. The resulting E(B — V)pp and dagn (as labeled) are quite
different for the two fits, indicating the degeneracy can significantly affect these parameters. Since the galactic component in the left panel is unrealistic (see
Section 4.2), we adopt pure-AGN models in our analysis to avoid the degeneracy issue.

power-law slope of the SF synchrotron emission, i.e.,

L, sp o v7OsF,

®)
The default value of agg is 0.8 in both X-CIGALE and CIGALE
Vv2022.0.

X-CIGALE does not have AGN emission at radio wave-
lengths. However, AGNs may have powerful jets that emit
strong radio radiation (i.e., radio-loud AGNSs), and the jets can
play an important role in AGN-galaxy coevolution (e.g.,
Fabian 2012). The physical origin of AGN radio jets is still
controversial. One popular theory is the Blandford-Znajek (BZ)
process (e.g., Blandford & Znajek 1977; Blandford et al. 2019).
The BZ mechanism considers that the jet is powered by the
rotational energy of the BH through the magnetic field
threading the horizon (e.g., Davis & Tchekhovskoy 2020).
Recent observations suggest that the magnetic flux/topology
close to the BH instead of the BH spin could be the
determining factor of the jet-launching process (e.g., Zhu
et al. 2020). Other than the jets, other processes such as AGN
winds, coronae, and shocks can also emit at radio wavelengths
(e.g., Panessa et al. 2019).

5.2. Sample and Preliminary Fitting

Similar to the procedures of the previous sections
(Sections 2, 3, and 4), we first compile a proper radio-selected
sample and then perform SED modeling with X-CIGALE in this
section. We adopt all of the >50 radio detections in the VLA-
COSMOS 3 GHz Large Project (Smolci¢ et al. 2017a, 2017b).
We also collect the VLA 1.4 GHz fluxes when available from
Schinnerer et al. (2010). Delvecchio et al. (2017) matched the
radio sources to the COSMOS2015 catalog (Laigle et al. 2016).
We adopt these matching results and obtain the UV-to-IRAC4
broadband photometry (14 bands) from COSMOS2015. We
discard the radio sources without COSMOS2015 counterparts,
as the UV-to-IRAC4 data are necessary to model the stellar
population. The sample contains 6497 sources in total. We also
include Spitzer/MIPS (24 pm), Herschel/PACS (100 pm and
160 pm), and Herschel /SPIRE (250 pim, 350 pm, and 500 zum)
photometry from the “super-deblended” catalog of Jin et al.
(2018). We do not include X-ray fluxes here due to the reason
presented in Section 5.4, i.e., we want to keep our SED fits and
subsequent source classifications independent from the X-ray
information. We adopt the redshift measurements from
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Delvecchio et al. (2017), which are spec-z (if available) or
photo-z. The median redshift is 1.18, and the 10th-90th
percentile range is z = 0.42-2.56.

We first fit the photometric data above with X-CIGALE. The
model parameters are listed in Table 4. We set gg to a range of
2.4-2.77 (step 0.1), based on the observations of Delvecchio
et al. (2021). Figures 14 (left) and 15 (left) display the resulting
model fluxes versus the observed values for 3 GHz and
1.4 GHz, respectively. The model fluxes are systematically
lower than the observed ones, e.g., 28% (11%) of sources have
observed 3 GHz fluxes more than three (10) times higher than
the model fluxes. In contrast, no sources have model fluxes
greater than three times higher than the observed values. This
result of “radio excess” strongly indicates that an AGN radio
component is needed to explain the observed radio fluxes for
many sources (Azadi et al. 2020). Figure 16 (left) shows an
example SED fit with significant radio excess.

5.3. Code Improvement

We add a new AGN component to the radio module of X-
CIGALE. To quantitatively model AGN radio emission, we
employ the radio-loudness parameter, R, defined as (e.g., Ballo
et al. 2012),

L, 5GH

©))

Ragn = ,
L, 25004

where L,scu, and L, ;5004 are the monochromatic AGN
luminosities per frequency at rest frame 5 GHz and 2500 A,
respectively. Ragn is a free parameter that allows for any
values >0 (Ragn = 0 means no AGN radio emission).

