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ABSTRACT

Context. High-redshift (z > 2) blazars, with relativistic jets aligned toward us, probe the most powerful end of the active galactic
nuclei (AGNs) population.

Aims. We aimed to determine the black hole masses and mass accretion rates of high-z blazars in a common framework that utilizes
a Markov chain Monte Carlo (MCMC) fitting method and the Shakura-Sunayev multi-temperature accretion disk model, accounting
also for attenuation due to neutral hydrogen gas in the intergalactic medium (IGM).

Methods. We compiled a sample of 23 high-redshift blazars from the literature with publicly available infrared-to-ultraviolet photo-
metric data. We performed a Bayesian fit to the spectral energy distribution (SED) of the accretion disk, accounting for upper limits,
and determined the black hole masses and mass accretion rates with their uncertainties. We also examined the impact of optical-
ultraviolet attenuation due to gas in the IGM.

Results. We find that neglecting IGM attenuation in SED fits leads to systematically larger black hole mass estimates and corre-
spondingly lower Eddington ratios, with the bias becoming more severe at higher redshift. Our MCMC fits yield median black hole
masses in the range ~(108—10'%) M,, and a broad distribution of median Eddington ratios (Agqq ~ 0.04 up to ~1), with several objects
accreting at Aggg = 0.4 both at z ~ 2—3 and at z > 5. Comparison with previous literature shows no clear method-dependent systematic
offsets, although individual mass estimates can differ by up to a factor of a few. We also demonstrate that assumptions about black
hole spin introduce a systematic degeneracy, changing the inferred Mgy and M by factors up to five.

Conclusions. This work is, to our knowledge, the first systematic study to model the accretion-disk emission of a large sample of high-
z blazars within a single, consistent statistical framework. Our results emphasize the importance of accounting for IGM attenuation

and of using uniform fitting methods when comparing disk-based black hole estimates across samples.
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1. Introduction

Blazars are active galactic nuclei (AGNs) whose relativistic
plasma jets are oriented at small angles to our line of sight.
They display broadband, nonthermal emission extending from
radio frequencies to very high-energy gamma rays. This radia-
tion, produced by processes such as synchrotron emission and
inverse Compton scattering within the jet, forms a characteristic
spectral energy distribution (SED) with two broad components:
a low-energy hump peaking between the infrared (IR) and X-ray
frequencies and a high-energy hump peaking in the gamma-ray
regime (for a recent review, see Hovatta & Lindfors 2019).

The central engine powering a blazar is essentially an accre-
tion disk that channels plasma and magnetic flux to a super-
massive black hole with mass Mgy in the range 10" M and
10" M,,. For accretion rates above a critical threshold, sz, ~ 0.03
(Narayan & Yi 1995), the flow is well described by a geometri-
cally thin, radiatively efficient disk model (Shakura & Sunyaev
1973; Novikov & Thorne 1973). Here, the dimensionless accre-
tion rate is defined as m = M/Mgg, where Mggq is
the Eddington mass accretion rate, given by Lgg/(n7¢%) =
1.4 x 10" (Mpy/Mo)(0.1/n)gs™", and 7 is the radiative effi-
ciency of the accretion disk. The resulting thermal emission
is well approximated by a multi-temperature blackbody spec-

* Corresponding authors: mpetropo@phys.uoa.gr;
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trum, which typically peaks in the optical-ultraviolet (OUV)
range, producing the so-called big blue bump; this is the most
prominent component of the SED of radio-quiet AGNs (e.g.,
Calderone et al. 2013).

In many blazars, this thermal component is outshone by the
nonthermal jet emission, making it difficult to detect. However, it
becomes visible when the synchrotron peak frequency lies below
the OUV band or when the disk is intrinsically luminous, as in
some low-synchrotron-peaked (LSP) blazars and powerful flat-
spectrum radio quasars (FSRQs) (e.g., Giommi et al. 2012a).
High-redshift (high-z) blazars represent the most luminous end
of the blazar population. Given the observed correlation between
jet power and accretion disk luminosity (e.g., Ghisellini et al.
2014; Ghisellini 2016), blazars at z > 3 are expected to host
more luminous accretion disks and black holes with Mgy >
10° M, (e.g., Volonteri et al. 2011; Sanchez Zaballa et al. 2025;
Sbarrato et al. 2025). Accurate measurements of black hole
masses in such systems are essential for constraining the for-
mation and growth channels of supermassive black holes (for a
review, see Reines & Comastri 2016).

Previous studies have often estimated disk properties either
by visual (“by eye”) fits to the accretion disk SED (e.g.,
Ghisellini et al. 2013) or by modeling the entire blazar SED
(e.g., Ghisellini et al. 2010; Marcotulli et al. 2020) for a hand-
ful of sources. Alternatively, spectroscopic virial mass estimates
for blazars based on broad emission lines have been derived for
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individual sources (e.g., Marcotulli et al. 2020; Belladitta et al.
2022). These virial methods rely on measuring the width of
emission lines originating in the broad line region (BLR), under
the assumption that the BLR clouds are gravitationally bound
to the central black hole (see e.g., Shen et al. 2011, for such
estimates in quasars). In this work, we present estimates of
black hole mass and mass accretion rate for a sample of pre-
viously studied high-z blazars within a single homogeneous
framework. Using publicly available infrared-to-ultraviolet pho-
tometric data, we adopt a Bayesian SED-fitting method that
accounts for upper limits and the attenuation of ultraviolet pho-
tons by intervening neutral hydrogen gas in the intergalactic
medium (IGM). This statistically robust approach allows us to
investigate parameter degeneracies, particularly between black
hole mass and accretion rate, and to assess systematic biases in
black hole mass estimates arising from IGM attenuation.

This paper is structured as follows. We outline the blazar
sample in Sect. 2 and describe the model and fitting procedure in
Sect. 3. We present the results in Sect. 4, discuss certain aspects
of our analysis in Sect. 5, and conclude in Sect. 6. We calcu-
late luminosity distances and black hole growth times in the
framework of a flat cosmology with Hy = 67.8kms~! Mpc™!
and Qy; = 0.308 (Planck Collaboration XIII 2016).

2. The sample

Our sample consists of high-z blazars drawn from pre-
vious works, including Ghisellini et al. (2010, 2011, 2013,
2015), Sbarrato et al. (2013, 2015), Marcotulli et al. (2020),
Belladitta et al. (2022), and Gokus et al. (2025). It comprises 23
blazars that span the redshift range 2.0 < z < 6.1. It includes
eight sources at z > 4 and three at z > 5, representing some
of the most distant and luminous blazars currently known. We
present the sample with bibliographical information in Table 1.

For this work, we compiled archival infrared-to-ultraviolet
photometry primarily via the ASI-SSDC SED builder tool
(Stratta et al. 2011). Photometric points were drawn from public
surveys and catalogs, such as WISE (Wright et al. 2010). Addi-
tional photometry from optical and near-IR catalogs (e.g., SDSS,
2MASS, and USNO A2) and database compilations (e.g., NED)
were included when available. Furthermore, OUV data from
the UltraViolet and Optical Telescope (UVOT; Roming et al.
2005) on board Swift were incorporated into the SED builder
tool (Giommi et al. 2012b), when present. Infrared and OUV
data from all external catalogs provided by the ASI-SSDC SED
builder were corrected for Galactic extinction using the extinc-
tion law of Cardelli et al. (1989) and the HI column density
from the HI4PI map (HI4PI Collaboration 2016). For the sub-
set of sources studied by Marcotulli et al. (2020), we adopted
their compiled multiwavelength data set and incorporated it into
our MCMC fits. We note that publicly available OUV data of
high-z blazars retrieved from the SED builder tool have not been
corrected for IGM gas attenuation.

We initially used the SED builder tool and selected pho-
tometric measurements from available catalogs with a 3”
tolerance. We visually inspected the sky images in multiple fil-
ters and searched for incorrect associations and/or contamina-
tion from nearby bright sources. More details are provided in
Appendix A. We provide a complete record of the specific cata-
logs and databases from which photometric points were drawn,
together with the corresponding source-finding charts in multi-
ple filters (used to verify associations), in a Zenodo repository'.

