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ABSTRACT

We present the results of a new LUCI/Large Binocular Telescope near-infrared (NIR) spectroscopic observation of
PSO J030947.49+271757.31 (hereafter PSO J0309+27), the highest redshift blazar known to date (z ~ 6.1). From the CIV 11549
broad emission line, we found that PSO J0309+27 is powered by a l.45f(1)i§_2 x 10° M, supermassive black hole (SMBH) with a bolo-
metric luminosity of ~8 x 10* erg s™' and an Eddington ratio equal to 0.44*078. We also obtained new photometric observations
with the Telescopio Nazionale Galileo in J and K bands to better constrain the NIR spectral energy distribution of the source. Thanks
to these observations, we were able to model the accretion disk and to derive an independent estimate of the black hole mass of
PSO J0309+27, confirming the value inferred from the virial technique. The existence of such a massive SMBH just ~900 million
years after the Big Bang challenges models of the earliest SMBH growth, especially if jetted active galactic nuclei are indeed associ-
ated with a highly spinning black hole, as is currently assumed. In a Eddington-limited accretion scenario and assuming a radiative
efficiency of 0.3, typical of a fast rotating SMBH, a seed black hole of more than 10° M, at z = 30 is indeed required to reproduce
the mass of PSO J0309+27 at a redshift of 6. This requirement suggests either earlier periods of rapid black hole growth with super-
Eddington accretion or a scenario in which only part of the released gravitational energy goes toward heating the accretion disk and
feeding the black hole.

Key words. galaxies: active — galaxies: high-redshift — galaxies: jets — quasars: emission lines — quasars: supermassive black holes —

quasars: individual: PSO J030947.49+271757.31

1. Introduction

High-redshift (z > 6) active galactic nuclei (AGN) are direct
probes of the Universe at an age less than 1 Gyr after the
Big Bang. These earliest AGN are fundamental to study-
ing the early growth of supermassive black holes (SMBHs,
e.g., see Inayoshi et al. 2020, for a recent review). An accu-
rate determination of SMBH masses of z > 6 AGN is a
prerequisite to fully understanding the physics, demograph-
ics (e.g., black holes mass function), and relations with their
host galaxies. With the so-called single-epoch (SE) method
(e.g., Vestergaard & Peterson 2006; Vestergaard & Osmer 2009;
Shen et al. 2008, 2011, 2019; Trakhtenbrot & Netzer 2012), it
has been possible to estimate the mass of the SMBHs hosted by
high-z AGN (e.g., Jiang et al. 2007; Kurk et al. 2007; Wu et al.
2015; Mazzucchelli et al. 2017; Kimetal. 2018; Shen et al.
2019; Onoue et al. 2019; Yang et al. 2020a; Andika et al. 2020;
Wang et al. 2021). These studies have shown that the high-
redshift AGN discovered to date are typically powered by
SMBHs more massive than 108-10° M, comparable to the most
massive black holes at any redshift. These discoveries indi-
cate a fast and efficient growth for black holes that challenges
the currently accepted theoretical model of SMBH formation
(e.g., Volonteri 2010; Latif & Ferrara 2016). The most popu-

lar scenarios to explain the mass assembly of several million
solar mass black holes in the early Universe include the direct
collapse of massive gas clouds (e.g., Haehnelt & Rees 1993;
Begelman et al. 2006; Latif & Schleicher 2015), the collapse
of Population III stars (e.g., Bond 1984; Alvarez et al. 2009;
Valiante et al. 2016), co-action among dynamical processes,
gas collapse, and star formation (e.g., Devecchi & Volonteri
2009; Boekholt et al. 2018), the runaway merger of stellar-
mass black holes (e.g., Lupi et al. 2014; Kroupa et al. 2020),
or intense gas accretion in a super-Eddington phase (e.g.,
Alexander & Natarajan 2014; Madau et al. 2014; Lupi et al.
2016; Pezzulli et al. 2016; Volonteri et al. 2016).

Even more challenging is the discovery of high-z massive
SMBHs hosted in radio-loud! (RL or jetted) AGN. They are
characterized by the presence of two collimated relativistic jets
of plasma emitted from the central SMBH and extended up to a
few Mpcs (e.g., see Blandford et al. 2019 for a recent review).
The presence of relativistic jets is usually associated with a
highly spinning accreting black hole (e.g., Blandford & Znajek
1977; Tchekhovskoy et al. 2011), which is expected to have a

! Here we consider an AGN to be RL if it has a radio loudness (R)
larger than 10, with R defined as the ratio between the 5 GHz and 4400 A

rest frame flux densities, R = Ssiﬂ (Kellermann et al. 1989).
4400 A
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high value for the radiation efficiency ( ~ 0.3; e.g., Thorne
1974) and, therefore, a longer growth time with respect to a
black hole hosted by a radio-quiet (RQ or non-jetted) AGN
with the same luminosity. Since there is not enough time to
accrete large masses (M,, ~ 10° My) in a standard Eddington-
limited accretion scenario, thus, super-Eddington accretion
events can be invoked to explain the existence of these high-
z jetted SMBHs (e.g., Begelman & Volonteri 2017; Yang et al.
2020b). Therefore, the process of identifying and characterizing
high-z RL AGN provides a unique opportunity to study the role
of jets in the accretion of SMBHs in the primordial Universe
(e.g., Volonteri et al. 2015).

