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ABSTRACT

Context. The AGN bolometric correction is a key element for understanding black hole (BH) demographics and computing accurate
BH accretion histories from AGN luminosities. However, current estimates still differ from each other by up to a factor of two to
three, and rely on extrapolations at the lowest and highest luminosities.

Aims. Here we revisit this fundamental question by presenting general hard X-ray (Kx) and optical (Kp) bolometric corrections,
computed by combining several AGN samples spanning the widest (about 7 dex) luminosity range ever used for this type of studies.
Methods. We analysed a total of ~1000 type 1 and type 2 AGN for which we performed a dedicated SED-fitting.

Results. We provide a bolometric correction separately for type 1 and type 2 AGN; the two bolometric corrections agree in the
overlapping luminosity range. Based on this we computed for the first time a universal bolometric correction for the whole AGN
sample (both type 1 and type 2). We found that K is fairly constant at log(Lgor/Le) < 11, while it increases up to about one order
of magnitude at log(Lgor/Ls) ~ 14.5. A similar increasing trend has been observed when its dependence on either the Eddington
ratio or the BH mass is considered, while no dependence on redshift up to z ~ 3.5 has been found. In contrast, the optical bolometric
correction appears to be fairly constant (i.e. Ko ~ 5) regardless of the independent variable. We also verified that our bolometric
corrections correctly predict the AGN bolometric luminosity functions. According to this analysis, our bolometric corrections can be

applied to the whole AGN population in a wide range of luminosity and redshift.

Key words. black hole physics — galaxies: active — quasars: supermassive black holes — galaxies: evolution —

galaxies: fundamental parameters — X-rays: galaxies

1. Introduction

To properly study the structure and evolution of active galactic
nuclei (AGN) and understand how the observed local correla-
tions between the super massive black hole (SMBH) mass and
the host galaxy (Magorrian et al. 1998; Tremaine et al. 2002;
Marconi & Hunt 2003; but see also Shankar et al. 2016, 2019)
originate (in the AGN-galaxy coevolution scenarios), an accu-
rate knowledge of the AGN internal mechanisms, physical prop-
erties, and then energetic budget of the AGN is necessary.

As a result, the bolometric luminosity, which is the total
luminosity emitted at any wavelength by the AGN, becomes
one of the key parameters that are to be known with the highest
accuracy.

Article published by EDP Sciences

However, unless a wealth of multi-photometric data are
available, it is necessary to use the so-called bolometric correc-
tion to derive the AGN bolometric luminosity. This is which is
defined as the ratio between the bolometric luminosity and the
luminosity in a given spectral band, that is, Kyand = LoL/Lband-

Empirical bolometric corrections have a strong effect on
our understanding of black hole (BH) demographics and AGN
output, being widely adopted by the scientific community in both
observational (e.g. to measure the fraction of total bolometric
emission in AGN for a given band luminosity) and theoretical
studies (e.g. in cosmological hydro-dynamical simulations to
produce realistic synthetic catalogues of AGN, Koulouridis et al.
2018). Moreover, a correct knowledge of the bolometric
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correction is fundamental for converting the AGN luminosity
function into the accretion rate history (Salucci & Persic 1999;
Uedaetal. 2003; Volonteri et al. 2003; Shankar etal. 2004;
Marconi et al. 2004; Vittorini et al. 2005; La Franca et al. 2005;
Aversa et al. 2015) and in turn deriving the local SMBHs (Soltan
1982), or more accurately, map the coeval growth of galaxies and
their central SMBHs (Bongiorno et al. 2016; Aird et al. 2019).

The interest in this type of studies has been steadily increas-
ing over time because larger AGN samples have become avail-
able. However, characterizing the AGN bolometric luminosity is
a challenging problem for several reasons. First of all, we need to
take the contamination from the host galaxy to the nuclear emis-
sion into account, which is a source of uncertainty particularly
relevant for the AGN with lower luminosity. In addition, con-
sidering that the emission in different bands originates in diverse
physical structures (a subparsec accretion disk in the UV-optical,
a dusty parsec-scale torus in the IR and kiloparsec-scale rela-
tivistic jets in the radio), each spectral region varies with distinc-
tive timescales. Another problem is the anisotropy of the AGN
emission, which may depend on wavelength and may be peculiar
to each specific source. Finally, given the multiwavelength fea-
ture of the AGN emission, observations from a variety of tele-
scopes are necessary in order to build up complete and detailed
spectral energy distributions (SEDs).

For these reasons, several attempts have been made in the
past decades to accurately study the shape of the AGN SED
(Sanders et al. 1989; Elvis et al. 1994; Richards et al. 2006). A
key observational parameter is the optical-to-X-ray spectral
index @y, defined as the slope of a power law connecting two
regions of the SED: the UV (i.e., the accretion disc) and the

X-rays (i.e., the so-called X-ray corona), and parametrized as

Qox = —% (Tananbaum et al. 1979). Some authors

have investiga2fed the evolution of the apx spectral index (see,
e.g., Kelly et al. 2008; Vasudevan et al. 2009; Lusso et al. 2010;
Marchese et al. 2012; Lusso & Risaliti 2017), which should pro-
vide an indication about the nature of the energy generation
mechanism in AGN. Many of the authors reported that the
UV-to-X-ray SED shows no significant dependence on red-
shift, while the primary dependence is on the UV luminosity
(Vignali et al. 2003; Steffen et al. 2006; Lusso & Risaliti 2016).
This supports a scenario in which the mechanism responsi-
ble for the nuclear emission of the AGN remains the same
at any redshift, but correlates with the AGN luminosity: in
particular, the ratio between the X-ray luminosity and the
UV/optical luminosity decreases with increasing luminosity
(see, e.g. Martocchia et al. 2017).

One of the first attempts to derive the bolometric correc-
tion was carried out by Elvis et al. (1994), who estimated the
bolometric corrections in different bands using a mean energy
distribution from a sample of 47 AGN, including the IR emis-
sion in the bolometric luminosity and therefore counting part
of the emission twice. Shankar et al. (2004) gave a prelimi-
nary estimate of the hard X-ray bolometric correction, while
Marconi et al. (2004) derived an estimate of the bolometric cor-
rections in the optical B, soft and hard X-ray and IR bands,
similarly to Hopkins et al. (2007) and Shen et al. (2020), who
included the IR emission in the computation of the AGN total
luminosity, however. Vasudevan & Fabian (2007) studied a sam-
ple of 54 X-ray bright (Lx > 10* ergs~!) AGN, pointing out that
particular classes of sources (as radio-loud, X-ray weak or nar-
row line Seyferts 1) might have different bolometric correction
relations than the rest of the AGN population. Lusso et al. (2012)
analyzed a sample of about 900 X-ray selected AGN deriving the
bolometric corrections in the same bands as Marconi, separately
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for type 1 and type 2 sources, and valid for approximately three
orders of luminosity. Runnoe et al. (2012a) sampled the optical
band giving the bolometric corrections at three different wave-
lengths (1450 A, 3500 A and 4000 A), while IR bolometric cor-
rections were provided in Runnoe et al. (2012b). Krawczyk et al.
(2013) focused on the characterization of the bolometric cor-
rections of luminous broad-line AGN in a wide range of red-
shift (0 < z < 6). Very recently, Netzer (2019) provided simple
power-law approximations of the bolometric corrections in the
optical and hard X-ray bands, obtained by combining theoreti-
cal calculations of optically thick, geometrically thin accretion
disks, and observational X-ray properties of AGN. Although all
these works gave a good estimate of the AGN bolometric correc-
tions in different bands, they were limited by the narrow range
of luminosity sampled. This implies that for both high- and low-
luminosity objects, most of the studies had to rely on extrapola-
tions of the bolometric correction. Moreover, all of them, except
for Lusso et al. (2012), focused on luminous, unobscured (type
1) sources, where the bolometric luminosity is much more easily
measured because the SED is less strongly affected by obscura-
tion and galaxy contamination than in type 2 sources.