! https://zenodo.org/records/17781963

A247, page 2 of 16

3. Methods

This section summarizes the methods used in previous studies of
high-z blazars (see Table 1) and outlines the SED model and the
fitting procedure applied to the archival data in this work.

3.1. Previous works

The methods originally used to infer Mgy vary across the lit-
erature. In Ghisellini et al. (2010, 2011, 2015), the approach
consisted of full broadband SED modeling, simultaneously fit-
ting the OUV accretion-disk emission with a Shakura—Sunyaev
model and the X-ray and y-ray emission with a one-zone
leptonic synchrotron self-Compton plus external Compton
(SSC+EC) jet model. In those works, the model parameters were
adjusted to reproduce the observed SEDs (parameter tuning and
visual, “by-eye” comparison), allowing for the derivation of the
black hole mass and accretion rate. Ghisellini et al. (2010) used
an effective IGM opacity, 7.z(z), by averaging the transmitted
flux over an ensemble of lines of sight and using the gas dis-
tribution of Haardt & Madau (2012). This procedure corrected
rest-frame UV photometry for attenuation by intervening HI
(Lyman-series and Lyman-continuum) systems at high redshift,
which otherwise suppress the observed disk peak and can bias
estimates of Lg;sx and Mpy derived from disk SED fitting.

Ghisellini et al. (2013) obtained quasi-simultaneous obser-
vations for five Fermi-detected blazars at z > 2 with the Gamma-
Ray burst Optical Near-Infrared Detector (GROND) instrument
(Greiner et al. 2008), UVOT, and the X-Ray Telescope (XRT;
Burrows et al. 2005) on board the Neil Gehrels Swift satellite.
They detected a thermal accretion-disk component in four cases
and derived Mgy and M from a Shakura—Sunyaev fit to the
near-IR-to-UV bump, without reporting uncertainties for the fit
parameters).

In the absence of such a disk signature, they estimated Lgjsk
either from the BLR luminosity Lg g (assuming Lgisk =~ 10 LgiRr)
or from monochromatic continuum measurements such as AL,
at 3000 A with an empirical bolometric correction; this was the
case for PKS 0227-369 (z = 2.12) and PKS0528+134 (z =
2.04), where no disk bump was visible. Sbarrato et al. (2015)
also fit a Shakura—Sunyaev disk directly to the optical-infrared
SED when the blue bump was apparent, as in PMN J2134-0419.
Marcotulli et al. (2020) performed broadband blazar SED mod-
eling for all their sources, jointly treating the accretion disk
and jet components to ensure uniform parameter estimation.
In the studies by Sbarrato et al. (2015) and Marcotulli et al.
(2020), no uncertainties in the fit parameters were reported.
Belladitta et al. (2022) applied two independent techniques to
PSOJ0309+27 (z =~ 6.1): a single-epoch virial estimate based on
the C1v 41549 line and an accretion disk fit constrained by near-
infrared photometry from Telescopio Nazionale Galileo (TNG)
and Pan-STARRSI1 (PS1), finding agreement between the two
determinations.

For completeness, we note that all other spectroscopic mea-
surements listed in Table 1 are derived using the virial method
applied to the BLR clouds. In this approach, the black hole
mass is inferred from the velocity dispersion of the BLR clouds
and the size of the BLR, Rprr. The Rpir can be obtained by
a single-epoch measurement of either the continuum or line
luminosity, L, using scaling relations of the form Rg g oc L?
(e.g., Kaspi et al. 2000). The velocity dispersion is determined
from the width of broad emission lines, most commonly the
CIv 11549 line, as it lies within the optical spectral range
for quasars up to z ~ 5.5 (Diana et al. 2022). For a detailed
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Table 1. High-z blazars and candidates with bibliographical information.

No. Name RA (J2000)  Dec (J2000) z Mgy (M) Lgis (ergfs)  M/Mggq Method Ref.
1 PSO J0309+27 10:26:23.62  +25:42:59.43 6.10 1.4511):?2 x 10° 8 x 10 0.22¢ spec D
2 B2 1023+25 10:26:23.62  +25:42:59.43 5.30 2.8%x10° 9 x 10% 0.25 sed 2)
3 SDSS J0131-0321 01:31:27.31 —03:20:59.63 5.18 1.1 x 10 4.2 x 10% 0.25 sed 3)
2704x10°  1.1%53 x 10 3.14 spec 4)

4 GB6 B1428+4217 14:30:23.74  +42:04:36.49 4.715 1.7 x 10° 2 x 10¥ — sed 5)
7.4 % 10° 2% 10Y 0.9 spec 10)

1.7 x 10° 2 x 10% 0.2 spec (10)

5 PMN J2134-0419 21:34:12.01 -04:19:09.87 4.35 1.8 x 10° 9.5 x 10% 0.35 sed (6)
6 J151002+570243 15:10:2.92  +57:02:43.38  4.31 6.5 % 10° 7.1 x 10* 0.09 sed @)
1.5 x 10" 4 % 10% 0.21 sed ®)

3x 108 - - spec 9)

3x10° 4.5 x 10%* 0.12 sed 9)

8.8 x 108 1.5 x 10% 1.3 spec (10)

7 J222032.50+002537.5 22:20:32.50 +00:25:37.51 4.22 2% 10° 4.5 x 10% 0.15 sed (6)
8 J142048.01+120545.9  14:20:48.01 +12:05:4598 4.03 2% 10° 5.3 x 10% 0.18 sed (6)
9 J135406-020603 13:54:6.90 -02:06:4.00 3.71 10° 5.5 x 10% 0.43 sed @)
8.9 x 108 - - spec 9)

10 J020346+113445 02:03:46.70  +11:34:44.00 3.63 3x10° 5.5 x 10% 0.14 sed @)
11 J013126-100931 01:31:26.71  -10:09:31.17 3.51 6x10° 5.0 x 10% 0.06 sed @)
12 J064632+445116 06:46:32.03  +44:51:16.59 341 1.5%x10° 1.4 x 10v 0.74 sed @)
1.3x10° - - spec )

4%10° 1.3 x 10¥ 0.26 sed ©)]

13 S50014+813 00:17:08.47 +81:35:08.13 3.366 4 %10 3x 10% 0.5 sed (11)
14 J212912-153841 21:29:12.10  -15:38:42.00 3.26 5% 10° 5.1 x 10¥ 0.79 sed @)
10'° 7.5 x 10¥ 0.5 sed (11)

134724%10°  1.8x10% 1.05 spec (12)

6.3 x 10° - - spec )

7% 10° 6 x 10¥ 0.68 sed ©)]

15 PKS 0537-286 05:39:54.28 -28:39:55.95 3.104 2x10° 5.4 x 10% 0.18 sed (11)
16 GB6 0805+614 08:05:18.18 +61:44:23.70 3.033 1.5x 10° 3.4 x 10% 0.15 sed (11)
17 PKS 0519+01 05:22:17.47 +01:13:31.18 2.94 45%10° 2.36 x 10% 0.035 sed (13)
18 PMN J1344-1723 13:44:14.40 -17:23:40.39 2.49 1.5%x10° 1.23 x 10% 0.055 sed (13)
19 TXS 1149-084 11:52:17.21 -08:41:03.31 2.37 1.5x10° 3.15 x 10% 0.14 sed (13)
20 PKS 2149-306 21:51:55.52  -30:27:53.70  2.345 5x10° 1.5 x 10¥ 0.2 sed (11)
21 4C 71.07 08:41:24.37  +70:53:42.17 2.172 3x10° 2.25 x 10¥ 0.5 sed (11)
22 PKS 0227-369 02:29:28.45 -36:43:56.82 2.12 2% 10° 3 x 10% 0.1 sed (14)
23 PKS 0528+134 05:30:56.42  +13:31:55.15 2.04 10° 7.5 x 10 0.5 sed (14)

Notes. @ Belladitta et al. (2022) report an Eddington ratio of ~0.44 using the bolometric luminosity. Because they estimate the disk luminosity
to be approximately half of Ly, the corresponding Eddington ratio based on Lgg is ~0.22, which we adopt here. (1) Belladitta et al. (2022),

(2) Sbarrato et al. (2013), (3) Ghisellini et al. (2015), (4) Yiet al. (2014),

(5) Gokus et al. (2025), (6) Sbarrato et al. (2015), (7) Marcotulli et al.

