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ABSTRACT

We present the space density evolution, from z = 1.5 up to z = 5.5, of the most massive (M > 10° M) black holes hosted in
jetted active galactic nuclei (AGNs). The analysis is based on a sample of 380 luminosity-selected (AL;350 > 10% erg s~! and
Psgu, > 10”7 W Hz™!) flat spectrum radio quasars (FSRQs) obtained from the Cosmic Lens All Sky Survey (CLASS). These
sources are known to be face-on jetted AGNs (i.e. blazars) and can be exploited to infer the abundance of all the (misaligned)
jetted AGNSs, using a geometrical argument. We then compare the space density of the most massive supermassive black holes
hosted in jetted AGNs with those present in the total population (mostly composed by non-jetted AGNs). We find that the space
density has a peak at z ~ 3, which is significantly larger than the value observed in the total AGN population with similar
optical/UV luminosities (z ~ 2.2), but not as extreme as the value previously inferred from X-ray-selected blazars (z = 4). The
jetted fraction (jetted AGNs/total AGNs) is overall consistent with the estimates in the local Universe (10-20 per cent) and at
high redshift, assuming Lorentz bulk factors I' &~ 5. Finally, we find a marginal decrease in the jetted fraction at high redshifts
(by a factor of ~2). All these evidences point towards a different evolutionary path in the jetted AGNs compared to the total
AGN population.
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1 INTRODUCTION

Studying how supermassive black holes (SMBHs) have evolved
across cosmic time is a fundamental step for our comprehension
of the formation and evolution of the cosmic structures in the
Universe. According to the current paradigm, the growth of the
SMBH should happen during the process of accretion on a massive
black hole seed present in the centre of a galaxy (e.g. Merloni
2016 for a comprehensive review). Since the accretion is also the
basis of the active galactic nucleus (AGN) phenomenon, tracing
the evolution of the AGN phase represents the most compelling
way to study the SMBHs growth, especially at high redshifts (e.g.
Volonteri 2010; Valiante et al. 2017). Particularly important is to
establish the possible role of relativistic jets in this process (for a
recent review on the relativistic jets in AGNs, see Blandford, Meier
& Readhead 2019). These powerful and collimated jets are able
to produce strong radio emission and hence the jetted AGNs are
usually referred as radio-loud (RL; e.g. Best & Heckman 2012). If
the presence of a jet is the consequence of a rapidly spinning black
hole (e.g. Tchekhovskoy, Narayan & McKinney 2011; Narayan,
McClintock & Tchekhovskoy 2014), we expect that RL AGNs
should be very effective in transforming accreting mass into energy
(Tchekhovskoy et al. 2011; Narayan et al. 2014). A pure general
relativity estimate results in a radiation efficiency of n ~ 0.3 for a
maximal rotating BH and n ~ 0.1 for a non-rotating BH (e.g. Thorne
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1974). Therefore, the black hole mass-growth in RL AGNs should
be on average significantly slower compared to non-jetted, or radio-
quiet (RQ), AGNs. As a consequence, we expect the most massive
SMBHs hosted in RL to be less abundant at high redshift than those
hosted in the RQ counterpart, assuming that RL AGNs remain that
way through all their accretion episodes. Evidence supporting this
prediction, however, has not been found yet. On the contrary, several
studies have shown no clear dependence on the ratio of RL to RQ
AGNSs with redshift (e.g. Stern et al. 2000; Bafiados et al. 2015; Liu
et al. 2021), while other studies indicate that RL. AGNs with the most
massive SMBHs (>10° Mg) show a more rapid evolution, peaking
earlier (z 2 4; e.g. Ajello et al. 2009; Sbarrato et al. 2015) than those
hosted in RQ AGNs (peaking at z ~ 2, e.g. Hopkins, Richards &
Hernquist 2007; Shen et al. 2020).

Establishing if SMBHs hosted in jetted AGNs followed a different
evolutionary path compared to those hosted by non-jetted AGNs is
not simple. The presence of a relativistic jet is usually inferred from
the detection of a strong radio emission that reveals the radio-loud
nature of an AGN (e.g. Urry & Padovani 1995). A major problem,
however, is that in RL AGNs the radio emission produced by the
jet is strongly dependent to the viewing angle, due to relativistic
beaming, and, therefore, the same source will show a different
value of radio-loudness (defined as the rest-frame radio-to-optical
luminosity ratio, Kellermann et al. 1989) depending to its actual
orientation. This is particularly true at high radio frequencies, where
the emission is almost completely dominated by the beamed part of
the radio emission (the jet). In this respect, high-z AGNs could be
very problematic since the typical observing radio frequencies (1.4—
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5 GHz) correspond to very high rest-frame frequencies (830 GHz
for a z = 5 AGN). In addition, the extended (and more isotropic)
radio emission from the radio-lobes of RL. AGNs could be heavily
damped at high-z due to the increasing density of photons from the
cosmic microwave background (CMB) that interact and cool the
relativistic electrons responsible for the radio emission (Ghisellini
et al. 2014a). Finally, as in radio-quiet AGNs, obscuration of the
optical/UV radiation, due to the molecular torus, makes the detection
of an important fraction of sources (the so-called type-II AGNs) at
high-z very challenging (e.g. Vito et al. 2018). All these observational
issues can introduce relevant selection effects in all the estimates of
the number of jetted AGNs at different cosmic epochs that are difficult
to quantify.

A possible way out is to focus only on the sources that are seen at
small angles from the jet direction, i.e. on blazars' (see e.g. Volonteri
et al. 2011; Sbarrato et al. 2015). Knowing that a blazar is typically
observed at a viewing angle of 8 < 1/T", where I" is the Lorentz
factor of the bulk velocity in the jet, we can effectively use these
objects to estimate the space density of all jetted AGNs in a region
of Universe, with a purely geometrical argument. Specifically, the
total number of jetted AGNs (Nje) in a given volume of Universe
is expected to be Nj ~ 2T ?Nyjazar 1.€. there are about 200 RL
AGNSs for each observed blazar, assuming a typical I' = 10 (e.g.
Ghisellini et al. 2014b). Another great advantage of this method
is that the powerful jet is thought to wipe out the material along
its path in the AGNs earlier stage, and hence obscuration effects
are expected to be negligible. This makes the identification and the
characterization of the optical counterpart more efficient and reliable.
Therefore, from the estimate of the blazar space density it is possible
to derive, in principle, a complete census of the entire jetted AGNs
population without the biases due to radio emission anisotropy and to
obscuration.

The application of this method requires the existence of flux-
limited and statistically complete samples of blazars. In this paper,
we will use the Cosmic Lens All Sky Survey (CLASS; Myers et al.
2003; Browne et al. 2003) to build one of the largest radio flux-
limited samples of blazars, covering a large fraction of the sky
(~16300 deg ?) and that includes sources up to z ~ 5.5. In particular,
we are interested in tracing the evolution of the most massive SMBHs
(>10° Mg), where a large difference in the evolutionary properties
has been recently reported (e.g. Ajello et al. 2009; Ghisellini et al.
2010; Volonteri et al. 2011; Sbarrato et al. 2015). Although for
some objects in our sample, the estimate of the SMBH masses is
present in the literature (e.g. Shen et al. 2011) all the masses are
recomputed here following a single coherent method. In this way,
our analysis should be free from possible biases that can derive from
using different techniques (or emission lines) for sources located at
different redshifts.