If a RL AGN has its relativistic jets oriented along the line
of sight, we classify it as a blazar (e.g., Urry & Padovani 1995;
Padovani et al. 2017). Since the jet emission is strongly boosted
and not obscured along the jet direction, the observed luminos-
ity of blazars is usually very high, making these sources well
visible up to very high-z. Although blazars represent a small
fraction of RL AGN, they are fundamental to ensuring a reli-
able and complete census of the global population of the jetted
AGN and, therefore, to trace the evolution of the SMBHs across
cosmic time (e.g., Ajelloetal. 2009; Ghisellini et al. 2010bj;
Sbarrato et al. 2015; Caccianiga et al. 2019; Ighina et al. 2021;
Diana et al. 2022). Indeed, based on the space density of blazars,
it is possible to infer the space density of all the RL AGN that
have similar intrinsic physical properties. If we define a blazar
as a source observed within an angle equal to 1/T", where I is
the bulk Lorentz factor of the emitting plasma, we expect to find
NRL AGN = Nojazars X 22, (e. g., Volonteri et al. 2011). Therefore,
the discovery of high-z blazars enables the census, free from
obscuration effects, of early SMBHs. It also provides strong and
critical constraints on the accretion mode, the mass, and the spin
of the first seed black holes (e.g., Kellermann 2016).

Recently, we discovered the most distant blazar to date,
PSO J030947.49+271757.31 (hereafter PSO J0309+27 at z ~
6.1; Belladitta et al. 2020). We have been carrying out a multi-
wavelength study on this source, from the radio (Spingola et al.
2020) to the X-ray band (Moretti et al. 2021; Ighina et al. 2022)
in order to characterize the properties of this very distant jetted
AGN at all wavelengths. Here, we present new observations in
the near-infrared (NIR) band, consisting of a Large Binocular
Telescope (LBT) spectroscopic observation carried out to detect
the CIVA1549 (hereafter CIV) emission line (useful for the com-
putation of the central black hole mass), as well as of photomet-
ric observations in J and K’ bands obtained at the Telescopio
Nazionale Galileo (TNG) to better constrain the spectral energy
distribution (SED) of the source.

The paper is structured as follows. In Sect. 2, we present the
LBT and TNG NIR observations of PSO J0309+27. In Sect. 3,
we report the data analysis and the results of our observations
(i.e., CIV line characterization, NIR magnitudes, black hole
mass estimations). In Sect. 4, we discuss our results on the black
hole mass in term of seed black hole growth. Our conclusions are
presented in Sect. 5. Throughout the paper we use a flat ACDM
cosmology, with Hy=70kms™! Mpc™!, Q,, = 0.3 and Q4 =0.7.
All errors are reported at 10, unless otherwise specified.

2. Spectroscopic and photometric observations
2.1. LBT/LUCI

The high-z nature of PSO J0309+27 (z ~ 6.1) prevents the
detection in the optical wavelength range of the CIVA1549
and/or the MglI12798 broad emission lines typically used for
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the black hole mass estimation. The latter, at the redshift of
the object, falls in an atmospheric absorption band and thus it
is not easily detectable by ground based telescopes. Therefore,
we proposed an LBT Utility Camera in the Infrared (LUCI,
Seifert et al. 2003) follow-up in order to extend the wavelength
range in the NIR band to detect the CIV broad emission line.
The observation was carried out in a Director’s Discretionary
Time program (program ID: DDT_2019B_3; PI: S. Belladitta)
on 2019 December 2 and consisted of 12 exposures of 15 min-
utes each, with a long-slit of 1.2” width, in nodding mode in
the sequence ABBA, with a total integration time of three hours.
The medium seeing throughout the night was 1.1” and the mean
air mass was 1.2. We used the G200-zJ configuration for both
LUCI1 and LUCI2, in order to cover the wavelength range from
0.9 to 1.2 um, where the CIV was expected to be found. The
data reduction was performed at the Italian LBT Spectroscopic
Reduction Center. Each spectral image was independently dark
subtracted and flat-field corrected. Sky subtraction was done on
2D extracted, wavelength calibrated spectra. Wavelength cali-
bration was obtained by using several sky lines, reaching a rms
of 0.33 A on LUCII and of 0.25 A on LUCI2. The LBT/LUCI
spectrum of PSO J0309+27 is shown in Fig. 1, together with the
LBT/MODS spectrum already reported in Belladitta et al. 2020).
Both the spectrum and the photometric points have been cor-
rected for Galactic extinction, using the extinction law provided
by Fitzpatrick 1999), with a Ry =3.1. The CIV emission line is
clearly detected, and it can be used to compute the mass of the
central SMBH of PSO J0309+27.