(2020), (8) Gokus et al. (2024), (9) Ackermann et al. (2017), (10) Diana et al. (2022), (11) Ghisellini et al. (2010), (12) Dietrich & Hamann (2004),

(13) Ghisellini et al. (2013), (14) Ghisellini et al. (2011).

description of the spectroscopic measurements and adopted cal-
ibrations, we refer the reader to the respective works.

3.2. Spectral energy distribution model

We adopted the geometrically thin and optically thick accretion
disk model of Shakura & Sunyaev (1973). In this model, each

annulus of the disk at radius r emits as a blackbody of tempera-
ture
. 4
3MRyc? &
T() = | = |1— /2| , (1)
8ror3 r

where o is the Stefan-Boltzmann constant, M is the mass accre-
tion rate, R, = GMgn/ c? is the gravitational radius of a black
hole with mass Mgy, and R;, = 6R, is the inner disk radius. In

Sect. 5.1, we discuss how a different inner disk radius, due to
a nonzero black hole spin, would affect our results. The differ-
ential flux, F,, of the accretion disk received by an observer at
a viewing angle 6 (the angle between the line of sight and the
normal to the disk) is given by the superposition of blackbody
spectra with varying temperature (Frank et al. 2002):

Rout

T [Carrsiaon.

L R
where d; is the luminosity distance of the source, B, is the
Planck function, and R;, = 6R; and Ry, = 2000R, are the
inner and outer disk radii, respectively. We fixed 6 to 3 degrees
(cos 8 =~ 1) without loss of generality since blazars are, by defi-
nition, viewed at small angles.

For sources in which the nonthermal jet emission is present
in the infrared-to-optical part of the spectrum (after visual

AD _
F," =

@)

in
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Fig. 1. Effective opacity (averaged over an ensemble of lines of sight)
due to neutral hydrogen gas in the IGM as a function of redshift,
for different wavelengths corresponding to the six Swift-UVOT fil-
ters. Solid lines show the results obtained from the analytical model
of Inoue et al. (2014b). Dashed lines indicate the results adopted from
Fig. 3 of Ghisellini et al. (2010), overplotted for comparison.

inspection), we considered an additional empirical component.
This is described as a power law with slope —s followed by an
exponential cutoff at frequency v., mimicking the synchrotron
spectrum emitted by a power-law distribution of particles,
Fl = F, vf)*lvfse_viv, 3)
where the pivot frequency is vy = 10'37 Hz and Fy is the nor-
malization of the spectrum in vF, units.

Observations of high-z blazars in OUV light may be
affected by attenuation from neutral hydrogen in the IGM
(e.g., Gunn & Peterson 1965). For example, photons observed
with Swift UVOT would be susceptible to attenuation by neu-
tral hydrogen for sources at z > 2. Publicly available OUV
observations are usually not corrected for IGM attenuation.
Consequently, we accounted for this source of attenuation in the
fitting method. An accurate calculation of the opacity requires
knowledge of the spatial distribution of the gas density cal-
culated an effective opacity, 7., by averaging over all pos-
sible lines of sights, following the gas density distribution of
Haardt & Madau (2012). We adopted the analytical model of
Inoue et al. (2014a,b) that provides Teg(Aobs, 2) and can be eas-
ily incorporated into our fitting procedure. Figure 1 presents a
comparison of the effective opacity adopted by Ghisellini et al.
(2010) and that inferred from the model of Inoue et al. (2014b).
The differences, which are driven mainly by the different under-
lying gas distributions, are more evident in the b and v UVOT
filters, where the absorption edges are more prominent. How-
ever, in ultraviolet filters, where the opacities are large even at
z = 2, the differences are negligible. In summary, the model fit to
the photometric data is written as vF, = (vFAP + yF.") ¢ e,
or without the jet contribution if there is no evidence for a soft
power law in the data.

3.3. Fitting procedure

Our goal was to derive the posterior probability density p from
Bayes’ theorem given a data set (D) and priors for a model with
parameters contained in the vector ¢ (Gregory 2005; Hogg et al.
2010). The likelihood function reads

- A2
1n£(ﬁ|D):_%Z Gmi =00 ),

a.

op )

tot,i | °
tot,i
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Table 2. Uniform priors used in the MCMC fit.

Parameter Range

log,y Mg (Mo) U8, 11]
log,y M (Mo/yr) UI0, log;o(Meqa)]
log,o Fo (cgs units) UI-13,-10]
log,ov. (Hz) U[13.5, 14.5]

s UI0.5, 2.5]

In f UI-6, -0.5]

where i runs over the number of observations, ¢ = log,;,(VF,),
and the subscripts m and d refer to the model expectation and the
data, respectively. The comparison of the model and the data was
performed in the rest frame of the blazar?, and o, is defined as

&)

Here, o is the statistical uncertainty of the flux measure-
ment i (in logarithmic units). We also introduced the term In f to
account for other sources of uncertainty that are not captured by
oi. For example, scatter in the photometric data may arise from
long-term variability of the disk and/or jet. In addition, photo-
metric fluxes represent averages over the filter bandwidth, while
model fluxes are evaluated at a single frequency that corresponds
to the central wavelength of the filter. In addition, the use of the
term In f avoids pathological cases in which no statistical errors
are reported for the archival photometric data.

We also included upper limits on fluxes in the fit by adding
the following term to the likelihood function (see Sawicki 2012;
Yang et al. 2020):

P Glimj — Pm,j
Zln[\/;aj 1+erf(TjJ}D,

J
where ¢jim; is the j-th logarithmic flux upper limit and o
is the uncertainty. Finally, the parameters vector for the two-
component model is ¢ = {Mpy, M,Fy,s,v.n f}, which reduces
to {Mgu, M, In £} for the single accretion disk model.

To estimate the physical parameters of the accretion disk,
we performed Markov chain Monte Carlo (MCMC) sampling
using the emcee algorithm (Foreman-Mackey et al. 2013). We
used uniform priors in logarithmic space for all parameters except
the power-law slope, which was uniform in linear space. The
mass accretion rate was limited to the Eddington value, since
the adopted disk model is not appropriate for describing super-
Eddington accretion (see Table 2 for the adopted ranges). We used
20 walkers, 10000 (5000) steps for the two- (one-)component
models, and discarded an appropriate number of points (typically
500-1000) during the burn-in phase®. This ensured that we only
retained walkers from the converged solution.

2

2In f
tot,i .

oL =0l te

6)

4. Results

Tables B.1 and B.2 present the results of the MCMC fitting.
More than half of the sample (16 of the 23 sources) was fit with a
two-component (jet plus disk) model. The black hole masses lie

2 The emitted photon frequency vy, is related to the observed one as
Vem = V(1 +2), and vF, = venF,,,

3 For each chain of length N, we also computed the integrated autocor-
relation time 7 and verified N > (40—50)7, which is generally taken as
evidence of convergence.
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Fig. 2. Infrared-to-ultraviolet SEDs of three high-z blazars (in the observer frame). Green points indicate publicly available photometric observa-
tions from the ASI SSDC SED builder (Stratta et al. 2011). Upper limits are plotted with black arrows. Model fits with and without IGM extinction
are plotted with blue and orange colors, respectively. Dark shaded regions indicate the 68 percent confidence intervals. Thin solid lines indicate
the range of model expectations accounting for the intrinsic scatter described by the parameter In f. All sources, except for J064632+445116, are

fit with a two-component (jet plus disk) model.
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Fig. 3. Decomposition of the total (jet plus disk) model SEDs presented in Fig. 2. For clarity, individual spectral components are plotted without
IGM attenuation, with the power law in gray and the multi-temperature blackbody in orange.

in the range 3 x 108 My—10'° M, and the inferred mass accre-
tion rates are 2 Mo /yr < M < 200 M /yr. We find no strong cor-
relation between the black hole mass and mass accretion rates.
However, we find an empirical relation between the two vari-
ables, taking into account the likely scatter introduced by the
unknown black hole spin (for more details, see Appendix D).