The paper is organized as follow. In Section 2, we describe the
selection process of our luminosity-limited sample. In Section 3, we
describe the analysis of the spectra and the estimation of the relevant
parameters, furthermore we discuss the potential issues that could
affect our estimates. In Section 4, we derive the number density of
SMBHs with M > 10° M@ hosted in blazars and in all the jetted
AGNSs. In Sections 5 and 6, we discuss the results and we draw

I'This category contains both sources with optical spectra characterized by
strong emission lines (FSRQs) and sources with featureless optical spectra
(BL Lac objects; Urry & Padovani 1995). Throughout this paper, we will
focus on the former species; therefore, we will use blazar as a synonymous
for FSRQ.
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our conclusions. Throughout the paper, we assume a flat ACDM
cosmology with Hy = 70 km s~! Mpc~!, Q; = 0.7, and Qy = 0.3.

2 THE SAMPLE

We start our selection from the CLASS, a radio survey at 5 GHz
of flat-spectrum radio sources that covers most of the northern sky
(16300 deg 2) and that contains ~11000 sources. This catalogue was
built by combining the NRAO Very Large Array Sky Survey (NVSS),
at 1.4 GHz (Condon et al. 1998), with the Green-Bank Survey (GB6)
at 5 GHz (Gregory et al. 1996) and by selecting only the objects
with a flat spectrum between 1.4 and 5 GHz (« < 0.5, with f,xv™%)
with a final follow-up at 8.4 GHz using the Very Large Array (VLA)
in the largest configuration (A), that granted an angular resolution
of ~0.2 arcsec. The subarcsecond accuracy of the radio sources
positions proved to be crucial to find the correct optical counterpart,
in particular at faint magnitudes. Since blazars are flat-spectrum radio
sources, CLASS represents the most efficient and reliable starting
point to select a radio flux-limited sample of these sources suitable
for statistical analyses.

We have recently carried out a specific search for blazars with
redshift above 4 in the CLASS survey by efficiently pre-selecting
candidates from the The Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS1, PS1; Chambers et al. 2016), using
the so-called drop-out technique (see Caccianiga et al. 2019 for
details). Nearly all the candidates with a magnitude brighter than 21
(in the r, i or z filter, depending on the expected redshift of the source)
have been spectroscopically confirmed, producing a list of 25 z > 4
AGNSs. The spectroscopic data are gathered from the Sloan Digital
Sky Survey (SDSS; Blanton et al. 2017; SDSS-I/II and the Baryon
Oscillation Spectroscopic Survey, BOSS; R = 1500 at » = 3800 A
and R = 2500 at » = 9000 A) when available, or from dedicated
observations using the Multi-Object Double Spectrograph (MODS)
of the Large Binocular Telescope (LBT) with the red grating (G670L,
500010000 A; R = 2300 at » = 7600 A), or with the Telescopio
Nazionale Galileo (TNG) coupled with the Device Optimized for
the LOw RES-olution (DOLORES; using the LR-R/LR-B grisms;
respectively, R = 450 at A = 4500 A and R = 360 at » = 7500 A),
as detailed in Caccianiga et al. (2019). The analysis of the radio
spectra (Caccianiga et al. 2019) and of the X-ray data (Ighina et al.
2019; Ighina et al. 2021) have then confirmed the blazar nature
for 22 of these objects. If we restrict the search area to the high
Galactic latitudes (|b" | > 20°) where the identification level is close
to 100 per cent, 3 out of 22 blazars are excluded. The resulting 19
objects constitute the high- z complete sample, hereafter C19, with
a sky coverage area of 13120 deg?.

To extend this sample at lower redshifts (1 < z < 4), we have
considered the CLASS sources falling in the sky area covered by
the SDSS Data Release 14 (DR14, Abolfathi et al. 2018) in order to
benefit of the large spectroscopic data base available for most of the
brightest objects. Since we are interested in the most massive SMBHs
that are hosted in the most luminous AGNs, the SDSS spectroscopic
data are deep enough to obtain a sample with a high spectroscopic
identification level. We have thus cross-correlated CLASS with the
SDSS DR14 photometric catalogue, using a 1 arcsec positional
tolerance to guarantee that all the counterparts are recovered (see
below). We have found a counterpart for about 74 per cent of the
CLASS sources in the SDSS area (6244 out of 8389). We have then
verified that the large majority (95 per cent) of these counterparts have
a distance from the CLASS position less than 0.3 arcsec thus con-
firming the high completeness of the radio/optical association. About
50 per cent of the counterparts have a spectroscopic identification.
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This fraction, however, dramatically increases when considering the
brightest sources, leading to a high identification level of the final
sample, as explained below.

In order to select sources with the same radio and optical
luminosities as in the C19, we can translate the radio and optical
flux limits of the high-z sample of C19 (mag < 21 and Ssgu, >
30 mJy) into luminosity lower limits at lower redshifts, assuming a
starting redshift of z = 4, namely:

AL; (1350 A) > 10% erg s7! )

Psg, = 105 W Hz ™! 2)

We also decided to consider only sources with z > 1.5. The main
reason for this choice is that the inclusion of lower redshift objects in
the analysis would have required to consider an additional emission
line for the SMBH estimate (i.e. HB, if C1v 1549 A is not visible;
see Section 3 for details). The use of multiple emission lines may
introduce some systematic that can affect the final results. In any
case, our goal is to better sample the redshift range between 2 and
4, where the blazar space density is expected to peak and, therefore,
excluding sources below z = 1.5 does not affect our analysis. We
also exclude the objects with z > 4 that are already included in the
C19 part of the sample.

As mentioned above, we want to analyse a flat spectrum radio
quasars (FSRQ) sample, hence we exclude BL Lac objects. Finally,
we exclude the objects with low Galactic latitude (|b” | < 20°), by
analogy with the selection of C19. The resulting 1.5 < z < 4 sub-
sample contains 361 objects, with a sky coverage area ~ 10700 deg
2

We have then evaluated the completeness of this sample. As
mentioned above, not all the CLASS sources in the SDSS area
are spectroscopically identified in the literature. We worked out a
correction to account for the missing sources.

As a first step, we split the sample in eight bins of redshift. Then,
we have translated the radio and optical flux limits of the high-z
sample of C19, starting from redshift z = 4, at lower redshifts, using
the following relations:

_ Dy(z) 14z
mag,(z) = 20.86 + 5Log (DL(4)> +2.5(xp — 1) - Log (1 n 4) ,
3)
o (D@ 14\ R
SSGHZ(Z) =30 (DL(Z)) ( 1 + Z) mJy’ (4)

where mag,(z) is the Galactic-extinction-corrected PS1 magnitude
limit in the r-filter and Ssgu.(z) is the radio flux-density limit (at
5 GHz) at redshift z; 20.86 is the magnitude limit used in the
C19 sample (21th magnitude) corrected for the average Galactic
Extinction of the C19 sample; Dy (z) is the luminosity distance at
redshift z; o and ar are the optical and radio spectral indices,
respectively. In particular, assuming S(v)xv™ we use og = 0.44
(Vanden Berk et al. 2001) and ag = 0.2 The equations (3) and (4)
are equivalent to equations (1) and (2), and represent de facto a
luminosity selection.