2.2. TNG/NICS

PSO J0309+27 was observed with J and K’ filters (central A
= 1.27um and 2.12 um, respectively) at the TNG during the
night of February 12, 2021 (program ID: A42DDT4, PI: S.
Belladitta) with the large field camera mounted on the Near
Infrared Camera Spectrometer (NICS) instrument (Baffa et al.
2001) under excellent seeing conditions (FWHM ~ 0.75”, see
Table 1). The observations consisted of 50-positions dithered-
mosaic with a DIT of 1x60s (J-band) and 3%x20s (K’-band) with
a total integration time of 50 minutes per band”. Flux calibra-
tion has been ensured by a short (30s) observation of the field
of the AS13® (RA = 05:57:07.5, Dec = 00:01:11) photometric
standard stars (ARNICA catalog; Hunt et al. 1998), just after
the object acquisition. A standard data reduction, such as flat
fielding, sky-subraction, cross-talk effect, image alignment, and
stacking, was performed with the Speedy Near-IR data Auto-
matic reduction Pipeline (SNAP*) properly optimized for NICS
data. J and K’ images of PSO J0309+27 are reported in Fig.
2. The source appears point-like in both bands. The AB zero-
point (ZP) magnitudes are reported in Table 1, along with the
total exposure time and the seeing in the final mosaic, computed
measuring the FWHM of reliable point-like objects by using the
Image Reduction and Analysis Facility (IRAF, Tody 1993) task
imexamine.

2 Actually the final integration time in J band is 2940 s since one expo-
sure was lost.

3 There are four photometric stars in this field: AS13-0, AS13-1,
AS13-2, AS13-3. However the AS13-0 is saturated, hence the photo-
metric ZP was computed by using the remaining three.

4 http://www.tng.iac.es/news/2002/09/10/snap/index.
html
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Fig. 1. LBT MODS and LUCI observed spectra of PSO J0309+27. Together with the optical lines already marked in the MODS spectrum in
Belladitta et al. 2020), here the CIV1549 line is marked. The rest frame wavelengths are shown on the upper x-axis.

Table 1. Details on TNG observations in J and K’ bands and
PSO J0309+27 measured magnitudes.

Filter  Acentral 7P Seeing mag

(wm) AB (arcsec) AB

(1) (2) (3) 4) 5
J 1.27  23.25 0.76 20.81 + 0.06
K’ 2,12 2392 0.75 20.93 + 0.08

Notes. Column (1): NICS filter; Col. (2): filter central wavelength;
Col. (3): photometric ZP in AB system; Col. (4): Seeing (FWHM);
Col. (5): J and K’ AB magnitudes of the object. The relations to convert

from Vega to AB systems are: Jyp = Jyega +0.91 and K, = K{,ega+ 1.85.

3. Results and discussion
3.1. CIV line width and luminosity

We characterized the line width with both the Full Width at Half
Maximum (FWHM) and the line dispersion (o, as defined
in Peterson et al. 2004). We computed both by fitting the line
profile, following different steps. First of all we de-redshifted
the LBT/LUCI spectrum using a redshift of 6.063 + 0.003,
which is based on the position of peak of the CIV emission
line (zcrv). Then we linearly5 fitted the continuum near the CIV
line in two specific intervals (1445-1465 A and 1670-1690 A,
see Fig. 3) free from spectral features and spikes due to the
background. On the pseudo-continuum subtracted spectrum we
fitted the CIV broad emission line. Since the existence of a
strong narrow component (produced by the narrow-line region)
of the CIV line is controversial and difficult to detect (e.g.,
Wills et al. 1993; Corbin & Boroson 1996; Vestergaard 2002;
Shen & Liu 2012), we did not include this component in the
line fit. Moreover, we decided not to include the Fell features,
because, as mentioned in previous studies (e.g., Shen et al. 2011;
Trakhtenbrot & Netzer 2012; Zuo et al. 2020), the contribution
from Fell around the CIV line is expected to be small. From

3 AGN usually show a power-law spectrum, but in short wavelenghts
intervals the linear fit is a good approximation.
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Fig. 2. 0.5" X0.5" J and K’ cutout images of PSO J0309+27 taken with
the LF camera mounted on the NICS instrument. Its optical position is
marked with a red circle of 2” of diameter. The two images are oriented
with north up and east to the left.
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Fig. 3, it is clear that two Gaussian functions are necessary to
reproduce the broad emission line profile properly. Indeed, it
has been already demonstrated in several works (e.g., Laor et al.
1994; Shen et al. 2008; Tang et al. 2012) that the CIV broad line
is usually well described by a multiple Gaussian profile and
not by a single Gaussian function. The two Gaussian compo-
nents shown in Fig. 3 have the following characteristics: the
larger Gaussian is centered at ~1541 A and has a FWHM of

A74, page 3 of 10
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Fig. 3. Double Gaussian fit of the CIV emission line. The rest frame
LBT/LUCI continuum-subtracted spectrum is reported in grey, the two
Gaussian functions in red and the sum of the two in blue. The larger
Gaussian (solid red line; 1 ~ 1541 A) has a FWHM of ~9520°km s7!;
instead the narrower component (dotted red line; 4 =~ 1549 A) has a
FWHM of ~1330km s™'. The intervals for the continuum selection are
indicated with dashed green vertical lines.

~9520kms~!; the narrower component, at 4 ~1549 A, has a
FWHM of ~1330kms™!. In Table 2, we reported the best fit
parameters for the total CIV emission line (i.e., those derived
from the sum of the two Gaussian components). Besides the
FWHM (153 A) and the e (19.7A), we used the best fit
model to also measure the rest-frame equivalent width (REW)
and the line luminosity (Lcry = 47D} Fery). The uncertainties on
these values were evaluated through a Monte Carlo method (e.g.,
Shen et al. 2011; Shen & Liu 2012; Raiteri et al. 2020; Zuo et al.
2020; Diana et al. 2022). Each wavelength of the best fit model
was randomly perturbed for 1000 times, according to a Gaussian
distribution of the mean rms of the spectra computed underneath
the CIV line on the pseudo-continuum subtracted spectrum. In
this way we obtained 1000 different mock spectra of the line pro-
file, from which we measured the line properties with the same
procedure used on the real data. We computed the distributions
of FWHM, 0jine, REW, and F¢yy for these 1000 simulated spec-
tra, and the interval that contains 68% of the data in these dis-
tributions was taken as the statistical uncertainty on the best fit
values.

