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ABSTRACT

Context. The processes governing the production of astrophysical high-energy neutrinos are still a matter of debate, and the sources
that originate them remain an open question. Among the putative emitters, active galactic nuclei (AGN) have gained increasing
attention in recent years. Blazars, in particular, stand out due to their capability of accelerating particles in environments with external
radiation fields. Recent observations suggest that they may play a role in the production of high-energy neutrinos detected by the
IceCube observatory.
Aims. We studied the physical properties of a subsample of 52 blazars, that have been proposed as candidate neutrino emitters, based
on a positional cross-correlation statistical analysis between IceCube hotspots and the Fifth Edition of the Roma BZCat catalog. We
provide a first characterization of their central engines and inner physical nature, which may help to explore the potential link with
neutrino production.
Methods. This study carries out an analysis of the optical spectroscopic properties of a sample of 52 candidate neutrino-emitter
blazars, to infer their accretion regime. It is complemented by data at the radio and γ-ray frequencies, which carry the information
about the intrinsic power of the relativistic jet. We compared the properties of the sample of candidate neutrino-emitter blazars to other
blazar samples from the literature. To this end, we performed statistical tests and also explored, through simulations, the applicability
of methods that include limits (censored data) on the quantities of our interest.
Results. Overall, the sample of candidate neutrino-emitter blazars displays properties compatible with those of the reference samples.
We observe a mild tendency to prefer objects with intense radiation fields (which are typical of radiatively efficient accretors), and
high radio power, such as high-excitation radio galaxies (HERGs). Among the blazars in our sample, 24 are detected in γ-rays; they
cover various ranges of γ-ray luminosities, compatible with the overall population. Additionally, we show that the statistical tests
commonly used in the literature need to be used with caution, as they are highly sensitive to the amount of censored data and the
sample size.
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1. Introduction

The IceCube Neutrino Observatory at the South Pole is the most
sensitive detector currently operating to investigate the origin of
astrophysical high-energy neutrinos. Neutrinos are unique mes-
sengers that allow us to study our Universe because they travel
long cosmological distances almost unimpeded and carry infor-
mation about the location of their sources. In 2013, the IceCube
Collaboration reported the detection of a diffuse high-energy
neutrino flux consistent with an astrophysical origin in the & 100
TeV to 10 PeV energy range (IceCube Collaboration 2013; Aart-
sen et al. 2016). High-energy neutrinos are created in processes
that involve the interaction of cosmic rays with matter or ra-
diation. Therefore, they represent the “smoking gun” signature
of cosmic-ray sources. The astrophysical sources that originate
them remain largely uncertain.

Among the most luminous and persistent sources in the uni-
verse are active galactic nuclei (AGN), which are highly pow-
erful astrophysical objects able to emit throughout the whole
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electromagnetic spectrum, from radio frequencies up to the γ-
ray band. According to theoretical models (Blandford & Payne
1982), they are powered by accretion onto a central supermassive
black hole (SMBH), and have masses that range from millions
to billions of solar masses. These can be spinning Kerr BHs that
release a fraction of their kinetic energy via a large-scale mag-
netic field (Blandford & Znajek 1977). Blazars are a subclass of
AGN, characterized by ultra-relativistic jets that point toward the
observer’s line of sight. The spectral energy distribution (SED)
of blazars typically displays a double-humped shape, with a low-
energy peak typically in the infrared (IR)–X-rays, and the high-
energy peak in the hard X-rays and/or γ-rays (Fossati et al. 1998;
Fan et al. 2016). The first peak is explained by synchrotron ra-
diation emitted by the population of accelerated electrons in the
relativistic jet, while, in leptonic models, the second peak is at-
tributed to inverse Compton radiation. Although this framework
has been effective in describing the multiwavelength emission
of the majority of blazars, it may be reasonable to expect that
hadrons are present alongside leptons. The possibility of rela-
tivistic jets being able to accelerate hadrons requires exploring
lepto-hadronic and/or hadronic scenarios. Hadronic frameworks,
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although less favored compared to the leptonic scenario for many
blazars, open up the perspective of exploring the link between
blazars and neutrinos.

In blazar jets within the hadronic scenarios, neutrinos can
be the result of either proton-proton (p-p) or proton-photon (p-
γ) interactions (for a review, see Cerruti 2020). In the former
case, a proton of higher energy interacts with a less energetic
one, producing pions and neutrinos as a result. In the latter case,
protons of the jet interact with the lower-energy radiation fields,
either internal or external, through photo-meson (or photo-pion)
interaction or Bethe-Heitler pair production (Mannheim 1993;
Böttcher et al. 2013; Dermer et al. 2014). This leads to muons
and neutrinos as by-products.

For this work we were mostly interested in p-γ interactions
as the combination of efficient particle acceleration and external
radiation fields can foster neutrino production in blazars (Der-
mer et al. 2014). Blazars can host external radiation fields, i.e.,
from the accretion disk and the re-processed disk emission by
the broad and narrow line region, and the dusty torus through
external Compton (EC). The photo-pion production efficiency,
i.e., the physics governing the production of neutrinos, is tightly
linked to the different modes of accretion. These are primarily
traced by emission in the optical–IR band.

Studies in the literature suggest that blazars may originate
neutrinos, contributing to the observed high-energy diffuse as-
trophysical neutrino flux (Mannheim 1993; Dermer et al. 2014;
Aartsen et al. 2017a; Abbasi et al. 2022). In 2017, the γ-ray
blazar TXS 0506+056was associated with a candidate muon-
neutrino event, with a chance association at the 3σ level (Ice-
Cube Collaboration et al. 2018). More recent works have pro-
vided evidence for a correlation between a subset of 52 blazars
and IceCube neutrino data, suggesting that blazars may be the
first population of extragalactic high-energy neutrino emitters
(Buson et al. 2022a, hereafter Paper I ; Buson et al. 2023, here-
afer Paper II ; see also Buson et al. 2022b and Bellenghi et al.
2023).

While the statistical significance indicates that the correla-
tion between the two samples is unlikely to arise by chance,
it should not be mistaken for the probability of individual
neutrino–blazar associations. It is improbable that all 52 can-
didates are genuinely connected to the neutrinos. Among them,
one should expect a non-negligible number of spurious associa-
tions by chance (simply by Poisson probability). Assessing the
genuineness of the individual associations remains challenging,
especially given the proprietary nature of the IceCube data and
analysis tools (see also Barbano et al. (2023), Lincetto et al., in
prep.).

Bearing this in mind, in this paper we explore the physi-
cal properties of the full set of 52 candidate neutrino-emitters
− which may include a non-negligible number of spurious asso-
ciations − and compare them to those of the general blazar pop-
ulation. Based on the energy of the IceCube neutrino dataset,
these candidate neutrino emitters may be capable of accelerat-
ing protons to energies up to the petaelectronvolt (PeV) range.
Therefore, we refer to them as candidate “PeVatron blazars”.

We provide a first multiwavelength characterization of the
intrinsic physical properties of the 52 candidate neutrino-emitter
blazars, exploiting optical spectroscopy complemented by radio
and γ-ray information from the literature.

As the production of neutrinos depends on the object’s
accretion regime and radiation field properties (within lepto-
hadronic frameworks), studying the behavior at different fre-
quencies probes various aspects of the underlying physics (see,
e.g., Fichet de Clairfontaine et al. 2023; Sanchez Zaballa et al.

2025; Pfeiffer 2022, 2024). Section 2 introduces the blazar clas-
sification scheme based on the intrinsic physical properties used
in this work. Section 3 addresses the blazar sample. In Sec-
tions 4 and 5, we describe the employed dataset and the pro-
cedure that we adopted in the analysis. Then, in Section 6 we
present our findings about the properties of the sources and
discuss the results in the broader context of the overall blazar
population. This work assumes a flat ΛCDM cosmology with
H0 = 69.6 km · s−1 ·Mpc−1, Ω0 = 0.29 and ΩΛ = 0.71.

2. The classification of blazars

2.1. The traditional classification scheme

In the AGN unification model (Urry & Padovani 1995; Urry
2004), jetted AGN are traditionally classified into BL Lacertae
(BL Lacs, BLLs) and flat spectrum radio quasars (FSRQs) based
on the strength of the lines in the optical spectrum. The historical
dividing criterion between the two classes is set by the rest-frame
equivalent width (EW) of the emission lines. The latter measures
the observed line strength, by definition, being the integrated line
flux with respect to the underlying continuum emission. EW < 5
Å defines BLLs and EW > 5 Å FSRQs. Phenomena such as
variations in the jet power and the orientation with respect to
the observer’s line of sight mean that this purely observational
classification is not always reliable and/or consistent over time.
Smaller or larger EW values could be due to beaming effects and
variability in the nonthermal continuum, without necessarily in-
dicating intrinsically lower or higher line luminosity (Ghisellini
et al. 2011b).

Attempts in the literature to follow the observation-driven
classification scheme required to coin new nomenclature for sub-
sets of blazars that may show ambiguous properties (e.g., prop-
erties of both the FSRQs and BL Lacs classes). This is, for ex-
ample, the case of “blue flat spectrum radio quasars” (Ghisellini
et al. 2012), also known as “high-power high-synchrotron-peak
blazars”, also known as “masquerading BL Lacs” (Padovani
et al. 2012, 2019). Blue FSRQs (masquerading BLLs) appear
as BL Lacs based on the featureless optical spectrum and high
synchrotron peak. However, they are proposed to be intrinsically
FSRQs with their broad emission lines swamped by the jet’s
powerful synchrotron emission.

Similarly, objects that have been observed to transition from
BL Lac to FSRQ, and/or vice versa, following the appearance or
disappearance of optical lines, have been dubbed as “changing-
look blazars” (Vermeulen et al. 1995; Ghisellini et al. 2011b;
Ruan et al. 2014; Peña-Herazo et al. 2021, Azzollini et al., in
prep.). It remains unclear whether the observed changes corre-
spond to intrinsic physical variations. These transition objects
may be sources with highly beamed jets, and radiatively efficient
accretion, in which sudden variations in the interplay between
the thermal and the nonthermal emission may affect the appear-
ance of the optical spectra, leading to the (apparent) variability
of the emission lines over time.

As the nature of AGN is closely related to the accretion of
matter onto the central SMBH, a physically driven distinction
is based on the different accretion modes. The latter charac-
terizes the AGN activity and the main energy mechanism gov-
erning their evolution (Best & Heckman 2012; Heckman &
Best 2014). On the one hand, when the dominant energetic out-
put is in the form of electromagnetic radiation, we are dealing
with “radiative-mode” AGN (i.e., high-excitation radio galaxies;
hereafter HERGs), which show the traditional internal structure
of an SMBH surrounded by a geometrically thin, optically thick
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accretion disk (AD). A hot corona surrounds the accretion disk,
which scatters the photons of the disk to X-ray energies. The
SMBH and AD are surrounded by a dusty torus (DT) of obscur-
ing molecular gas on larger scales. In this schematic view, the
luminous ultraviolet (UV) radiation from the AD illuminates the
broad line region (BLR), which is located close to it, and the
narrow line region (NLR) further out. The radiatively efficient
accretion occurs through cold gas piling up on the core of the
AGN, and this leads to the establishment of a stable disk. Ob-
jects of this class are generally associated with star formation in
the host galaxy. The bulk of the energy output is emitted through
radiation, however, they can often show traces of radio jets that
extend for tens or hundreds of kiloparsecs. On the other hand,
in “jet-mode” AGN (i.e., low-excitation radio galaxies; hereafter
LERGs), the radiative emission is usually less powerful, and the
energy output is dominated by bulk kinetic energy transported
in powerful jets. For this second category, it is suggested that in
place of the thin accretion disk, there is a geometrically thick
advection-dominated accretion flow (ADAF). These radiatively
inefficient accretors are thought to be fuelled via hot gas (“hot-
mode” accretion) subject to the Bondi mechanism (Bondi 1952).
The distribution of observed radio energies of the two classes
covers a broad range. However, HERGs are found to dominate
at high radio luminosity, while LERG objects dominate at lower
values. Adopting the radio power at 1.4 GHz, the dividing thresh-
old falls at P1.4GHz ∼ 1026 W · Hz−1 (Best & Heckman 2012).