We can therefore compute the radio and optical flux limits, using
the value of redshift in the centre of each bin. We then compute

2We estimate that the scatter of the optical index (~0.1) could result in a
~ 2 per cent scatter on the number of selected blazars, while the typical
uncertainties on the radio spectral index in CLASS (~0.35) could cause a
~ 9 per cent scatter.

MNRAS 511, 5436-5447 (2022)

Table 1. Values of Cig and Cypecq for different redshift bins
(z < 4 sub-sample). Column 1: redshift interval; columns 2
and 3: respectively, lower radio-flux (mJy) limit and lower
magnitude limit calculated at the central redshift of each bin
(see equations 3 and 4); columns 4 and 5: Multiplicative
factors that correct for the missing identification of the
sample and for the lack of SDSS spectra, respectively.

z bin S5GHz MAB Cia Cipect
1.50-1.75 140 18.88 1.16 1.14
1.75-2.00 108 19.21 1.18 1.09
2.00-2.25 86 19.49 1.22 1.09
2.25-2.50 71 19.74 1.26 1.08
2.50-2.75 60 19.96 1.31 1.02
2.75-3.00 51 20.16 1.34 1.05
3.00-3.50 42 20.42 1.39 1.08
3.50-4.00 33 20.72 1.45 1.15

the identification level for each bin, as the fraction of the CLASS
sources above these limits in the SDSS sky area with a spectroscopic
identification in the literature. The inverse of this number gives the
multiplicative factor (Cjq) to correct for the identification level. This
correction range from 1.16 (at low redshifts) to 1.45, at redshift ~3.5.

Moreover, some spectroscopically identified objects present in
the literature lack a SDSS spectrum. For these objects we are not
able to estimate the mass of the central BH. Nevertheless, under the
assumption that all these blazars (either with spectrum or not) share
the same properties, we can take into account the missing spectra with
a second correction. Similarly to the Cig, we calculate this correction
for each bin of redshift, specifically we compute the fraction of
objects with a spectrum available from SDSS, and included in the
CLASS, in each redshift bin and the correction is defined as the
inverse of this number (hereafter, Cypec). The correction ranges from
1.02 to 1.15. In Table 1, we report the values of Cig and Cgpee; for
each redshift bin.

The uncertainties on these coefficients are evaluated assuming
a binomial distribution B(N, p), where N is the total number of
sources in each bin of redshift for the considered correction, and p
is the inverse of the true correction. Specifically, we are interested
here in the compound uncertainty obtained by multiplying the two
corrections. We evaluate, through a Monte Carlo simulation, that the
impact of these statistical uncertainties on the final result are at most
~ 6 per cent.

Using these corrections, we can obtain a reliable estimate of the
actual number of blazars expected in each redshift bin.

For the z > 4 sub-sample, these corrections are not necessary since
the identification level is almost 100 per cent (see C19 for details).

2.1 Confirming the blazar nature

By definition, the CLASS survey should only contain sources with a
flat spectrum (i.e. blazars) between 1.4 and 5 GHz. However, since
the spectral index estimate is based on two frequencies only, other
AGNs with more complex radio spectra may be included in the
CLASS. This is the case for Gigahertz Peaked Spectrum (GPS)
sources, which are thought to be young and compact AGNs and that
show a peak in the radio spectrum at high frequencies (1-5 GHz,
O’Dea 1998). If the peak falls in the observed 1.4-5 GHz range,
the corresponding source can be misinterpreted as an FSRQ. We
expect that most of the sources with a GPS spectrum are not oriented

2202 UoJBIN 80 U0 15aNB Aq 06522S9/9ES/¥/L LG/aI0IME/SEIUW /W0 dNo"0lWapeo.//:Sd)y WOy PapEojumoq



Evolution of the heaviest SMBH in jetted AGN

sources, i.e. blazars.> In order to confirm the blazar nature of the
CLASS sources, we considered their X-ray properties, which can be
used as an independent and reliable proxy to assess the presence of
relativistic beaming (e.g. Ghisellini 2015, Ighina et al. 2019). Indeed,
an X-ray emission significantly higher than that expected from a RQ
AGN with the same optical/UV luminosity is a robust evidence of the
presence of an extra emission coming from an oriented relativistic
jet.

To this end, we collected X-ray data from the second Swift-XRT
point sources catalogue (2SXPS; Evans et al. 2020). We found 107
detections (35 per cent of the sample). After combining the X-ray
fluxes with the optical properties from SDSS, we compute the @&,,*
parameter for all these AGNs. We find that the large majority of
these sources (~ 94 — 96 per cent, depending on the assumption on
the photon index, ' = 1.5-1.8) are strong X-ray emitters in the
typical range observed in blazars (& < 1.355, see e.g. Ighina et al.
2019).

It should be noted that the ~100 CLASS sources detected in the
2SXPS catalog could not be representative of the entire sample.
Indeed, the 2SXPS catalogue is based on archival pointed data and,
therefore, blazars could be over-represented since they have been
preferentially pointed by Swift-XRT. To avoid this possible bias,
we also considered in the computation only the sources that are
serendipitously detected by Swift-XRT, i.e. sources that were not
specifically pointed. Using this sample, that contains 24 sources, we
confirm a similar abundance of blazars (i.e. ~ 92-96 per cent). We
note that these results are consistent with what found in the z > 4 C19
sample, where about 90 per cent of radio-selected candidates were
confirmed as blazars using the X-rays data (Ighina et al. 2019). We
expect this fraction is representative of the whole sample, including
the sources not yet observed in the X-rays, and, therefore, we apply a
scale correction to the low-redshift (z < 4) blazar density calculated
in Section 4 to take into account the presence of this small fraction
(6 per cent) of non-blazars sources, in the sample.

3 ESTIMATING THE MASSES OF THE SMBHS

One of the most used and reliable method to calculate the mass of the
central SMBH in type-I AGNss is based on the virial theorem applied
to the broad-line region (BLR). Assuming a completely virialized
BLR, we can compute the mass of the central BH from the BLR size
and from the velocity dispersion of the orbiting clouds that form it:

RpirAV?

G ,
where AV is a measure of the velocity dispersion of the BLR clouds,
and Rpr is a measure of the BLR size. f'is a dimensionless factor
that depends on the structure and the geometry of the BLR (e.g.
Vestergaard & Peterson 2006, hereafter VP06).

The Doppler broadening of the line provides the necessary
information about the velocity dispersion of the ionized gas where
the lines are produced. The BLR radius, instead, can be inferred
from the continuum (or the line) luminosity using scaling relations
of the form of RxL* (e.g. Kaspi et al. 2000; Grier et al. 2019). This
relationship can therefore be used to estimate the radius of the BLR
from a single luminosity measure, without the need of a continuous

Mgy = f (5)

3This is not always true, however, as demonstrated by the existence of blazars
showing a peaked radio spectrum like J0906+6930 at z = 5.47 (Romani et al.
2004; Coppejans et al. 2017; An & Romani 2018; An et al. 2020)

Yy = —0.3026log(L1okev/L2s00) as in Ighina et al. (2019).
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monitoring of the source. For this reason, this method is called
single epoch (SE).