3.2. CIV line blueshift and asymmetry

The CIV emission line is known to show asymmetry and to be
blueshifted with respect to low ionization lines (e.g., Gaskell
1982; Richards et al. 2011; Coatman et al. 2017; Vietri et al.
2018; Zuo et al. 2020), independently from the source orienta-
tion (e.g., Kimball et al. 2011; Runnoe et al. 2014). These char-
acteristics suggest that the CIV clouds are affected by non-
gravitational effects, such as outflows, most likely originated in
disk winds. Large CIV blueshifts indicate that non-virial motions
have a significant effect on the observed emission velocity pro-
file. To date, the greatest blueshifts (>3000kms~') have been
discovered in the so-called weak emission line quasars (WELQs,
Diamond-Stanic et al. 2009), which exhibit a REW < 10A and
a strongly asymmetric line profile (see e.g., Vietri et al. 2018
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and reference therein). With a REW of ~25 A, it is clear
that PSO J0309+27 does not belong to this quasar popula-
tion and we did not expect to find a high value of blueshift
for our source. Moreover, several works in the literature (e.g.,
Shen & Liu 2012; Coatman et al. 2016) found that for small val-
ues of FWHM and ojpe (<5000km s™"), a low value of blueshift
(Av < 2000 km s7') is usually observed.

We computed the CIV line blueshift of PSO J0309+27 fol-
lowing the equation of Coatman etal. (2017): Av (km s7!)=

1549.48 A=Ay . . o .
Cipasa s Where ¢ is the speed of light, 1549.48 A is the

rest frame wavelength for the CIV and Apyr is the line cen-
troid®. The value of the estimated Ay and Av is reported in
Table 2. The blueshift value is smaller than 2000km s~!, as we
expected, which is an indication that the outflows component is
weak with respect to the emission of virialized gas. This allows
us to infer that the virial black hole mass of PSO J0309+27 com-
puted in Sect. 3.4.1 should not be strongly affected by blueshift
effects.

3.3. Object magnitude in J and K bands

Once measured the ZP thanks to the photometric stars, we
derived the J and K’ magnitude of PSO J0309+27 by using
the IRAF aperture photometry package gphot and the extinc-
tion curve of the observational site. The aperture size was cho-
sen to be three times as large as the seeing. Values of the J and
K’ AB magnitude of PSO J0309+27 are reported in Table 1.
The conversion factor (in Vega system) to switch from K’ to K
magnitude has been computed by convolving K and K’ NICS
filter transmission curves with an AQ stellar template. We found:
K’ = K + 0.159. Therefore, we obtained: K (AB)=20.77 +
0.08. The extracted J magnitude is consistent with that found
for PSO J0309+27 in the UKIRT Hemisphere Survey (UHS,
Dye et al. 2018): 19.51 + 0.38 (Vega) =20.42 + 0.38 (AB).

3.4. Black hole mass estimation

We computed the central black hole mass (Mpy) of
PSO J0309+27 following two different and independent meth-
ods. The first method is the commonly used virial approach (the
single epoch, SE, method) and the second is based on the mod-
eling of the accretion disk emission.

3.4.1. Single epoch mass

The SE approach is the most used and reliable method to com-
pute black hole masses of Type I un-obscured AGN. Although
some works have questioned the reliability of CIV as a good
virial mass indicator (e.g., Sulentic etal. 2007; Shen & Liu
2012; Trakhtenbrot & Netzer 2012) due to its observed blue-
ward asymmetry and velocity shifts of the line profile, other
authors have demonstrated that there are no large inconsistencies
between the SE Mpy computed from CIV and Balmer lines (e.g.,
Vestergaard & Peterson 2006; Greene et al. 2010; Assef et al.
2011; Dalla Bonta et al. 2020).

To compute the black hole mass of PSO J0309+27 we
followed the scaling relation of Vestergaard & Peterson (2006)

® The line centroid is defined as the wavelength that bisect the line

in two equal part. We used the definition of Dalla Bonta et al. (2020):

Apalf = %, where P() is the line profile.
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Table 2. Best-fit parameters for the total CIV broad emission line.

FWHM Tline REW Fev Lerv Anaif Av
(kms™) (kms™) (A) (107 erg s~'em™2)  (10* erg s™!) (A) (km s™")
(D ) 3 €] 5 (6) @)
296011030 38154190 953407 8.56+024 3541010 1542,16%058  1420+140

Notes. Columns (1) and (2): line width in term of FWHM and oj,e; Col. (3): rest-frame equivalent width; Cols. (4) and (5): line flux and line

luminosity; Col. (6): line centroid; Col. (7): line blueshift.