It has long been argued that the different accretion modes
could originate a dichotomy in jetted AGN (e.g., Ghisellini &
Celotti 2001; Maraschi & Tavecchio 2003; Ghisellini et al. 2009;
Giommi et al. 2012; Antonucci 2012). Ghisellini et al. (2011b)
proposed a classification scheme for blazars based on the ac-
cretion efficiency: FSRQ objects, where the presence of broad
optical emission lines implies intense radiation fields, are re-
lated to efficient radiative-mode sources (i.e., HERGs), while
BLL objects, which are characterized by the lack of promi-
nent emission lines, correspond to inefficient hot-mode accretors
(LERGs). The proposed discriminating parameter is the lumi-
nosity of the BLR in Eddington units with the threshold refer-
ence LBLR/LEdd & 5 × 10−4. The γ-ray luminosity in Eddington
units is also a good tracer of both the accretion efficiency (in the
case of intense radiation fields) and the jet power (in all cases),
and the dividing line has been proposed at Lγ/LEdd & 0.1 in
this case. The distinction places FSRQs above these thresholds,
whereas BL Lacs with the ADAF are found below (Ghisellini
et al. 2010, 2011b; Sbarrato et al. 2012, 2014). While there is
likely continuity between the two extremes rather than a clear-
cut separation between the two classes, this distinction is helpful
for depicting the underlying physics. The LBLR/LEdd and Lγ/LEdd
are proxies for the accretion power and take into account the
differences in black hole mass due to the normalization factor
being the Eddington luminosity. Within this physically driven
scheme, the LERG–HERG discrimination brings less ambiguity
in transitional objects, naturally describing blue FSRQs (mas-
querading BL Lacs) as HERG objects based on their physical
properties. Blue FSRQs encompass sources which are intrinsi-
cally FSRQ whose emission lines are washed out by a bright,
Doppler-boosted jet continuum, unlike “true” BL Lacs, which
are intrinsically weak-line objects (see Ghisellini et al. 2011b;
Padovani et al. 2022b). Similarly, for changing-look blazars, the
apparent line luminosity variations are due to observational bi-
ases, while the underlying physics of the objects remains the
same. The boundary between the two regimes is only loosely
defined, the quantities have rather large errors and the models
involved are rather simplistic. As a consequence, we caution that

the HERG–LERG distinction is still expected to suffer from ob-
servational limitations and the transition between the two classes
is expected to be gradual. In the context of potential neutrino
emission, the interesting aspect is not the precise classification of
an object, but rather the possible presence or absence of radiation
fields external to the jet. HERG-like objects benefit from multi-
ple external radiation fields, including the accretion disk, pho-
tons reprocessed in the BLR, and emission from the dusty torus.
These additional photon targets for protons may foster neutrino
production compared to LERGs.

2.2. This work’s taxonomy

In this work, we departed from the historical observation-driven
classifications of blazars and hereafter embraced the physically
driven view of HERGs and LERGs, based on the accretion
regime and high- and low-excitation properties. In blazars, in-
tense radiation fields are traced by the spectral emission lines
produced in the BLR and NLR. The radio power P1.4 GHz and
the γ-ray luminosity Lγ carry the information about the intrin-
sic power of the relativistic jet. In the simplified view that we
adopted, the distinction between the two classes may be primar-
ily traced by the following properties,

• The Eddington-scaled accretion rate to the central black hole
mass, which sets the separation between radiatively efficient
and radiatively inefficient accretion modes; HERGs are then
defined by LBLR/LEdd & 5 × 10−4;
• The γ-ray Eddington ratio, where higher values, Lγ/LEdd &

0.1, are typically displayed by HERGs compared to LERGs;
• The radio power, which informs about the jet power, where

HERGs have typically higher power, P1.4 GHz & 1026 W·Hz−1

compared to LERGs.

This classification based on the radiative efficiency of ac-
cretion, the intensity of radiation fields, and the radio and γ-
ray power, is similar to the one used in previous works (Ghis-
ellini et al. 2010; Giommi et al. 2012; Best & Heckman 2012;
Heckman & Best 2014; Padovani et al. 2022b) for discriminating
HERGs–LERGs following physically driven markers. However,
the boundaries between HERGs and LERGs are not sharply de-
fined, and the transition between these categories is likely to be
gradual.

3. The blazar sample

3.1. Target sample

In our previous studies, we explored the potential link between
blazars and high-energy neutrinos (Buson et al. 2022a, 2023, Pa-
per I and Paper II ). To mitigate biased classifications affecting
the selection of our sample, we used the fifth data release of the
Roma BZCat catalog (5BZCat, see Massaro et al. 2014). This
compilation of 3561 sources does not rely on selections in spe-
cific wavelengths or survey strategies and has already proved
to be effective in unraveling unexpected discoveries (e.g., the
“WISE blazar strip”, Massaro et al. 2011). The 5BZCat catalog
is not complete as the sky coverage of the surveys used to build
it is not uniform, however, it is rather “pure”. For each object
of the 5BZCat, an optical spectrum is available and individually
inspected to ensure the blazar nature. In 5BZCat, objects are fur-
ther taxonomically categorized according to the historical clas-
sification based on optical spectroscopy; for example, BL Lacs
are indicated as “BZB”, FSRQs as “BZQ”, and blazars of un-
certain type as “BZU”. In addition, blazars displaying an optical
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spectrum dominated by the contribution of the host galaxy are
referred to as “BZG”.

In Paper I and Paper II , 5BZCat sources were positionally
cross-matched with all-sky high-level neutrino data, in the form
of the skymaps publicly released by the IceCube Collaboration.
For the southern celestial hemisphere (−85◦ < δ < −5◦), the
analysis was based on the 7 years data recorded between 2008–
2015 (Aartsen et al. 2017b; Buson et al. 2022a). For the northern
celestial hemisphere (−3◦ ≤ δ ≤ 81◦), the analysis exploited the
most recent neutrino sky-map released in Abbasi et al. (2022),
that encompasses 9 years of neutrino observations (2011–2020,
Buson et al. 2023).

The analysis focused on sky locations displaying the high-
est discrepancy from background expectations, i.e., “hotspots”,
as the most promising locations of putative neutrino cosmic
sources. The hotspots are identified by the highest L values, de-
fined as the negative logarithm of the provided local pvalue in
the IceCube maps, L = − log

(

pvalue
)

. The positional cross-
correlation analysis was performed separately for the southern
and northern celestial hemispheres. The analysis resulted in a
post-trial chance probability 2 × 10−6 (4.5σ) for the southern
dataset and 6.79×10−3 (2.47σ) for the northern dataset, suggest-
ing that the correlation between the blazar and neutrino samples
is unlikely to arise by chance. The investigative approach pin-
pointed a subset of 52 blazars, ten hosted in the southern and 42
in the northern celestial hemisphere, as promising candidates for
the production of IceCube neutrinos. As anticipated in Section 1,
the sample includes a non-negligible number of spurious associ-
ations. The reliability of the individual blazar-neutrino associa-
tions is difficult to access and will be addressed in a forthcoming
work.

Table A.1 lists the 5BZCat sources proposed as associated
with neutrino hotspots. The first four columns report the name,
coordinates, and L value of the neutrino hotspots (for more de-
tails see Paper I , Paper II ). The following two columns list the
associated 5BZCat blazars with the corresponding redshift in-
formation. For the redshift, we report the values collected by
inspecting the most recent literature and cross-checking with the
optical spectrum available from this work. The seventh column
reports the blazar Fermi-LAT counterpart from the Third Data
Release of the Fourth Fermi Large Area Telescope (LAT) AGN
Catalog (4LAC-DR3, Ajello et al. 2022). Finally, the last col-
umn lists the reference to the optical spectrum used for the ob-
ject. Eight blazars of our sample of interest have already been
included in other works as promising candidates for the produc-
tion of high-energy IceCube neutrinos (IceCube Collaboration
et al. 2018; Krauß et al. 2018; Plavin et al. 2020; Hovatta et al.
2021; Padovani et al. 2022a; Stathopoulos et al. 2022; Plavin
et al. 2023, see Appendix B for more details on the individual
objects). They are highlighted with the ⋄ symbol in Table A.1.

3.2. Comparison samples

We were interested in the properties of the candidate PeVatron
blazars in the radio, optical, and γ-ray ranges to investigate the
thermal and nonthermal components of their central engine, the
accretion properties, and the power of the relativistic jet. First,
we characterized the properties of the sources in our sample.
Then, we compared them with those of the overall population
of blazars. For the latter, we referred to previous literature stud-
ies that tackled the physical properties of relatively large sets of
blazars. The primary selection criteria were the public availabil-
ity of optical spectra or line spectroscopy measurements, pro-
vided they were obtained using a methodology consistent with

our study. Three samples were found to be suitable, i.e., Sbar-
rato et al. (2012) and Paliya et al. (2017, 2021). By estimating the
quantities of interest using a consistent approach, these samples
ensured the absence of biases in our analysis while still encom-
passing a wide range of properties. More details are provided in
Section 5, in the following we introduce the comparison sam-
ples.

In Sbarrato et al. (2012, hereafter S12), the sample of blazars
was selected from the Seventh Data Release of the Sloan Digi-
tal Sky Survey (SDSS-DR7, analyzed in Shen et al. 2011) and
with a Fermi-LAT detection in the First Catalog of Active Galac-
tic Nuclei Detected by the Fermi Large Area Telescope (1LAC,
Abdo et al. 2010). The authors also included the optically se-
lected BL Lac candidates with redshift measurement of Plotkin
et al. (2011), among which 71 have 1LAC detection and 61 do
not. Finally, they considered additional intermediate objects be-
tween BLLs and FSRQs selected from SDSS-DR6 (Adelman-
McCarthy et al. 2008) and with γ-ray 1LAC counterpart. The
S12 sample includes a total of 163 sources, with a measurement
or an upper limit (UL) on either Lγ and/or LBLR, and enables
us to explore the whole space of radiative efficiency spanned by
LERG and HERG objects (see Section 6). The paper provides
the values of the redshift, the mass of the black hole (MBH [M⊙]),
LBLR

[

erg · s−1
]

and Lγ
[

erg · s−1
]

, either measured or with UL,
for each object.

In Paliya et al. (2017, hereafter P17), the Candidate Gamma-
Ray Blazar Survey Catalog (CGRaBS, Healey et al. 2008)
was cross-matched with the Fermi-LAT catalogs (3FGL, 2FGL,
1FGL, and 0FGL, sequentially; Acero et al. 2015; Nolan et al.
2012; Abdo et al. 2010, 2009) considering all the data up to
2016 April 1. This sample was further reduced based on the
availability of multiwavelength data, particularly X-rays, in the
HEASARC archive (Paliya et al. 2017). This results in two sub-
samples of objects with and without LAT detection (324 “γ-
loud” and 191 “γ-quiet” sources, respectively). Several tech-
niques were used to estimate the physical quantities, including
also optical spectroscopy (P17 optical). To ensure consistency
with our analysis strategy (see Section 5), for the accretion prop-
erties, we narrowed down to the 54 objects that were analyzed by
optical spectroscopy (50 γ-loud, and four γ-quiet). The redshift,
MBH, Ldisk and size of the BLR (rBLR [cm]) are available from
the study. The advantage of this sample is that it allows us to ex-
plore both γ-ray-detected and nondetected sources using proper-
ties derived in a consistent way (optical spectroscopy). Although
the γ-quiet blazars we consider are only four, they complement
the γ-quiet sources overview along with the sample of S12.

The sample of Paliya et al. (2021, hereafter P21) includes
all the γ-ray emitting blazars and blazar candidates listed in the
LAT 10-years Source Catalog (4FGL-DR2, Ballet et al. 2020),
that have been cross-matched with SDSS-DR16 (Ahumada et al.
2020) and the optical spectroscopy literature. This sample of
1016 objects includes both measurements (for 674 objects) and
upper limits (for 342 sources) on the optical lines’ luminosities.
The paper provides the redshift and the lines’ parameters (lumi-
nosity Lline and full width at half maximum FWHMline) for each
object. Using these, we estimated the physical properties of in-
terest using the approach described in Section 5. By selection,
this sample offers a view of γ-ray-detected blazars.

The main characteristics of these three comparison samples
are listed in Table 1, which reports each sample with the corre-
sponding total number of sources and of the subsample for which
the physical properties were analyzed via optical spectroscopy.
The fourth, fifth and sixth column reports the number of objects
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Table 1: Summary of the main characteristics of the chosen comparison samples.

Sample # sources Via optical spectroscopy UL on LBLR UL on Lγ UL on Lγ, LBLR Quantities
S12 163 163 22 − 62 z, MBH, LBLR, Lγ
P17 515 54 − 4 − z, MBH, Ldisk, rBLR
P21 1016 1016 342 − − z, FWHMline, Lline

Notes. The first column reports the sample: S12 (Sbarrato et al. 2012), P17 (Paliya et al. 2017) and P21 (Paliya et al. 2021),
respectively. The second and third columns contain the total number of sources and the corresponding subsample for which the
properties were estimated via optical spectroscopy. The fourth, fifth and sixth columns report the number of objects for which limits
were placed on either the γ-ray luminosity, the BLR luminosity or both. The last column lists the properties that are provided in the
corresponding papers (see Section 3.2 for further details).