We present representative results of our MCMC fit to the
photometric SEDs of three high-z blazars from the sample®.
Figs. 2 and 4 show the SEDs and reduced corner plots, respec-
tively. A decomposition of the jet plus disk SED model is also
shown in Fig. 3. Inspection of the corner plots reveals that fits
neglecting extinction from hydrogen gas in the IGM lead to an
overestimation of the black hole masses and an underestimation
of the Eddington ratios; this effect generally increases with red-
shift. The effects of extinction on parameter estimation across
the sample are presented in Appendix C.

We selected the three objects to highlight the distinct capa-
bilities of the MCMC SED fitting procedure. SDSS JO131-
0321 is included as a high-redshift case to demonstrate the
performance of the method under strong IGM attenuation and
to verify recovery of the disk peak at large cosmological dis-
tances. J064632+445116 exemplifies the case where a single
spectral component can describe the data. Its SED includes
high-frequency upper limits, showcasing the likelihood treat-
ment of censored data, and illustrating how upper limits influ-
ence the posterior without biasing mass inference. Finally, we
selected PKS 2149-306 as a well-sampled source at lower

* SEDs and corner plots for all sources are available at this link.

redshifts. It has dense multi-wavelength coverage and satisfac-
torily converged MCMC chains (particularly when IGM extinc-
tion is accounted for), providing a prototypical comparison for
both complex and data-limited fits.

Figure 5 presents a compact four-panel comparison between
our MCMC-derived estimates (including extinction) and the lit-
erature values for the black hole mass Mgy (left column) and
the Eddington ratio Agqq (right column). The error bars indi-
cate the 68% confidence interval of the posterior distributions.
The uncertainties in the Eddington ratio are typically larger than
those in the black hole mass, as they also incorporate the uncer-
tainty in the estimation of the mass accretion rate. All literature
values, except three measurements obtained with spectroscopic
methods (see Table 1), lack reported uncertainties.

The top row presents source-by-source comparisons, with
each object positioned at its original index on the x axis. Points
are grouped by literature source (each reference is represented
by a distinct marker shape and color) to test for paper-specific
systematics. Visual inspection of the top panels reveals no evi-
dence of systematic offsets associated with particular studies, as
points from each reference are distributed around our MCMC
values without consistent clustering. Approximately half of the
sample exhibits black hole mass estimates from the literature that
exceed our MCMC results, with discrepancies reaching up to a
factor of five in some cases. Notably, for sources where both
spectroscopic and SED-based mass estimates are available in the
literature, our MCMC results typically align more closely with
the spectroscopic measurements. The bottom row uses identi-
cal marker shapes for a given literature group, but maps the
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Fig. 5. Comparison between our MCMC estimates (including extinction) and literature values for black hole mass Mgy (left column) and Eddington
ratio Aggq (right column). Top left panel: Black hole mass estimates for each source (x axis index) from our MCMC (black circles) and literature
(colored markers; open symbols for spectroscopic and filled for SED-fitting estimates). Error bars show 68% uncertainties. Marker shapes indicate
different literature sources. Top right panel: Eddington ratio comparison, using the same visual coding as the left panel. Bottom left panel: Direct
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marker color to the redshift. Trends with marker color could
reveal biases that increase with redshift (such as stronger IGM
attenuation, reduced photometric coverage of the disk peak, or
calibration differences between optical and IR surveys that dom-
inate at different redshifts). We find no indication of redshift-
dependent trends in either black hole mass or the Eddington
ratio. Interestingly, we find blazars accreting at high Eddington
ratios, Agqq > 0.4, both at z ~ 2—3 and z ~ 5-6.

5. Discussion

In our analysis, we hypothesized that the accretion disk extends
down to six gravitational radii from the black hole, which is
equivalent to assuming non-spinning black holes in all sources.
Sect. 5.1 discusses how a nonzero black hole spin would affect
our results. Moreover, in Sect. 5.2, we discuss the implications
of our results for the black hole seeds of high-z blazars within
the framework of Eddington-limited black hole growth.

5.1. Effect of black hole spin on the thin-disk spectrum

For this discussion, we adopt the standard multi-temperature
blackbody prescription with a zero-torque inner boundary and
the inner disk edge located at the innermost stable circular
orbit (ISCO), which depends on the dimensionless Kerr spin
parameter a (Shakura & Sunyaev 1973; Bardeen et al. 1972;
Novikov & Thorne 1973). For a Kerr black hole, the ISCO
radius is given by

R;jco =3+ Zy(a) — sign(a) V3 - Z1(a)(3 + Zi(a) + 2Zx(a)),
: ©)
Zi@=1+1-a)Pl0+a)+1 -0, ®)

Zy(a) = 3a? + Z(a)>. (&)

The local effective temperature profile also follows Eq. (1),
where R, = Risco; we do not apply the relativistic correction
factors, which are discussed in Novikov & Thorne 1973.

The maximum disk temperature, attained near r = Rj,, scales
as Tiax (MMBH)”“R;[?/ *. The peak frequency, vpea, of the
accretion disk spectrum in units of vF), is Vpeak ¢ Tmax, and the
corresponding peak flux scales as (VFyP)max o TR, From
these scalings, the effect of changing spin can be exactly com-
pensated for if both My and M are adjusted simultaneously.

Let primed and unprimed quantities represent the variables
of a black hole with spin a # 0 and a = 0, respectively. Imposing
the same observed peak frequency and peak flux, we derive the
following relations:

N - \1/4
Y M
( ,2) R{.73/“=(—2) R, (10)
MBH MBH

M'R;' = MR;. an

Combining these relations yields the rescaling of the black hole
mass and accretion rate:

R; . . R
— M =M. (12)
Rin

For example, changing from a = 0 (R;, = 6) to a = 0.998 (R;, ~
1.24) yields

M =02M,

M]’BH ~48 MBH, (13)
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Fig. 6. Effects of black hole spin on SED disk-fitting results. Top panel:
SED of GB6 0805+614 with MCMC modeling results for a black hole
with a = 0.998 and a = 0 overplotted in blue and orange, respectively.
Bottom panel: Corner plot of posterior distributions for M, Mgy, and
Agaa for both spins (same color coding). Different (Mpgy, M) pairs pro-
duce identical accretion disk spectra.

in order to keep vpeak and (vF2?)pm, unchanged.

To illustrate the impact of black hole spin on our results,
we selected the source GB6 0805+614 from the sample, where
extinction was minor, and repeated the MCMC fit assuming a
maximally spinning black hole. Fig. 6 presents the results. The
SEDs are identical to those of a non-spinning black hole, if
the black hole is more massive and accretes at a lower rate, in
agreement with the scalings of Eq. 13. The Eddington ratio for
the solution of a maximally spinning black hole is =0.04 times
smaller than the Eddington ratio for the non-spinning black hole
solution. In this example, M’ /My, < 0.01 for a = 0.998, where
the validity of the adopted radiatively efficient disk model breaks
down (e.g., Narayan & Yi 1995).

Our current disk model does not include general relativistic
effects, which become increasingly important for rapidly spin-
ning black holes. Recently, Hagen & Done (2023) introduced
RELAGN, a public code that accounts for both special and general
relativistic effects. To explore the impact of relativistic effects,
we applied RELAGN to GB6 0805+614. We searched for param-
eters that produce the same peak flux and position as those of

A247, page 7 of 16



Kyriopoulos, G., et al.: A&A, 708, A247 (2026)

our best-fit SEDs shown in Fig. 6. For @ = 0 and 0.998, we find
Mgy = 4 x 10° My, and 10'° M, with corresponding Edding-
ton ratios of log,q Agaqa = —1.84 and —1.9, respectively. There-
fore, accounting for relativistic effects in disk modeling reduces
the discrepancies in the inferred black hole mass and nearly
eliminates the dependence of the Eddington ratio on black hole
spin.