We focus here on characterizing the hard X-ray (Kx =
Lgor/Lx) and the optical (Ko = Lgor/Lo) bolometric correc-
tions, considering a sample spanning the widest range of lumi-
nosity (about seven decades) so far that comprises both type 1
and type 2 sources, up to z ~ 4. Throughout the paper, Ly is
the 2—-10keV intrinsic X-ray luminosity and Lo is the B-band
4400 A luminosity.

The paper is organized as follows: in Sect. 2 we present
the data sample, and Sect. 3 provides a detailed explanation of
the SED-fitting method we used to separate the AGN and host
galaxy emission components. In Sect. 4 we analyze the bolo-
metric correction as a function of luminosity: Sect. 4.1 presents
the results of the new hard X-ray bolometric correction for the
type 1 and the type 2 sample separately, and then a general rela-
tion for the whole population; while Sect. 4.2 is dedicated to
the optical bolometric correction for type 1 AGN. In Sect. 5
we study the bolometric correction as a function of redshift.
Section 6 is dedicated to the study of the dependence of the bolo-
metric corrections on the BH mass and Eddington ratio, while
in Sect. 7 we derive the AGN unobscured bolometric luminos-
ity function using the newly computed bolometric corrections.
Finally, Sects. 8 and 9 present the discussion and our summary.

In what follows, we adopt a ACDM cosmology with Hy =
70, Q= 0.30, Q4 = 0.70. All the uncertainties and spreads are
quoted at 68% (1o°) confidence level, unless otherwise stated.

2. Data sample

We used a collection of ~1000 sources belonging to five differ-
ent AGN samples in order to cover the widest luminosity range
(~7 dex) ever sampled for this type of study (Fig. 1).

For this work we considered only radio-quiet AGN. We
have therefore excluded from the analysis all sources with
logl(1.4GHz [WHz'])>26 (see, e.g. Milleretal. 1990;
La Franca et al. 2010).

2.1. Swift sample

The low-luminosity end is populated by the Swift sample, which
consists of a collection of 21 type 1 (2 x 10" ergs™' < Lx <
8 x 10¥ ergs™") and 27 type 2 (3 x 10¥ergs™! < Lx < 3 x
10" ergs™") AGN at z < 0.16 from the Swift/BAT 70-month



F. Duras et al.: Universal bolometric corrections for active galactic nuclei over seven luminosity decades

I.Slv\ll;:-ll(l-rlylp;é 2) T T IIIIIII T T IIIIIII T T TTTT 1048
1014 LB SWIFT (Type 1)
DO WISSH (Type 1) i
- 1047
1018 3
—; 1046
1012 §
L& | ] _
fl E 1048 Q
—'? 101 . .. E %n
N ‘ E 1044 '__'1
,_? 1010 L ' ; ,j%
| . - 1042
10° ..‘ . E
< 102
108 E
- 104
107 II 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 III?
0.001 0.01 0.1 1
redshift

Fig. 1. Intrinsic X-ray luminosity in the 2—10keV band as a function of
the redshift of the Swift type 1 (blue filled squares) and type 2 (red filled
circles) samples, the X-WISSH sample (blue open squares), the COS-
MOS type 1 (gray asterisks) and type 2 (light gray asterisks) sources,
the ASCA type 1 (pink open squares) and type 2 (golden filled circles)
objects and the XXL type 1 (cyan open squares) AGN.

catalog, which is considered one of the most complete hard
X-ray surveys, containing about 1200 hard X-ray objects in the
14-195keV band, of which about 700 are classified as AGN
sources (Baumgartner et al. 2013). For these AGN, the intrin-
sic hard X-ray luminosity is provided by Ricci et al. (2017a).
We remark that with the term type 1 AGN we define the tar-
gets that show broad emission lines in the optical spectra, and
we refer to type 2 AGN as those AGN without (Seyfert 2) or
with weak (intermediate 1.8—1.9) evidence of the broad line
region, or even without any lines at all in their optical spectra.
The Swift type 2 AGN belong to an original sample of 41 AGN,
for which our group obtained near-IR (NIR) spectroscopic obser-
vations using ISAAC and X-shooter at the Very Large Telescope
(VLT), and the LBT Utility Camera in the Infrared (LUCI) at the
Large Binocular Telescope (LBT; Onori et al. 2017a). Six addi-
tional sources with data from the literature have been added at
a second time. In this total sample of 47 AGN, a fraction of
~30% showed faint broad emission lines after deep NIR spec-
troscopy that allowed us to estimate their BH mass, Mgy (see
Onori et al. 2017b) using the BH mass virial estimator calibrated
by Ricci et al. (2017b).

The Swift type 1 AGN belong to an original sample of 33
sources that were presented in Riccietal. (2017c) and were
included in the Swift/BAT 70-month catalog, whose Mpy were
measured via reverberation mapping techniques, and for which
reliable bulge classification is available (Ho & Kim 2014). This
sample has been adopted by Ricci et al. (2017b) to calibrate
a virial BH mass estimator that can be used to measure Mgy
of low-luminosity obscured AGN. According to Onori et al.
(2017b) and Ricci et al. (2017c), the local type 1 and type 2
sources can be considered representative of the AGN populations
that are included in the Swift/BAT catalog. As shown in Fig. 1,
this sample allows us to probe the lowest luminosity range of our
entire dataset.

In order to estimate the physical properties of the Swift
AGN sample, a multiwavelength photometric dataset was col-
lected. We removed two radio loud (RL) sources from the orig-
inal Swift/BAT 70-month catalog and considered only the data
whose photometric aperture was representative of the flux of the
entire galaxy. We then collected photometric data for a total of
36 bands, using the NASA/IPAC Extragalactic Database (NED)'
and other public catalogs: far- and near-UV data are from obser-
vations obtained with the Galaxy Evolution Explorer (GALEX)
observations (GildePaz et al. 2007); U, B, V, R and I bands
are taken from the Atlas of galaxies by de Vaucouleurs et al.
(1991) or from the Sloan Digital Sky Survey (SDSS) DR12?;
the NIR J, H, and K bands from the Two Micron All Sky Sur-
vey (2MASS)?; data at 3 um, 4.5 ym, 12 ym and 22 ym are from
the Wide-field Infrared Survey Explorer (WISE)*; data at 12 um,
25 um, 60 um and 100 um are from the Infrared Astronomical
Satellite (IRAS) and from the IRAS Revised Bright Galaxy Sam-
ple by Sanders et al. (2003); 120 um, 150 um, 170 um, 180 um
and 200 ym- band are from ISOPHOT (Spinoglio et al. 2002);
finally, FIR data at 250um, 350 um and 500 um are from
Herschel (Shimizu et al. 2016) or the Balloon-borne Large Aper-
ture Submillimiter Telescope (BLAST; Wiebe et al. 2009). We
discarded the sources for which the data were not sufficient
to guarantee a good photometric coverage. In particular, we
included only the objects for which (1) we have more than three
bands for each region of the spectrum, that is, UV/optical, NIR
and mid-IR (MIR); and (2) each photometric value has a signal-
to-noise ratio S/N > 5. For this reason, 20 of the 46 type 2
sources and 12 of the 32 type 1 sources were excluded from our
analysis. Therefore the local sample of Swift AGN includes 26
type 2 and 20 type 1 AGN. This selection could induce a bias in
the SEDs of the sources we analyzed. We investigated this possi-
bility by studying the X-ray-to-MIR ratio distribution (using the
WISE W1 band, whose value is available for all the objects). The
sample of the excluded sources (OUT sample) shows an aver-
age X-ray/MIR that is 0.2 dex higher than that of the included
sources (IN sample) at 2.50, while in the total sample the
X-ray/MIR is 0.09 dex higher than that of the IN sample. How-
ever, as discussed below, this bias has negligible effects on the
final derived bolometric correction relations and on the main
conclusions of this paper (see Sect. 4.1).