4.3. Radio properties

The radio power offers a complementary proxy for the intrinsic
jet power (Sbarrato et al. 2014; Heckman & Best 2014), espe-
cially useful for objects with no detection at γ rays. Besides, the
radio power P1.4 GHz yields further insights regarding the HERG–
LERG nature (see Sections 2 and 2.2). We used the radio infor-
mation provided by 5BZCat. For each blazar, the catalog lists
the radio flux density at 1.4 GHz from NRAO VLA Sky Survey
(NVSS, Condon et al. 1998) or Very Large Array (VLA) Faint
Images of the Radio Sky at Twenty-cm (FIRST, White et al.
1997).

5. Optical spectroscopy data analysis

5.1. Data reduction procedure

The first step was the reduction of the optical spectra for the
sources that we observed. For the X-Shooter spectra, we used the
EsoReflex version 2.11.5 pipeline (Freudling et al. 2013) and,
for GMOS-S, the Data Reduction for Astronomy from Gem-
ini Observatory North and South (DRAGONS) software v3.1.0
(Labrie et al. 2019). For the OSIRIS spectra, we used the PypeIt
v1.16.0 pipeline (Prochaska et al. 2020). The reduction was
performed through the standard steps of bias and dark current
subtraction, flat field correction, and cosmic ray removal. The
arc lamp exposures were reduced separately and used for the
wavelength calibration. Then, sky subtraction was applied to re-
move the background contribution from the science spectra. The
spectra of the correspondent standard star were also reduced sep-
arately and used for the estimation of the sensitivity curve. Fi-
nally, flux calibration was applied to the science data. After that,
for the X-Shooter dataset, the Molecfit version 4.2.3 (Smette
et al. 2015; Kausch et al. 2015) software tool was used to cor-
rect the science spectra for atmospheric contamination features,
in particular the contribution of telluric absorption lines.

The remaining blazars in the sample were investigated using
various pipelines to extract and examine spectra from different
archives. The data taken from the Six-degree Field Galaxy Sur-
vey (6dFGS, Jones et al. 2004, 2009), and the 2dF QSO Redshift
Survey (2QZ, Smith et al. 1998; Croom et al. 2004) catalogs are
not flux calibrated, and in this case, we used the conversion fac-
tor ct = 7.69 × 10−17 erg · s−1 · cm−2· Å−1 from photon counts to
flux density units (Koss et al. 2017). For low-resolution spectra
of the Large Sky Area Multi-Object Fiber Spectroscopic Tele-
scope (LAMOST, Zhao et al. 2012), the flux calibration is rela-
tive. This affects the accuracy level of the absolute flux, which is
in units of 10−17 erg · cm−2 · s−1 ·Å−1. More details are provided
in Appendix B.

5.2. Estimation of physical quantities

We extracted and visually inspected the optical spectra of in-
terest to identify possible emission line profiles. The hydrogen
recombination lines of the Lyman or Balmer series Lyα, Hα and
Hβ are among the strongest lines detected in the environment of
an AGN. They are produced in the BLR along with the more
highly ionized permitted Mg II , C IV lines. Instead, [O II] and
[O III] spectral lines are emitted in the NLR and produced by
forbidden transitions. Permitted transitions (e.g., those occurring
in the BLR) are electric dipole transitions with high probabili-
ties (∼ 105 − 109 s−1) and originate in regions of higher-density
plasma (on average, ne & 109 cm−3 in observed BLRs, Oster-
brock & Ferland 2006). The observed broad line profiles are the
result of permitted transitions, while forbidden transitions give
rise to narrow profiles. For broad lines, the density of the form-
ing region is so high that all levels of the ions that would be oth-
erwise responsible for forbidden transitions are collisionally de-
excited (Osterbrock & Ferland 2006). In forbidden transitions,
electrons have much lower probabilities (∼ 10−6−102 s−1) of be-
ing excited to (or de-excited from) these levels and require very
low electron densities . 106 cm−3 to populate the levels above
the ground state via electron collisions (Longair 1994).

We applied a rebinning of the spectra when needed, identi-
fied the lines, and then cross-checked the redshift available from
the literature with our estimate. We used the SpectRes PYTHON
tool (Carnall 2017) for the rebinning. Then, we used the Image
Reduction and Analysis Facility (IRAF, Tody 1986, 1993) soft-
ware to fit the detected lines with either one or multiple Gaussian
functions according to the morphological shape of the profile.
The results from the fit3 were extracted, compared to indepen-
dent fits performed with SciPy4 and used for further analysis.
We used the flux, EW, and full width at half maximum (FWHM)
to estimate the central engine properties of the blazars in our
sample (similarly to Celotti et al. 1997; Ghisellini & Tavecchio
2008; Shen et al. 2011; Shen & Liu 2012; Paliya et al. 2017;
Padovani et al. 2019; Paliya et al. 2021). The total luminosity of
the spectral line was estimated as Lline = 4πFlinedL

2. The corre-
sponding errors with the fitted quantities are usually ∼ 5% for
the line flux and 10% for the FWHM (Decarli et al. 2008, 2011).

Thirteen targets lack BLR lines. They display either a fea-
tureless optical spectrum or only NLR lines. Therefore, for these,
we estimated upper limits on the luminosity of the nondetected
emission lines: a power-law fit was applied to a region of 500
Å at the position of the expected line, depending on the redshift
(following the approach of Sbarrato et al. 2012). Then, we sim-

3 splot function for profile deblending and Gaussian fitting:
https://astro.uni-bonn.de/~sysstw/lfa_html/iraf/noao.

onedspec.splot.html
4 More details at https://docs.scipy.org/doc/scipy/

reference/generated/scipy.optimize.curve_fit.html
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ulated an emission line of Gaussian profile with fixed FWHM
vFWHM = 4000 km · s−1 (Decarli et al. 2011) and flux Fline. We
assumed an uncertainty of 10% on the flux Fline, and let Fline
vary up to a maximum value of 1% of the fitted continuum. To
determine the upper limit, we performed a χ2 test and accepted
as flux limit, the value Fline for which χ2 < χ2 (99%).

Thereafter, we employed the luminosity (or the upper limit)
of the emission lines to infer the total luminosity of the broad
line region,

LBLR = Lline ·
〈LBLR〉

Lrel. frac.
, (3)

with Lrel. frac. = 77, 22, 34, 63 for Hα , Hβ , Mg II and C IV ,
respectively, being the contribution of each line to the total BLR
luminosity as estimated based on the composite spectrum of
Francis et al. (1991), assuming a relative flux of 100 for Lyα.
The total broad line flux is 〈LBLR〉 = 555.76 (Francis et al. 1991).
When more than one emission line was present in the spectrum,
we estimated the BLR luminosity by averaging the measured
line profiles (Celotti et al. 1997; Sbarrato et al. 2012).

To estimate the BLR luminosity, which is then used to infer
the accretion regime, we used only the BLR line fluxes or limits.
Although for some objects NLR lines are detected, and works
suggest to use them to derive estimates for the BLR luminos-
ity (Padovani et al. 2019, 2022a), based on our tests, the proce-
dure leads to not fully consistent values of the accretion regime
in our sample (Azzollini et al., in prep.). The luminosity of the
disk is estimated by assuming a thin Shakura-Sunyaev accretion
disk (Shakura & Sunyaev 1973) with BLR covering factor of
0.1 to it, so that LBLR ≃ 10% Ldisk (Sbarrato et al. 2012; Ghis-
ellini et al. 2014). It directly links the accretion disk luminosity
with the observed broad emission lines and provides an estima-
tion independent of the viewing angle (the lines are assumed to
be isotropically emitted) and it avoids contamination from the
nonthermal continuum. The expected average uncertainty on the
resulting value is a factor of 2 (Sbarrato et al. 2012; Ghisellini
et al. 2014).

Optical spectral emission lines inform about the bolomet-
ric thermal luminosity of the accretion flow in AGN. To this
end, we used the broad Hβ , Mg II lines and the narrow [O II] ,
[O III] lines, when available (Punsly & Zhang 2011; Padovani
et al. 2019),

log10 (Lbol) = a + b · log10 (Lline) , (4)

where the coefficients are (a, b) = (12.32 ± 0.20, 0.78 ±
0.01), (16.76 ± 0.26, 0.68 ± 0.01) , (26.50 ± 0.32, 0.46 ± 0.01) ,
(33.96 ± 0.33, 0.29 ± 0.01) for Hβ , Mg II , [O II] and [O III] ,
respectively.

The luminosity and FWHM of the lines, and the empiri-
cal scaling laws of Shen et al. (2011) and Shen & Liu (2012)
were employed in the estimation of the virial mass of the central
black hole. The approach assumes that the BLR is gravitationally
bounded to the central BH potential, in such a way that we can
estimate the mass of the central object by evaluating the orbital
radius and Doppler velocity of the region through an inspection
of the emitted lines. The evaluation was made through the fol-
lowing equation:

log10

(

MBH

M⊙

)

= a+b · log10

(

λ · Lline

1044 erg · s−1

)

+c · log10

(

FWHM
km · s−1

)

.

(5)

Here the coefficients are (Shen et al. 2011; McLure & Dun-
lop 2004; Vestergaard & Osmer 2009),

(a, b, c) =



































(0.379, 0.43, 2.1) for Hα ,
(0.672, 0.61, 2.0) for Hβ ,
(0.740, 0.62, 2.0) for Mg II ,
(0.660, 0.53, 2.0) for C IV .

(6)

The typical uncertainty on the value of MBH is a factor of
4 (Vestergaard & Peterson 2006). From the black hole mass,
we derived the Eddington luminosity of the sources as LEdd ≃

3 × 104
(

M
M⊙

)

L⊙ (Eddington 1926; Lang 1974). The resulting
value only depends on the mass of the central accreting object.
By definition, it sets an upper limit on the accretion luminosity
of the central compact core. Therefore, the disk luminosity in
Eddington units traces the normalized accretion rate (Shen et al.
2011; Ghisellini et al. 2014) ṁ ≡

Ṁacc

ṀEdd
=

Ldisk
ηLEdd

, where η is the ra-
diative efficiency of accretion. For geometrically thin accretion
disks, it depends on the location of the innermost stable orbit of
the disk and the spin of the central black hole.

At Ldisk . 10−2 LEdd, the accretion structure becomes radia-
tively inefficient, with the standard accretion disk turning into a
hot accretion flow (ADAF). The dependence of the disk lumi-
nosity on the accretion rate changes (Ldisk ∝ Ṁ2). This leads to
an analogous change in the dependence of LBLR on Ṁ (Ghisellini
et al. 2014; Sbarrato et al. 2014). However, the response of the
jet to these different inner physical properties of the black hole
is not known and remains an open debate.

In this model, the radiation component takes into account
the contributions of the emission disk, the broad line region, the
dusty torus surrounding the disk, and the part of the radiation
that is intercepted in the IR and re-emitted. This structure allows
us to estimate the size of the broad line region and the dusty
torus from the luminosity of the disk. Following the works of
Ghisellini & Tavecchio (2008); Ghisellini et al. (2014, 2017),
we derive the radius of the BLR and the torus as

rBLR = 1017 ·

(

Ldisk

1045 erg · s−1

)1/2

cm , (7)

rDT = 2.5 × 1018 ·

(

Ldisk

1045 erg · s−1

)1/2

cm . (8)

The resulting quantities are listed in Table A.2.

6. Comparison with reference blazar samples

In this section, we discuss the adopted approach and present the
outcomes of our study. We investigated the physical properties
of the sample of candidate neutrino-emitter blazars and the ref-
erence samples presented in Section 3.2 in light of the more
physically driven approach we adopted. To this end, we focused
on the accretion regime traced by the LBLR/LEdd and Lγ/LEdd,
and the jet power traced by the radio power P1.4 GHz alongside
the Lγ. The results for the accretion regime properties are pre-
sented in Fig. 2. Our sample (in black, with TXS 0506+056,
PKS 1424+240, and 5BZB J0630-2406 highlighted in cyan,
lime, and magenta, respectively; see Section 6.3 for further de-
tails) is compared to the γ-loud and γ-quiet blazars studied in
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the survival function of a given physical property, in a stepwise
manner, considering both measured values and including cen-
sored data (limits; similar to the approach in Lavalley et al. 1992;
Feigelson & Nelson 1985; Isobe et al. 1986; Avni et al. 1980;
Pfleiderer & Krommidas 1982). We, then, assessed the perfor-
mance of the logrank and the Peto logrank tests for comparing
survival curves across different samples through simulations, fo-
cusing in particular on Type I errors, i.e., false positives. As dis-
cussed in Appendix D, these methods are highly sensitive to the
number and distribution of censored data points, as well as varia-
tions in sample sizes, requiring strong caution when interpreting
the outcomes. Tailored investigations can assess the robustness
of each statistically significant result individually (see Appendix
D for further details). In this study, we present the results only
for the Peto logrank test, which we found to be less affected by
differences in the censoring patterns between the two samples
(as previously discussed in Feigelson & Nelson 1985). For ref-
erence, we performed the analysis by using the PYTHON package
lifelines5, and the ASURV routine (Lavalley et al. 1992), find-
ing consistent results between the two.
The main findings are summarized in Table A.3. The first col-
umn reports the analyzed quantity, while the second, third, and
fourth columns detail the tested samples, including the number
of measurements and the number of upper limits either excluded
or included in the analysis. The fifth and sixth columns present
the resulting pre-trial pvalues from the A-D and Peto logrank
tests, respectively. Our focus is on comparisons that yield sig-
nificant results in the pre-trial Peto logrank test, noting that the
corresponding A-D test outcomes generally follow those of the
Peto logrank test. Before discussing the implications of the ob-
served findings, there are a few caveats to note.