Here, we adopt L,,s004 as the intrinsic (polar-dust
absorption corrected) luminosity observed at a viewing angle
of 30°, and this quantity is available for X-CIGALE models (see
Section 2). This definition ensures that R is a physical quantity
inherent to the AGN itself and does not depend on the viewing
angle (e.g., Padovani 2016; Padovani et al. 2017). Therefore, R
works consistently for both type 1 and type 2 AGNs. Currently,
we assume L, sy, 1S isotropic in X-CIGALE. In the future, we
will model the radio anisotropy, which can be important for,
e.g., blazars and BL Lac objects.
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Table 4
Model Parameters for the COSMOS Radio Sources
Module Parameter Symbol Values
Star formation history SFR o f exp(—t/7) Stellar e-folding time Tstar 0.1, 0.5, 1, 5 Gyr
Stellar age Lstar 0.5,1,3,5,7 Gyr
Simple stellar population; Bruzual & Charlot (2003)  Initial mass function - Chabrier (2003)
Metallicity z 0.02
Dust attenuation; Calzetti et al. (2000) Color excess of the nebular lines EB-YV) 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 mag
Galactic dust emission; Dale et al. (2014) Slope in dMyyg x U~ “dU @ 2
AGN (UV-to-IR) SKIRTOR AGN contribution to IR luminosity  fracagn 0-0.99 (step 0.1)
Viewing angle 0 30°, 70°
Polar-dust color excess EB—V)pp 0,0.2,0.4 mag
Radio SF radio-IR correlation parameter IR 24,25,26,2.7
SF power-law slope Qsp 0.8
Radio-loudness parameter Racn 0.01, 0.02, 0.05, 0.1, 0.2, 0.5,..., 1000, 2000, 5000,
10000
AGN power-law slope QAGN 0.7

Note. For parameters not listed here, we use the default values. Bold font indicates new parameters in CIGALE V2022.0 introduced in this work.

We assume a power-law AGN SED over the wavelength
range of 0.1-1000 mm, i.e.,

LI/,AGN X ViaAGN’ (10)
where we allow the user to freely set the apgn slope. We set
the default value as aagn=0.7 (e.g., Randall et al. 2012;
Tiwari 2019). We caution that the power-law shape is an
overall simplistic assumption, as the real AGN radio SEDs
might be more complicated. The formula in Equation (10)
mainly serves as a correction for the AGN contribution to radio
fluxes, especially for the cases where only one or two radio
bands are available like our COSMOS radio sample. In the
future, we will explore more realistic and complicated radio
models based on multiband radio data.

5.4. Results and Interpretation

Using CIGALE V2022.0, we re-fit the photometric data of the
COSMOS radio sources (Section 5.1). We set Ragn to a wide
logarithmically spaced grid from 0.01 to 10000 (see Table 4)
based on the observations of quasars (e.g., Zhu et al. 2020). We
fix the radio slope in Equation (10) at the default value of
aagn = 0.7, as most (73%) of our sources only have one radio
band (3 GHz) available.

Unlike the results from X-CIGALE, the model radio fluxes
agree well with the observed fluxes (see Figures 14 and 15).
The offsets between the model and observed radio fluxes are
mostly (99.91% for 3 GHz and 98.6% for 1.4 GHz) within
0.5 dex. Therefore, we conclude that our implementation of the
AGN radio component is indeed useful in explaining the
observed radio flux, although the good fit of radio data is not
surprising given only one (or two) radio band(s) is available for
each source in our sample. Interestingly, the model 1.4 GHz
fluxes tend to be slightly lower than the observed ones (median
offset = 0.08 dex), suggesting that the typical AGN radio SED
in the COSMOS sample is steeper than our assumed
aagn = 0.7 (Table 4). However, this systematic offset might
also be a selection effect, as the relatively shallow 1.4 GHz data
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may miss AGNs with flatter radio SEDs and therefore lower
1.4 GHz fluxes.