2.2. X-WISSH sample

At the brightest end, we started from the Wlse Selected Hyper-
luminous (WISSH) sample (see Bischetti et al. 2017), which is
composed of 86 hyperluminous (Lgor, > 2 X 1047 ergs™) type
1 AGN in the redshift range 2 < z < 4, detected in the MIR by
WISE. Of the 86 sources, 41 have been observed in the X-rays
by XMM or Chandra (see Martocchia et al. 2017). Six X-ray
undetected and two RL sources were excluded from our analy-
sis, resulting in a final X-WISSH sample of 33 type 1 AGN. For
all of them, a wide photometric coverage (from the X-ray to the
MIR) is available.

2.3. COSMOS sample

This sample includes 369 type 1 and 484 type 2 sources
from the XMM-COSMOS catalog that were studied by

! https://ned.ipac.caltech.edu/

2 https://www.sdss.org/dr12/

3 https://irsa.ipac.caltech.edu/Missions/2mass.html
4 https://irsa.ipac.caltech.edu/Missions/wise.html
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Lusso et al. (2012, hereafter L12), in the redshift range 0.1 <
7 < 4. The average hard X-ray luminosity is Lx ~ 10" ergs™'.
From the sample presented in L12, we rejected 4 RL type 1 and
3 RL type 2 sources. The original type 2 sample in L12 was
composed of 488 AGN, but one source had an incorrect spectro-
scopic classification and was eventually classified as an inactive
galaxy. The intrinsic hard X-ray luminosities of the sources are
published in L12, and we refer to that work for the derivation of

their physical properties.

2.4. ASCA sample

This sample belongs to the ASCA Medium Sensitivity Sur-
vey in the northern sky (AMSSn) sample that was analyzed by
Akiyama et al. (2003). We used all the AGN sources for which
good photometric data were available (see the criteria adopted
for the Swift sample). Their photometry has been obtained by
cross-correlating data from the SDSS, the 2MASS survey and
WISE. The final ASCA sample, after removing one type 1 RL
AGN, contains 22 type 1 and 6 type 2 sources, up to z ~ 2.3. The
original X-ray luminosity published in Table 3 of Akiyama et al.
(2003), was rescaled according to our adopted values of the cos-
mological parameters.

2.5. XXL sample

Finally, we used a subsample of AGN from the XXL-N sur-
vey (Pierre et al. 2016). From the 8445 point-like X-ray sources
presented by Liu et al. (2016), we selected AGN with 2-10keV
photon counts greater than 50. From these, we chose those with
high bolometric luminosities (Lgor, > 10*- ergs™!, as listed in
their Table 2) in order to achieve better statistical significance
in the highest luminosity regime just below the one probed by
the X-WISSH sample. We removed 6 RL sources and therefore
the final XXL sample consists of 31 type 1 AGN in the redshift
range 0.9 < z < 5.

In all the above samples the 2-10keV intrinsic X-ray lumi-
nosities derived from X-ray spectral fitting were used when
available. Otherwise, they were rescaled by assuming a typical
common I" = 1.8 photon index value.

We stress that all the described samples except for the
X-WISSH sample are X-ray selected, which could in princi-
ple introduce a bias in the estimate of the bolometric correction.
However, we show in Sect. 4.1 that this effect can be considered
to be negligible.

3. Spectral energy distribution

In this section we focus on the SED characterization and on the
consequent derivation of the main physical properties (in par-
ticular the bolometric luminosity) of the sources belonging to
the Swift, X-WISSH, ASCA and XXL samples. The properties
of the COSMOS sample were taken from L12, who used an
SED-fitting method similar to the one adopted in this paper (see
Sect. 3.2).

3.1. SED fitting

The SED fitting procedure is based on a modified version of
the code described in Duras et al. (2017, hereafter D17). The
observed SED of each source is the result of different compo-
nents produced by the nuclear engine and the stellar light (e.g.,
Bongiorno et al. 2012; Berta et al. 2016; Calistro Rivera et al.
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2016). The nuclear emission produces two bumps in the UV
and NIR regimes that create a dip at around 1 um (Sanders et al.
1989; Elvis et al. 1994; Richards et al. 2006). The UV bump is
due to thermal emission from the accretion disk (Czerny & Elvis
1987), and the NIR bump to the reemission at longer wave-
lengths of the intrinsic primary radiation that is absorbed by hot
dusty clouds in the torus. In the same way, the stellar light pro-
duces a direct UV/optical emission (mainly due to hot stars) and
a MIR-FIR component (ascribed to its reprocessing by the cold
dust located on galactic scales). How much these two compo-
nents contribute to the global SED depends on a number of fac-
tors, the most important ones being their relative luminosity and
the level of obscuration that affects each of them.

In D17 the fit was performed with three emission compo-
nents:

1. the accretion disk plus torus emission (using a combina-
tion of models by Feltre et al. (2012) and Stalevski et al. 2016),

2. the cold dust emission connected to the galactic star for-
mation activity (modeled as a modified blackbody),

3. an additional component in the MIR, representing warmer
dust in the vicinity of the nucleus (described by a simple black-
body).

We here used an improved version of the code described in
D17 in order to also take sources with low contribution from
the nuclear engine into account, using the photometric informa-
tion in the X-ray band. To do this, (a) we added an additional
component, that is, the UV-optical stellar emission from the host
galaxy; (b) and the optical-to-MIR AGN SED was modeled start-
ing from the hard X-ray normalized templates by Silva et al.
(2004).

(a) The galaxy emission component was not included in D17
for the study of type 1 WISSH AGN because the UV galac-
tic light is completely outshone by the AGN emission for such
bright unobscured sources. We here added a galaxy component
to the three emission components that were used in D17. The
galaxy emission is produced by the integrated light of diverse
stellar populations characterized by distinct star formation histo-
ries (SFHs). We generated a library of synthetic spectra, using
the stellar population synthesis models of Bruzual & Charlot
(2003). We assumed a Chabrier (2003) initial mass function,
building 10 declining SFHs as a function of the e-folding time
and the age of the galaxy (see, e.g., Bongiorno et al. 2012). For
all the galactic templates we took the effect of dust extinction
inside the galaxy into account, choosing as reddening curve the
Calzetti’s law (Calzetti et al. 2000). The final library of galaxy
templates we used consists of about 900 templates with extinc-
tion in the range 0 < E(B - V) <0.5.

(b) In type 1 unobscured sources, the AGN component dom-
inates the optical and IR bands compared to the host galaxy
emission; in contrast, in type 2 obscured AGN, the SED is
characterized by an optical continuum dominated by the host
galaxy emission, while the AGN component is mainly relevant
at IR wavelengths. To model the emission from type 2 AGN
we adopted the AGN SEDs by Silva et al. (2004), which were
derived from a sample of 33 Seyfert galaxies properly corrected
for any galaxy nuclear contribution. They are available in four
intervals of X-ray absorption: Ny < 10*2cm™2 for Seyfert 1
(Syl), 1022 < Ny < 102 cm™, 102 < Ny < 10*cm™2 and
Ny > 10%* cm™2 for Seyfert 2 sources (Sy2). Being hard X-ray
normalized SEDs, they are able to provide the AGN optical-to-
MIR component when good-quality hard X-ray photometric data
(corrected for absorption, see Ricci et al. 2017a) are available, as
in the case for our sources. As shown by Silva et al. (2004), all the
AGN X-ray normalized SEDs can be considered quite identical



F. Duras et al.: Universal bolometric corrections for active galactic nuclei over seven luminosity decades

50 um

1048

_--Silva+04 H
___ Stalevski+16

1 045

AF, [erg/s]

104 -
F / ]
- / -
/
:/_‘~\’\\ s~ :
104 J
n / ]
r / ]
- / -
L J/ i
1042 \N 1 ||||||I 1 |I/||||||l 1 1 ||||||I 1 1 |;||||I 1
1000 104 108 108

rest—frame wavelength [4]

Fig. 2. Examples of UV-to-IR AGN templates with different levels of
absorption from Silva et al. (2004) and Stalevski et al. (2016). The ver-
tical dotted line at ~50 um shows the position of the pivotal photometric
point derived from the X-ray luminosity, where the AGN templates are
very similar.

above 40 um (see Fig. 2), with a spread of about 0.1 dex. Assuming
an average value of the SEDs at 50 um, we therefore converted the
hard X-ray photometry into a virtual pivotal photometric, to be fit
only by the AGN templates (see Fig. 3). Aware of this assumption,
to overcome the limitation of having only four AGN templates,
and in the meantime to better reproduce the spectral emission of
either very luminous type 1 or very low luminous type 2 AGN,
we enriched the library with the models by Stalevski et al. (2016)
used in D17.