Among all the possible broad emission lines (BELs), just a few
of them are strong enough to be used for a reliable estimate of the
BH mass: HBA4861, MgliA2799, and C 1vA1549 are the most studied
and used (e.g. Vestergaard & Peterson 2006; Shen & Liu 2012; Bentz
2015). With an AGN sample that covers a large range of redshift, the
natural choice among the aforementioned three is the triply ionized
carbon line (C1vA1549). Even though there are some concerns about
the use of this line to estimate the SMBH masses (Section 3.3 for a
discussion of these potential issues), we decide to use this line since
it is observable from z ~ 1.5 up to z ~ 5.5 in an optical spectrum
and, therefore, it can be consistently used for the entire sample. This
is a great advantage with respect of using different emission lines
(or even different methods) depending on the redshift, something
that can introduce unpredictable biases in the analysis of the space
density versus z.

There are different ways to quantify the line width; the most
common one being the full width at half-maximum (FWHM).
However, several authors (e.g. Vestergaard & Peterson 2006; Denney
etal. 2013) suggest that the o, (line dispersion) can give more reliable
results for the BH mass estimate. For instance, by comparing the C 1v-
based masses with those derived with other independent methods,
Denney et al. (2013) has concluded that the line dispersion can lead
to BH masses with a lower scatter (<0.3 dex) if compared to FWHM,
provided that high-quality spectra (S/N 2 10) are used. We decide to
compute the BH mass using both the line dispersion and the FWHM,
to facilitate the comparison with the literature. In particular, we use
the two relations derived by Vestergaard & Peterson (2006):

Mpu(C1v) = 100 (

o 0.53
(Cv) \? [ AL, (1350A)
Mpn(C1v) = 1067 [ 2 My (7
pr(CIV) 103 km s™! 10% erg s—! o M

° 0.53
FWHM(C1v)\ > [ AL, (1350 A)
1 M®(6)

103 km s 10* erg s~

where the line dispersion and the FWHM are measured in km s~!

and AL, (1350 A) is the continuum luminosity at 1350 A (source rest
frame) measured in erg s~'. The intrinsic scatter of these relations is
0.3-0.4 dex (see Vestergaard & Peterson 2006), and it represents the
main source of uncertainty in the mass estimate.

3.1 Spectral analysis

The procedure used to isolate and analyse the CIV emission line
follows that described in Denney et al. (2016). The observed spectra
are firstly corrected for Galactic extinction (Fitzpatrick 1999). The
redshift of the source is spectroscopically determined. We then bring
the spectrum to the source rest frame and linearly fit the continuum
around the C Iv emission line, using default windows of 1435-1465 A
and 1690-1710 A (Denney et al. 2016). When the data within these
boundaries are affected by spurious features or fall at the edge of
the spectrum, other intervals are manually selected to estimate the
continuum around the emission line. In many cases it was necessary
to mask one or more regions containing spurious features, such as
the emission often observed between CIv and Helid 1640 (which
requires a default mask between 1600 A and 1680 A, as in Denney
et al. 2016), telluric absorptions, sky line residuals and cosmic rays.
The fitting of the C 1V line is performed with a multi-Gaussian model
(1, 2, or 3 depending on the spectrum and the data quality). To better
illustrate the method, we report in Fig. 1 an example of the spectra
preparation.

MNRAS 511, 5436-5447 (2022)

2202 UoJBIN 80 U0 15aNB Aq 06522S9/9ES/¥/L LG/aI0IME/SEIUW /W0 dNo"0lWapeo.//:Sd)y WOy PapEojumoq



5440  A. Diana et al.

100

80

60

40

20

flux (10717 erg s~1 A1)

| Fo
I \i\‘ M, i l..m‘hu’w ":": DR

0
0 Ml
15

WMMJWW

00 1600
wavelength (A)

I

Figure 1. Example of the fitting procedure (GB6J162030+490149). The top
panel represents the rest-frame continuum-subtracted spectrum. The mask
applied is represented with the grey shaded area and in orange is shown the
excluded part of the spectrum. The best-fitting model for the C1v line is
represented with the solid red line, while the single Gaussian components are
depicted with the dotted red line. The bottom panel shows the residuals.

The fit parameters uncertainties are calculated using a Monte Carlo
approach. For each object we create N independent spectra based on
the observed spectrum with a Gaussian-distributed noise added. The
noise is derived from the inverse variance vector when available, or
from the rms calculated in the continuum-subtracted spectrum around
the line, when the vector was not present. For each mock spectrum
the parameters are then estimated. After one thousand iterations, the
standard deviation for each parameter is calculated and assumed as
its uncertainty.

The best-fitting parameters with their uncertainties are reported in
Table 2.° In particular, we show the best-fitting parameters of the z
> 4 sources, while the values for the entire sample are reported in
the appendix (electronic version only).

3.2 Eddington ratio

Another important parameter related to the mass of the central BH is
the Eddington ratio i.e. the ratio between the bolometric luminosity
and the Eddington luminosity:

hedd = Lol / LEad, (8)

where Lggg = 1.26 - 10¥ M/M erg s™' and the bolometric lumi-
nosity is the total energy produced by the AGN per unit of time
integrated on all the wavelengths. This parameter can be estimated
using a bolometric correction (K1) that allows the calculation of the
bolometric luminosity starting from a monochromatic luminosity at
a given wavelength (Lyo = Kol - AL ). Here, we use an average Ky
derived from Shen et al. (2020): Ky,(1450 /o\) = 4.68, which can be

5Two objects at z > 4, i.e. GB6J0122024-030951 and GB6J090631+693027,
lack an SDSS spectrum; therefore, for the former objects, we infer the
parameters from the printed spectra, whereas the properties of the latter
object are taken from the literature (Romani 2006).
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translated at 1350 A using the average spectral index, resulting in
Kio1(1350 A) ~ 4.5. The resulting values of Eddington ratios of the z
> 4 objects are reported in Table 2, while those of the entire sample
appear in the Appendix (electronic version only).

3.3 Potential issues

Besides the statistical errors and the intrinsic scatter of the VP06
relations, the masses derived via the SE method are potentially
affected by some (possible) systematics. We briefly discuss here
the most important ones trying to establish their actual relevance on
the sample considered in this work. At the end of the section, we will
present an independent measure of the masses showing that these
biases, if present, should have a modest impact on our results (also
considering the large statistical uncertainties). The main potential
biases that may affect our SE-derived masses are as follows:

(i) Orientation — Blazars are face-on RL AGNSs. This means
that we are likely observing these objects within ~10° from the
jet direction (e.g. Savolainen et al. 2010; Ajello et al. 2012). It has
been suggested (e.g. Decarli et al. 2008; Decarli, Dotti & Treves
2010) that the typical BLR may have a disc-like structure and that
the observed line widths are therefore significantly dependent on
the particular orientation of the source since we only measure the
projected component of the dispersion velocity. Therefore, in a nearly
face-on source, the line width could be significantly lower than the
edge-on case even if the mass of the central SMBH is the same. For
a sample of randomly distributed AGNSs, this effect will increase the
scatter of the derived masses. In a sample of AGNs with a specific
orientation, like blazars, the masses could be systematically biased.