based on the Tjipe

o(kms™) )2 ( ALy, )0-53
103 kms™! 10* ergs~! '
We used this relation because Denney etal. (2013) and
Dalla Bonta et al. (2020) find better agreement between CIV-
based and Hg-based mass estimates by using ojipe rather than
FWHM, in particular when high quality spectra are used. More-
over we did not use black hole mass estimators that correct the
effect of the CIV line blueshift (e.g., Coatman et al. 2017) for the
following reasons: (1) the o, parameter is relatively insensitive
to the blueshift® (e.g., Coatman et al. 2017; Dalla Bonta et al.
2020); (2) Coatman et al. (2017) suggest to use these estimators
when the blueshift value is larger than 3000km s~ (the values
measured for PSO J0309+27 is not so high, see Sect. 3.2); (3)
the application of the blueshift correction factor, calibrated on
z < 4 AGN may be inappropriate for sources at higher redshifts
(e.g., Parketal. 2017; Mejia-Restrepo et al. 2018; Kim et al.
2018). The continuum luminosity at 1350 A (AL,,,,, ) has been
computed directly from the PS1 y point (rest-frame wave-
length=~1370A): AL,, ., = 2.49 + 032 x 10 ergs™".

Therefore, from Eq. (1) we obtained a Mgy equal to
1.45”_’8‘%3 x 10° M. The reported uncertainty, derived by prop-
agating the errors of the CIV line width and of the monochro-
matic continuum luminosity, is purely statistical. By taking into
account the large intrinsic scatter of the CIV relation of the SE
method (~0.36 dex, e.g., Vestergaard & Peterson 2006; Denney
2012; Jun et al. 2017), that dominates the overall Mgy error, we
obtained a black hole mass of 1.45:1):22 x 10° M.

Since PSO J0309+27 is an object observed under a small
viewing angle, it is important to take into account the potential
problematics related to the use of the SE method on this type
of source. First, since the broad-line region (BLR) may not be
isotropic the resulting black hole mass could be systematically
underestimated in objects observed face-on. Indeed, there is a
broad consensus in the literature (e.g., McLure & Dunlop 2002;
Decarli et al. 2008, 2011) concerning the disk-like structure of
the BLR. However, it is not already clear if the width of the broad
emission lines (including CIV) depends on the orientation. For
instance, Runnoe et al. (2014, and references therein) found this
dependence in RL AGN for Hp, but not for the CIV line. Sim-
ilarly, (Fine et al. 2011) in a sample of RL AGN did not find a
correlation between the line width of the CIV and the AGN ori-
entation. These authors concluded that the high ionization lines
are produced in isotropic inner parts of the BLR.

A second potential issue connected with the orientation of
the source is the fact that the AGN continuum luminosity could

Mgy = 10573 x( (D

7 In Appendix A.1 we reported the Mpy derived by using the FWHM,
to better facilitate the comparison with SMBH masses of other high-z
AGN in the literature.

8 The blueshift correction for black hole mass estimators has been cal-
ibrated only for the FWHM parameter (e.g., Coatman et al. 2017).

be contaminated by the relativistic jet. Therefore, a continuum-
luminosity based relationship may lead to a mass overestimate
(e.g., Decarli et al. 2011). Moreover, we also have to take into
account the possible anisotropy of the continuum emission pro-
duced by the accretion disk. Therefore, the observed contin-
uum luminosity is higher for a source viewed face-on (e.g.,
Calderone et al. 2013). This effect could lead to overestimate
mass, since the SE relations are empirically calibrated on type-I
AGN randomly oriented (with an expected mean angle of ~30°).
However, there are no evidence of the presence of these poten-
tial bias for oriented RL AGN, as was recently demonstrated by
Diana et al. (2022). In this work, the authors did not find a sig-
nificant difference between the ratio between the CIV line lumi-
nosity (which is not affected by the beaming) and the continuum
luminosity at 1350 A (which could be affected by the beaming)
of a sample of ~380 blazars with that of the RQ AGN of the sam-
ple of Shen et al. (2011), for which the beaming is not present
and that are, on average, observed at different angles compared
to blazars. We computed this luminosity ratio (R = L35 4 /Lcrv)
also for PSO J0309+27, finding that it is at 1o from the mean
value of the sample of Shen et al. (2011). This allows us to infer
that the peculiar orientation of PSO J0309+27 does not affect the
observed continuum emission and, hence, the derived SE black
hole mass.

3.4.2. Accretion disk model

To verify the presence of any possible bias on the calculated SE
masses we used an independent technique based on the accretion
disk emission (e.g., Sbarrato et al. 2012; Calderone et al. 2013;
Ghisellini et al. 2015; Belladitta et al. 2019; Paliya et al. 2020;
Diana et al. 2022). This technique assumes that the optical/UV
continuum emission of the AGN is produced by an optically
thick, geometrically thin accretion disk (AD) that emits accord-
ing to the Shakura & Sunyaev (1973, SS73) model. The SS73
assumes a non-spinning® black hole (i.e., the efficiency of the
accretion process, 7, is ~0.1), surrounded by an AD divided
in rings that emit as black bodies. The total disk luminosity is
therefore a superposition of black body spectra of the following
form:

R()l.\l
L(v, Mgy, M)dv = 47> f RB,[T(R, Mgy, M)]dvdR, 2)

Rin

where M is the mass accretion rate, R. is the distance from
the central engine, and B,[T (R, Mgy, M)]dv is the Planck’s

° Usually RL AGN are associated to spinning black holes. However,
the assumption of a non-spinning black hole is justified also in the
case of PSO J0309+27 by the results of Campitiello et al. (2018), who
found an equivalence between the accretion disk fit with a SS73 model
and a KerrBB model with spin~0.8 observed face-on (as expected for
blazars).