– The tests we performed are strongly correlated. A statisti-
cally significant result in one test can increase the likelihood
of significant findings in related tests, due to the inherent cor-
relations among the variables. This interdependence can af-
fect the interpretation of pvalues and the overall significance
of the findings.

– When conducting multiple statistical tests, the likelihood of
observing at least one significant result due to chance in-
creases, that is known as the look-elsewhere effect. To ac-
count for this, a correction is needed to limit the overall Type
I error rate.

In this exploratory study, where identifying potential leads
for further investigation is a priority, we used the Benjamini-
Hochberg procedure to correct for trials (Benjamini & Hochberg
1995). This is suitable for independent and positively correlated
tests, and offers a more balanced approach by controlling the
false discovery rate (FDR), allowing for a higher rate of true dis-
coveries while maintaining control over false positives.

To correct for trials, first we ranked the pre-trial pvalues in
ascending order. For each pvalue, we computed the Benjamini-
Hochberg critical value using the formula,

Critical Value = i
m
× Q

where i is the rank, m the total number of tests (i.e., 32 in our
case), and Q the chosen FDR level (i.e., 0.003 in our case).

In this case, the Benjamini-Hochberg critical values are,

5 See https://lifelines.readthedocs.io/en/latest/

Survival%20analysis%20with%20lifelines.html for further
details

rank i = 1 : 1 × 0.003/32 ∼ 9.4 × 10−5,

rank i = 2 : 2 × 0.003/32 ∼ 1.9 × 10−4,

rank i = 3 : 3 × 0.003/32 ∼ 2.8 × 10−4,

rank i = 4 : 4 × 0.003/32 ∼ 3.7 × 10−4,

etc.

We identified that the third-ranked pre-trial pvalue, 1.53 ×
10−4, obtained from comparing the radio power of the target
sample to the S12 one, is the largest pvalue that does not ex-
ceed its corresponding critical value. Following the Benjamini-
Hochberg procedure, all pvalues ranked up to and including this
rank are considered statistically significant. They are highlighted
with a ∗ symbol in Table A.3 (see Appendix D).

6.2. Discussion

The three highest post-trial significances (& 3σ) are observed
for the comparison of MBH between the target sample and P17,
while the other two are found when comparing the redshift and
P1.4 GHz with S12. All of the other quantities are found statis-
tically compatible with the reference samples, according to the
Benjamini−Hochberg test.
Comparing the MBH distributions between the target sample and
the P17 sample, we observed a significance (& 3σ) and noted
that the former sample includes 38% censored data. To assess
the robustness of this result, we conducted simulations to evalu-
ate potential biases introduced by the high rate of censored data.
These simulations, presented in Appendix D, suggest that the
observed discrepancy may arise from an intrinsic difference be-
tween the two samples. The mass distribution of the candidate
PeVatron blazars extends to larger values, with two objects above
& 1010M⊙ and with ∼ 35% of the objects (18 out of 52) above
& 109 M⊙, compared to the P17 sample, which instead com-
prises objects with MBH values up to 2.40×109 M⊙, six of which
(∼ 13%) above & 109 M⊙. This suggests that our target sample
tends to host more massive black holes than those in P17. How-
ever, no significant discrepancy is observed when compared to
other reference samples, indicating that these properties remain
consistent with the overall population of γ-loud blazars (P21)
and sources with diverse accretion properties (S12).

Referring to Fig. 3, most candidate PeVatron blazars (∼
63%) show powerful relativistic jets and occupy the region of
the P1.4 GHz distribution dominated by HERGs (Padovani et al.
2022b; Kalfountzou et al. 2012; Best & Heckman 2012). In this
case, the median value is µ̃ (P1.4 GHz) = 6.67 × 1026 W · Hz−1,
above the P1.4 GHz ∼ 1026 W · Hz−1 HERG–LERG threshold. As
displayed in Table A.3, the P1.4 GHz distribution of our sample
is compatible with the other samples except in the case of S12,
for which a difference at & 3σ level with the Peto logrank is
found. A similar difference is found with the redshift distribu-
tion of S12. The distributions of the S12 sample are skewed to-
ward lower redshifts and reduced radio powers relative to our
sample. Among the S12 sample, only the 29% of the objects (40
out of 138) lie above P1.4 GHz & 1026 W · Hz−1. As mentioned in
Section 3.2, the S12 reference sample allows for an exploration
of the full parameter space of HERG and LERG populations.
These findings reinforce, from both the P1.4 GHz and redshift dis-
tribution perspectives, the mild tendency shown by the candi-
date neutrino-emitting blazars to preferably exhibiting HERG-
like characteristics.
A consistent picture to the P1.4 GHz distribution emerges looking
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at the LBLR/LEdd properties: candidate PeVatron blazars show
a mild preference (∼ 61%) for populating the region of the
LBLR/LEdd occupied by sources with efficient accretion prop-
erties and, therefore, by HERG-like objects. Although from a
statistical standpoint their accretion properties remain consis-
tent with those of the other samples, the effectiveness of these
tests is limited by the presence of a large number of censored
data. As shown in Fig. 2, our sample displays a median value
µ̃ (LBLR/LEdd) = 10−3 and µ̃

(

Lγ/LEdd

)

= 9.73 × 10−2. When
excluding objects with upper limits, as expected, ∼ 87% oc-
cupy the HERG region, with µ̃ (LBLR/LEdd) = 3.76 × 10−3 and
µ̃
(

Lγ/LEdd

)

= 6.77 × 10−1.
For what concerns the γ-ray luminosity, the blazars in our sample
(24 γ-loud and 28 γ-quiet) are distributed among a broad range
of values, from 1.43 × 1042 erg · s−1 to 1.21 × 1048 erg · s−1. The
median value of the detections is µ̃

(

Lγ
)

= 2.35 × 1046 erg · s−1,
and the 79% lies between 1044

. Lγ . 1047 erg · s−1. In terms of
γ-ray luminosity, the candidate PeVatron blazars are compatible
with the overall population, as suggested by the results of the
Peto logrank test with the 5BZCat and 4LAC-DR3.

6.3. Blue FSRQs – masquerading BL Lacs among the
candidate PeVatron blazars

Among the sample of candidate PeVatron blazars, four objects
had been proposed as blue FSRQs (masquerading BL Lacs) in
the literature: TXS 0506+056, PKS 1424+240, 5BZB J0630-
2406, and 5BZB J0035+1515. In this work, we conclude that
the first three of them share HERG-like characteristics. Based
on our newly acquired optical data of the fourth object, we es-
tablish the LERG nature of 5BZB J0035+1515.

The candidate IceCube neutrino source TXS 0506+056
(5BZB J0509+0541), was identified as belonging to the subclass
of masquerading BL Lacs following the detection of the [O II]
and [O III] lines in an optical spectrum taken with the Gran Tele-
scopio Canarias (GTC) between the end of 2017 and the begin-
ning of 2018 (Paiano et al. 2018; Padovani et al. 2019). Histor-
ically classified as a BL Lac, the HERG nature of this source is
supported by the high radio power and [O II] , [O III] luminosity
(P1.4 GHz ∼ 1.8×1026 W·Hz−1 and L[O II] , [O III] ∼ 2×1041 erg·s−1,
respectively) and the accretion regimes LBLR/LEdd ∼ 10−3,
Lγ/LEdd ∼ 0.7 (Padovani et al. 2019).

Similarly, the PeVatron blazar candidate PKS 1424+240
(5BZB J1427+2348) has been previously identified as a poten-
tial neutrino source and blue FSRQ (masquerading BL Lac).
PKS 1424+240 displayed [O II] and [O III] emission lines in
a Gran Telescopio Canarias (GTC) spectrum taken in 2015 (Pa-
iano et al. 2017). It was proposed as a HERG object based on the
high power P1.4 GHz ∼ 5 × 1026 W · Hz−1, L[O II] ∼ 4 × 1041 erg ·
s−1, and efficient accretion regimes LBLR/LEdd & 1.5 × 10−3,
Lγ/LEdd > 2 (Padovani et al. 2022a).

5BZB J0630-2406 has been traditionally classified as a BL
Lac object. Ghisellini et al. (2012) highlighted its high power,
unusual for BL Lacs, and proposed that it belongs to the subclass
of blue FSRQ (masquerading BL Lacs). We analyzed the VLT
spectrum obtained by Shaw et al. (2013) in 2012. We confirmed
the absence of emission lines in the spectrum, and the lower limit
estimate z & 1.239 for the redshift, which was placed by the au-
thors based on the absorption features. A recent study estimated
an upper limit z < 1.33 based on the effect of the extragalactic
background light attenuation (Lainez et al. 2024).

Assuming the value of z & 1.239, we placed an upper limit
on the luminosities of the Mg II λ2798 Å and [O II] λ3727 Å
lines as explained in Section 5.2. We found Ldisk < 2.53 ×
1045 erg · s−1, LBLR/LEdd < 5.79 × 10−4 and Lγ/LEdd ∼ 1.02.
In the plot of Figure 2 it is located next to TXS 0506+056 and
PKS 1424+240, within the HERG regime. The inferred black
hole mass is < 3.79 × 109, which is toward the upper hand of
the values usually observed. We note that a lower BH mass esti-
mate than this limit would lead to a higher accretion efficiency,
keeping the validity of the HERG-nature hypothesis.

The nature of this blazar appears consistent with the
HERG-like behavior, as further supported by its radio power
P1.4 GHz = 9.64 × 1026 W · Hz−1 and theoretical modeling. In a
previous study, we modeled the quasi-simultaneous broadband
spectral energy distribution of 5BZB J0630-2406, revealing that
the source hosts a luminous (Ldisk ∼ 4 × 1045 erg · s−1) accretion
disk with accretion rates LBLR/LEdd ∼ 2 × 10−4, Lγ/LEdd ∼ 0.15
and dissipation radius on the outer edge of the BLR (Fichet de
Clairfontaine et al. 2023). The conclusions are in agreement
with the results of Ghisellini et al. (2012), in which a limit
Ldisk ∼ 5.5 × 1045 erg · s−1 was obtained using an empirical
relation between LBLR − Lγ

6, and are in agreement with this
work. The overall findings suggest the likely presence of
external radiation fields (accretion disk, narrow and broad line
regions) whose emission is overcome by the jet’s synchrotron
emission.

The nature of 5BZB J0035+1515 as blue FSRQ was dis-
cussed in previous works (Ghisellini et al. 2012; Padovani et al.
2012). Starting from the featureless SDSS spectrum available
for this source, the works assumed an average mass MBH =

5 × 108 M⊙ and adopted the photometric redshift z = 1.28 to
derive the values Lγ ∼ 1045erg · s−1, LBLR < 3 × 1044erg · s−1

and P1.4 GHz = 1.58 × 1026 W · Hz−1, leading to the blue FSRQ
scenario. However, the lack of a spectroscopic redshift determi-
nation at the time prevented the authors to settle the debate. As
noted, a smaller value of the redshift would result in lower lu-
minosity estimations and different conclusions, i.e., the source
is intrinsically a LERG (Ghisellini et al. 2012). Our new GTC
OSIRIS observation resulted in the detection of Mg II and [O II]
emission lines. We estimated a redshift of z = 0.57, which is con-
sistent with the lower limit of z > 0.55 reported (Paiano et al.
2017). We derived LBLR/LEdd ∼ 1.79 × 10−4 and Lγ/LEdd ∼

0.182, while for the radio power, we found a value below the
∼ 1026 W·Hz−1. Therefore, we conclude that 5BZB J0035+1515
belongs to the LERG class, based on the accretion regime and
radio power properties. This is consistent with what was already
foreseen in case of a redshift lower than the photometric estima-
tion (Ghisellini et al. 2012).