The SE relations (equations 6 and 7) are calibrated on several low-
redshift quasars, for which we expect a random orientation (from 0 to
~45° , by definition of type-I AGN). The SE relations are therefore
strictly correct for a mean spatial angle, probably close to ~30°. For
sources observed at lower/larger angles, the derived mass is expected
to be under/overestimated, respectively. However, it is not clear if all
the BELs are affected by orientation. This kind of bias has been
actually measured by Runnoe et al. (2014) for masses calculated
using HP but it has not been found for C 1v-based masses. A similar
result has been achieved by Fine, Jarvis & Mauch (2011) using a
sample of RL AGN:s, finding no significant correlation between the
C1v line width and the BLR orientation. The proposed explanation
is that the highly ionized C1V line is probably produced in a different
(more isotropic) region of the BLR. Therefore, we expect that the
viewing angle is not a relevant issue in our estimate. However, as
discussed in the next section (see Section 3.4), we have assessed this
possible systematic using a completely independent method.

(ii) Jet contamination and disc anisotropies — These potential
issues are connected, again, with the orientation. First, the luminosity
of arelativistic jet observed at small angles is significantly amplified
by the relativistic beaming (Urry & Padovani 1995). In principle, this
emission could contaminate the continuum emitted by the accretion
disc. Therefore, a continuum-luminosity based relationship, like
the one we are using (equations 6 and 7), may lead to a mass
overestimate (e.g. Decarli et al. 2010). Secondly, the continuum
luminosity is known to be produced by a geometrically thin and
optically thick disc-like structure, which means that the observed
luminosity is higher when viewed face-on (Calderone et al. 2013).
This effect could also lead to overestimate the mass, since the SE
relations are calibrated on the average orientation of type-I AGNs,
while we are applying them to sources observed face-on. In order
to evaluate the impact of these potential bias on the SE masses, we
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Figure 2. Continuum luminosity versus CIV line luminosity. The plot
represents the relation between the continuum luminosities estimated at
1350 A and the integrated line luminosities of the C1v, in our sample (black
dots). As reference, we use the luminosities estimated in Shen et al. (2011)
using a sample of randomly oriented AGNs (represented here with the blue
confidence regions, in 10 per cent increments). There is no evidence of any
contamination from the jet, which would result in a systematic offset of the
points with respect to the Shen et al. (2011) sample.

have compared the C 1V line luminosities (which are not affected by
disc-inclination effects) against the continuum luminosities at 1350 A
(which could be affected by the beaming). We then compared this
relation with a similar one derived by Shen & Liu (2012) from a large
sample of radio-quiet AGNs for which the beaming is not present
and that are expected to be observed, on average, at larger angles
compared to blazars. If the viewing angle plays a significant role in
the observed continuum luminosity, we should observe a systematic
shift of this relation with respect to the one by Shen & Liu (2012).
Nevertheless, comparing the luminosities of the objects in our sample
with those estimated in Shen et al. (2011) we find no evidence of a
significant contamination (see Fig. 2). In particular, we can quantify
the possible offset by considering the ratio R = log(Li3s0/Lcw)
in both the randomly aligned sample and in our sample. The two
values (Rspen = 1.62 = 0.28 and Rppazer = 1.61 £ 0.25) are fully
consistent.

(iii) Issues on the C 1vline as a virial indicator — The SE method
is based on the assumption that the line width arises from virial
motions. However, as mentioned above, C1v BELs are affected by
a blueshift, although this effect seems to be less relevant in RL
AGNs (Richards et al. 2011). Due to the high ionization energy,
C1vA1549 is likely to be produced in the innermost part of the BLR,
as confirmed by reverberation mapping observations of the C Iv time-
lag (Sun et al. 2018), and this effect may imply the presence of a non
virialized component of the BLR. Indeed, the radiation pressure from
the accretion disc may affect the regular trajectory of the gas, with
a net radial radiation flow that modifies the emission line profiles
(Murray & Chiang 1997; Leighly 2004; Denney 2012). There have
been many efforts to improve SE mass estimates from CIv (Denney
2012; Runnoe et al. 2014; Coatman et al. 2016; Mejia-Restrepo et al.
2016). Nevertheless, Denney et al. (2013) found that the second
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moment of the line (o) is only marginally affected by blueshift and
that the masses derived through this quantity are less scattered with
respect to the masses derived from HB (provided that the S/N of the
spectrum is high enough, namely S/N > 10 around 1450 A). For this
reason, we decided to use the o; to quantify the line widths of our
sample. To allow a direct comparison with the literature, however, we
also compute and report in Table 2 and in the Appendix (electronic
version only) the values of masses obtained using the (more common)
relations based on the FWHM.

3.4 Testing the SE masses

Even if the potential issues described in the previous sections are not
expected to have a significant impact on our analysis, we decided to
verify the presence of any possible bias on the calculated masses. To
this end, we use an independent technique based on the accretion disc
emission (e.g. see Calderone et al. 2013 for a detailed description of
the method). This technique assumes that the optical/UV continuum
emission of the AGN is produced by an optically thick, geometrically
thin accretion disc (AD) that emits according to the Shakura &
Sunyaev (1973, SS73) model. With these assumptions it is possible
to derive the values of Mgy and of the accretion rate, that are free
parameters of the SS73 model, simply by fitting the optical/UV data
points. In spite of its simplicity, the AD method is not routinely
used to derive the SMBH masses since it requires a good data
coverage, in particular around the critical region where the disc
emission peaks (i.e. the rest-frame UV region). For this reason, this
method is typically applied to high-z objects (z > 3—4) for which the
rest-frame UV region of the spectrum is relatively well sampled by
the photometric points in the visible range. However, even in high-z
sources the application of this technique could be problematic since
the peak of the disc emission may fall at wavelengths bluer than
the LyaA1215 where the effect of the neutral hydrogen absorption
is very important, making the photometric points not usable. This
happens, in particular, in sources hosting the least massive SMBHs
(<108 Mg).

With the main goal of testing the SE masses, we decided to apply
the AD method to the high-z (z > 4) objects in the CLASS sample,
for which the UV spectral range is relatively well sampled. The
typical photometric coverage available for CLASS high-z sources
is limited to the few data points from PS1 not affected by the
neutral hydrogen absorption and to the observed spectrum. MID-IR
points from the Wide-field Infrared Survey Explorer (WISE; Wright
et al. 2010) cannot be used as they may be contaminated by the jet
emission.

As a consequence of this limited data set, the resulting masses
are poorly constrained, with typical uncertainties of ~0.3-0.6 dex,
that are significantly larger than the statistical error on the masses
derived from SE method (~0.05 dex) and comparable or even larger
than the intrinsic error related to the SE method (~0.4 dex). In spite
of these large uncertainties, the AD method can be still used to search
for possible systematics in the SE masses. In Fig. 3, we show the
comparison between the SE masses of the C19 sample (based on
equation 7) and the AD masses.