A74, page 5 of 10



A&A 660, A74 (2022)
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Fig. 4. Accretion disk model of PSO J0309+27. The SS73 model that
best represents our data is shown in red. Orange dashed line and green
dashed-dotted line represent the model with the minimun and maximun
value of Mgy respectively (5.2 x 10% and 8.8 x 10® M,). In black, we
showed the optical and NIR (smoothed) spectra. The PS1 y and the
TNG J and K photometric data are shown in light blue. In grey, we
highlighted the photometric point and the part of the spectrum affected
by HI absorption (not used for the disk modeling).

spectrum. The temperature of the single black body emission
depends on the distance from the central black hole, with the
highest temperature emitted at the disk inner radius, which cor-
responds to the innermost stable circular orbit: Ry, = 3Rschw =
6GMgy/c? (e.g., Misner et al. 2017 and references therein). A
large black hole mass implies a larger disk inner radius and,

hence, a lower emitting temperature (as 7 o« Ml;il/ 2). Therefore,
the accretion disk radiation peaks at lower frequency compared
to smaller masses.

With these assumptions it is possible to derive the values of
M,,, and of the accretion rate (M), which are free parameters of
the SS73 model, simply by fitting the optical/UV data points that
do not suffer from HI absorption, namely, those at frequencies
lower than the Ly-a line. With the main goal of testing the SE
masses, we decided to apply the AD method to PSO J0309+27
even when the optical/UV spectral range is not well sampled (see
Fig. 4), since we have only three photometric points that are not
affected by HI absorption: the y data from PS1 and the data at J
and K bands from the TNG follow-up. In addition, the contin-
uum of the LBT spectrum has been used as a guide line for the
modeling. By using this method, we found that PSO J0309+27
can be described by a black hole of Mpy = 6.9’:;2 x 108 M. To
reduce the uncertainty interval on the estimated mass we have
used the expected value of the peak luminosity (Lpeak) of the
accretion disk as a further constraint. The value of Ly, can be
inferred from Lcyy or from AL, .. . by using the relations found
in Calderone et al. (2013; Egs. (2) and (5) of this paper) and by
taking into account the inclination of the source (i.e., the fact that
PSO J0309+27 is a blazar, 6 ~ 0°). This constraint allows us to
infer that the value of the black hole mass of the source cannot
be lower than 5.2 x 108 M,,. Therefore, the final black hole mass
of PSO J0309+27 computed with the accretion disk method is:
Mgy = 6.9%19 x 10% M, (see Fig. 4). This value is consistent
with that obtained from the virial method, considering the total
uncertainties.
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3.5. Bolometric luminosity and Eddington ratio

Using the value of the SE black hole mass, we derived the
Eddington luminosity (Lgq4q) and the Eddington ratio (Agqq). The
latter quantifies how fast the accretion rate is with respect to the
Eddington limit. To compute Ag4q We first estimated the bolomet-
ric luminosity (Lypo) of PSO J0309+27 using a bolometric cor-
rection (e.g., Richards et al. 2006): Lyoy = L3504 X Kpor. In this
case, we used the bolometric correction factor from Shen et al.
(2008): Ko = 3.81 = 1.26. However, we have to recall that this
Kpor is calibrated empirically over RL and RQ Type I AGN,
with a mean expected angle of 30°. Since PSO J0309+27 is
a source seen under a small viewing angle (6 ~ 0°) and that
the continuum emission from the disk is not isotropic (as men-
tioned in Sect. 3.4.1), we have to take into account the expected
inclination factor (i = % = 1.15) to compute the intrin-
sic bolometric luminosity. This leads to a final estimate of:
Lo = 8.22 +3.70 x 10 erg s~!. We obtained a similar value for
Lyot (~8 x 10 erg s™!) by using the non linear relation between
L1 and L 55, 4 of Runnoe et al. (2012). Then we computed Aggq
as as the ratio between the bolometric luminosity (i.e., includ-
ing the optical/UV radiation of the accretion disk, the emission
reprocessed by the molecular torus, and the X-ray corona radi-
ation) and the Eddington luminosity derived from both the ojipe
and the FWHM'?. In the following sections, we always use the
Agqq estimated from the o;,e, which we consider to be the best
BH mass estimator. The obtained value is: Aggq = 0.44f8';§. The
uncertainty already takes into consideration both the statistical
error on the virial mass and the intrinsic scatter of the SE rela-
tion (~0.36 dex).

If we consider, for the Aggq computation, only the lumi-
nosity of the accretion disk, which is Lgisxk ~ Lpoi/2 (e.g.,
Calderone et al. 2013), we obtain an Eddington ratio equal to
0.22+040

The values of the SE Mgy and of Aggq of PSO J0309+27
are in line with those derived for RL and RQ AGN discov-
ered at similar redshift (z = 5.5-6.5)'!. Broadly speaking,
PSO J0309+27 is fully consistent with a typical z ~ 6 AGN and
shows no evidence of peculiarities associated with its relativis-
tic beamed jet. However, the similarity between the masses and
Eddington ratio could be a likely consequence of selection bias,
as all these high-z sources were selected from similar optical/IR
surveys.