Adopting the physically motivated classification describes
the three known blue FSRQs (masquerading BL Lacs)
TXS 0506+056, PKS 1424+240, and 5BZB J0630-2406 in-
cluded in our sample with less ambiguity as high emitting power
sources with their broad emission lines swamped by the jet syn-
chrotron emission (Giommi et al. 2013; Padovani et al. 2022b).
The implications of their intrinsic nature are explored in further
detail in the next Section 6.4 in the context of neutrino stacking
studies. TXS 0506+056, PKS 1424+240, and 5BZB J0630-2406
are highlighted in cyan, lime, and magenta in Figs.2-3. Their lo-
cation beside the other HERG-like sources is consistent with the

6 The empirical relation links the BLR and γ-ray luminosity through
LBLR ∝ 4 · L0.93

γ (see Sbarrato et al. (2012); Ghisellini et al. (2012) for
further details).
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Fig. 4: Distribution of the redshift, black hole mass, disk luminosity, size of the broad line region and dusty torus, and γ-ray
luminosity. The comparison samples are Sbarrato et al. (2012); Paliya et al. (2017, 2021) (S12, P17, P21, respectively), BZCat and
4LAC-DR3, with the exclusion of upper limits on the plotted quantity. The black solid lines correspond to the median value for the
candidate PeVatron blazars.

mild tendency shown by the candidate PeVatron blazars to pref-
erentially exhibit intense radiation fields, radiatively efficient ac-
cretion and powerful jets.

6.4. Implications for neutrino multimessenger studies

Several studies have been hampered by blindly adhering to the
historical categorization of objects, sometimes relying solely on
catalog classifications or attempting to fit them in observation-
based schemes, leading to classifications that change over time
(Antonucci 2012). A notorious example in the field of multimes-
senger neutrino astrophysics is TXS 0506+056, the first prob-
able high-energy neutrino source. Due to its featureless opti-
cal spectrum, historically it was classified as a BLL and there-
fore considered a LERG-like object with no prominent radiation
fields. Later, it was proposed to be an FSRQ-like object, there-
fore being intrinsically a HERG. As addressed in the previous
section, this is not a standalone case in the context of candidate

neutrino-emitter blazars. The impact on previous neutrino stud-
ies focused on blazars may be not negligible.

For instance, several works investigated the contribution of
γ-ray blazars to the IceCube neutrino diffuse flux (Aartsen et al.
2017a). The studies performed a neutrino stacking analysis of
the whole blazar sample, along with an analysis of the separate
BLL and FSRQ subsamples. They derived limits on the maximal
contributions to the diffuse neutrino flux: 19% − 27% for the
whole blazar sample; 3%− 13% for BL Lacs, and 5%− 17% for
FSRQs (Aartsen et al. 2017a).

The rationale behind examining different blazar subpopula-
tions was due to their distinct physical environments and po-
tential neutrino production mechanisms. In FSRQs, character-
ized by strong radiation fields, the leading hypothesis for neu-
trino production is proton-photon interactions. In contrast, BL
Lacs, with no or weaker radiation fields, are hypothesized to
produce neutrinos primarily through proton-synchrotron mech-
anisms (Mücke et al. 2003). In light of their observational-
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driven classification, the aforementioned stacking study listed
TXS 0506+056, PKS 1424+240, and 5BZB J0630-2406 among
the BLL subsample. However, as discussed in Section 6.3, they
belong to the HERG class and display quasar-like properties,
hence should be accounted for within the FSRQ subsample.
As pointed out by our earlier works (Paper I , Paper II ), these
promising neutrino-emitters are associated with fairly prominent
anisotropies in the time-integrated IceCube skymap, therefore
their contribution to a stacking analysis would unlikely be neg-
ligible. Similar objects may be present in the considered sam-
ple of γ-ray blazars, and erroneously included in the BL Lacs
subpopulation. Our findings advocate for the need to embrace
the physical-driven selection of blazars and put into question the
limits (possibly also the nondetection) derived from the individ-
ual subsamples.

7. Summary and conclusions

In this work we studied a selected sample of candidate neutrino-
emitter blazars proposed as counterparts of IceCube hotspots
(i.e., the 52 candidate PeVatron blazars), using a multiwave-
length approach, collecting information in optical, radio, and γ-
rays. The sample includes sources classified both as BL Lacs
and FSRQs according to the traditional scheme based on the
EW of the spectral lines. To infer the nature of these objects,
we adopted a physically driven approach, which allowed us to
pinpoint with less ambiguity the HERGs or LERGs properties
(Ghisellini et al. 2011b; Sbarrato et al. 2012, 2014; Best & Heck-
man 2012; Padovani et al. 2022b). To this end, we investigated
the mass accretion properties of the central engine and the rel-
ativistic jet power. We performed statistical tests to compare
the properties of our target sample of candidate neutrino-emitter
blazars with reference samples from the literature. We explored
the applicability of methods that include limits in the analysis,
showing that these are highly sensitive to the number and dis-
tributions of limits, and sample sizes, requiring caution when
interpreting the results.

Our work suggests discrepancies at the & 3σ level post-trial
in three cases, where the black hole mass, redshift and radio
power of the candidate PeVatron blazars extend to larger values
compared to two of the reference samples. The findings suggest
that these blazars are more HERG-like in terms of jet power, as
evidenced by a slightly higher representation of HERG sources.
This may indicate a preference for objects with higher accretion
efficiency, stronger radiation fields, and significant radio power.
In a multimessenger view, this would be consistent with theo-
retical models that predict enhanced neutrino production in such
environments (Dermer et al. 2014), and with evidence support-
ing radio-bright objects as neutrino candidate emitters (Plavin
et al. 2020, 2021; Zhou et al. 2021; Kun et al. 2022; Plavin et al.
2023; Kovalev et al. 2023; Kouch et al. 2024).

The presence of blue FSRQs (also known as masquerading
BLLs) among candidate PeVatron blazars warrants caution in
interpreting previous stacking studies that constrain the diffuse
flux contribution from different blazar subpopulations. Our find-
ings challenge the limit, and potentially even the nondetection,
derived from individual subsamples (Aartsen et al. 2017a), and
emphasize the need for a physically driven selection of blazars.
While our statistical analysis did not provide conclusive evi-
dence for a difference in the overall behavior of the candidate
neutrino-emitter blazars, this initial investigation of the candi-
date PeVatron blazar sample revealed a broad range of proper-
ties. The challenge in confirming individual neutrino – blazar as-
sociations currently limits definitive conclusions about the prop-

erties of candidate neutrino-emitter blazars. Future dedicated
studies will focus on assessing the genuineness of these associa-
tions to shed light on the connection between blazars and neutri-
nos.
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Appendix A: The target sample properties

Table A.1 lists the 5BZCat sources proposed as associated with
neutrino hotspots. The first four columns report the name, coor-
dinates, and L value of the neutrino hotspots (for more details
see Paper I , Paper II ). The following two columns list the as-
sociated 5BZCat blazars with the corresponding redshift infor-
mation. For the redshift, we report the values collected by in-
specting the most recent literature and cross-checking with the
optical spectrum available from this work. The seventh column
reports the blazar Fermi-LAT counterpart from the Third Data
Release of the Fourth Fermi Large Area Telescope (LAT) AGN
Catalog (4LAC-DR3, Ajello et al. 2022). Finally, the last col-
umn lists the reference to the optical spectrum used for the ob-
ject. Eight blazars of our sample of interest have already been
included in other works as promising candidates for the produc-
tion of high-energy IceCube neutrinos (IceCube Collaboration
et al. 2018; Krauß et al. 2018; Plavin et al. 2020; Hovatta et al.
2021; Padovani et al. 2022a; Stathopoulos et al. 2022; Plavin
et al. 2023, see Appendix B for more details on the individual
objects). They are highlighted with the ⋄ symbol in Table A.1.

Table A.2 lists the physical properties of the candidate neu-
trino emitter-blazars, estimated as explained in Section 5.

Table A.3 summarizes the main findings of the statistical
analysis (Section 6.1). The first column reports the analyzed
quantity, while the second, third, and fourth columns detail the
tested samples, including the number of measurements and the
number of upper limits either excluded or included in the anal-
ysis. The fifth and sixth columns present the resulting pre-trial
pvalues from the A-D and Peto logrank tests, respectively. The
∗ symbol indicates the statistically significant (& 3σ) post-trial
pvalues (see also Appendix D).

Appendix B: Instruments and datasets

In this section, we provide additional information about the data
collected via optical spectroscopy. Table B.1 lists the instru-
ment, observation date, and total exposure time for each spec-
trum used in the analysis. For two of the candidate PeVatron
blazars located in the southern celestial hemisphere, a spectrum
was already available in the Third Data Release of the Six-
degree Field Galaxy Survey (6dFGS-DR3, Jones et al. 2004,
2009) and 2dF QSO Redshift Survey (2QZ; Smith et al. 1998;
Croom et al. 2004). The literature provides useful information
about two other southern objects. We observed the remaining
five sources with the X-Shooter (Vernet et al. 2011) spectro-
graph on the European Southern Observatory (ESO) Very Large
Telescope (VLT) and the Gemini South Multi-Object Spectro-
graphs (GMOS, Murowinski et al. 1998; Gimeno et al. 2016).
In the northern hemisphere, 20 out of 42 objects have a publicly
available optical spectrum in the Data Release 17 of the Sloan
Digital Sky Survey (SDSS-DR17, Abdurro’uf et al. 2022), the
ZBLLAC database (Landoni et al. 2020) and the Fifth Data Re-
lease of the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST-DR5, Zhao et al. 2012). The LAMOST
catalog provides spectra with relative flux calibration. This may
affect the accuracy of the absolute flux level but does not dramat-
ically impact the spectroscopic determinations (Ren et al. 2014;
Song et al. 2012). The literature provides all the desired proper-
ties for 15 objects. Five other blazars appear in several published
papers, with only information about the redshift and no public
spectrum. In addition, we observed seven of the northern objects
with the GTC OSIRIS spectrograph. As mentioned in Section
5.2, to estimate the accretion properties, we only used the per-

mitted lines coming from the broad line region (Hα λ6563 Å,
Hβ λ4861 Å, C IV λ1549 Å, Mg II λ2798 Å) either through de-
tection or limit estimation. In this work, other BLR lines and the
oxygen transitions originated in the NLR are analyzed to check
the redshift value and the intensity of external radiation fields.

Appendix B.1: Very Large Telescope

We observed 5BZB J2243−0609 with the European South-
ern Observatory (ESO) Very Large Telescope at Paranal Ob-
servatory (VLT) X-Shooter spectrograph in the ESO-VLT-U3
telescope on September 23rd, 2022 (MJD 59845), program id
109.22WZ.001 in the three arms of the instrument at a maximum
airmass of 1.5 and seeing of 2.0”. The median signal-to-noise
ratio per order and the reference spectral resolving power were,
respectively, 9.56 and 5573 in the NIR (slitwidth = 0.9”), 13.84
and 8935 in the VIS (slitwidth = 0.9”), 8.00 and 5453 in the
UVB (slit = 0.9”). Consistently with the redshift z = 0.30, we
detected Hα , Hβ , Mg II , and [O II] emission lines (rest-frame
EW = 7.43, 0.91, 4.18, 2.34, respectively).

Instead, we observed 5BZQ J0256−2137 on July 26th, 2022
(MJD 59786), program id 109.22WZ.001, at a maximum air-
mass of 1.8 and seeing of 2.0”. The median signal-to-noise ratio
per order and the reference spectral resolving power were, re-
spectively, 2.86 and 5573 in the NIR (slitwidth = 0.9”), 12.72
and 8935 in the VIS (slitwidth = 0.9”), 18.69 and 5453 in the
UVB (slit = 1.0”). In agreement with the redshift z = 1.47,
we identified the emission lines of Hα , Hβ , C IV , Mg II , and
[O III] (rest-frame EW = 210.53, 3.68, 15.51, 14.57, 25.92, re-
spectively).

For 5BZB J0630-2406, the spectrum was obtained by Shaw
et al. (2013) with the Focal Reducer and low dispersion spectro-
graph (FORS2; Appenzeller et al. 1998). This appears feature-
less in terms of emission, but the presence of absorption lines
(Fe II 2344.2, 2374.4, 2382.7, 2586.6, 2600.1 Å) due to inter-
vening systems (either a galaxy or low-excitation clouds in the
halo of the host galaxy) places a firm lower limit on the redshift
z > 1.239. Also, the absence of the hydrogen Lyα line in absorp-
tion places a statistically based upper limit zmax < 1.91, using the
constraints imposed by the signal-to-noise ratio of the spectrum.
For our analysis, we adopted the procedure described in Section
5.2 to estimate upper limits.

Appendix B.2: Gemini South

We observed three sources using the R150 grism of the Gemini
Multi-Object Spectrographs of Gemini South (GMOS-S, Gi-
meno et al. 2016) within the program GS-2022B-DD-201. We
set the central wavelength on the grism to 950 nm and used a
1.0” slit width. The grating has a resolution R = 631, and dis-
persion of 0.193 nm · pixel−1.

Two spectra of 5BZQ J2036−2146 in four exposures of 300 s
each were taken on October 1st, 2022 (MJD 59853) and four
exposures of 800 s on November 18th 2022 (MJD 59901). The
mean airmass for the observations was 1.02 and 1.33, respec-
tively.