Figure 16 compares example SED fits from X-CIGALE and
CIGALE V2022.0. The observed radio fluxes are dominated by
the AGN component from the CIGALE v2022.0 fit. The X-
CIGALE fit is not able to explain the radio fluxes due to the lack
of AGN radio emission. Compared to the CIGALE V2022.0 fit,
the X-CIGALE fit has a stronger galactic IR component. This is
because X-CIGALE only has galactic radio emission, which is
related to galactic IR emission through the radio-IR correlation
(Section 5.1). The high observed radio flux forcibly elevates
not only galactic radio emission but also its IR emission as a
consequence. In the CIGALE Vv2022.0 fit, the radio flux can be
mostly explained by the AGN component, and thus the strong
requirement of a galactic component is relaxed.

CIGALE Vv2022.0can calculate AGN rest-frame 1.4 GHz
luminosity (Pagn.1.4GHz; €-8., Padovani 2016) as a measure
of AGN radio strength. In this work, we consider the sources
with PagN,1.46H2/OPAGN,1.4GHz > 2 (Where P aGN,1.4GH 1S the
PAGN.1.4G6H, uncertainty from CIGALE V2022.0) as radio AGNs
and the rest as radio SF galaxies. This definition guarantees that
the AGN radio component is statistically significant (>20) for
the classified radio AGNs. We note that our definition of
AGN/SF is based on the radio-band decomposition, because
our focus here is radio emission. For example, if a source has
AGN features at other wavelengths (e.g., X-ray; see below) but
its AGN radio emission is insignificant, it will be classified as a
radio SF galaxy here. There are a total of 3221 radio AGNs,
50% of the sample. This high fraction indicates that radio
AGNs are common among the sources selected by deep radio
surveys. The radio-AGN fraction depends on radio fluxes. The
fractions are 47% and 85% for sources with 3 GHz fluxes
below and above 0.2 mJy, respectively. This significant radio-
flux dependence is also found by Smolci¢ et al. (2017b), who
used empirical criteria to classify AGNs and SF galaxies.

Figure 17 displays Ragn versus Pagn.1.4cu, and their distribu-
tions for our radio AGNs (P AGN,1.4GHz, / 6P AGN,1.4GHz > 2) The red
dashed line marks the conventional threshold (i.e., Ragn=
10; Kellermann et al. 1989) for radio-quiet (RQ) versus radio-loud
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Figure 14. Top: model vs. observed 3 GHz flux density of our COSMOS radio sources from X-CIGALE (left) and CIGALE v2022.0 (right). The red solid line indicates a
model = observed relation; the red dashed lines indicate 0.3 dex offsets from this relation. Bottom: the distributions of logarithmic model /observed f; 3Gy from the X-
CIGALE (left) and CIGALE v2022.0 (right). X-CIGALE systematically underestimates f,, 3G, indicating the presence of radio AGN emission. This underestimation does

not exist for the fits of CIGALE v2022.0, which has an AGN radio component.

(RL) AGN classifications. The numbers of RQ and RL. AGNs are
823 (26%) and 2398 (74%), respectively. We remind the reader
that this RQ/RL classification demonstrates an advantage of
CIGALE V2022.0, which simultaneously models multiwavelength
data in a consistent way (Section 5.3). Such a task is challenging
for empirical approaches, because the AGN UV /optical emission
is often heavily obscured and not directly observable (e.g.,
Figure 16).

X-ray emission is a good tracer of the BH-accretion process
(e.g., Brandt & Alexander 2015; Brandt & Yang 2021). It is
intriguing to investigate the X-ray emission of our classified
radio types. We adopt the Chandra COSMOS-Legacy survey
(Civano et al. 2016; Marchesi et al. 2016). A total of 801 of the
radio-selected sources in our radio sample are detected in
X-ray. Figure 18 displays the fractions of X-ray detected
sources among different radio types. The error bars represent
binomial uncertainties calculated using ASTROPY.STATS.
BINOM_CONF_INTERVAL. The uncertainties are negligible
compared to the differences across different radio types, thanks
to our relatively large sample sizes.
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The X-ray fraction of the radio AGNs is 1.9 times higher
than that of the radio SF. This result indicates that there is a
positive link between AGN radio and X-ray emission, broadly
consistent with the findings in the literature (e.g., Merloni et al.
2003; Laor & Behar 2008). Among the radio AGNs, the RQ
population has a higher X-ray detected fraction than the RL
population (Figure 18). This is expected, because RQs should
have hlgher LZ/,ZSOOA than RLs at a given PAGN,1.4GHZ (See
Equation (9)), and L, 5004 is strongly correlated with AGN Lx
due to the ax—L, 25004 relation (e.g., Steffen et al. 2006; Just
et al. 2007). However, the X-ray fraction of the RL AGNs is
still significantly higher than that of the radio SF population
(13% versus 9%). Assuming that the radio emission in RL
AGNs is mainly from jets (Section 5), the elevated X-ray
fraction of the RL population suggests a connection between
jets and X-ray emission. This connection suggests that AGN
jets could actively produce X-rays (e.g., Harris & Krawczynski
2006), or that there is a positive link between jets and the X-ray
emitting coronae (e.g., Zhu et al. 2020).