4. Implications for early SMBH growth

Accurate measurements of black hole masses and Eddington
ratios of high-z AGN help in constraining the formation scenar-
ios of the first seed black holes. Moreover, high-z RL AGN pro-
vide a unique opportunity to study the role of jets in the accretion
of early SMBHs (e.g., Volonteri et al. 2015). In particular, (as
mentioned in Sect. 1) the discovery of jetted AGN in the early
Universe (z > 5) represent a serious challenge to our understand-
ing of black hole growth — especially if the presence of the jet is
associated with a rapidly spinning black hole, which is expected
to have a large radiation efficiency and, hence, a longer growth
time with respect to black holes hosted by RQ AGN.

10 See Appendix A for details.

"' SE black hole masses of 5.5 < z < 6.5 RQ and RL AGN
reported in the literature varies from 8 x 107 M, to 1 x 10'° M,; the
value of Agyq varies from 0.03 to 1.3; Jiang et al. 2007; Willott et al.
2010; De Rosa et al. 2011; Mazzucchelli et al. 2017; Eilers et al. 2018;
Kimetal. 2018; Shenetal. 2019; Onoue et al. 2019; Andika et al.
2020.
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Assuming that the black hole seed grows at a constant
Eddington ratio during the entire accretion process (e.g., Shapiro
2005; Volonteri & Rees 2005), the evolution of the Mgy with
time is directly proportional to the mass itself, resulting in an
exponential growth from the initial mass (Mpy seed):

3

14 growth )
9

MgH,scea = MpH X €Xp (— =

where fgrow 18 the time during which the black hole accretes and
7 is the e-folding timescale:

n 1 1
=045(—|— || =—————] Gyr,
! (1—n)(aEdd)(fw<M,r>) v

where f, is the duty cycle of the black hole, namely, the mass
and redshift dependent fraction of time when the black hole is
active (faer(M, 1) = [0, 1]). Therefore, from Eq. (3) we can derive
the initial mass of the black hole seed required to observe the
mass of PSO J0309+27 at z ~ 6 (0.922 Gyr after the Big Bang).
Figure 5 shows the estimated growth history of PSO J0309+27
according to this model. These results depend on the assump-
tions made regarding, for instance, the redshift of the seed for-
mation, the accretion rate, the radiative efficiency, and the value
of fir. We traced the mass back to z = 30, when the first stars
and galaxies are thought to have formed (e.g., Bromm & Larson
2004; Bromm & Yoshida 2011). The value of the duty cycle
(fact) 1s assumed to be equal to 1, meaning that the AGN has
been active for the entire time. Then we considered different val-
ues for n7 and Agqq. We assumed that the seed black hole accretes
constantly with the observed Eddington ratio (dgqg = 0.44) or
with a value of 1 (the maximum value allowed in an Eddington
limited accretion scenario). The efficiency parameter, instead,
is believed to depend on black hole spin (e.g., King & Pringle
2006) and can be as high as ~30-40% in case of spinning
black hole (e.g., Thorne 1974; Reynolds 2014). Current semi-
analytical models place only weak constraints on the spin values
for AGN at z > 5, which depend on the gas accretion mode,
the morphology of the host galaxy, and black hole mass (e.g.,
Sesana et al. 2014). Therefore, as no stringent constraints on
black hole spin have been reported to date for high-z AGN, we
assumed both an efficiency of 0.1 (typical of black holes that are
not rapidly spinning ) and 0.3 (typical of Kerr black holes).
Figure 5 shows that only a scenario of = 0.1 can repro-
duce a theoretically accepted seed mass. Scenarios of higher effi-
ciency (7 = 0.3), instead, would require more massive seeds
(Meed = 10° M) as progenitors of PSO J0309+27. These
expected seeds are even more massive than what direct collapse
models predict (Mgeeq ~ 10*-10° M, Latif & Ferrara 2016).
This result suggests that such high values of efficiency are
probably not realistic, not even for RL AGN. Alternatively,
super-Eddington accretion episodes must occur for a signifi-
cant fraction of the growth time. To date, there have been no
clear examples of such super-Eddington SMBHs at z > 6,
although this scenario has been suggested for J1205-0000, a
mildly obscured AGN at z = 6.699 (Onoue et al. 2019), for
PSO J006+39 at z = 6.621 (Tang et al. 2019), two RQ AGN,
and for PSO J172+18, the most distant RL AGN ever discov-
ered (z = 6.8, Bafados et al. 2021). Super-Eddington accretion
episodes are often taken into consideration also for the growth of
black holes hosted in the z > 7 RQ AGN discovered so far (e.g.,
Bafiados et al. 2018; Wang et al. 2021). It has been suggested
that maintaining super-Eddington accretion might be possible
in specific environments (e.g., dust-obscured AGN with strong
winds or gas rich AGN; Kim et al. 2015; Kubota & Done 2019;

“
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Fig. 5. Estimated growth history of PSO J0309+27 (red star). Solid lines
represent the best fit cases, under which the corresponding Aggq and 7
are reported. The shaded horizontal regions correspond to the expected
mass ranges of Pop III remnants BHs (M eeq < 10> M, grey), stellar
dynamical processes (Meq > 10° — 10* My, cyan), and direct collapse
BHs (Mg ~ 10*—10° M, dark cyan). The values of the different seed
black holes are taken from Valiante et al. (2016).

Moffat 2020), but whether or not this type of accretion is sustain-
able remains an important open question in studying the growth
of both RL and RQ AGN.