For 5BZB J0359−2615, we acquired two spectra: four ex-
posures of 300 s each on October 1st, 2022 (MJD 59853) and
four exposures of texp = 1.8 ks on November 20th 2022 (MJD
59903). The mean airmass was 1.17 and 1.61, respectively.

Finally, for 5BZQ J2304−3625, six exposures of 300 s each
were taken on November 16th, 2022 (MJD 59899), two expo-
sures of 1.35 ks on November 19th 2022 (MJD 59902) and four
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Table A.1: List of candidate PeVatron blazars–neutrino hotspot associations from Paper I and Paper II .

IceCube hotspot αhs [◦] δhs [◦] L 5BZCat blazar Redshift Fermi-LAT counterpart Optical spectroscopy reference
IC J2242−0540 340.75 −5.68 4.012 5BZB J2243−0609 0.30a − VLT X−Shooter A

IC J0359−0746 59.85 −7.78 5.565 5BZQ J0357−0751 1.05 − 6dFGS-DR3
IC J0256−2146 44.12 −21.78 4.873 5BZQ J0256−2137 1.47 − VLT X−Shooter A

IC J2037−2216 309.38 −22.27 4.664 5BZQ J2036−2146 2.299 − Gemini GMOS−S A

IC J0630−2353 97.56 −23.89 4.420 5BZB J0630−2406 1.239 < z < 1.33b 4FGL J0630.9−2406 Shaw et al. (2013)
IC J0359−2551 59.94 −25.86 4.356 5BZB J0359−2615 1.47c 4FGL J0359.4−2616 Gemini GMOS−S A

IC J0145−3154 26.28 −31.91 4.937 5BZU J0143−3200 0.375 4FGL J0143.5−3156 2QZ
IC J2001−3314 300.41 −33.24 4.905 5BZQ J2003−3251 3.773 − Paliya et al. (2017)
IC J2304−3614 346.03 −36.24 4.025 5BZQ J2304−3625 0.962 − Gemini GMOS−S A

IC J1818−6315 274.50 −63.26 4.030 5BZU J1819−6345 0.063 − Santoro et al. (2020)
IC J0241−0214 40.43 −2.24 3.827 5BZQ J0239−0234 1.11413 − SDSS−DR16
IC J0243+0009 40.78 0.15 6.752 5BZB J0243+0046 0.409 4FGL J0242.9+0045 SDSS−DR16
IC J0146+0027 26.72 0.45 3.020 5BZB J0148+0129 0.94206 4FGL J0148.6+0127 SDSS−DR17
IC J0310+0205 47.64 2.09 3.028 5BZQ J0312+0133 0.664 4FGL J0312.8+0134 Paliya et al. (2017)
IC J0419+0241 64.86 2.69 3.155 5BZQ J0422+0219 2.277 4FGL J0422.8+0225 Paliya et al. (2017)
IC J0509+0531 77.34 5.53 4.125 5BZB J0509+0541 ⋄ 0.3365 4FGL J0509.4+0542 Padovani et al. (2019)
IC J0359+0549 59.77 5.83 3.413 5BZQ J0400+0550 0.758 − LAMOST-DR5
IC J0316+0625 49.22 6.43 3.334 5BZB J0314+0619 0.62 4FGL J0314.3+0620 LAMOST-DR5
IC J2241+0720 340.31 7.33 3.265 5BZQ J2238+0724 ⋄ 1.011 − GTC OSIRIS A

IC J0505+1247 76.29 12.79 5.192 5BZB J0502+1338 ⋄ 0.35d 4FGL J0502.5+1340 APO DIS
IC J1420+1305 215.16 13.09 3.444 5BZQ J1420+1205 4.026 − Shen et al. (2011)
IC J0031+1524 7.91 15.40 3.667 5BZB J0035+1515 0.57e 4FGL J0035.2+1514 GTC OSIRIS A

IC J1138+1822 174.73 18.37 3.379 5BZQ J1143+1843 0.37435 − Shen et al. (2011)
IC J1550+1840 237.66 18.68 3.291 5BZB J1546+1817 ⋄ 3.61156 f 4FGL J1546.5+1816 SDSS−DR17
IC J1151+2309 177.89 23.16 4.317 5BZB J1150+2417 0.209d 4FGL J1150.4+2418 Sbarufatti et al. (2009)
IC J1427+2348 216.91 23.81 4.179 5BZB J1427+2348 ⋄ 0.604 4FGL J1427.0+2348 Padovani et al. (2022a)
IC J0222+2407 35.51 24.13 3.107 5BZU J0220+2509 0.48 − GTC OSIRIS A

IC J0123+2536 20.92 25.61 3.772 5BZQ J0122+2502 2.025 − SDSS−DR17
IC J1124+2626 171.21 26.44 3.440 5BZQ J1125+2610 ⋄ 2.35005 4FGL J1125.2+2557 SDSS−DR17
IC J1044+2716 161.19 27.28 3.175 5BZQ J1047+2635 2.563636 − SDSS−DR17
IC J0737+2817 114.43 28.29 3.352 5BZB J0737+2846 0.272 − Xiong et al. (2015)
IC J0134+3102 23.73 31.04 3.167 5BZQ J0137+3122 1.73063 − SDSS−DR17
IC J1712+3237 258.05 32.62 3.088 5BZU J1706+3214 1.06929 − Shen et al. (2011)
IC J0205+3435 31.46 34.59 3.133 5BZB J0208+3523 0.318 4FGL J0208.6+3523 Morris et al. (1991)
IC J0959+3710 149.94 37.17 3.166 5BZB J1004+3752 0.44 − Xiong et al. (2015)
IC J1535+3806 233.79 38.11 3.073 5BZU J1536+3742 0.679 − SDSS−DR17
IC J1619+3840 244.86 38.68 3.734 5BZQ J1617+3801 1.60867 − Shen et al. (2011)
IC J1209+3938 182.46 39.64 3.915 5BZB J1210+3929 ⋄ 0.616 4FGL J1210.3+3928 Rector et al. (2000)
IC J1244+4037 191.07 40.62 3.644 5BZQ J1243+4043 1.518 − Titov et al. (2013)
IC J1200+4212 180.18 42.21 4.791 5BZG J1156+4238 0.17162 − Rector et al. (2000)
IC J1126+4248 171.57 42.81 3.332 5BZB J1122+4316 0.43516 − SDSS−DR17
IC J1741+4336 265.45 43.61 3.133 5BZQ J1740+4348 2.246 − GTC OSIRIS A

IC J2249+4436 342.33 44.60 3.214 5BZB J2247+4413 > 0.31g 4FGL J2247.8+4413 GTC OSIRIS A

IC J1522+4558 230.74 45.98 3.490 5BZB J1523+4606 −−g − SDSS−DR13
IC J0805+5005 121.33 50.09 4.005 5BZQ J0808+4950 1.4344 4FGL J0808.5+4950 Shen et al. (2011)
IC J1327+5028 201.86 50.48 3.638 5BZQ J1327+5008 1.01191i 4FGL 1328.9+5019 Shen et al. (2011)
IC J1643+5052 250.93 50.87 3.397 5BZU J1647+4950 0.0475 4FGL J1647.5+4950 Paliya et al. (2021)
IC J0512+5701 78.12 57.02 3.671 5BZQ J0514+5602 2.19 − GTC OSIRIS A

IC J0546+5843 86.54 58.73 3.234 5BZB J0540+5823 ⋄ > 0.1 4FGL J0540.5+5823 Paiano et al. (2020)
IC J1855+6530 283.87 65.51 3.041 5BZB J1848+6537 0.364l 4FGL J1848.5+6537 GTC OSIRIS A

IC J1937+7330 294.50 73.50 3.548 5BZQ J1927+7358 0.302 − Park & Trippe (2017)
IC J1355+7743 208.88 77.73 3.052 5BZQ J1357+7643 1.585 4FGL J1358.1+7642 Shaw et al. (2012)

Notes. The first four columns report the information about the neutrino hotspots: the name, the equatorial coordinates (J2000) and the L value.
The following three columns report the following information for the candidate 5BZCat blazar counterpart: the redshift, the blazar Fermi-LAT
counterpart in the 4LAC-DR3 catalog, and the optical spectrum used in this work (see also Appendices B and E). We collected the redshifts by
consulting the most recent literature, and cross-checking the literature value with our analysis of the optical spectrum, when available. Sources
proposed as candidate neutrino emitters in other works are highlighted with a ⋄ symbol.

(a) Redshift from Healey et al. (2007). (b) Lower limit on the redshift from Shaw et al. (2013), upper limit from Lainez et al. (2024). (c) Redshift
from Drinkwater et al. (1997). (d) Redshift from Truebenbach & Darling (2017). (e) Estimated in this work. (f) Redshift from SDSS-DR17.

(g) Redshift from Shaw et al. (2013). (h) Tentative estimation z = 1.012 in Dwelly et al. (2017), based on a featureless SDSS−DR13 spectrum.
(i) Redshift from Hewett & Wild (2010). (l) Redshift from Piranomonte et al. (2007). (A) From this work.

exposures (two of 1.35 ks, and two of 300 s) on November 23rd
2022 (MJD 59906). The mean airmass was 1.02, 1.10 and 1.24,
respectively.

Instrumental issues on the CCD of the spectrograph contam-
inated the acquisition, making part of the spectra unusable. Care-
ful adjustments had to be applied during the reduction procedure
and the analysis had to be limited to the wavelength range of
4900 to 10100 Å. Due to this contamination, we made no ten-
tative identification of emission features and placed upper limits
on the lines instead.

Appendix B.3: Gran Telescopio Canarias

We observed seven sources with the R1000B Optical System
for Imaging and low-Intermediate-Resolution Integrated Spec-

troscopy of the Gran Telescopio Canarias (GTC OSIRIS, Cepa
et al. 2003).

We observed 5BZB J0035+1515 on November 5th, 2023
(MJD 60253) with two exposures of 1 ks each. The mean air-
mass was 1.09 and 1.12. We detected Mg II and [O II] (with rest-
frame EW = 0.63 Å and 1.04 Å, respectively), which lead to the
redshift estimation z = 0.57.

We observed 5BZQ J2238+0724 on November 11th, 2023
(MJD 60252) with two exposures of 700 s each. The mean air-
mass was 1.08 and 1.07. We detected C III], Mg II , and [O II]
(rest-frame EW = 19.72, 40.01, 0.68, respectively), which lead
to the confirmation of the redshift z = 1.011.

We observed 5BZU J0220+2509 on November 4th, 2023
(MJD 60252) with two exposures of 500 s each. The mean
airmass was 1.01 and 1.02. We detected Hβ , Mg II , [O II] ,
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Table A.2: Physical properties of the candidate PeVatron blazar sample estimated in this work.

Blazar MBH [M⊙] LBLR/LEdd Lγ/LEdd P1.4 GHz

[

W · Hz−1
]

rBLR [cm] rDT [cm] Lbol

[

erg · s−1
]