We note that, since we do not include the X-ray data in our
X-CIGALE run (Section 5.2), the X-ray detection fraction is
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Figure 15. Same format as Figure 14 but for the 1.4 GHz band.

independent of our SF, RQ, and RL classifications. Therefore,
the X-ray fraction dependence on the radio type should be
intrinsic, not a bias due to our SED-fitting procedure.

We set the default aagn=0.7 (see Section 5.3) and
Ragn =10 (i.e., the boundary between RL and RQ AGNj).
For aeagn, when there are multifrequency radio data spanning
a large wavelength range, the user can adopt multiple aagn
values to better model the observed radio fluxes. When only
one or two radio bands within a narrow wavelength range
(like our case) are available, the user can just keep the default
aagN to save memory and reduce computational time. For
the parameter of Rogn, We recommend that the user adopt
multiple values based on our fits (e.g., Figure 17). The user
can narrow the range of Ragn in some cases. For example, if
the sources have spatially extended radio structures (strong
evidence for radio-loud AGNs), then Rpgn can be set to >10
values.

6. Miscellaneous Updates

In addition to the major changes of the code detailed in
previous sections, we also implement several minor updates as
below.

1. In X-CIGALE, the a,x parameter (X-ray module) is
internally set to —1.9, —1.8, —1.7, ..., —1.1, and the
user cannot control it. In CIGALE V2022.0, we change avox
to an explicit parameter that is set by the user, although
the default values are still —1.9, —1.8, ..., —1.1.
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This change allows the user to run X-CIGALE more
effectively when using the X-ray module. For example, if
the sample consists of luminous quasars that typically
have more negative values of a,y (e.g., Just et al. 2007),
then the user can set oy as, e.g., —1.9, —1.8, —1.7, and
—1.6. This setting will reduce the number of models by a
factor of 2.25, significantly boosting the efficiency.

This update of « also allows for the investigations
of rare AGNs that have extreme o,y values. For example,
the class of X-ray weak quasars can have a,x < —1.9
(e.g., Pu et al. 2020), beyond the fixed o, parameter grid
in X-CIGALE. In CIGALE V2022.0, the user can adopt o«
more negative than —1.9 to probe the X-ray weak
population.

. In X-CIGALE, the normalization of the AGN component

is controlled by the parameter of AGN fraction, defined

L
as fracagy = —— 2% where Lgus, agn and
Lgust, AGN + Laust, galaxy

Lgust, galaxy are AGN and galactic dust luminosity
(integrated over all wavelengths), respectively. In
CIGALE Vv2022.0, we allow the user to change the
definition wavelength (range) of fracagn by another
parameter, “lambda_frac AGN.” Setting it t0 “Amin / Amax

. . L
(units: pm) means that fracygy is defined as —=2—
LAGN + Lgalaxy

where Lagn and Lgaxy are AGN and galaxy total
luminosity (not only dust) integrated over the wavelength
range from Apin t0 Amax- If Amin = Amax, then the code
will use the monochromatic luminosity at this
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Figure 16. Example SED fits for a COSMOS radio source from X-CIGALE (left) and CIGALE V2022.0 (right). The observed radio fluxes are much higher than the model
ones from X-CIGALE. CIGALE V2022.0 accounts for this radio excess with an AGN radio component. Also, compared to the CIGALE V2022.0 fit, the X-CIGALE fit has a
much stronger galactic IR component, because the high observed radio fluxes force an elevated galactic IR emission via gir (Equation (7)).
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Figure 17. Ragn vs. AGN 1.4 GHz power and their distributions. Only the
sources with a significant AGN component (Pagn.1.4GHz/OPAGN.1.4GHz > 2)
are displayed. The red dashed horizontal line indicates the threshold for our
radio-loud vs. radio-quiet classification.

