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ABSTRACT

We present the results of a multi-wavelength study of a population of X-ray bright (log(F0.2−12 keV) > −12.5), non-γ-ray detected
high and extreme high synchrotron peak (HSP, EHSP; log(νpeak, Hz) > 16) BL Lacs to (i) put stronger constraints on the synchrotron
peak location and shape and (ii) model their expected behaviour in the very high-energy band. First, we performed an X-ray spectral
analysis, using XMM-Newton, Chandra, Swift–XRT, and eROSITA data, and fitting the spectra using both a power-law and a log
parabola model. Of 78 sources in the initial sample, 17 were best described by a log parabola model, a result that supports a scenario
where the synchrotron peak falls in the X-ray band. Among these 17 sources, we further selected the ten objects dominated by the jet
emission, with no significant contamination of the host galaxy. We performed a γ-ray analysis of Fermi-LAT data for these objects,
obtaining upper limits providing information on their flux in the 100 MeV–300 GeV energy range. We then modelled the broadband
SED of these objects with JetSeT using two models: one assuming a log parabola for the electron distribution and the other one with
a broken power-law electron distribution, using parameters consistent with those describing the emission of the prototypical EHSP
1ES 0229+200. We found the models to be generally consistent with the available multi-wavelength detections and upper limits.
Furthermore, they confirmed that a subsample of sources could display relevant emission in the TeV energy range, even potentially
reaching the threshold for detectability by the Cherenkov Telescope Array Observatory.
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1. Introduction

Blazars are accreting supermassive black holes (SMBHs), or
active galactic nuclei (AGN), whose relativistic jets are pointed
in the direction of the observer. This causes a significant
enhancement of the source luminosity due to the relativistic
speed of the particles causing the emission, an effect known
as ’Doppler boosting’. Such objects are usually classified on
the basis of their optical features in flat-spectrum radio quasars
(FSRQs) and BL Lacs: while the former tend to display strong,
broad emission lines (>5 Å), the latter show at most weak lines
and in many cases are actually completely featureless. More gen-
erally, the spectral energy distribution (SED) of such objects
is characterised by two clear bumps (e.g. Abdo et al. 2010).
The one at lower frequencies, known as a synchrotron bump,
is usually attributed to synchrotron emission caused by the rel-
ativistic electrons in the jets. The one at higher frequencies,
the so-called inverse Compton (IC) bump, is instead some-
times assumed to be produced by the interaction and subse-
quent up-scattering in frequency of the synchrotron–produced
photons with the same relativistic electrons (in the so–called syn-
chrotron self-Compton scenario; e.g. Kirk et al. 1998). The fre-
quency of these two peaks can vary significantly depending on
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several characteristics, most prominently the luminosity of the
blazars and their optical class (e.g. Padovani & Giommi 1995;
Ghisellini et al. 1998; Giommi et al. 1999; Prandini & Ghisellini
2022). For example, the synchrotron peak can be found, espe-
cially in FSRQs, at frequencies as low as νsynch = 1012 Hz, which
is in the far-infrared band (e.g. Chen et al. 2009), and in BL
Lacs, as high as νsynch = 1018 Hz, which corresponds roughly
to 4.1 keV and belongs to the X-ray band (which is, convention-
ally, between 0.1 and several hundred keV; see e.g. Chang et al.
2019).

In these latter extreme objects, namely high synchrotron
peaked BL Lacs (HSP, νsynch ≥ 1015 Hz; e.g. Massaro et al.
2011; Arsioli et al. 2015; Chang et al. 2017, 2019) or extreme
high synchrotron peaked BL Lacs (EHSP, νsynch ≥ 1017 Hz),
the observational evidence supports a scenario where the X-ray
emission is correlated with the very high-energy (VHE; >100
GeV) emission. A study by Marchesi et al. 2025 of all the known
77 VHE blazars reported in the TevCAT1 (Wakely & Horan
2008) quantified this relation, showing that a direct correla-
tion exists between X-ray and TeV fluxes in the EHSP popu-
lation, and this correlation is broadly consistent with a 1:1 trend,

1 The TeVCAT is a regularly updated catalogue of sources detected in
the VHE band, at energies above 50 GeV. https://tevcat.org/
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although with a fairly large dispersion. As a consequence of this
correlation, previous work focused on using blazars X-ray emis-
sion to select promising VHE emitters. This is often done by
combining the X-ray information with information from at least
another band (such as the infrared band, see e.g. Massaro et al.
2013; Giommi et al. 2024; Metzger et al. 2025, or the radio
band, see e.g. Bonnoli et al. 2015). However, so far, the over-
whelming majority of the sources analysed in these works were
known γ-ray emitters, and in particular were sources detected by
the Fermi Large Area Telescope (LAT). Indeed, predictions for
detections of extragalactic sources in VHE surveys fairly often
use as a starting point extrapolations based on Fermi-LAT lumi-
nosity functions in the MeV to GeV band. Although this is cer-
tainly a tested and reliable method for estimating VHE fluxes, it
could nonetheless miss a population of sources undetected in the
γ-ray band and still visible at larger energies (e.g. Costamante
2020).