In summary, black hole spin introduces systematic degen-
eracy: a disk formed around a high—spin black hole can repro-
duce the same SED peak frequency and flux as a disk around
a low—spin black hole by trading off Mgy and M according to
the scalings above. In practice, this means that the estimates of
Mgy and M from the SED disk fitting can be biased by up to
a factor of five (with the Eddington ratios biased by up to a
factor of 25), depending on the assumed spin, unless external
constraints are used. For example, the luminosity of the BLR
can provide a prior on the disk luminosity through the relation
Lpir = (fsLr/0.1) Lgisk, but this approach introduces additional
uncertainties associated with the covering fraction and the con-
version from line to bolometric luminosity. However, we note
that the differences found between the literature values and the
MCMC fit results of this work (shown in Fig. 5) cannot be
attributed to the black hole spin, as these studies also assumed
zero-spin black holes.

5.2. Black hole seed masses

To derive strict lower bounds on the seed masses required to
assemble the black holes observed in our sample, we used the
Eddington-limited black hole growth solution for radiatively effi-
cient accretion.

Let M(#) denote the black hole mass at cosmic time £, 5 the
radiative efficiency of the disk, and A = Agqq the Eddington ratio.
The mass growth rate is

AM (1= 1) Lue _ (1=1) ALpag

, 14

dt nc? n c? 14

and, using Lgqq = (4nGm,c/ot)M, we obtain

am Al —n) norc

MY ) g ——y = —— ~45n_; Myr. 15
dt Ts s 4nGm,, -1 (13

Here 7y is the Salpeter time (Salpeter 1964), the characteristic e-
folding scale for Eddington-limited growth. Assuming constant
n and A, the integration yields

)
s

M(t) = Mieea eXP[ (r— fo)] , (16)

which can be inverted to give the seed mass at formation time 7y
required to reach Mg, = M(t,hs) by Observation time zps,

A —1n)
T

Meeq = Mfinal GXP[— (obs — tO)} . a7

Equation (17) thus returns the mathematically minimal seed
mass consistent with constant radiative efficiency, uninterrupted
accretion at fixed A, no black hole mergers, and no extended

super-Eddington phases. If accretion is intermittent, A should be

> Cosmic time ¢ and redshift z are related by (Hogg 2000;
Planck Collaboration XIII 2016):

() = - dz

1f°° v
HoJ: (1+2)vVQun(1+2) +Qp
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replaced by deg = fautyd, Where fquy is the accretion duty cycle
(the fraction of cosmic time during which the black hole accretes
at the assumed Eddington ratio). Values of fy.y < 1, or the inclu-
sion of mergers, episodic super-Eddington phases, or evolving
spin-dependent efficiencies, would relax the strict lower bounds
derived here (Volonteri 2010; Valiante et al. 2016; Inayoshi et al.
2020).

Table 3 presents the inversion results for 21 blazars from
our sample. We adopted the median values for Mg, and
for the Eddington ratio Aggg from the MCMC fits of this
work, assumed seed formation at zgeq = 20 (cosmic time
to), and fixed n = 0.1. The table reports the observed red-
shift Zobs, Agdd» Mgna, the available growth interval (fohs —
tp), the inferred seed mass, and a classification according
to the seeding channel. We adopted the following literature-
motivated bands: “very light seeds”, Mgeeq < 1 Mg; Pop Il rem-
nants (light seeds), 1-10° My (Volonteri 2010; Inayoshi et al.
2020); stellar-dynamical or cluster-runaway seeds, 103-10* Mg
(Inayoshi et al. 2020); direct-collapse black holes (DCBHs),
10*—10° M(Valiante et al. 2016; Inayoshi et al. 2020); and
“very massive seeds”, Mgeeq > 10° M. In particular, the label
very light seed was introduced to flag formal minima below one
solar mass, which are not physical (they cannot arise from stel-
lar evolution), and therefore demand cautious interpretation. As
a visual complement to Table 3, Fig. 7 shows the reconstructed
growth tracks of representative objects compared to the expected
seed formation channels.

The formally tiny values of Mg reported in Table 3
should be regarded as nonphysical minima that signal a degen-
eracy in the sample and the uninterrupted Eddington-limited
growth assumption embodied in Eq. 17. Three interpretations
can resolve the unphysically low seed mass: (i) the seeds formed
at a later cosmic epoch zy (hence the available growth time
At = tops — 1y 1s smaller), (ii) accretion was intermittent, so that
the effective growth rate is reduced by a duty cycle fauy < 1, or
(iii) the black hole was fast spinning, thus the Eddington rate is
lower than the values obtained in this work (as discussed in 5.1).

To quantify the second possibility, we replaced the fit
Eddington ratio A by an effective value Adeg = fauy A. Rearrang-
ing Eq. (17) for fyuy and imposing Meeq = 10 M, gives

_ TS ln IOMO
/1(1 - 77) At Mﬁnal ’

fduty =

where we adopted 7 = 0.1 and At is the growth interval used in
Table 3 (computed assuming seeds form at zg = 20).

Table 4 shows that, under the conservative assumptions
stated above, these seven objects require duty cycles of 0.5-0.7
if their seeds had masses of 10 M, and formed at zo = 20. Alter-
natively, if accretion proceeded continuously (fquy = 1), the for-
mation redshifts required for a seed 10 M span a wide range.
Some sources would be consistent with seeds forming at rela-
tively modest redshifts (zo ~ 4.0 for PKS 0528+134), while oth-
ers, such as SDSS J142048.014+120545.9, would require seed
formation at high redshifts (zo > 6).

Several important caveats apply. First, the radiative effi-
ciency n enters linearly into the Salpeter time, and therefore
higher values of 7 increase the required duty cycle or formation
redshift. As a result, uncertainties in black hole spin and accre-
tion geometry propagate directly into these inferences (Volonteri
2010). Second, mergers and short episodes of super-Eddington
accretion (both plausible in galaxy formation) reduce the need
for long, continuous Eddington-limited accretion and would
significantly relax the constraints in Table 4 (Begelman et al.
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Table 3. Inferred seed masses M4 for our blazar sample.

Object Zobs AEdd Mena [Mo] Mseeq [M] Growth time [Gyr] Channel

PKS 0528+134 2.12 0.63 2.0x10° 3.8x 1077 2.9 Very light seeds — unphysical
TXS 1149-084 249 0.63 33x10% 23x107 2.4 Very light seeds — unphysical
PKS 0227-369 2.17 050 32x10% 22x107™* 2.8 Very light seeds — unphysical
S50014+813 337 093 89x10° 25x107™* 1.7 Very light seeds — unphysical
SDSS J142048.01+120545.9 4.03 0.96 4.5x10% 4.6x 1073 1.3 Very light seeds — unphysical
4C 71.07 (0836+710) 235 040 3.9x10° 5.0x10° 2.6 Light seeds (1-10° M)
J151002+570243 431 0.63 63x10% 1.5x10? 1.2 Light seeds (1-10° M)
PMN J1344-1723 294 032 25x10% 7.8x10% 2.0 Light seeds (1-10° M,)
J212912-153841 3.26 044 89x10° 2.1x10° 1.7 Stellar-dynamical (10°—10* M)
PMN J2134-0419 435 048 13x10° 1.5x10* 1.2 Direct-collapse BHs (10*—10° M)
PKS 2149-306 237 021 3.5x10° 8.7x10* 2.5 Direct-collapse BHs (10*—10° M)
J135406-020603 371 032 1.6x10° 14x10° 1.5 Direct-collapse BHs (10*-10° M)
SDSS J0131-0321 5.18 050 52x10° 48x10° 0.9 Direct-collapse BHs (10*—10° M)
SDSS J222032.50+002537.5 4.22 026 12x10° 2.0x10° 1.2 Very massive seeds (>10° M)
PKS 0537-286 327 020 2.0x10° 22x10° 1.7 Very massive seeds (>10° M)
J064632+445116 341 022 45x10° 33x10° 1.7 Very massive seeds (>10° M)
PKS 0519+01 3.03 0.08 1.3x10° 7.0x10’ 1.9 Very massive seeds (>10° M)
J020346+113445 3.63 0.11 39x10° 13x108 1.5 Very massive seeds (>10° M)
PSO J0309+27 6.10 0.16 1.8x10° 1.8x 108 0.7 Very massive seeds (>10° M)
GB6 0805+614 3.10 0.08 58x10° 3.5x108 1.9 Very massive seeds (>10° M)
JO13126-100931 3.51 005 29x10° 6.5x 108 1.6 Very massive seeds (>10° M)