wavelength. If lambda_fracAGN is set to “0/0” (the
default values), then the code will still use the definition
of fracygn in X-CIGALE. This change allows the users to
model AGN versus galactic relative strength in their
interested wavelengths.

3. X-CIGALE allows three extinction laws for AGN polar
dust (i.e., Calzetti et al. 2000, nearby star-forming
galaxies; Gaskell et al. 2004, large dust grains; Prevot
et al. 1984, Small Magellanic Cloud, SMC). These
extinction laws extend to ~100nm, below which X-
CIGALE adopts analytical extrapolations. These extra-
polations lead to large, nonphysical extinctions below
100 nm. This has a direct impact on the models: the dust
reprocessing has too much radiation that is re-emitted in
the infrared while it dramatically steepens the slope of the
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Figure 18. X-ray detection fraction for different radio source types (as labeled).
The red data point represents the radio AGN sample (Pagn.14GHz/
OPAGN.1.4GHz > 2), including both RL and RQ AGNs. The error bars represent
binomial uncertainties. The radio AGNs have a higher X-ray detection fraction
than the SF galaxies, suggesting a link between AGN radio and X-ray
emission.

accretion-disk emission. In order to address this issue, the
extinction curves were recalculated in the entire wave-
length range of interest by the module within the SKIRT
radiative-transfer code (Baes et al. 2011; Baes &
Camps 2015; Camps & Baes 2015) based on the realistic
dust mixtures and optical properties taken from the
literature. The SMC dust mixture consists of populations
of silicate and graphite dust grains. The grain size
distribution is taken from Weingartner & Draine (2001): a
power-law function with a curvature and an exponential
cutoff. Instead of extrapolation, below 100nm, the
Calzetti extinction curve was replaced by the one
corresponding to the standard Galactic interstellar dust
(Mathis et al. 1977). The Gaskell dust mixture represents
a modification of that of the Mathis et al. (1977)
consisting of silicate and graphite populations with
power-law grain size distribution: the abundance of
graphite is lowered to 15%, the power-law exponent is
taken to be —2.05, and the maximum grain size is
lowered to 0.2 um. We adopt these new extinction curves
below 100nm for CIGALE Vv2022.0. In Figure 19 we
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Figure 19. Top: the extinction curves in CIGALE V2022.0 (solid) and X-CIGALE
(dashed). Different colors indicate different extinction laws as labeled. Below
100 nm, the CIGALE V2022.0 curves have been calculated based on the optical
properties of the realistic dust mixtures, while the X-CIGALE curves are
analytical extrapolation. Bottom: the type 1 AGN SED models with different
polar-dust E(B — V). The models are normalized at 10 ym. The solid and
dashed curves are based on the CIGALE V2022.0 and X-CIGALE SMC extinction
curves, respectively. The polar-dust re-emission (~30 p m) is lower (bottom
panel) when using the CIGALE V2022.0 extinction, because the CIGALE V2022.0
extinction is weaker than the X-CIGALE one at <10 nm and both codes follow
energy conservation.

display the X-CIGALE and CIGALE V2022.0 extinction
curves (top) as well as some example type 1 AGN models
with different polar-dust E(B — V) (bottom).

7. Summary and Future Prospects

In this work, we test X-CIGALE on different AGN/galaxy
samples and improve the code accordingly. We publicly release
the new code as CIGALE v2022.0 on https://cigale.lam.fr. Our
main results are summarized below.

1.