To summarize, our emission model (fiode1) includes four emis-
sion components:

Jmodel = Afagn + BfgaL + Cfep + D fue, (D

where fagn represents the emission coming from the active
nucleus, both direct and reprocessed by the dusty torus, fgaL
is the emission from the stars, fcp accounts for the FIR emis-
sion due to the reprocessed flux by cold dust and is modeled as
a modified blackbody, and fy is any possible excess MIR com-
ponent, modeled as a simple blackbody. Finally, A, B, C and
D are the relative normalizations. The fitting procedure allows
us to determine through a y? minimization the combination of
templates that best describes the observed SED and their relative
contributions.

3.2. SED results

Based on the final SED best-fit models, the intrinsic AGN bolo-
metric luminosity of the type 1 AGN sources was derived by
integrating the AGN emission component in the range 20 A—
1 um. As L12, we neglected the IR emission to avoid counting
the UV/optical photons twice that are reprocessed by the dust
(for a different approach see Hopkins et al. 2007, who instead
included this component in the estimation of the total emitted
SEDs due to the AGN activity). It is worth noting that the val-
ues of the bolometric luminosity published in D17 for the nine
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Fig. 3. Example of SED fitting results. From top to bottom: one type 2
source from the Swift sample, one type 1 from the X-WISSH sample,
one type 2 from the ASCA sample, one type 1 from the XXL sample
and one type 2 from the COSMOS sample. The AGN, galaxy, cold dust
and excess emission components are shown in different colors and line
types (as stated in the legend of the first figure in the rop panel). Black
circles are the photometric points of the source. The virtual AGN pivotal
photometric point at 50 um, derived from the hard X-ray data, is shown
as the black pentagon (see text for details).
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X-WISSH sources with Herschel coverage (in common with
this work) are almost identical (within few percent) to those
obtained using our modified version of the SED-fitting code, that
is, including the X-ray photometric information.

Type 2 AGN emission in the UV/optical bands is known to
be more affected by the host galaxy than type 1 AGN. In this
case we followed the approach by Pozzi et al. (2007) to compute
the bolometric luminosity by integrating the AGN template in
the range 1 um—1000um and simply rescaling the result for a
factor 1.9 (see also Vasudevan et al. 2010). If instead the X-ray
luminosity is included (as was done for the XMM-COSMOS
sources by L12), this factor is reduced to ~1.7 (Pozzi et al.
2007). This correction accounts for the geometry of the torus and
its orientation. It is indeed related to the covering factor f (which
represents the fraction of the primary optical-UV radiation inter-
cepted by the torus) and to the anisotropy of the IR emission,
function of the viewing angle. We verified that when we applied
this method to the type 1 sources, the resulting bolometric lumi-
nosities are consistent (within 8%) with those obtained by the
direct integration of the UV-to-NIR AGN emission.

We verified that the SED-fitting method described above pro-
vides results similar to those obtained by L12 for the COS-
MOS sample. In a random sample of ten type 1 and ten type
2 COSMOS AGN, the bolometric luminosities estimated using
our SED fitting agree with L12 within 0.04 dex. Such a small
discrepancy was indeed expected, because the bolometric lumi-
nosity is the area below the AGN emission template and there-
fore slightly dependends on the chosen combination of models
for the total emission.
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and dashed lines show our best-fit rela-
tions and their extrapolations according
to Eq. (2).

The values of the derived bolometric luminosity for the
Swift, X-WISSH, ASCA and XXL samples are reported in
Tables A.1-A 4.

4. Bolometric correction as a function of luminosity

The bolometric correction is by definition the ratio between the
AGN bolometric luminosity and the luminosity computed in a
specific band. It is a quantity of primary importance in astron-
omy, because it allows us to obtain an estimate of the AGN bolo-
metric luminosity when a complete SED is not available.

4.1. Hard X-ray bolometric correction

As a first step, we studied the dependence of the AGN hard
X-ray bolometric correction on the bolometric luminosity, that
is, Kx(Lpor). In Fig. 4 we show Kx as a function of Ly, for all
type 1 sources (upper panel) and type 2 (central panel) sources.
Black filled triangles and open circles represent the average of
the bolometric corrections computed in bolometric luminosity
(not overlapping) bins, for type 1 and type 2 AGN respectively.
The light blue continuous line in the upper panel shows the rela-
tion found by L12 for their type 1 AGN from the COSMOS
sample, while the orange continuous line in the central panel
shows the relation found by L12 for their type 2 COSMOS sam-
ple; the dotted lines mark the extrapolation of these relations out
of the range covered by the L12 data. The X-WISSH sample
and the Swift sample clearly cover a range in luminosity that
has never been studied before. At high luminosities, as has been
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Table 1. Best-fit parameters for the hard X-ray bolometric correction
as a function of either the bolometric luminosity (Eq. (2)) or the hard
X-ray luminosity (Eq. (3)).

a b c Spread
[dex]
Kx(Lgor)
Type 1 12.76+0.13 12.15+0.01 18.78+0.14 0.26
Type2 10.85+0.08 11.90+0.01 19.93+0.29 0.27
General 10.96+0.06 11.93+0.01 17.79+0.10 0.27
Kx(Lx)

General 15.33+0.06 11.48+0.01 16.20+0.16 0.37

Notes. The luminosities are expressed in solar units.

pointed out in M 17, the X-WISSH data follow the extrapolation
of the L12 relation at high luminosities fairly well, while at low
luminosities the Swift sample data favor a flatter or constant rela-
tion at log(Lpor/Le) < 11.

We fit the type 1 and type 2 samples separately, using a least-
square method, with the following relation:

log(LeoL/Lo) )C}

b @

Kx(LpoL) = a [1 + (

The best-fit relations for type 1 and type 2 AGN are shown
in Fig. 4 as a black continuous line, and the best-fit parameters,
along with the intrinsic average spread of the data (~0.27 dex),
are listed in Table 1. The values of the spread for the type 1 and
the type 2 samples are quite similar and agree well with those
found by L12 (~0.25 for both populations). Figure 5 shows that
the spread is almost constant throughout the whole luminosity
range probed by the data.

At low luminosities (in the range 7.5 < log(Lpor/Lo) < 11)
the bolometric correction has a constant value, while it increases
at log(Lpor/Le) > 11: for type 1 sources, our solution is very
similar to the relation found by L12 for their type 1 AGN; in
contrast, for type 2 sources, at log(Lpor/Le) > 12.5 it is system-
atically higher than the one by L12. This might be due to the new
functional form we used, which allows a better representation of
the data sample, and to the fact that the fitting procedure in L.12
has been carried out on binned data, while we performed the fits
considering the whole dataset.

The lower panel of Fig. 4 shows that where the average val-
ues of Kx(LgoL) of type 2 sources (open black circles) are com-
pared with those for type 1 sources (filled black squares), type
1 and type 2 AGN seem to share the same general bolometric
correction relation. Moreover, as we mentioned above, the two
samples have almost the same value of the spread (0.27 dex).
We thus investigated whether a general bolometric correction
relation, for type 1 and type 2 sources, was consistent with the
data. In Fig. 6 we show the Kx as a function of Lggr, for the
whole sample of type 1 and type 2 AGN. Black filled hexagons
represent the average bolometric corrections computed in bolo-
metric luminosity bins for the whole sample. Our best-fit rela-
tion is shown as a black line, while the two black dotted lines
correspond to the 1o spread of the sample. We found that this
general Kx(Lpor) relation can be considered statistically repre-
sentative of the whole AGN population. Indeed, it is not rejected
by the y? test when it is applied on the type 1 and type 2 samples
separately (P(> )(2) =0.45 in both cases); because the values of
the spread are very similar for the type 1, type 2 sources and
the whole sample, an average spread of ~0.27 dex was assumed

0.2040.60.8

a(Ky)
0.2 0.4 0.6 0.8

0.2 0.4 0.6 0.8

log(Lgo/Lo)

Fig. 5. Intrinsic spread in bins of bolometric luminosity for the
X-bolometric correction of type 1, type 2, and the whole AGN sample.
Dashed black lines show the average value.