Another possible solution taken into consideration for the
growth of black holes in RL AGN has been proposed by
Jolley & Kuncic (2008), Jolley et al. (2009), Ghisellini et al.
(2010a). These authors proposed that when a jet is present, not
all the gravitational energy of the infalling matter is transformed
into heat and radiation, but, instead, it can be transformed into
other forms and effects, such as amplifying the magnetic field
energy of the inner disk, a necessary ingredient for launching the
jet (Blandford & Znajek 1977). In this case, the total efficiency
of the accretion process can be equal to 0.3, but only a fraction
of it (4, i.e., the radiation efficiency) goes to heat the disk, while
the rest (1-n4) amplifies the magnetic field necessary to launch
the jet. Therefore, disk luminosity becomes Eddington-limited
for a larger accretion rate, making the black hole growing faster.

Cosmological simulations of seed black holes growth (e.g.,
Di Matteo et al. 2008; Alexander & Hickox 2012; Feng et al.
2014) are fundamental to our understanding of what the
main ingredients of the black hole seed evolution are —
besides the accretion process. In particular, mergers and
AGN feedback could be taken into account for understand-
ing the evolution of SMBHs hosted in RL AGN. Indeed,
RL AGN are commonly found in rich environments at dif-
ferent cosmic epochs (from redshift 0.5 to z = 5.8; e.g,
Pentericci et al. 2000; Venemans et al. 2002, 2004; Zheng et al.
2006; Hatch et al. 2014). Theoretical models strongly support
a preferential over-dense environment around RL AGN (e.g.,
Orsi et al. 2016; Izquierdo-Villalba et al. 2018) and similar con-
clusions have been also found by studying the RL AGN
level of clustering with cosmic times (e.g., Magliocchetti et al.
2004; Retana-Montenegro & Rottgering 2017). All these results
suggest that the presence of a relativistic jet may indeed
be preferentially triggered in dense environments (i.e., in
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protoclusters), where frequent mergers between star-forming
galaxies help to increase the mass and spin of the SMBHs (e.g.,
Hatch et al. 2014). In this context, a study of the environment of
PSO J0309+27 could be crucial to better understanding its black
hole growth.

5. Summary and conclusion

In this paper we have reported new photometric and spectro-
scopic observations in the NIR band of PSO J0309+27, the most
distant blazar discovered thus far. From a LUCI/LBT spectro-
scopic observation, we detected the CIVA1549 broad emission
line, which allowed us to compute the mass of the SMBH hosted
by the source. By parameterizing the CIV line width with the
oine and by using the SE method, we estimated a mass for the
central SMBH of 1.45f(1):§2 x 10° M. Moreover, thanks to a dedi-
cated follow-up with the TNG in the J and K’ bands, we can also
better constrain the NIR SED of the source, allowing us to derive
and independent estimate of the SMBH mass using a method
based on the accretion disk emission. The agreement between
these two results supports the reliability of our estimate.

The value of the black hole mass, the Eddington ratio and the
bolometric luminosity of PSO J0309+27 are in line with those
of other RQ and RL AGN at similar redshifts. However, to fully
understand whether the high-z blazar population is different from
the RQ or RL ones in term of black hole mass and Agqq, a larger
and statistically complete sample of blazars at the highest red-
shift is required.

Finally, we have computed the mass of the seed black
hole required to reproduce the mass of the SMBH hosted by
PSO J0309+27, using a simple model for the SMBH growth. We
found that to obtain a reasonable (i.e., predicted by the models)
seed black hole, the efficiency of the accretion process cannot
be as high as 0.3, as would otherwise be expected for a SMBH
hosted by a RL AGN. A high efficiency of 0.3 could be possible
if super-Eddington accretion episodes are taken into account dur-
ing the black hole growth or if only a part of the released gravita-
tional energy of the infalling matter is used to heat the accretion
disk. Future studies on the environment of PSO J0309+27 will
be useful for improving the understanding of its growth and evo-
lution.
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Appendix A: PSO J0309+27 black hole mass and
parameters computed from FWHM

In this work, we use the SMBH mass based on the o, param-
eter as the best Mgy estimator. Here we report the black hole
mass, and the parameter related to it, computed from the FWHM,
for a direct comparison with the literature.

The single epoch scaling relation of Vestergaard & Peterson
(2006) based on the FWHM is:

FWHM(km/s) 2x( AL 5504 053
103km/ s 10%erg/s”

The value of the FWHM of the CIV line has been computed
in Sect. 3.1 and it is reported in Table 2. The luminosity of the

Mgy = 109 x (

(A.1)
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AGN continuum is reported in Sect. 3.4. From A.1 we derived a
black hole mass of 7.47*$%3 x108Me, which is consistent with
that obtained by o7, and with the AD method. Also, for this
estimate, we have to take into account an intrinsic scatter of
~0.4 dex. Since the value of the blueshift of PSO J0309+27 is
smaller than 3000 km s~! (see Sect. 3.1), by using the equation
from Coatman et al. (2017) that corrects the virial mass for the
blueshift effect, we did not expect to find a significantly differ-
ent value. Indeed, we obtained: Mpp_corr = 5.80*325 X 10%Mo,
which is consistent with the earlier value. From the virial black
hole mass (and by using the same value of bolometric luminos-
ity reported in Sect. 3.5), we computed an Eddington ratio of
0.867!-2% which is consistent with the value computed from the

—-0.80°
Oline-