The X-CIGALE fits of COSMOS type~2 AGNs produce
systematically negative Aaq,,y, indicating that the
observed X-ray fluxes are below the expectations from
the isotropic AGN X-ray model. In CIGALE V2022.0, we
allow the user to model AGN Ly (intrinsic X-ray
luminosity) as a second-order polynomial of cosf. We
test three different sets of polynomial coefficients, i.e.,
(a1, ax) = (0.5, 0), (1, 0), and (0.33, 0.67), and compare
the results with those of the isotropic model. We find that
the fits from (a;, a;) = (0.5, 0) have the best quality in
terms of both Aay, and AAIC. This result indicates that
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AGN X-ray emission is moderately anisotropic in general
(see Section 2).

2. For the CDF-S normal galaxies, the model X-ray fluxes
from X-CIGALE do not agree well with the observed
fluxes for many sources, e.g., 21% of the sources have
offsets >0.5 dex. These offsets reflect the intrinsic
scatters of the Ly™MXB_SFR and L{MXB_M, scaling
relations for individual galaxies due to, e.g., globular
clusters and statistical fluctuations. Therefore, in CIGALE
Vv2022.0, we introduce two new free parameters, Ognxs
and 6y vxp, Which are the logarithmic deviations from the
default LIMXB_SFR and LMXB_M, scaling relations.
We set both parameters from —0.5 to 0.5 with a step of
0.1 and re-fit the sources with CIGALE v2022.0. All of the
resulting model fluxes agree with the observed fluxes
within ~0.5 dex. The resulting dgvxs and & vxs
distributions both show a slightly positive trend,
suggesting a systematic offset of the L{™M*B and LMXB
scaling relations or an X-ray selection bias (see
Section 3).

3. A significant fraction (32%) of SDSS quasars have u—z
colors bluer than the model limit (u —z=0.5) of X-
CIGALE. We allow the user to adjust the UV /optical
slope of the intrinsic-disk model with a dogN parameter in
CIGALE Vv2022.0. This change successfully models the
observed blue quasar SEDs. The fitted dpgn has a
negative median value (—0.27), suggesting that the
typical intrinsic quasar SED might be bluer than the
default Schartmann et al. (2005) model. However, the
degeneracy between dpgn and E(B — V)pp might also
contribute to this negative trend (see Section 4).

4. X-CIGALE only accounts for galactic radio emission. It’s
fits of COSMOS radio sources fail to account for the
observed radio ~3 GHz fluxes in many cases, e.g., 28%
of the sources have model fluxes more than 0.5 dex below
the observed ones. Therefore, in CIGALE V2022.0, we add
an AGN radio power-law component, parameterized by
AGN loudness (Ragn) and power-law slope (aagn)-
With this AGN component, the model agrees with the
observed ~3 GHz (and 1.4 GHz when available) data
point within ~0.5 dex for most sources. From the fits of
CIGALE V2022.0, we find that about half of the radio
sources have a significant radio AGN component (as
defined by Pagn,1.46Hz/OPAGN.1.4GH, > 2), and we clas-
sify the rest as radio SF galaxies. This result suggests that
AGN activity is common among sources selected by deep
radio surveys.

5. We also implement several miscellaneous updates in
CIGALE Vv2022.0. We allow the user to set the AGN «y
grid instead of fixing it. We introduce a new free
parameter “lambda_fracAGN,” which sets the wave-
length range for fracogn definition. We improve the
AGN polar-dust extinction curves at A\ < 100 nm based
on realistic dust mixtures and optical properties taken
from the literature. These updates make CIGALE V2022.0
more flexible and physical (see Section 6).

Multiwavelength deep and/or wide surveys have become
increasingly popular in extragalactic research. CIGALE v2022.0
serves as a reliable and efficient tool to physically interpret the
multiwavelength survey data from radio to X-ray wavelengths.
Its open-source nature and module-based structure (Boquien
et al. 2019) will also benefit the community. In our experience,
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most user-specific needs can be satisfied by the original code or
with slight/straightforward modifications. Future works can
apply CIGALE V2022.0 to current/ongoing surveys, e.g., Very
Large Array Sky Survey (Lacy et al. 2020), eRASS (Predehl
et al. 2021), and LOFAR Two-metre Sky Survey (Shimwell
et al. 2017) as well as future surveys from, e.g., JWST,
Xuntian, Athena, and SKA.
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