(see Fig. 5) when we computed the y? test. This result has been
pointed out by L12, who argued that the bolometric correction
relation for the type 2 sources seems to be the natural extension
at lower luminosities of the one for the type 1 sources. Based on
the inclusion of the low- and high-luminosity samples used in
this work, we were then been able to derive a universal bolomet-
ric correction relation that is valid for the entire X-ray selected
AGN population and over the largest (7 dex) luminosity range
ever probed. As we mentioned in Sect. 2, the X-WISSH sample
alone is not X-ray selected, and this might introduce a bias in
the resulting bolometric correction. To determine whether this
might cause a significant difference in the final result, we per-
formed a new fit excluding the X-WISSH sources from the total
sample, thus minimizing possible biases arising from different
selection methods. The difference between the results is negligi-
ble: on average 0.01 dex at the highest luminosities. This shows
that including the X-WISSH sources allowed us to reduce the
uncertainties at the highest luminosities (log(LgorL/Lo) > 13.5)
and to extend the validity of the bolometric correction to this
extreme regime.

In Fig. 6 the bolometric corrections by L12 for their COS-
MOS samples of type 1 and type 2 AGN, are shown as cyan
and orange lines, respectively. Our result agrees well with these
relations, when it is compared within the luminosity range of
the COSMOS data used by L12 (11 <log(Lpor/Le) < 13). Con-
versely, as previously found by LI12, at log(Lgor/Lo)~11.5
the Marconi et al. (2004, purple line) and Hopkins et al. (2007,
magenta line) bolometric corrections are about 0.20-0.25 dex
higher than ours. While we directly computed the bolometric
corrections for each object, Marconi et al. (2004) obtained them
by assuming an apx relation that was certainly less accurate
than is currently available; this might justify the discrepancy
(although surprisingly small) with our relation. Hopkins et al.
(2007) included the IR contribution in the estimate of the bolo-
metric luminosity, because they were interested in characterizing
the observed SED of the AGN.

The majority of the studies that focused on BH accretion
and demography (as mentioned in the Introduction) have used
the bolometric correction as a function of the luminosity in a
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specific band. Although it is possible to numerically convert
the Kx(Lpor) into a relation in which the bolometric correc-
tion depends on the X-ray luminosity, we directly fit this relation
using the following equation:

3

Kx(Lx) = a [1 + (—log(LX/Lo)) ]

b

The parameters and the relative spread are shown in Table 1.
As discussed in Sect. 2, the 46 AGN of the Swift sample are
affected by a small bias in favor of sources that on average have
an X/MIR that is about 0.1 dex larger than the parent sample. We
have verified that this bias is negligible: the fits differ by only
0.025 dex once the Lgor, values of the Swift AGN are reduced by
0.1 dex.

The Kx(Ly) relation provides on average the same X bolo-
metric correction as the Kx(Lgor) one, with differences within
0.2 dex in the range 8 < log(Lpor/Le) < 13 (see also the discus-
sion on the resulting bolometric luminosity function in Sect. 7).
However, because the spread (~0.37) of this relation is higher,
we strongly encourage adopting the bolometric correction rela-
tion as a function of the bolometric luminosity, that is, Eq. (2).

4.2. Optical bolometric correction

In addition to the hard X-ray bolometric correction we also stud-
ied the dependence of the optical (specifically in the B band,
at 4400 A) bolometric correction on the bolometric luminosity.
We measured the optical luminosity from the photometric point
at 4400 A rather than from the best AGN model provided by
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Lusso & Risaliti (2016) and the optical
bolometric correction by L12. See text
and Table 1 for details.

the SED-fitting procedure. In this way, the optical and bolomet-
ric luminosities are independent of each other and no artificial
relation between them is introduced. Considering that for type 2
obscured AGN the optical emission is mostly dominated by the
host galaxy, we included only type 1 sources of each sample in
this specific analysis.

In Fig. 7 we show the Ko as a function of Lgor. Black
hexagons represent the average of the bolometric correction in
bins of bolometric luminosity. As was found by L12 (whose
relation is reported for comparison as a light blue line), the opti-
cal bolometric correction does not significantly depend on the
bolometric luminosity. The Pearson linear correlation test gives
a coefficient R equal to ~0.069, corresponding to a probability
of 14% to be linearly related. We then fit the data with a constant
value, using the relation:

Ko(LsoL) = k. “

Our best-fit relation, Ko(Lgor) ~ 5.13, is shown as a black
solid line, while the 1 o spread of the sample (~0.26 dex) is
marked with the two dotted lines (see Table 2). The values of
the bolometric correction at the lowest bolometric luminosities
(log(Lpor/Lo) < 11) are about a factor of 2 lower than the
rest of the sample. As suggested by L12, this behavior might
be ascribed either to a simple statistical fluctuation, due to the
small number of low-luminosity sources, or to the fact that in this
range the B-band luminosities might be influenced by the con-
tribution of the host galaxy. However, the inclusion or exclusion
of these objects does not significantly affect the average value of
the optical bolometric correction.
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Fig. 7. Optical bolometric correction computed at 4400 A for type 1
sources. The black solid line is our best-fit solution. See text and Table 2
for details.

Table 2. Best-fit parameters for the optical bolometric correction as
a function of either the bolometric luminosity (Eq. (5)) or the optical
luminosity.

k Spread
[dex]
Ko(Lgor) 5.13+0.10 0.26
Ko(Lo) 5.18+0.12  0.27

We also studied the dependence of the optical bolometric
correction on the optical luminosity, Ko(Lg). We fit the data with
a constant value, using the relation:
Ko(Lo) = k, )
where k = 5.18 + 0.13, with a spread of ~0.27 dex (see Table 2).
The very similar intrinsic spread means that these two relations
could be used without distinction.

5. Bolometric correction as a function of redshift

We investigated the redshift dependence of the hard X-ray
bolometric correction relation. To this end, we computed the
normalized bolometric correction by dividing the X-ray bolo-
metric correction of each source by the average value as derived
by our best-fit relation (Eq. (2)). The normalized values (black
hexagons) and the best-fit (dashed line) are shown in Fig. 8 (top
panel), and suggest no trend with redshift. As a second test, we
divided the whole sample into five ranges of hard X-ray lumi-
nosity (bottom panel). Again, black hexagons are the average
values of bolometric correction in bins of redshift, and the black
dashed lines represent the average value of the bolometric cor-
rection of the sample in each range of Lx. In this case we also
find that in none of the analyzed luminosity ranges there is a hint
of dependence on redshift.
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Fig. 8. Hard X-ray bolometric correction as a function of redshift. In
the top panel, the normalized bolometric correction has been obtained
by dividing Kx for the corresponding bolometric correction given by
Eq. (2). Bottom panel: Kx as a function of redshift in five ranges of
hard X-ray luminosity. Black hexagons are the average values of Kx
computed in bins of redshift and the dashed line is the average Kx of
the whole sample within the entire redshift range. Symbols are the same
as in Fig. 6.