Notes. Minimum seed masses M.q inferred by inverting Eq. (17) for the 21 objects in the sample (extinction-corrected fits). The inversion assumes
seed formation at zeq = 20 and 7 = 0.1. The final mass Mg, and Agyq are the median values of the posterior distributions from the MCMC fits
(with extinction included). The last column gives an assignment to common seed channels by mass. We report values rounded to one decimal place,
except the Eddington ratio, which we round to two decimal places. We omit blazars B2 1023+25 and GB6 B1428+4217 for reasons discussed in

Appendix B.
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Fig. 7. Black hole growth histories for the investigated objects. The shaded horizontal regions correspond to different black hole seeding channels:
Pop III remnants (M..q < 10?> My; gray), stellar dynamical processes (Meq ~ 10°—10* My; cyan), and direct collapse (Meq ~ 10*—10° My;
orange). These seed mass ranges follow the classification described in Valiante et al. (2016). Parts of tracks with M.q < 1 M, are shown in light

gray, as such low masses are not expected to form black holes.

2006; Volonteri 2010). Additional support for this interpre-
tation comes from the semi-analytic and merger-driven cal-
culations of Yoo & Miralda-Escudé (2004), who demonstrated
that when hierarchical mergers are included alongside sus-
tained Eddington-limited gas accretion, stellar-remnant seeds
with masses of order M eq ~ 10My can plausibly grow to
~10° M by z ~ 6.4. This provides a concrete example in which
the very light seed entries in Table 4 can be reconciled with phys-
ically plausible seed masses through the inclusion of mergers
and prolonged accretion. Therefore, the label very “light seed
— unphysical” in Table 3 should be interpreted as a flag that the
inversion is exposing a degeneracy between formation epoch and
duty cycle, rather than implying literal sub-stellar black holes.
For the objects labeled very massive seed in Table 3,
the inverted minima obtained under our assumptions formally
require birth masses 210° M. This result does not force a

unique interpretation. Hierarchical mergers of smaller remnants,
coupled with sustained near-Eddington accretion, can assem-
ble very large black holes within the available cosmic time
(Yoo & Miralda-Escudé 2004; Volonteri 2010; Valiante et al.
2016). Alternatively, super-Eddington (super-critical) accretion
episodes, demonstrated in semi-analytic work and multidi-
mensional simulations (cosmological semi-analytic models, 3D
hydrodynamical circumnuclear simulations, and global 3D radi-
ation and magneto-hydrodynamic accretion-flow calculations)
can accelerate growth relative to strict Eddington-limited evo-
lution, providing an alternative pathway for stellar-mass seeds to
reach high masses rapidly (Lupi et al. 2016; Pezzulli et al. 2016;
Sadowski & Narayan 2016; Inayoshi et al. 2020).

Table 3 shows that sources with the lowest Eddington ratios
(0.04 < 2 < 0.3) require very massive seeds, while sources
with higher Eddington ratios (1 > 0.4) require very light seeds.
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Table 4. Duty cycles of blazars.

ObjeCt Zobs  ABdd  Mfinal [Mo] félmy (fOI‘ 20 = 20, Myeeq = IOMO) 20 (fOI‘ ﬂluty =1, Mgeed = IOMG)
PKS 0528+134 2.12 0.63 2.0x10° 0.5 4.0
TXS 1149-084 249 0.63 33x108 0.6 4.8
PKS 0227-369 2.17 050 3.2x10% 0.6 4.7
S50014+813 3.37 093 89x10° 0.7 7.0
SDSS J142048.01+120545.9 4.03 0.96 4.5x 108 0.7 8.5

Notes. Observed redshift z,p,, fit Eddington ratio 4, fit final mass Mjy,, duty-cycle fauy required for a 10 M, seed formed at zo = 20, and formation
redshift zo required for a 10 M, seed assuming continuous accretion (fguy = 1). All computations assume 1 = 0.10 and 75 = 4.5 X 107 yr and use
the My, and A values from Table 3. We report values rounded to one decimal place, except the Eddington ratio, which we round to two decimal

places.

This pattern arises from the exponential growth law of Eq. (17),
assuming constant radiative efficiency. Consequently, uncertain-
ties in the Eddington ratio can strongly affect the inferred seed
masses.

This is also exemplified in the specific case of
PSOJ0309+27, which Belladitta et al. (2022) study in detail.
Using our updated values for PSOJ0309+27 from Table 3,
and replacing the Eddington ratio with 4 = 0.44, as reported
by Belladitta et al. (2022), reduces the required seed mass
by a factor of approximately 50. Our formal estimate of
Meq ~ 1.8 X 103 M, (based on A = 0.16) would decrease to
~3.8 x 10% My when adopting their higher Eddington ratio. If
we also adopt their final mass estimate (Mg, =~ 1.45 X 10° M)
and their assumed seed formation redshift (zo = 30), the inferred
initial mass decreases further to ~1.1 x 10° My, under n = 0.1.
The difference in the adopted Eddington ratio and formation
redshift largely explains the apparent discrepancy between
our seed scenario for PSOJ0309+27 and that discussed by
Belladitta et al. (2022).

6. Conclusions

We have presented a homogeneous analysis of 23 high-redshift
blazars spanning from z ~ 2 to z ~ 6 using archival infrared-to-
ultraviolet photometric data and a Bayesian MCMC fitting of
the Shakura—Sunyaev accretion disk model. By including the
effects of IGM attenuation, we derive black hole masses and
mass accretion rates with quantified uncertainties and avoid the
systematic overestimation of Mgy (up to a factor of 11) that
arises when extinction is neglected. Our results show no evi-
dence for systematic offsets relative to previous literature values,
while we recover accretion rates ranging from ~0.05 to ~0.99
across the sample. We find no evidence of correlation between
the black hole masses and Eddington ratios with redshift. We
further examined the potential impact of black hole spin, show-
ing how it can influence the derived accretion-disk parameters.
Using the Eddington-limited growth equation, we placed lower
limits on the seed masses required to assemble the observed
black holes. The results highlight a broad range of possible seed-
ing channels, from Pop III to direct-collapse black holes, with
the required seed mass strongly correlated with the used Edding-
ton ratio.

To our knowledge, this is the first systematic study to model
thermal disk emission from a large sample of high-z blazars
within a common statistical framework. By providing the largest
uniform set of black hole mass and accretion-rate estimates
for these sources with accompanying uncertainties, our results
underscore the importance of consistent modeling when com-
paring across diverse samples. Future progress will rely on
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improved multiwavelength coverage of the disk emission, as
well as independent constraints on spin and accretion histories,
which are essential to resolve the degeneracies inherent in SED-
based mass determinations.