Given the large uncertainties of the AD masses, the two values are
overall in good agreement (Log(Mgisc./Msg) = 0.1 £ 0.3).

In conclusion, the masses derived with the SE method, although
very uncertain, do not reveal systematic discrepancies when com-
pared to the AD masses. This confirms that the potential biases,
discussed in the previous section, if present, do not affect significantly
the final results. We therefore consider the SE masses as our best
estimates and we use them in the rest of the paper.
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Figure 3. Comparison of the SMBH masses (z > 4) derived using the SE
and the AD method. The red solid line is the 1:1 relation; in cyan, the
region corresponding to the maximum intrinsic scatter of the VP06 relations
(0.4 dex). No evident bias in the mass estimate can be revealed using this
independent method.

4 SPACE DENSITY EVOLUTION OF > 10° M,
SMBHS HOSTED BY RL AGNS

An important test to assess the role of the relativistic jets in the
evolution of the SMBHS across cosmic time is to compare the relative
abundance of RL AGNs with respect to the total AGN population at
different redshifts. The RL fraction in the local Universe has been
the subject of several publications in the last years. The commonly
accepted value was assessed to be about ~ 10 per cent (e.g. Fanti
et al. 1977; Condon et al. 1980; Smith & Wright 1980; Sramek &
Weedman 1980; Hooper et al. 1995; Ivezi¢ et al. 2002; Volonteri
et al. 2011), although some more recent works have found that the
RL fraction could be as high as 20-30 per cent (e.g. Kellermann
et al. 1989; della Ceca et al. 1994; Best et al. 2005; Jiang et al. 2007;
Kellermann et al. 2016).

However, estimating this ratio at larger redshift is not as straight-
forward (e.g. Stern et al. 2000; Bafados et al. 2015; Yang et al.
2016; Liu et al. 2021). As already discussed, part of the radio
emission, i.e. the one produced by the jet, is highly anisotropic
because of the relativistic beaming that strongly boosts the emission
along the jet direction. This problem is particularly important at high
redshifts where we typically observe the high-frequency (rest-frame)
emission, which is usually dominated by the jet while the isotropic
component (from the radio lobes) is severely attenuated due to the
steepness of the spectrum. In addition, the extended emission is more
difficult to detect compared to the point-like core, especially with
fluxes close to the survey sensitivities. Finally, the extended emission
of RL AGNSs is also expected to be significantly damped at high
redshift due to the increased density of the CMB photons that interact
and cool the relativistic electrons in the radio lobes (see e.g. Ghisellini
et al. 2014a). All these potential issues make it difficult to assess
whether the optically selected high-z AGNs currently not detected
in the radio band are truly radio-quiet sources or simply misaligned
jetted AGNs. Using blazars to trace the RL AGN's population, instead,
we are not directly affected by these problems and, therefore, we can
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Table 3. Number of sources selected. The number of sources, between z =
1.5 and z = 5.5, in the progressively stringent sets considered. Respectively,
the starting sample (equations 1 and 2 and |b”| > 20°) composed by 361
objects with 1.5 < z < 4 plus the C19 sample (19 sources with 4 < z < 5.5);
the objects with an available spectrum; the objects with a Mgy > 10° Mo
(considering the line dispersion relation, equation 7).

Starting sample With spectra Msypn > 10° Mg

N sources 380 352 243

provide a reliable estimate of the true fraction of RL AGNs at all
redshifts.

As discussed in Section 2, our sample is complete for radio powers
larger than Ps gy, > 107 W Hz~!. Considering that we expect
the radio luminosity in blazars to be boosted by 2 or 3 orders of
magnitude,® this means that we are able to sample the population of
RL AGNs down to an intrinsic radio power of Ps gy, ~ 10%4-102 W
Hz~! which is close to the typical threshold that divides radio-loud
from radio-quiet AGNSs (e.g. Kellermann et al. 2016; Padovani 2017).
Considering the deboosted radio flux, our sample is sensitive to an
intrinsic radio-loudness.” This means that we should be sensitive to
the bulk of the RL. AGNs population up to z ~ 5.5.

In principle, the presence of an optical limit (mag = 21 for the z
> 4 sample) may prevent the selection of the least (optical) lumi-
nous sources (AL, (1350 A) < 10*erg s~1). As previously discussed,
however, we are focusing on the objects hosting the largest SMBH
masses (M > 10° Mg, i.e. 243 sources, see Table 3). The limit on the
optical luminosity can be translated into a limit on the bolometric
luminosity:

Lot = Kpoi(1350A) - vL, (1350 A) ~ 5 - 10* erg s )

For SMBH masses between 10° and 10'® M, this limit implies that
we are sensitive down to Eddington ratios of ~0.1-0.2, i.e. again, to
the bulk of the population of AGNs with quasar-like spectra (Shen
et al. 2011). In summary, with the CLASS blazars we are able to
evaluate the true space density of RL. AGNs hosting the most massive
SMBHs (M > 10° M@) in the 1.5-5.5 redshift range.

First, for each source we calculate the comoving volume within
which it could have been observed:

A
Vet = —V, (10)
47

where A is the sky coverage area in steradians of the two sub-samples,
ie. 1.2727 (or 13120 deg?) above z = 4, 1.0387 (or 10700 deg?)
under z =4. Vis the comoving volume between z; and z,. Please note
that in this case it is not necessary to apply the method suggested in
Avni & Bahcall (1980), since in our luminosity-limited sample each
object is always detectable up to z ~ 5.5. The blazar space density
in each bin (z;,2») is therefore calculated as
Cspect : Cid -N

Nplazar = Vi (]])
eff

The sources of uncertainty in the blazars space density calculation
are the coefficients (Cig and Cqpey, distributed with a binomial pdf,

The relativistic Doppler beaming can be expressed as 8" + ¢, with a Doppler
factor 8 = 1/(I'(1-Bcos)), « is the radio spectral index, which in our case is
ag =0, and n ranges from 2 to 3 (see e.g. Singal 2016). Therefore, assuming
sin@ = 1/I", we obtain a boost of I'" = 102—103.

"Defined as R = f,(5GHz)/ f, (4400 A) rest frame (Kellermann et al. 1989)
above >10, which is, again, the traditional dividing value between RL and
RQ AGNs (Kellermann et al. 1989).