6. Bolometric correction as a function of Eddington
ratio and BH mass

Many authors have found a correlation (although with a
huge scatter) between the bolometric correction and either the
Eddington ratio (Agpp = Lpor/Lepp) or the BH mass (e.g.,
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Vasudevan & Fabian 2007; Vasudevan et al. 2009; Lusso et al.
2010). We studied these dependencies using the same samples
as presented above, but limited to the 745 objects for which
the My was measured: 21 type 1 and 15 type 2 sources by
Onori et al. (2017b) for the Swift/BAT sample (whose Mgy has
been derived from reverberation mapping techniques and deep
NIR spectroscopy, see Sect. 2); 11 WISSH type 1 sources (with
Hp-based virial masses provided in Vietri et al. 2018); 661 COS-
MOS AGN by L12 (with masses obtained from virial estimators
for the type 1 AGN and from Mpy—M. relations plus morpho-
logical information for the type 2 subsample); and the 37 XXL
sources (whose virial masses are estimated from HB, Mgy, and
Cry broad lines). To have measurements that are as homoge-
neous as possible, we rescaled the BH mass values of the Swift
sample by assuming the same virial factor (f = 5.5) as for the
other samples (instead of f = 4.31 as in Ricci et al. 2017¢). In
the COSMOS type 2 sample, the BH masses have been derived
by L12 using the Mpg—Mpyge relation by Hiring & Rix (2004)
after correcting for the bulge-to-total mass ratio. We caution the
reader that this last method is different from the method that
was used for all the other samples we studied. This might there-
fore introduce a bias in the Mgy estimates. In the upper pan-
els of Fig. 9 the hard X-ray bolometric correction is shown as
a function of the Agpp (left panel) and the Mpy (right panel).
Black hexagons are the average values of the hard X-ray bolo-
metric correction computed in bins of Agpp and Mpy. Figure 9
shows that the bolometric correction as a function of the BH
mass is only applicable in the range Agpp > 1072 because our
AGN sample does not cover BHs that accrete at lower values of
the Eddington ratio. In the upper left panel, the relations pub-

A73, page 10 of 16

log(Mg,/M)

the Eddington ratio (/eff) and of the BH
mass (right). Black solid lines show our
best-fit relations. Symbols are the same
as in Fig. 6.

7 8 9

lished in L12 for their type 1 and type 2 COSMOS AGN are
reported as light blue and orange straight lines. As we high-
lighted in Sect. 4.1, based on the new low- and high-luminosity
AGN added in this study, it is now possible to recognize a more
complex dependence of the hard X-ray bolometric correction on
the Agpp in the data than the dependence that is represented by
a simple linear relation. We then chose to fit the dependence of
Kx on Agpp using the relation

Agpp \°

1 +( b ) ]

Our best-fit relation (the parameters are provided in Table 3)
is showed as a black solid line. Its average intrinsic spread,
~0.31dex (black dotted lines), is larger than the spread found
previously for the fitting relation using the bolometric luminos-
ity as the independent variable (~0.27; see Sect. 4.1).

The same analysis was performed for the Kx—Mpy relation
(right panel). Again, we find that a linear relation does not rep-
resent the whole dataset (see, e.g., the relation found by M17)

because it would underestimate kx at low Agpp and low Mgg.
We therefore used the following equation to fit the data:

Kx(Mpr) = [1 +(w) ]

The best-fit relation (see Table 3) is shown as a black solid
line. Its average intrinsic spread, ~0.35 dex (black dotted lines),
is larger than the one previously found for the Kx(Agpp) and the
Kx(Lpov) relations (0.31 dex and 0.27 dex respectively).

In the lower panels of Fig. 9 we show the optical bolomet-
ric correction as a function of the Agpp (left panel) and the

Kx(Agpp) = a

(6)

N
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Table 3. Best-fit parameters (see Eq. (2)) for the hard X-ray bolometric
correction relation as a function of the Eddington ratio and the BH mass.

a b c Spread
[dex]
Agpp  7.51+1.34  0.05+0.03 0.61+0.07 0.31
Mgy 16.75+0.71 9.22+0.08 26.14+3.73  0.35

Table 4. Best-fit parameters (see Eq. (5)) for the optical bolometric cor-
rection relation as a function of the Eddington ratio and the BH mass.

k Spread
[dex]
Agpp  5.10£0.13  0.22
Mgy 505035 0.21

Mgy (right panel). Black hexagons are the average values com-
puted in bins of Eddington ratios and BH masses. As we found
for Ko(Lpor) the optical bolometric correction shows a roughly
constant average value, k ~ 5, with a spread of ~0.22 dex (see
Table 4).

7. AGN unobscured bolometric luminosity function

To verify the consistency of the bolometric corrections we com-
puted above, we derived the type 1 AGN bolometric Luminosity
Function (LF) to determine whether compatible results can be
obtained starting from either optically selected or X-ray selected
AGN LFs.

As shown by Ricci etal. (2017d), the type 1 optical LF
agrees with the X-ray LF when only the unabsorbed (Ng <
102'-10%2 cm~2) sources are considered and the aox relation as
computed by Lusso & Risaliti (2016) is adopted, convolved with
an observational scatter of ~0.4 dex.

Based on this result, if the bolometric corrections derived in
this work were consistent, the bolometric LFs computed either
with Ko or Kx should produce similar LF in the bolometric
domain. We show in Fig. 10 the resulting bolometric LFs in
two representative redshift bins: z ~ 1.25 and ~2.8. The opti-
cal LF was parameterized with the double-powerlaw as derived
by Palanque-Delabrouille et al. (2013) for redshift 1.25 and as
derived by Ross et al. (2013) at z ~ 2.80. When needed, we
converted the g-band optical LF into i-band z = 2 absolute
magnitude adopting Eq. (8) of Ross et al. (2013), then we con-
verted them into 2500 A fluxes using the standard method out-
lined in Richards et al. (2006), and finally converted into 4500 A
fluxes assuming a power-law SED L, o v with @« = 0.5
(Vanden Berk et al. 2001, check footnote 5). Then we applied
the best-fit optical bolometric corrections derived in Sect. 4.2
and convolved with its spread. The resulting curves are shown in
Fig. 10 as red solid lines.

For the X-ray selected LF, we adopted the Ueda et al. (2014)
2-10keV LF, which was computed in various absorption ranges
(i.e., at different Ny). This means that in order to match the opti-
cally selected LF, only the AGN with Ny < 10*' cm™' were
selected (Ricci et al. 2017d). We then converted the X-ray lumi-
nosity function into the bolometric LF using the Kx(Lgor) (blue
line in Fig. 10) bolometric correction derived in Sect. 4.1, taking
its intrinsic spread into account.
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Fig. 10. AGN type 1 bolometric luminosity function computed in the
two redshift bins (z = 1.25 and z = 2.80) adopting the X-ray and optical
bolometric corrections as a function of the bolometric luminosity.

The two LFs agree fairly well within 0.2 dex in space density
in the range 44 < log(Lpoy/[erg s71) < 47.5.

A more accurate statistical analysis and precise computation
of the AGN bolometric LF that takes the spread of the lumi-
nosity distributions and selection effects into account is beyond
the scope of this paper (see, e.g., recent results on this topic by
Shen et al. 2020). However, our findings lend further support to
the validity of our bolometric corrections.

8. Discussion

The main result of our analysis is that type 1 and type 2 sources
share the same bolometric correction in their ~4dex wide
overlapping luminosity regime. This allowed us to build a uni-
versal bolometric correction valid for about 7 dex in luminosity,
where the low-luminosity regime is only probed by type 2 AGN
and the high-luminosity regime by type 1 AGN. The similar-
ity between the bolometric correction relations found for type 1
and type 2 AGN seems to favor the classical AGN unification
scenario (Antonucci 1993, 2012; Urry & Padovani 1995), or at
least any model in which the central emission mechanism is the
same for both AGN populations.

Another interesting result is that the computed bolometric
corrections (and then the central emission mechanisms) do not
show any significant dependence on redshift up to z ~ 3.5, as
expected if the bolometric corrections are determined by the
physics of accretion and emission. Therefore, they can be safely
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be used to study the accretion rate histories of the AGN in the
past 11 Gyr.

The optical and hard X-ray bolometric corrections separately
follow the same analytical behavior regardless the independent
variable While the former remains always nearly constant, the
latter shows a significant increase for the most luminous and
massive AGN.