Data availability

Archival data, MCMC fitting results (in .h5 format), and Python
scripts to plot results for individual sources are available
for download at this link: https://zenodo.org/records/
17781963.
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Appendix A: Representative cases of problematic photometry

To construct the SEDs we obtained data from the SED builder tool using a 3”search radius, since the position of the sources is
known with high accuracy and can be seen in Table 1. In several SEDs we identified, after visual inspection, a couple of outlier
points, either yielding too high or too low fluxes. In the case of IR data (e.g., AIWISE), this could be related to the particular field
and the large point-spread function of the instrument. For optical data, this could be due to problems in the catalogs used by the
SED builder tool. We therefore proceeded to visually inspect the fields to search for possible contamination and also cross-checked
the catalog information at the seemingly problematic data points.

A problem we identified in multiple sources was related to the catalog of Haakonsen & Rutledge (2009). This catalog lists the
coordinates of blazars and photometric values (DSS2) for their optical counterparts, without providing the coordinates or an identi-
fication for the counterpart. We discovered that the photometric data are not always taken from the correct counterpart, but in some
cases from the brightest source located several arc-seconds away. The upper panel in Fig. A.1 shows the case of PKS 2149-306,
where we indicate the wrong counterpart with a magenta circle. The three-band image sequence demonstrates that the catalog coun-
terpart does not coincide with the compact optical/IR source identified as the blazar (indicated with a cross). Therefore, we consider
this catalog entry to be a misassociation and excluded the corresponding photometry from the SED fitting.

The lower panel in Fig. A.1 shows the case of PKS 0519+01, where the fixed-radius 22" aperture provided in the AIIWISE
catalog (Jarrett et al. 2011) is overplotted as a magenta circle. It is evident that the large fixed aperture encloses flux from a nearby
source, producing a biased (overestimated) flux for the blazar when this aperture magnitude is adopted without visual verification.
The largest fixed apertures (e.g., the 22" aperture in W3) are susceptible to contamination in crowded fields and for point sources
close to neighbors.

PKS 2149-306

DSS2/red 2MASS/H AlIWISE/W3
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’
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Fig. A.1. Two representative examples of problematic photometry identified in SED builder data during our catalog cross-checks and visual
inspection. Top: The position of PKS 2149-306 is marked with an open x sign, a catalog cross-match with SED builder tool yields a mix of
photometric data from the correct counterpart but also from the nearby bright object marked with a magenta circle, which was misidentified as
the optical counterpart in the Haakonsen & Rutledge (2009) catalog. Botfom: Same plot for PKS 0519+01. Contamination from a nearby source
is visible in the WISE band when large-aperture photometry is used. The SED builder tool by default returns fluxes from three different extraction
methods without a clear distinction. In both examples as well as in all cases with similar issues, the problematic photometric measurements were
excluded from the SEDs used in the analysis.
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Table A.1. Sources with outlier points.

Object Reason for removing outlier points Catalogs from VizieR Catalogs from NED
PSO J0309+27 Large aperture GSC 2.4.2, AIWISE, ... -
B2 1023+25 Large aperture + incorrect association DR14Q UV, DR12Q, ... B2, SDSS, ...

SDSS J0131-0321  Incorrect association + instrument sensitivity =~ ATLASRefcat2, DESDR2, ... -
limit (noise or contamination)

Notes. The full table, including catalog information from VizieR and NED, is available as supplementary material in the project’s Zenodo reposi-
tory.

Appendix B: MCMC fitting results

In this section, we provide the tables B.1 and B.2 with the MCMC fit results for the sources in our sample. To quantitatively compare
the SED fits with and without intergalactic medium (IGM) attenuation, we computed the Bayesian Information Criterion (BIC). The
resulting BIC values are reported in Table B.1 and provide a measure of the relative goodness of fit while accounting for model
complexity. The attenuation implemented in the model is determined by the source redshift and is kept fixed, hence it does not
introduce additional free parameters. Although the unattenuated model occasionally yields lower BIC values, this difference likely
reflects statistical fluctuations rather than a genuinely better physical description. Because attenuation in high-redshift blazars is
expected to occur, and our model employs an average effective H I opacity (not adjusted for individual lines of sight), the BIC alone
cannot serve as a decisive criterion for model preference. For this reason, the extinction-corrected fits are adopted throughout our
figures and analysis, as they offer a physically consistent representation of the source SEDs.

An illustrative example of this limitation is provided by the source B2 1023+25. We were unable to obtain a reliable disk+jet
SED fit with attenuation for this object. Inspection of its SED shows that the highest-frequency data points lie systematically above
the extinction-corrected model used in our fits (see the supplementary material at the project’s repository). Reproducing those points
would require a lower optical depth to HI than the effective value we used. Therefore, the true black hole mass and accretion rate
values should lie between those obtained with and without extinction (a similar argument can be made also for GB6 B1428+4217).

Another noteworthy case is that of GB6 B1428+4217. Gokus et al. (2025) analyzed optical data (in the I and R bands) from this
blazar during its 2023-2024 flare and reported a polarization degree (8.6+0.3)% in the R band. Such a polarization level indicates a
significant contribution from the jet to the observed flux, since the thermal emission from the accretion disk is expected to be largely
unpolarized (< 3%). In our analysis, we modeled archival data with a pure accretion disk component; however, part of the R-band
flux could plausibly originate from a jet component with an as yet unknown polarization. The disk contribution to the observed
R- and I-band fluxes can be reduced below the measured values if a black hole mass about ten times larger and an accretion rate
roughly three times lower are assumed. This represents an extreme configuration, adopted here only to illustrate the minimal possible
contribution of the disk to the total optical emission. At the same time, the available low-frequency data points (v < 10'* Hz) are
sparse, making it difficult to constrain the jet component directly. This limitation likely explains why a single-component (disk-only)
model is statistically preferred in our fits. In such cases, broadband SED modeling of the jet emission, as performed by Gokus et al.
(2025), may provide the most reliable means to constrain the disk properties.

12{(c2= po1
10
8
] ] -
g 26 3
S 8 g
4
2
0
02 0.4 0.6 08 1.0 1.0 15 20 25 30 35 40 45 50
R= Mg/ Mg R= N s

Fig. B.1. Ratios of quantities derived with and without accounting for extinction. The top row shows the ratio of black hole masses (left) and the
ratio of accretion rates (right), while the bottom panel shows the ratio of Eddington ratios. The dashed black vertical line at R = 1 corresponds to
no change between the two fits . These plots highlight the systematic trend: neglecting extinction leads to overestimates of black hole masses and
underestimates of Eddington ratios. The blazars B2 1023+25 and GB6 B1428+4217 are excluded from this figure because of reasons explained in
Appendix B.
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Table B.1. Fit model parameters from MCMC analysis.