MNRAS 511, 5436-5447 (2022)
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Table 4. Space density of the most massive (> 10° M) blazars in
our sample. Column 1: redshift interval; column 2: the number of
blazars, within the sample, with a mass M > 10° Mg in each bin of
redshifts in the covered sky area; column 3: logarithmic space density
of blazars with M > 10° Mg (measured in Gpc*3); columns 4, 5, and
6: logarithmic space density of jetted AGNs, inferred assuming three
representative Lorentz bulk factors, i.e. I' = [5, 10, 15] (measured in
Gpc—3). The statistical uncertainties on the logarithmic jetted AGNs
densities are the same as for the logarithmic blazar densities.

z bin Npi logny, lognje
r
5 10 15
1.50-1.75 26 0.04+0:19 174 234 269

1.75-2.00 26 0.00+9:19 170 231 2.66
2.00-2.25 37 0.169:08 1.86 246  2.82

2.25-2.50 30 0.0810:% 178 238 273
2.50-2.75 34 0.12+3:98 .82 242 2.78
2.75-3.00 31 0.11+3:98 1.81 241 2.76
3.00-3.50 33 —0.1243%8 157 218 253
3.50-4.00 14 —0.43+312 127 187 222
4.00-4.50 8 —0.947013 076 1.36 1.72
4.50-5.00 2 —1.524937 018 0.8 1.14
5.00-5.50 2 —1.4975037 021 0.81 1.16

see Section 2) and the Poisson uncertainty on the number of objects
above the considered mass threshold (M > 10° M@ ) which, in turns,
depends on the uncertainty on the SE masses (Gauss distribution with
standard deviation o = 0.3 M, see Section 3). In order to evaluate
the impact of these sources of uncertainties, we performed a Monte
Carlo simulation with 107 iterations.

Finally, we can consider the blazars space density inferred from
the only z ~ 6 blazar known to date (0.0055%5:9123 Gpc =3, Belladitta
et al. 2020; Belladitta et al. 2022).

In order to evaluate the space density of all RL AGNs hosting a
SMBH with Mgy > 10° M@ (nje), as mentioned in Section 1, we
use a simple geometrical argument:

Rjet = 2T *Npjazar- (12)

In this paper, we assume a mean I' = 10, therefore 1 blazar every
~200 RLs. The results are reported in Table 4 and in Fig. 4.

5 DISCUSSION

So far we have derived the space density of blazars hosting the most
massive SMBHs (> 10° M) at 1.5 < z < 5.5. Using a geometrical
argument, assuming a viewing angle 6 ~ 1/I" and a typical Lorentz
bulk factor I' = 10, we have inferred the space density of all the
jetted AGNs powered by the most massive SMBHs in the considered
redshift interval. We want to stress that this estimate is by definition
unaffected by the torus dust extinction; therefore; we are including
in our result both the type-I and the type-II AGNs, at least in the case
that the obscuration is only due to a molecular torus. It is known that
jetted AGNs represent a minority of the total population, and several
works have tried to estimate the relative abundance of these objects.
These estimates converge to 10-30 per cent in the local Universe
(e.g. Fanti et al. 1977; Condon et al. 1980; Smith & Wright 1980;
Sramek & Weedman 1980; Hooper et al. 1995; Ivezi¢ et al. 2002;
Kellermann et al. 1989; Best et al. 2005; Jiang et al. 2007; Volonteri
etal. 2011; Kellermann et al. 2016). However, it is still unclear if the
jetted fraction have changed with cosmic time, especially at high-z,
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Figure 4. Comoving space density of different types of AGNs hosting black
holes with M > 10° Mg as a function of redshift. The black dots represent
the space density of SMBHs with M > 10° Mg hosted by FSRQs, estimated
in this work. The magenta dot represents the blazars space density inferred
from the only blazar known at z > 6 (Belladitta et al. 2020), which is in
good agreement with the extrapolation of our points. The uncertainties on the
densities are estimated using a Monte Carlo simulation (see the text). The blue
band indicates the space density of all RL AGNs, independently of orientation
(i.e. including absorbed sources), as estimated from the blazar population. It
is derived by fitting the black points and then scaling up the normalization
by a factor 2I"2, assuming a mean Lorentz factor I' = 10. The delimited area
represents 1o confidence intervals, calculated using a Monte Carlo method.
The dark red solid line is derived from the most recent QLF (Shen et al. 2020)
that estimates the space density of both jetted and non-jetted AGNSs, up to
z = 6.5. In particular, the QLF is integrated with L > 8.4 . 10% erg s,
in order to represent only quasars similar to the bulk of our sample (see the
text).

due to the lack of consistency in the samples at different redshifts and
the intrinsic difficulty of observing partially or completely obscured
jetted AGNSs.

In order to compare the most massive SMBHs hosted in jetted
AGNs with those hosted by the total AGN population, we would
need complete samples containing the values of SMBH masses
for each source, as in our sample of blazars. Alternatively, it is
possible to use the quasar luminosity function (QLF) and integrate
it above a certain effective luminosity, considering that SMBH mass
and bolometric luminosity are tightly related.® In particular, we use
the most recent QLF derived in Shen et al. (2020).° This QLF is
corrected for intrinsic absorption assuming the neutral hydrogen
column distribution suggested in Ueda et al. (2014), and a redshift-
dependent dust-to-gas ratio (Ma et al. 2015). Therefore, without
further corrections, we can directly compare our results with this
QLFE.

8This is a reasonable assumption, at least in our sample, since Mgy and L1350
are closely coupled.
9There are proposed two different fit models (referred as Global Fit A and B),
they only differ in dealing with the QLF faint-end slope. Here, we choose the
model Global Fit B.
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In particular, we integrate the QLF with a minimum luminosity:

naGN(2) =/ff nagn(z, L)AL, (13)
L

ef
min

where nagn(z) is the number density of AGNs hosting the most mas-
sive BHs (> 10° Mp); considering the objects with M > 10° M in
our sample, we can define LT as the minimum luminosity to obtain
the same number of objects within our full sample of 380 objects,
regardless of Mgy, with Lyo >LET . We find LT = 8.4 10% erg
s~!. Thus, we can integrate the QLF without assuming a specific
Eddington ratio distribution.

The integrated QLF shows a luminosity-dependent evolution, with
a maximum density occurring at z = 2.2 using the aforementioned
lower luminosity (see Fig. 4, dark red line).

The first fact that emerges from the comparison is that the space
density evolution of jetted AGNs here calculated is qualitatively
similar to that observed in the total AGN population. This is in
contrast with previous results that found a much more rapid evolution
in X-ray selected blazars with similar masses, culminating at z ~ 4
(Ajello et al. 2009). One possible explanation for this discrepancy is
that the X-ray-to-radio luminosity ratio of the jet emission strongly
increases with redshift, as actually observed by several authors (e.g.
Zhu, Zhang & Fang 2019 and Ighina et al. 2019). This increase is
naturally expected if we consider the Inverse Compton interaction
between the photons from the CMB and the electrons present in the
relativistic jets. This interaction is expected to produce a progressive
enhancement of the X-ray emission in high-z blazars, since the CMB
photon density increases as (1 + z)*. Using this model, Ighina et al.
(2021) found that the space densities of radio-selected (Mao et al.
2017) and X-ray-selected (Ajello et al. 2009) blazars can be nicely
reconciled. In this picture, the apparent increase of the space density
of X-ray selected blazars at high redshift is only a consequence of
the progressive enhancement of their typical X-ray luminosity.