The ratio between the bolometric luminosity and the X-ray
luminosity in AGN can be seen as the ratio between the total
energy output dominated by the big blue bump component that
is due to thermal UV emission from the accretion disk and the
emission released by the X-ray corona. Accordingly, the cor-
relation we observe between Kx and Lpop, supports a scenario
in which the more the accretion disk emits, the less the corona
radiative power contributes to the total energy output. This may
suggest a change in the properties of the X-ray corona in the
most powerful AGN that might be related to a stronger photon-
trapping and advection of X-ray radiation in case of high accre-
tion rates or the presence of UV radiation-driven accretion-disk
winds affecting the corona (see M17, Nardini et al. 2019 and
Zappacosta et al. 2020). This behavior seems to be typical of
sources with extreme values of the total bolometric luminosity.
Our findings agree with the existence of a correlation between
the aox and the optical luminosity (estimated at 2500 A), as
shown by Lusso & Risaliti (2016), for example. We therefore
computed the expected Kx if the relation between the X-ray
luminosity and the optical luminosity by Lusso & Risaliti (2016)
(in which Ly o LY) and a constant Ko ~ 5 (see the next Section
for further details) are assumed®. As shown in Fig. 6 as a brown
line, the resulting analytical prediction, that is, Kx o L33,
agrees fairly well with our best-fit relation, sharing a similar
slope and normalization within the uncertainties. This compari-
son tells us that the bolometric correction relation and the aox
slope are tightly related: the observed correlations are mainly
due to the change in the X-ray emission fraction in the bolomet-
ric luminosity budget. In this framework, the X-ray bolometric
correction is a better measure of this phenomenon, because it
takes the whole energetic emission into account and does not suf-
fer from the obscuration that might affect the UV/optical lumi-
nosity (especially in type 2 sources).

9. Summary and conclusions

We combined five AGN samples to characterize a general bolo-
metric correction that is valid for the entire AGN population.
We considered a total of 1009 AGN sources (501 of which
are type 1 sources, and the remaining are 566 type 2) properly
selected to cover the widest luminosity range ever sampled (with
41 < log(Lgor/lergs™']) < 48), and within a redshift range from
z ~ 0 up to z ~ 4. For 745 of these sources we have an estimate
of the Mpy. We carried out a dedicated SED-fitting procedure.
Our main results are listed below:
— We confirm that the hard X-ray bolometric correction, K,
correlates with the bolometric luminosity Lgor, for the type
1 and the type 2 AGN populations. It is fairly constant at
log(LgorL/Le) < 11, but it increases to an order of magnitude
at log(Lgor./Lo) ~ 14.5. The relations found for the type
1 and the type 2 samples are very similar and present the
same average intrinsic spread (~0.27 dex). Therefore, it has
been possible to derive a universal hard X-ray bolometric
correction that valid for type 1 and type 2 AGN.

5 Lo was converted into Lyy = L,y 4 by assuming a spectral slope of

A~15% (Vanden Berk et al. 2001).
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— The Kx correction as a function of the hard X-ray luminosity
gives on average the same X bolometric correction as when
the LpoL is the independent variable, with differences within
0.2 dex in the range 8 < log(Lpor/Lo) < 13.

— We discussed how the positive trend we observe between
the X-ray bolometric correction and the bolometric lumi-
nosity may be fit in the X-ray weakness scenario, according
to which the X-ray emitting corona tends to be less power-
ful than the UV/optical emission, with increasing bolometric
luminosity.

— The dependence of the optical (B-band, at 4400 A) bolo-
metric correction either on the bolometric luminosity or the
optical luminosity shows an almost constant (i.e., Ko ~ 5)
behavior, with an average intrinsic spread of ~0.27 dex.

— We find that Kx(Lpor) increases with increasing Agpp and
Mgy, while Ko(Lgop) is roughly constant with an aver-
age value of ~5. This analysis suggests that the optical and
the hard X-ray bolometric corrections separately follow the
same analytical behavior, independently of which variable
they are compared with.

— We find no dependence of the X-ray and optical bolometric
corrections on redshift up to z ~ 3.5.

— We derived the type 1 AGN bolometric LF by convert-
ing the hard X-ray (optical) luminosity function using the
hard X-ray (optical) bolometric correction as a function of
the bolometric luminosity. We find that the X-ray and opti-
cal luminosity functions agree within 0.2dex in the range
44 < log(Lpor /[ergs™']) < 47.5. We repeated the same anal-
ysis using the bolometric corrections as a function of the hard
X-ray and optical luminosities, and in this case also retrieved
a similarly good match.

We thus provide a universal bolometric correction, statistically
representative of the entire X-ray selected AGN population,
which spans about seven decades in luminosity and can be
applied up to z ~ 3.5 in order to estimate the energetic budget of
the AGN and their accretion rate history.
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Appendix A: Physical properties of the samples

Table A.1. Properties of the Swift type 2 and type 1 sources.

Name z logLx loglgor loglo logMpy
@ @) 3) “ &) 0)
Type 2 sources
IRAS F 05189-2524 0.0426 43.40 45.26 - 7.45
2MASX J07595347+2323241  0.0292 43.25 43.95 - 7.78
MCG -01-24-12 0.0196 43.24 44.18 - 7.16
NGC 1275 0.0176 43.98 44.74 - 7.46
Mrk 348 0.0150 43.44 44.24 - 7.23
Mrk 1210 0.0135 43.13 44.07 - 6.78
ESO 234-G -050 0.0088 41.60 42.97 - 6.00
NGC 2992 0.0077 42.00 42.74 - 6.72
NGC 7465 0.0065 41.97 43.40 - 6.54
NGC 5506 0.0062 42.99 44.15 - 6.86
NGC 1365 0.0055 42.32 43.71 - 6.65
NGC 1052 0.005 41.62 42.55 - 6.63
NGC 6221 0.0050 41.20 42.64 - 6.46
NGC 7314 0.0048 42.33 43.26 - 6.24
NGC 4395 0.0013 40.50 41.43 - 5.14
PKS 0326-288 0.108 44.52 45.42 - -
NGC 3079 0.0372 41.30 42.75 - -
Mrk 417 0.0327 43.73 44.65 - -
NGC 612 0.0298 43.94 44.76 - -
NGC 788 0.0136 43.02 43.76 - -
NGC 3281 0.0107 43.12 44.23 - -
NGC 4388 0.0084 43.05 43.98 - -
ESO 005-G004 0.0062 42.78 43.95 - -
NGC 5643 0.004 42.43 43.60 - -
NGC 4941 0.0037 41.25 42.18 - -
NGC 4138 0.003 41.23 42.49 - -
Type 1 sources

Mrk 876 0.129 44.19 45.34 - 8.54
Mrk 1383 0.087 44.19 4542  44.89 9.31
Mrk 771 0.063 43.60 45.01 - 7.94
Mrk 509 0.034 44.08 44.99 44.48 8.08
Mrk 817 0.031 43.49 44.60  44.08 7.90
Mrk 279 0.030 43.41 44.68 44.28 7.59
Mrk 335 0.026 43.24 4451 44.29 7.21
Mrk 590 0.026 42.70 43.76 - 7.60
Mrk 79 0.022 43.11 44.18 43.92 8.02
NGC 5548 0.017 43.14 44.21 43.95 7.87
NGC 7469 0.016 43.19 4442 4414 7.42
NGC 4748 0.015 42.34 43.72 - 6.58
NGC 4253 0.013 42.71 43.77 - 6.21
NGC 3783 0.010 43.43 4424 4337 7.38
NGC 3516 0.009 42.72 43.85 - 7.59
NGC 4593 0.009 42.81 43.72 - 7.06
NGC 6814 0.005 42.31 43.64 - 7.30
NGC 3227 0.004 42.10 43.23 - 7.45
NGC 4151 0.003 42.31 43.66  43.28 7.66
NGC 4051 0.002 41.33 43.03 - 6.43

Notes. (1) Source name; (2) redshift (Baumgartner et al. 2013); (3) intrinsic logarithmic hard X-ray luminosity (2-10keV) in ergs™' units from
Ricci et al. (2017a); (4) SED-fitting derived logarithmic bolometric luminosity in erg s~ units; (5) B-band 4400 A AGN logarithmic luminosity in
erg s™! units from the photometric data, provided only for type I sources, because the contamination from the galaxy is negligible; (6) logarithmic
Mgy in M, from Onori et al. (2017b) for the type 2 sources and from Ricci et al. (2017c¢) for the type 1 sources.
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Table A.2. Properties of the X-WISSH sample.