5BZB J2243−0609 1.72 × 107 3.56 × 10−4 < 5.48 × 10−2 3.22 × 1025 8.41 × 1015 2.10 × 1017 1.34 × 1045

5BZQ J0357−0751 3.03 × 1010 2.10 × 10−3 < 6.43 × 10−4 2.16 × 1027 8.57 × 1017 2.14 × 1019 1.33 × 1047

5BZQ J0256−2137 2.04 × 109 3.65 × 10−3 < 2.21 × 10−2 5.17 × 1027 2.93 × 1017 7.32 × 1018 2.11 × 1046

5BZQ J2036−2146 < 3.72 × 109 < 5.71 × 10−4 < 1.49 × 10−2 8.86 × 1027 < 1.56 × 1017 < 3.91 × 1018 < 1.32 × 1046

5BZB J0630−2406 < 3.79 × 109 < 5.79 × 10−4 ∼ 1.02 × 100 9.64 × 1026 < 2.65 × 1017 < 6.62 × 1018 < 2.05 × 1046

5BZB J0359−2615 < 3.65 × 108 < 1.38 × 10−4 < 1.22 × 100 1.12 × 1028 < 2.41 × 1016 < 6.02 × 1017 < 5.45 × 1045

5BZU J0143−3200 3.36 × 1010 2.47 × 10−3 1.88 × 10−4 3.79 × 1025 9.78 × 1017 2.44 × 1019 9.25 × 1046

5BZQ J2003−3251 3.98 × 109 1.07 × 10−1 < 1.13 × 10−1 6.27 × 1028 2.22 × 1018 5.55 × 1019 9.86 × 1047

5BZQ J2304−3625 < 5.81 × 107 < 4.76 × 10−5 < 2.68 × 10−1 1.25 × 1027 < 5.65 × 1015 < 1.41 × 1017 < 1.06 × 1045

5BZU J1819−6345 6.80 × 108 1.87 × 10−5 < 1.82 × 10−5 1.91 × 1026 1.21 × 1016 3.04 × 1017 1.09 × 1044

5BZQ J0239−0234 3.04 × 109 1.88 × 10−3 < 7.46 × 10−3 2.15 × 1027 2.57 × 1017 6.41 × 1018 2.58 × 1046

5BZB J0243+0046 < 9.69 × 107 < 7.04 × 10−5 < 1.13 × 10−1 1.84 × 1025 < 8.88 × 1015 < 2.20 × 1017 < 1.99 × 1045

5BZB J0148+0129 < 7.96 × 108 < 2.47 × 10−4 < 1.85 × 10−1 4.11 × 1026 < 4.76 × 1016 < 1.19 × 1018 < 5.79 × 1045

5BZQ J0312+0133 5.37 × 108 4.05 × 10−3 6.03 × 10−1 9.00 × 1026 1.57 × 1017 3.96 × 1018 5.02 × 1045

5BZQ J0422+0219 7.94 × 108 4.34 × 10−2 1.32 × 101 2.81 × 1028 6.29 × 1017 1.58 × 1019 7.96 × 1046

5BZB J0509+0541 3.00 × 108 7.50 × 10−4 7.50 × 10−1 2.07 × 1026 5.48 × 1016 1.37 × 1018 1.70 × 1045

5BZQ J0400+0550 2.83 × 108 1.51 × 10−2 < 3.07 × 10−2 1.32 × 1027 2.21 × 1017 5.54 × 1018 1.67 × 1046

5BZB J0314+0619 < 5.86 × 108 < 2.01 × 10−4 < 6.49 × 10−1 4.83 × 1025 < 3.69 × 1016 < 9.23 × 1017 < 4.95 × 1045

5BZQ J2238+0724 5.89 × 108 < 1.97 × 10−2 3.02 × 10−2 6.62 × 1026 3.66 × 1017 9.15 × 1018 2.73 × 1046

5BZB J0502+1338 1.94 × 108 1.19 × 10−4 2.62 × 10−1 2.31 × 1026 1.63 × 1016 4.08 × 1017 2.08 × 1044

5BZQ J1420+1205 1.92 × 109 3.69 × 10−2 < 2.73 × 10−1 1.51 × 1028 9.05 × 1017 2.26 × 1019 1.11 × 1047

5BZB J0035+1515 7.25 × 108 1.79 × 10−4 1.82 × 10−1 2.24 × 1025 3.87 × 1016 9.69 × 1017 8.07 × 1045

5BZQ J1143+1843 6.22 × 108 1.29 × 10−2 < 2.55 × 10−3 2.83 × 1025 3.04 × 1017 7.61 × 1018 1.23 × 1046

5BZB J1546+1817 < 1.39 × 109 < 9.19 × 10−4 < 4.47 × 10−1 6.19 × 1027 < 1.22 × 1017 < 3.04 × 1018 < 2.97 × 1045

5BZB J1150+2417 < 4.75 × 108 < 1.61 × 10−4 < 4.27 × 10−2 1.04 × 1026 < 2.97 × 1016 < 7.44 × 1017 < 4.59 × 1045

5BZB J1427+2348 8.00 × 108 1.00 × 10−3 3.10 × 100 6.71 × 1026 1.00 × 1017 2.50 × 1018 3.00 × 1045

5BZU J0220+2509 8.60 × 107 2.70 × 10−3 < 3.34 × 10−2 1.31 × 1025 5.18 × 1016 1.29 × 1018 4.12 × 1045

5BZQ J0122+2502 1.87 × 109 2.95 × 10−2 < 5.32 × 10−2 2.22 × 1028 7.88 × 1017 1.97 × 1019 7.03 × 1046

5BZQ J1125+2610 3.38 × 109 9.87 × 10−3 7.86 × 10−1 4.12 × 1028 6.04 × 1017 1.51 × 1019 8.43 × 1046

5BZQ J1047+2635 4.37 × 109 2.80 × 10−3 < 4.05 × 10−2 2.27 × 1027 3.66 × 1017 9.15 × 1018 3.49 × 1046

5BZB J0737+2846 < 1.26 × 108 < 5.35 × 10−4 < 6.01 × 10−3 3.78 × 1024 < 2.79 × 1016 < 6.97 × 1017 < 1.55 × 1044

5BZQ J0137+3122 1.11 × 108 9.15 × 10−3 < 6.04 × 10−1 8.79 × 1027 1.09 × 1017 2.72 × 1018 5.17 × 1045

5BZU J1706+3214 2.87 × 109 1.02 × 10−2 < 7.13 × 10−3 8.50 × 1026 5.82 × 1017 1.45 × 1019 1.37 × 1047

5BZB J0208+3523 < 5.07 × 108 < 4.60 × 10−5 < 9.13 × 10−2 1.69 × 1024 < 1.64 × 1016 < 4.10 × 1017 < 5.38 × 1043

5BZB J1004+3752 < 3.89 × 108 < 4.54 × 10−4 < 5.97 × 10−3 3.56 × 1025 < 4.52 × 1016 < 1.13 × 1018 < 4.08 × 1044

5BZU J1536+3742 < 5.54 × 107 < 6.51 × 10−5 < 1.20 × 10−1 9.57 × 1025 < 6.45 × 1015 < 1.61 × 1017 1.11 × 1046

5BZQ J1617+3801 2.69 × 109 3.12 × 10−3 < 1.95 × 10−2 3.17 × 1026 3.11 × 1017 7.77 × 1018 4.68 × 1046

5BZB J1210+3929 < 1.74 × 109 < 8.11 × 10−6 < 2.10 × 10−2 3.13 × 1025 < 1.28 × 1016 <3.20 × 1017 < 2.97 × 1045

5BZQ J1243+4043 3.34 × 108 1.30 × 10−3 < 1.46 × 10−1 2.91 × 1027 7.08 × 1016 1.77 × 1018 4.48 × 1045

5BZG J1156+4238 < 1.74 × 108 < 2.85 × 10−5 < 1.54 × 10−3 1.17 × 1024 < 7.57 × 1015 < 1.89 × 1017 < 7.31 × 1045

5BZB J1122+4316 < 1.59 × 108 < 9.23 × 10−5 < 1.43 × 10−2 2.13 × 1024 < 2.30 × 1016 < 3.25 × 1017 < 2.41 × 1044

5BZQ J1740+4348 1.76 × 109 1.18 × 10−2 < 7.30 × 10−2 4.45 × 1027 4.90 × 1017 1.22 × 1019 4.80 × 1046

5BZB J2247+4413 < 1.65 × 108 < 9.90 × 10−5 < 1.49 × 10−1 2.26 × 1025 < 1.37 × 1016 < 3.43 × 1017 < 2.99 × 1045

5BZB J1523+4606 < 8.40 × 107 < 5.60 × 10−5 < 2.13 × 10−1 4.46 × 1025 < 7.37 × 1015 < 1.84 × 1017 < 2.36 × 1045

5BZQ J0808+4950 6.95 × 108 1.56 × 10−2 2.24 × 100 1.48 × 1028 3.54 × 1017 8.86 × 1018 3.82 × 1046

5BZQ J1327+5008 2.87 × 109 1.83 × 10−3 1.03 × 10−1 1.64 × 1027 2.46 × 1017 6.16 × 1018 4.74 × 1045

5BZU J1647+4950 1.44 × 107 1.12 × 10−3 8.13 × 10−2 9.57 × 1023 1.36 × 1016 3.41 × 1017 3.72 × 1043

5BZQ J0514+5602 8.06 × 108 3.73 × 10−3 < 1.49 × 10−1 1.22 × 1028 1.86 × 1017 4.66 × 1018 6.94 × 1045

5BZB J0540+5823 < 7.14 × 107 < 3.25 × 10−5 < 2.80 × 10−2 7.79 × 1023 < 5.18 × 1015 < 1.29 × 1017 < 3.64 × 1044

5BZB J1848+6537 < 6.68 × 107 < 5.55 × 10−5 1.23 × 100 3.71 × 1024 6.54 × 1015 1.64 × 1017 < 1.69 × 1045

5BZQ J1927+7358 3.71 × 108 2.00 × 10−2 < 2.59 × 10−3 1.19 × 1027 2.93 × 1017 7.32 × 1018 1.88 × 1046

5BZQ J1357+7643 1.83 × 109 7.54 × 10−3 3.81 × 100 1.10 × 1028 1.26 × 1017 3.15 × 1018 6.59 × 1045

and [O III] (rest-frame EW = 8.82, 121.08, 3.52, 25.52, respec-
tively), which lead to the confirmation of the redshift z = 0.48.

The new GTC spectrum of 5BZQ J1740+4348 was acquired
on March 19th, 2024 (MJD 60388) with a single exposure of
1.5 ks at airmass 1.31. We detected Lyα, C IV , He II, and C III]
(rest-frame EW = 112.75, 37.92, 1.89, 18.92, respectively), con-
firming the redshift z = 2.246.

We observed 5BZB J2247+4413 on November 3rd, 2023
(MJD 60251) with two exposures of 700 s each, airmass 1.04.
The result is a featureless spectrum, on which we placed limits.

We performed two acquisitions of 1 ks each for
5BZQ J0514+5602 on November 5th, 2023 (MJD 60253),
at airmass 1.19 and 1.17. The detection of Lyα, C IV , and
C III] emission lines (rest-frame EW = 41.13, 114.33, 16.77,
respectively) allowed us to confirm the redshift value z = 2.19.

Finally, we observed 5BZB J1848+6537 on April 5th, 2024
(MJD 60405) with two exposures of 1 ks each, at airmass 1.39
and 1.36. No emission line appears in the resulting spectrum,

therefore we estimated upper limits on the properties of this
blazar.

Appendix B.4: Properties from the literature

Some blazars of our sample already appeared in previous works.
Here we list the information collected from the literature.

For 5BZQ J2003−3251, we used the average of the published
physical properties (Xiong et al. 2015; Cao & Jiang 1999; Osmer
et al. 1994; Paliya et al. 2017). This blazar was also observed in
Deconto-Machado et al. (2023).

For 5BZU J1819−6345, the paper of Mingo et al. (2014)
provided the black hole mass and Eddington luminosity as mea-
sured from the Ks and r magnitudes (Inskip et al. 2010; Ramos
Almeida et al. 2013) using the MBH − LK and MBH − Lr corre-
lations (Graham 2007). They concluded that the spectra showed
clear traces of an optical disk and dust lane.

We took the values of black hole mass and disk lu-
minosity for 5BZQ J0239−0234, 5BZQ J0312+0133,
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Table A.3: Results of the statistical analysis.

Quantity Compared samples # Measurements # ULs A-D pvalue
pre-trial

Peto logrank pvalue
pre-trial

LBLR/LEdd Our sample vs. P21 32 vs. 658 20 vs. 336 7.00 × 10−4 3.10 × 10−3

Our sample vs. P17 32 vs. 47 20 vs. − 2.01 × 10−1 6.54 × 10−1

Our sample vs. S12 32 vs. 78 20 vs. 83 8.09 × 10−1 1.00 × 100

Lγ
[

erg · s−1
]

our sample vs. P21 24 vs. 1000 28 vs. − 8.36 × 10−1 1.47 × 10−2

our sample vs. P17 24 vs. 307 28 vs. 191 1.00 × 10−4 6.04 × 10−4

our sample vs. S12 24 vs. 100 28 vs. 61 5.51 × 10−2 4.13 × 10−1

our sample vs. BZCat 24 vs. 1111 28 vs. 1666 1.44 × 10−1 1.72 × 10−2

our sample vs. 4LAC-DR3 24 vs. 1846 28 vs. − 7.34 × 10−1 5.32 × 10−2

P1.4 GHz

[

W · Hz−1
]

our sample vs. P21 52 vs. 914 − vs. − 8.50 × 10−2 3.57 × 10−2

our sample vs. P17 52 vs. 416 − vs. − 2.10 × 10−2 1.03 × 10−2

our sample vs. S12 52 vs. 74 − vs. − 1.00 × 10−4 1.53 × 10−4 ∗

our sample vs. BZCat 52 vs. 2747 − vs. − 3.44 × 10−1 2.33 × 10−1

z our sample vs. P21 49 vs. 1000 3 vs. − 2.15 × 10−2 2.79 × 10−2

our sample vs. P17 49 vs. 498 3 vs. − 1.25 × 10−1 1.83 × 10−1

our sample vs. S12 49 vs. 162 3 vs. − 1.00 × 10−4 1.52 × 10−5 ∗

our sample vs. BZCat 49 vs. 2753 3 vs. − 6.82 × 10−1 9.42 × 10−1

our sample vs. 4LAC-DR3 49 vs. 1822 3 vs. − 5.50 × 10−3 1.03 × 10−2

Lγ/LEdd our sample vs. P21 14 vs. 658 38 vs. 342 7.95 × 10−2 5.94 × 10−1

our sample vs. P17 14 vs. 37 38 vs. 466 1.04 × 10−3 1.41 × 10−2

our sample vs. S12 14 vs. 78 38 vs. 62 3.12 × 10−1 5.77 × 10−1

Ldisk

[

erg · s−1
]