No. Name Z log,o(Mpu/Mo) log,o(M/(Mg yr™1)) log;o(AEaa) BIC

no ext. ext. no ext. ext. no ext. ext. no ext. ext.
1 PSOJ0309+27* 6.10 9.25*308 9257007 0757005 0.75%005  —0.9*01 -0801 204 -203
2 B21023+25* 530 9.797093 926203 0.947093  1.607090  -1.20*002  -0.007*3%%  97.3  410.2
3 SDSSJ0131-0321%* 518 10347003 9.72+00° 1707003 1767005 0987002 -0.30*007 1683 -26.1
4 GB6B1428+4217 4715 9.93*005 8.90*01l 11,0913 1,09%006  _1.19%002 > -03 367 1139
5 PMNJ2134-0419% 435 973004 913109 1.007093 115003 -1.077093  -0.32*0% 441 384
6 J151002+570243* 431 9.85700% 881 0.91*003 095709 -1.287001  -0.20%)]  -39.1 -11.3
7 1222032.50+002537.5% 422 9.657002 9.08*2% 0767091 0.837092  -1.24*300 059007 246.0 -16.6
8 J142048.01+120545.9% 4.03 9.46*302 8.657092 0.767091 097301 —1.04*001  —0.02*09)  -195.7 -1823
9 J135406-020603 371 980700 9.2*01 0967007 1.067093  —1.19%0%%  -0.5*02 409 13.13
10 J020346+113445 3.63  9.80*019 9.59*007 0.96*097  0.99*003  -1.19*0%8 095007 128 -10.0
11 J013126-100931 351 9.66709 9467005 0517000 047097 —1.50700%  —1.33700% .69  -40.6
12 J064632+445116 341 9.887004 9.65t003 1297003 1337092 —0.94*003 066700 0.7 -234
13 S50014+813* 3.366 10.237003 9.95*002 2.16*003 2297002 0417002 > -0.033 -124 -388
14 J212912-153841 326 10.25709% 9957003 1.89*001  1.93*001  —0.71700%  -0.367002 165  -74.1
15 PKS 0537-286* 3.104 9.70*2%+ 9.29%006  0.95003  0.927092 1107093 -0.71*007 774 -134.1
16 GB6 0805+614 3.033 9.79709% 9.76*30%  0.42109%  0.747003  —1.40700s  —1.12°048  -40.0 -22.8
17 PKS 0519+01* 294 9477097 9.1%02 042709 03%02  -1.39*00% 1127020 -1172 -122.5
18  PMN J1344-1723* 249 84703 84*02 0497008 0507097 -0.3792 >-05 -1173 -65.7
19 TXS 1149-084* 2.37 8.527011 8.52+010 072+00%  074+004  _0.1%01 >-02  -124.1 -119.2
20 PKS 2149-306* 2.345 9777092 9554002 1207091 1217090 —0.91*00  -0.687092 -185.2 -281.8
21 4C71.07 (0836+710)* 2.172 9.79*301 9.59%002 1.494*0:008 1.543*0005 —0.650* 0009 —0.40%091  -397.0 -396.8
22 PKS 0227-369% 212 8.9070% 8501 0367093 056709 -0.89*0%8  _03%02 672 -722
23 PKS 0528+134* 204 9301 9297011 143097 146007 0201 -0201 102 87

Notes. Table includes results both without extinction (no ext.) and with extinction (ext.). Uncertainties are statistical and reflect the 68% range of
values derived from the posterior distributions. The objects that have been fit with the 2 component (jet+disk) model are indicated with a star * by
their name. The difference in BIC values from the fits with and without extinction is listed in the last column.

Appendix C: Impact of extinction on derived quantities

In this section, we quantify how the inclusion of IGM attenuation affects the disk-derived parameters by directly comparing posterior
medians obtained with and without absorption. The comparison shown in Fig. B.1 demonstrates how neglecting this effect leads to
systematically higher black hole masses and lower Eddington ratios. These results highlight that IGM attenuation must be accounted
for in order to obtain more reliable and accurate estimates of the derived quantities.

Appendix D: Black hole mass - accretion rate: Empirical modeling with spin-induced covariance

We model the relationship between black hole mass Mgy, and accretion rate M, in logarithmic space using a linear relation

Mgy M
IOglo(m) =b+m IOgIO(W). (Dl)
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Table B.2. Best-fit parameters of the power-law component (with and without extinction) of the jet+disk model.

No. Name log,, Fo (cgs units) log,q ve (Hz) s
no ext. ext. no ext. ext. no ext. ext.
1 PSOJ0309+27 11971 -11.9%1  13.9%92 139707 -2.6%03 -2.6%03
2 B21023+25 -11.6%03  -11.8702  13.7%92 138703 —1.29*007 —1.000*0:500
3 SDSSJ0131-0321 -124%03  —125%01 139797 142707 -1.13%00 -1.6370%¢
5 PMNJ2134-0419 116703 —11.7703 137797 13.8%02  —1.48700%  —1.72*0:8
6 J151002+570243 -13.0%07  -13.0%03  13.8%)3  14970% -1.80*0%  -1.6670%
7 SDSS J2220+0025 115703 —125%00 136701 14.870%  —1.98%004  _1.62+00¢
8  SDSS J1420+1205 -12.1%3  -12.871  13.8%07  153%0)  —2.06%00  —1.98+09
13 S50014+813 117794 -116%03 141008 144707 1701 -2.3%0
15 PKS 0537-286 -12.7%03  -12.77) 146703 146707 —1.827007 2037007
17 PKS 0519+01 -12.8701  -12.8701  14.9%02 149702 -2.19*00%8  _221+008
18 PMN J1344-1723 11707007 —11.70709¢  15.45%00% 14477000 —1.7*01 -1.9%02
19 TXS 1149-084 —-11.86*005  —11.86*003 147702 14701 -2.077007  —2.04+0<8
20 PKS 2149-306 11901 —11.98%00¢ 142703 147705 179790 -1.9670%
21 4C71.07(0836+710)  —11.5701  —11.62*709>  143*07  152%0%  —2.13700% 2,140
22 PKS 0227-369 12070 122109008 143709 145704 —1.9070%8  —1.9701
23 PKS0528+134 —12.1%04 =127 1420908 142708 17703 -1.8%03

where m is the slope and b the offset. The masses and accretion rates used in the fit were taken from our spectral MCMC runs
performed under the assumption of non-rotating black holes (a = 0). Because the true spins are unknown, this induces a systematic
degeneracy between the inferred black hole mass Mgy and the accretion rate M via the spin-dependent inner radius Rysco(a)
(Eq. 12). This spin-induced uncertainty produces an additive shift & = 10g;o(Rinrer/Rin) in log,, Mpy and —6 in log,, M, introducing
a covariance along the y = —x direction.

This effect can be represented as a covariance matrix per-object in logarithmic space,

Y5 = Var(6) (_11 _11) (D.2)

which is added to the measurement covariance, effectively capturing the scatter induced by the spin distribution. The total residual
perpendicular to the linear relation, d, , is assumed to be Gaussian distributed. The corresponding log-likelihood is then

2
1 di
InL = E — [m (2mo? )+ %} (D.3)
- 2 ’ o .
i 1,0
where cri ;= nT(Zmeas,i + Xs)n + o-i, n is the unit normal vector to the line, and o, accounts for additional intrinsic scatter.

To account for measurement errors, each source is represented by a “cloud” of K realizations in logarithmic space:
2 2 .
x,',j~N(x,<,0'X’i), y[,jNN(_I/,',O'%i), ] = 1,...,K,

where x; = log,o M; (with M in M yr~!) and y; = log,, Mpp, (With Mgy expressed in units of 10° M,). For each draw, we sample a
spin a; ; ~ U[0, 1), compute Risco(a; ;) from Eq. 7, rescale the linear-space pair {Mgy, M} according to Eq. 12 with reference radius
Ryt = 6 Ry, and then map the rescaled values back to (x; j, y; ;).

Finally, we sample the posterior distribution of (m, b, o, ) using UltraNest, marginalizing over both spin-induced uncertainty
and measurement errors. The resulting posterior provides the best-fit linear relation and associated credible intervals. In Fig. D.1
we plot the fit My and M values with their errors, together with the clouds of realizations based on the spin distributions. We also
indicate the direction of the spin-induced scatter with an arrow. The best-fit linear model is shown with a gray shaded area and solid

line, while the dashed red lines represent the fit scatter.
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PSO J0309+27

SDSS J0131-0321

PMN J2134-0419
J151002+570243
J222032.50+002537.5
J142048.01+120545.9
J135406-020603
J020346+113445

J013126-100931
J064632+445116
S50014+813
J212912-153841
PKS 0537-286
GB6 0805+614
PKS 0519+01

PMN J1344-1723

TXS 1149-084

PKS 2149-306

4C 71.07 (0836+710)
PKS 0227-369

PKS 0528+134

BF values

slope=1.06+0.28
offset =8.49 = 0.27
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Fig. D.1. Log-log plot of Mgy and M plot based on our fit results assuming zero BH spin (black points indicate the median values from the
posterior distributions). Colored clouds are computed based on statistical uncertainties of the fit, as well as a correction for uniform spin following
Eq. D.2 that causes a scatter in the direction of the arrow (see text for details). The population is fit by a linear model defined in Eq. D.1. The
median and the 68% credible region are marked by the gray line and the shaded region respectively. Red lines mark the median excess scatter
predicted by the fit due to BH spin uncertainty.
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