Table A.3. Properties of the ASCA sample.

Name z logLlx loglgor logLlo logMpy Name z logLyx loglgor logLo
&)) &) 3) ) ®) (6) &) &) (3) ) ®)
J0045+1438  1.992 44.24 47.38 46.76 - Type 2 sources
J0209-0005 2.856 45.16 47.62 46.99 - J235554+2836  0.729 44.87 46.36 -
JO735+2659 1.982 45.11 47.65 47.03 - J130453+3548 0.316 43.91 44.79 -
JO745+4734  3.225%  46.37 48.01 47.40 10.20 J090053+3856  0.229 43.94 44.54 -
J0747+2739 4.11 4543 47.44 46.88 - J234725+0053  0.213 43.93 45.19 -
JO801+5210 3.263* 4525 47.84 47.13 9.79 J111432+4055 0.153 43.77 44.25 -
J0900+4215  3.294*  46.00 47.93 47.38 9.32 J150339+1016  0.095 43.26 43.80 -
J0904+1309 2.974 45.89 47.78 47.17 - Type 1 sources
J0947+1421  3.040 45.01 47.67 47.02 - JO01913+1556  2.270 45.71 46.76 46.54
J1014+4300 3.126 45.43 47.85 47.24 - JO15840+0347  0.658 44.75 46.35 45.36
J1027+3543  3.112 45.79 48.00 47.32 - J125732+3543  0.524 44.56 45.69 45.21
J1057+4555  4.140 45.77 47.91 47.36 - J002619+1050 0.474 44.24 45.50 45.02
J1106+6400 2.220*%  45.69 47.78 47.10 10.00 J023520-0347 0.376 4423 45.65 44.89
J1110+4831 2.957 45.36 47.81 47.21 - J151441+3650 0.371 44.83 45.96 45.30
JI111+1336  3.492*% 4536 47.69 47.06 9.93 J144055+5204  0.320 44.19 45.43 44.89
J1159+1337 3.984 45.04 47.74 47.18 - JO00927-0438 0.314 43.95 44.78 44.34
J1200+3126  2.993 45.55 47.84 47.18 - J121427+2936  0.309 44.25 45.03 44.90
J1201+1206  3.512*%  45.77 47.77 47.21 9.51 J122017+0641  0.287 44.33 45.27 44.79
J1215-0034  2.707 45.33 47.62 46.96 - J142353+2247  0.282 44.25 45.12 44.44
J1236+6554  3.424* 4533 47.65 46.98 9.63 J172938+5230  0.278 44.13 45.41 44.98
J1245+0105 2.798 45.03 47.25 - - J103934+5330  0.229 43.62 44.61 44.12
J1249-0159 3.638 45.08 47.55 46.97 - J233253+1513  0.215 44.13 44.98 44.54
J1250+2631  2.044 45.94 4791 47.32 - J121854+2957 0.178 43.64 45.16 43.63
J1328+5818  3.133 45.22 47.20 - - J170305+4526  0.171 43.68 44.97 44.50
J1333+1649  2.089 45.83 47.73 47.07 - J140528+2224  0.156 43.44 44.52 44.11
J1421+4633  3.454*  45.18 47.65 47.09 9.79 J121359+1404  0.154 43.26 44.36 43.92
J1426+6025 3.189 45.72 48.07 4742 - J170548+2412  0.114 43.26 44.60 43.90
J1441+0454  2.059 44.84 47.34 46.47 - J134450+0005  0.087 42.95 44.25 43.91
J15134+0855 2.897 45.60 47.67 47.12 - J121930+0643  0.081 43.00 44.52 44.14
J152145202  2.218 44.85 47.91 47.28 9.99 J144109+3520  0.077 42.64 43.95 43.66
J1549+1245 2.365*% 4534 47.81 47.03 10.10
J1621-0042 3710 4604 4781 4722 - Notes. S_:’ur(cze ?gf]?e\;/)(z_) redshift, (3{)t if;tfinSiE,log?ﬁlthggcl 161?“1 Xy
uminosi —10keV) in ergs™ units from Liu et al. rescale
11639+2824  3.801 45.61 48.05 47.38 B for our agopted cosmology;g(4) SED-fitting derived logarithmic bolo-
J1701+6412  2.727 45.75 48.01 47.36 - . RN 21 2 L
12123-0050 2281%  45.43 4772 47.09 959 metric luminosity in ergs™ units; (5) B-band 4400 A AGN logarithmic

Notes. (1) Source name; (2) redshift from SDSS or from Vietri et al.
(2018) (marked with an asterisk); (3) intrinsic logarithmic hard X-ray
luminosity (2-10keV) in ergs™! units, from Martocchia et al. (2017);
(4) SED-fitting derived logarithmic bolometric luminosity in ergs™'
units; (5) B-band 4400 A AGN logarithmic luminosity in ergs™" units,
from the photometric data when present; (6) logarithmic BH mass in
M., units, from Vietri et al. (2018).

luminosity in erg s~' units from the photometric data, provided only for
type I sources, because the contamination from the galaxy is negligible.
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Table A.4. Properties of the XXL sample.

Name Z loglx loglpor loglo logMgy
(1) 2) (3) “) ®) (6)

1237679323935212347 5.0111 45.24  47.10  46.38 9.42
1237679253060517914  3.1977 4486  46.71 45.82 8.60
1237679253062091149  3.1737 45.12  46.54  45.75 8.24
1237679322324271694 3.0009 44.84  46.58 45.51 8.19
1237679323399389313  2.7648 45.57 46.70  46.08 941
1237679439888187748 2.7638 44.82  46.24 - 8.10
1237679324471623799  2.71 45.16 4694  46.27 9.11
1237679253060780145 2.7074 44.81 46.64 4597 9.43
1237679323398013411 2.647  45.02  46.44 4595 8.76
1237679254134259865 2.6351 44.93 47.07 46.44 9.81
1237679323399061589 2.6016 44.97 47.06  46.40 9.70
1237679322324992234  2.3271 45.02  46.31 45.59 8.76
1237679322861601161 2.2212 44776  46.07 45.23 7.95
1237679322324336823  2.0902 44.70  46.50 4594 8.77
1237679321787662348 2.0375 45.09  47.08 - 9.93
1237679254135505041 2.0092 45.14  46.41 45.85 9.09
1237678887988167005 1.9572 44.58 46.27 45.36 7.91
1237679254672113748 1.9153 44.74  46.25 45.64 8.85
1237679323934621916  1.8757 4496  46.89 46.01 9.24
1237679322862256290 1.871 4529 4722  46.67 9.91
1237679253060714853  1.8508  44.37 46.17 45.38 8.36
1237679322862321678 1.7039  44.97 46.97 46.41 9.59
1237679255209115743  1.6757 4490  46.53 45.92 8.95
1237669770301735049  1.6423 44.56  46.28 45.65 8.39
1237679253598044260 1.5449 44.58 46.59 45.90 9.34
1237679253597782176  1.397 4459  46.73 46.04 9.33
1237669770301669421  1.371 4481 46.62  46.01 9.39
1237679255745986570  1.2249  44.53 46.69 46.02 9.19
1237679323399127053  1.1815 44.25 46.68 46.12 9.27
1237679253599092740 1.1644  44.65 46.63 45.84 8.87
1237679322322632786  0.8909 44.29  46.09 45.53 8.30

Notes. (1) Source name; (2) redshift; (3) intrinsic logarithmic hard X-ray luminosity (2-10keV) in erg s! units; (4) SED-fitting derived logarithmic
bolometric luminosity in ergs™' units; (5) B-band 4400 A logarithmic luminosity in ergs™' units from the photometric data when present; (6)
logarithmic Mgy in M, unit.
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