our sample vs. P21 32 vs. 658 20 vs. 342 9.19 × 10−2 6.06 × 10−1

our sample vs. P17 32 vs. 47 20 vs. − 6.90 × 10−3 1.32 × 10−2

our sample vs. S12 32 vs. 78 20 vs. 83 1.51 × 10−1 2.59 × 10−1

MBH [M⊙] our sample vs. P21 32 vs. 658 20 vs. 342 1.08 × 10−2 4.66 × 10−4

our sample vs. P17 32 vs. 47 20 vs. − 5.00 × 10−4 1.70 × 10−6 ∗

our sample vs. S12 32 vs. 78 20 vs. 83 2.31 × 10−2 3.48 × 10−1

rBLR [cm] our sample vs. P21 32 vs. 658 20 vs. 342 1.02 × 10−1 5.68 × 10−1

our sample vs. P17 32 vs. 47 20 vs. − 7.67 × 10−3 1.14 × 10−2

our sample vs. S12 32 vs. 78 20 vs. 84 1.41 × 10−1 2.36 × 10−1

rDT [cm] our sample vs. P21 32 vs. 658 20 vs. 342 9.75 × 10−2 5.72 × 10−1

our sample vs. P17 32 vs. 47 20 vs. − 7.76 × 10−3 1.18 × 10−2

our sample vs. S12 32 vs. 78 20 vs. 84 1.64 × 10−1 2.46 × 10−1

Notes. Results of the Anderson-Darling and Peto logrank tests (see also Appendix D) performed on the candidate PeVatron blazars and the
reference samples of Paliya et al. (2021, 2017); Sbarrato et al. (2012); Massaro et al. (2014); Ajello et al. (2022). The first column lists the
physical property on which the test was applied. The second, third and fourth report the compared samples, with the corresponding number of
measurements and the number of upper limits (ULs) excluded from the A-D and included in the Peto logrank. In the fifth and sixth columns, the
pre-trial A-D and Peto logrank pvalues, respectively. The three cases in which the Peto logrank pvalue is considered statistically significant with
the Benjamini-Hochberg method are highlighted with a ∗ symbol (see text for further details).

5BZQ J0422+0219, and 5BZQ J0808+4950 from Paliya
et al. (2017). 5BZQ J0422+0219 appeared also in Ghisellini
et al. (2011a), in which the authors perform the SED lep-
tonic modeling and report the resulting physical parameters.
5BZQ J0808+4950 was also included in the samples of Shen
et al. (2011) and Paliya et al. (2021).

The blazar 5BZQ J2238+0724 was identified as a good can-
didate for IceCube high-energy neutrinos production in Hovatta
et al. (2021); Plavin et al. (2023).

The value of the redshift for 5BZB J0502+1338 was esti-
mated in Truebenbach & Darling (2017). Plavin et al. (2020,
2023); Hovatta et al. (2021) identified this blazar as a promis-
ing candidate for IceCube high-energy neutrino emission.

The blazars 5BZQ J1420+1205 and 5BZU J1706+3214
were included in the sample of Shen et al. (2011), in which they
provided the values of the redshift, the bolometric luminosity,
and the black hole mass.

The literature provided several different attempts to inspect
5BZB J0035+1515, first classified as a BL Lac (Fischer et al.
1998): the SDSS spectrum analyzed in Shaw et al. (2013) ap-
peared featureless as the follow-up observation performed with
the 10 m Gran Telescopio Canarias by Paiano et al. (2017).

Based on the signal-to-noise ratio and the minimum expected
equivalent width, they placed a lower limit of z > 0.55 on the
redshift, consistent with our estimation.

The SDSS−DR17 optical spectra of 5BZQ J1143+1843,
5BZQ J1617+3801, 5BZQ J1327+5008 were also analyzed in
Shen et al. (2011).

For 5BZB J1150+2417, we used the redshift estimate of
Truebenbach & Darling (2017) and the VLT−FORS1 spectrum
(Sbarufatti et al. 2009). The source was also included in the sam-
ple studied in Ghisellini et al. (2011b), in which they reported
no detection of emission lines but listed the physical proper-
ties used as parameters for the theoretical SED modeling. The
SDSS−DR6 spectrum of this blazar was also used in Sbarrato
et al. (2012) to place upper limits.

The blazar PKS 1424+240 (5BZB J1427+2348) was already
identified as a promising candidate neutrino emitter (Aartsen
et al. 2020), and its properties extensively studied in the liter-
ature (Paiano et al. 2017; Padovani et al. 2022a).

The two objects 5BZB J0737+2846 and 5BZB J1004+3752
were studied in León-Tavares et al. (2011) and Xiong et al.
(2015), which provided the values of the black hole mass as ob-
tained from stellar velocity dispersion estimations and the jet ki-
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netic power. We assumed the value of Pjet as an upper limit for
the luminosity of the accretion disk, and derived the other phys-
ical quantities of our interest consequently.

The properties of 5BZB J0208+3523 were also available
from the literature (Du et al. 2013; Wang et al. 2002; Morris
et al. 1991). The spectrum was used for the redshift estimation
and employed for placing 3σ limits on the lines’ luminosities.

To study 5BZB J1210+3929 and 5BZG J1156+4238, we
took the limits on the luminosity of emission lines from Rector
et al. (2000) and the black hole mass from Wang et al. (2002).
From these, we estimated the other quantities of our interest.
Stathopoulos et al. (2022) identified 5BZB J1210+3929 as a
promising candidate for neutrinos emission during X-ray flares
detected by the X-ray Telescope of the Neil Gehrels Swift Ob-
servatory (Swift XRT).

The value of the redshift of the object 5BZQ J1243+4043
was estimated by the analysis of Titov et al. (2013) on
a spectrum taken with the Alhambra Faint Object Spectro-
graph and Camera (ALFOSC) on the 2.5 m Nordic Opti-
cal Telescope (NOT), which we used in our analysis. This
blazar, along with 5BZU J0143−3200, 5BZQ J1125+2610
and 5BZQ J1047+2635, were also studied in the survey
of Peña-Herazo et al. (2021) on changing-look blazars.
5BZQ J1125+2610 was reported as a good candidate for Ice-
Cube high-energy neutrinos emission also in Hovatta et al.
(2021); Plavin et al. (2023).

Two featureless optical spectra of 5BZB J2247+4413 were
taken with the Double Spectrograph on the 200” Hale Telescope
at Mt. Palomar and the 4 m Mayall telescope at the Kitt Peak Na-
tional Observatory (KPNO) and analyzed by Shaw et al. (2013)
and Massaro et al. (2015), however, they are not publicly avail-
able.

The object 5BZU J1647+4950 was included in the analysis
of Paliya et al. (2021); Xiao et al. (2022).

The position of 5BZB J0540+5823 was already identified as
consistent with an IceCube event (Padovani et al. 2016). We used
the GTC OSIRIS spectrum of Paiano et al. (2020) to place limits.

The redshift of 5BZB J1848+6537 was determined in the
work of Piranomonte et al. (2007), based the identification of
galaxy absorption features typical of ellipticals.

The spectra of 5BZQ J1927+7358 were broadly studied in
the literature (Torrealba et al. 2012; Park & Trippe 2017; Koss
et al. 2017). It appeared also in the discussion of Xie & Li (2012)
about the accretion disk-jet connection when exploring the cor-
relation between the observed BLR flux and the radio, near-IR,
and X-ray fluxes.

For 5BZQ J1357+7643, the Palomar 200” Double Spectro-
graph (DBSP) spectrum was analyzed in the work of Shaw et al.
(2012). The object was also included in the samples of Paliya
et al. (2017) and Chen et al. (2021).

Appendix C: Discussion about the upper limits

To exploit at best the information available from the optical
spectroscopy, for featureless spectra we estimated limits on the
physical quantities. Analogously, we placed limits on the γ-ray
luminosity of sources without Fermi-LAT detection. In Fig.2,
we showed the trend of the LBLR/LEdd ratio as a function of
Lγ/LEdd for inspecting the accretion regime. The approach is
similar to Sbarrato et al. (2012, 2014), however, we used a dif-
ferent orientation of the arrows to indicate limits on both the
optical and γ-rays. To explore the space of parameters for the
LBLR/LEdd − Lγ/LEdd plane when LBLR, LEdd and Lγ are upper
limits, we chose the starting values of the three quantities and

Table B.1: Details about the spectral dataset.

Blazar Instrument Observation date [MJD] texp [ks]

5BZB J2243−0609 VLT X−Shooter 59845 11.73
5BZQ J0357−0751 AAO 6dF 53291 1.80
5BZQ J0256−2137 VLT X−Shooter 59786 8.79
5BZQ J2036−2146 GMOS−S 59853, 59901 4.40
5BZB J0630−2406 VLT FORS2 55191 0.60
5BZB J0359−2615 GMOS−S 59853, 59903 8.40
5BZU J0143−3200 AAO 6dF 52169 3.30
5BZQ J2238+0724 GTC OSIRIS 60252 1.40
5BZQ J2304−3625 GMOS−S 59899, 59902 7.80
5BZQ J0239−0234 APO BOSS 57011 4.50
5BZB J0243+0046 APO BOSS 52177 3.60
5BZB J0148+0129 APO BOSS 56900 5.40
5BZB J0509+0541 GTC OSIRIS 58080 − 58138 48.50
5BZQ J0400+0550 LAMOST LRS 57394 5.82
5BZB J0502+1338 APO BOSS 57450 0.30
5BZQ J1420+1205 APO BOSS 53885 2.74
5BZB J0035+1515 GTC OSIRIS 60253 2.00
5BZQ J1143+1843 APO BOSS 54179 3.51
5BZB J1546+1817 APO BOSS 55337 3.60
5BZB J1150+2417 VLT FORS1 54483 2.40
5BZB J1427+2348 GTC OSIRIS 57203 0.90
5BZU J0220+2509 GTC OSIRIS 60252 1.00
5BZQ J0122+2502 APO BOSS 57286 4.50
5BZQ J1125+2610 APO BOSS 56306 2.70
5BZQ J1047+2635 APO BOSS 56340 3.60
5BZB J0737+2846 APO BOSS 52232 3.20
5BZQ J0137+3122 APO BOSS 56567 2.70
5BZU J1706+3214 Shane KAST 50258 0.90
5BZB J1004+3752 APO BOSS 52993 2.70
5BZU J1536+3742 APO BOSS 52753 1.92
5BZQ J1617+3801 APO BOSS 52767 3.90
5BZQ J1243+4043 NOT ALFOSC 56035 2.40
5BZB J1122+4316 APO BOSS 56013 3.60
5BZQ J1740+4348 GTC OSIRIS 60388 1.50
5BZB J2247+4413 GTC OSIRIS 60252 1.40
5BZQ J1327+5008 APO BOSS 57423 3.60
5BZQ J0514+5602 GTC OSIRIS 60253 2.00
5BZB J0540+5823 GTC OSIRIS 58146 0.90
5BZB J1848+6537 GTC OSIRIS 60405 2.00

made them vary. Since LBLR and LEdd are always related through
Eqs. 5 and 3, in the simulation we used the coefficients corre-
sponding to Mg II and constrained the range of variability. As
shown in Fig.C.1, the initial point (the red star) moved vertically
only downward and horizontally in both directions. The area
spanned as the quantities change is shown by the gray points,
while the final values are indicated with the gray stars.

Appendix D: Evaluating the reliability of statistical

methods for handling censored data

In our study of PeVatron blazar candidates and comparison sam-
ples, we assessed the applicability of statistical methods that in-
corporate censored data, i.e., upper and/or lower limits (“left-”
and “right-censored” data, respectively) into the analysis. Previ-
ous studies have utilized survival analysis techniques to handle
such censored data effectively. Specifically, the Kaplan–Meier
estimator is employed to estimate the survival function of a given
quantity in a sample, accommodating both uncensored and cen-
sored observations. To compare properties across different sam-
ples, tests such as the logrank and Peto logrank are utilized,
which include weighting schemes to account for censored data
points (Feigelson & Nelson 1985; Lavalley et al. 1992; Padovani
1992; Homan et al. 2021; Baldi et al. 2022; Padovani et al.
2022b; Paiano et al. 2023).

We investigated both the logrank test and the Peto logrank
test, the latter being reported to be less affected by differences in
censoring patterns between samples (Feigelson & Nelson 1985;
Padovani et al. 2022b; Paiano et al. 2023), and found that the
results are highly sensitive to the rate of censored data and the
sample size. To evaluate the suitability of these methodologies
for our study, we conducted several analyses, especially covering
cases where significant discrepancies were observed in Section
6. Below, we summarize the findings most pertinent to our study.
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