In spite of the similar global behaviour of the two distributions
in Fig. 4, we can notice some possible differences. First, the space
density peak of the most massive SMBHs hosted by jetted AGNs
seems to occur at slightly higher redshift (zpcax ~ 3) when compared
to that of the entire AGNs population (Zpeax ~ 2.2). In order to better
quantify this difference, we can fit the jetted AGNs space density
(obtained using equation 12 with I' = 10), as a function of z, with a
simple double power-law model:

2110
7 V2
(5)"+ ()
With y; and y, representing the two slopes, po is a normalization
parameter and z, represents the break point. The uncertainties are
calculated using a Monte Carlo simulation and are given at 68 per cent
confidence level. The best-fitting value of z is 2.98 £ 0.27.

This is not consistent with the total AGN population density peak.
This in turn seems to suggest that the comoving space density
of the most massive SMBHs hosted by jetted AGNs reach the
maximum value about ~800 Myr before those hosted by the total
AGN population. Another possible difference between the two curves
of Fig. 4 is the flatter slope at redshifts below the peak observed in
the RL. AGNs compared to the total population. This is, however,
an uncertain result since we are sampling only a relatively narrow
range of redshifts below z < 2. We want to stress here that the
evolutionary shape of the jetted space density is independent of the
choice of the Lorentz bulk factor, which is highly uncertain and
can only change the overall normalization of the global evolutionary
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Figure 5. Fraction of jetted AGNs hosting the most massive SMBHs (>
10° M) as a function of redshift. We report here three different estimates
assuming three values of the Lorentz factor: I' = [5, 10, 15]. The uncertainties
are estimated using a Monte Carlo method and are the same as in Fig. 4.
Coloured dots represent previous estimates found in the literature (see the
inset).

pattern (unless the average value of I changes across the considered
range of redshifts).

Finally, we can evaluate the evolution of the fraction of the jetted
AGNSs hosting the most massive SMBHs with respect to the total
population. In Fig. 5, we report the percentage fraction of the jetted
AGNSs estimated in our work, using three representative values of I'
=[5, 10, 15]. Clearly, given the uncertainty on the value of I', we
cannot tightly constrain the absolute value of RL AGNs. However,
assuming that the average value of I does not change with z, we
can establish whether the fraction of jetted AGNs hosting a massive
SMBH has changed between z ~ 1 up to z ~ 6. Fig. 5 seems to
suggest a progressive decrease of this fraction by a factor of ~2,
going from z ~ 1 to z ~ 5, independently to the assumed average
value of I'. This is in line with what was found by other authors (e.g.
Jiang et al. 2007; Kratzer 2014).

In addition, we can compare our result with some independent
estimates of the RL fraction published in the literature. In Fig. 5, we
report the high-redshift estimates derived by directly counting the
known RL AGNs (not necessarily blazars). We consider here only
the estimates based on samples with similar optical luminosity limit,
namely: —29 < M50 < —26.8 (Yang et al. 2016); PS1i < 22.6,at z
~ 6 (Bafados et al. 2015); M1450 < —25.5 (Liu et al. 2021, luminous
sample) and with similar deboosted radio luminosity limit fj 4, >
1 mJy. We want to stress that this method, as mentioned above,
could be affected by numerous biases that can be avoided focusing
on blazars instead. However, considering all the uncertainties, our
results are consistent with the estimates from the literature assuming
a Lorentz bulk factor between ~6 and 8.

We can also compare our results with the observed local fraction
of RL AGNs. To this end we want to consider an estimate based
on a sample with similar properties, since some recent works seem
to suggest that the RL fraction may depend on the mass and the
luminosity of the SMBH (e.g. Cirasuolo et al. 2003; Jiang et al.
2007; Rafter, Crenshaw & Wiita 2009; Yang et al. 2016). Jiang
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et al. (2007), in particular, gives an independent estimate of the RL
fraction as a function of both luminosity and redshifts. Focusing on
z ~ 1.5 we find that the local RL fraction is estimated to be 10—
20 per cent, consistent with our low-redshift value assuming again
all~5.

6 CONCLUSION

We have assembled a complete and well-defined sample of 380
blazars (FSRQs) with a similar range of optical/radio luminosities
(AL3s0 = 10% erg s™!, Ps gu, = 107 W Hz™!) hosting SMBHs with
masses > 10° M@, across a wide redshiftinterval (1.5 <z < 5.5). We
have used this statistically complete sample to infer the evolutionary
path of all the jetted AGNs with similar properties, and we have
compared the result with the total AGN population, using the most
recent QLF available to date (Shen et al. 2020). The findings can be

summarized as follow:

(1) Differently from the overall AGNs population, the jetted AGNs
space density shows a peak at a slightly higher redshift (z ~ 3 as
opposed to z ~ 2.2) but not so extreme as the value previously
inferred using X-ray-selected blazars (z ~ 4).

(ii) There is a marginal evidence of a flat density evolution in the
jetted AGNs population at z < 3, whereas the overall population
density strongly decreases.

(iii) The jetted AGNSs fraction seems to decrease by a factor of 2
going from z ~ 1 to z ~ 5.

(iv) Assuming a mean Lorentz bulk factor I' & 5 the jetted AGNs
fraction is overall consistent with the values estimated in the literature
in the local Universe (10-20 per cent) and at high redshifts.

The possible differences in the cosmological evolution of SMBHs
hosted by jetted and non-jetted AGNs should be investigated more
carefully using larger samples of blazars. In particular, in order to
establish more accurately the peak position, we need to improve
the statistics at z ~ 2-3. At the same time, the investigation of any
difference in the slope at z > 2 between the two populations requires
to better sample the very high redshift end of the curve (z > 5),
where only few blazars have been discovered to date. Sampling
this very high-z part of the blazar population is also critical to
fully understand the origin of the difference observed between radio
and X-ray-selected blazars. Indeed, our results seem to rule out the
presence of a peak at z > 4, previously suggested by X-ray-selected
surveys. As already explained, this discrepancy could be connected
to a progressive increase of the X-ray-to-radio luminosity ratio with
redshift, possibly caused by the interaction of jet with the photons
from the CMB (Ighina et al. 2021). To further test these (and other)
hypotheses, it is fundamental to significantly increase the statistics at
redshift above 5.5 where the effect of CMB is expected to be more and
more relevant and where only one blazar has been discovered to date.

Creating sizable samples of blazars at such high redshifts is very
challenging, given the particular scarcity of these sources. A big
leap forward is expected in the next years thanks to the new wide
area surveys, covering most of the sky, that will be carried out by
the new generation of radio (Square Kilometre Array, SKA, and
its precursors), X-ray (extended Rontgen Survey with an Imaging
Telescope Array, eROSITA and Athena) and optical/IR (e.g. the Vera
C. Rubin Observatory and Euclid) telescopes. The joint use of data
covering such a large portion of the sky and of the electromagnetic
spectrum has been proven to be crucial to efficiently select high-
z blazars. In addition, given the extreme faintness of the expected
counterparts, a fundamental role will be also played by the incoming
large optical/IR telescopes, like Extremely Large Telescope, ELT, and
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James Webb Space Telescope, JWST, that will guarantee a reliable
spectroscopic follow-up. We are confident that in the near future the
same kind of study discussed here will be feasible up to z ~ 7-8 and
for less massive objects, allowing us to better constrain the global
evolution of SMBHs in jetted AGNs and to understand the actual
role of the relativistic jets in the global picture.
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