A different approach to the study of the VHE emission of
currently γ-ray-undetected blazars could therefore exploit the
aforementioned correlation to their X-ray emission in combi-
nation with a broadband modelling of their entire SED. Multi-
wavelength modelling is an already well-known tool for the
study of blazars and AGN jets, and multiple software has been
designed to do so (e.g. Tramacere 2020; Klinger et al. 2024;
Stathopoulos et al. 2024). By reproducing the broadband spec-
tra and temporal behaviour of these sources in a way that can be
compared with observational data, it is possible to test the valid-
ity of models relying on different acceleration processes and con-
strain key physical parameters of the emitting regions (Böttcher
2007; Celotti & Ghisellini 2008; Ghisellini & Tavecchio 2009).
An additional strength of multi-wavelength modelling lies in its
predictive power: once a source model is established, the flux
expected in regions of the electromagnetic spectrum not yet
observationally sampled can be compared with telescope sen-
sitivity curves. This allows us to evaluate whether sources are
within the reach of current facilities or represent promising tar-
gets for upcoming observatories.

Such a process is particularly relevant in the current
context of VHE astrophysics, since we are now entering a
new era for Cherenkov telescopes, thanks to the upcoming
Cherenkov Telescope Array Observatory (CTAO; Dravins 2018;
Hofmann & Zanin 2023). Using a series of arrays of telescopes
located in two sites, one in the northern, the other in the south-
ern hemisphere, CTAO will provide full-sky coverage, improv-
ing sensitivity by an order of magnitude over current Cherenkov
instruments in the 20 GeV to 300 TeV energy range. CTAO will
be instrumental in answering a variety of questions that are still
open in blazar studies, such as the exact mechanism respon-
sible for jet particle acceleration, the connection between jets
and accretion onto the SMBH, and the jets’ composition, among
others. In particular, even though VHE emission from blazars
is expected at energies around 100 GeV, surprisingly, some of
these objects have recently already been observed even up to 10
TeV (Biteau et al. 2020). This has led to the distinction between
extreme-synchrotron blazars and extreme-TeV blazars, which
are not always coincident and could be originated from differ-
ent processes. It is therefore important to focus on VHE-emitting
blazars, looking for new potential candidates that could help to
better characterise the properties of such a population and inves-
tigate its emission mechanisms.

Within this framework, we therefore present a multi-
wavelength study of a sample of X-ray bright, non γ-ray detected
HSP and EHSP blazars (based on the sample by Marchesi et al.
2025), to model their broadband SED and estimate their emis-

sion in the VHE band. The work is organised as follows. In
Sect. 2 we present the sample used in this work. In Sect. 3 we
present the X-ray catalogues from which the data were collected,
and we discuss in detail the steps of the X-ray analysis that led to
the selection of the sources expected to have relevant emission
in the VHE band. In Sect. 4 we describe how we used Fermi-
LAT data to obtain upper limits to constrain emission in the
MeV to GeV band for the selected sources. Then, in Sect. 5
we present the modelling of the selected sources and discuss
the expected emission in the VHE band and CTAO detectability.
Finally, we summarise the main results of this work and dis-
cuss possible future developments in Sect. 6. Throughout the
rest of the work, we assume a flat ΛCDM cosmology with H0
= 69.6 km s−1 Mpc−1, Ωm = 0.29, and ΩΛ = 0.71 (Bennett et al.
2014). Errors are quoted at the 90% confidence level, unless oth-
erwise stated.

2. Sample selection

All sources analysed in this work were initially selected
from a subsample of the 5th ROMABZCAT – Roma–
BZCAT Multi–frequency Catalogue of Blazars (hereafter
5BZCAT, Massaro et al. 2015). Specifically, we worked with
the 1007 sources without a detection in the Fermi-LAT 14-
year Source Catalogue (hereafter 4FGL-DR4, Abdollahi et al.
2022; Ballet et al. 2023) but with at least one counterpart in
either one of the main X-ray catalogues currently available: the
XMM-Newton Survey Science Catalogue (Webb et al. 2020), the
second release of the Chandra Source Catalogue (Evans et al.
2024), the second Swift X-ray Point Source catalogue of detec-
tions by Swift–XRT (Evans et al. 2020), or in the recently
released eROSITA-DE Data Release 1 catalogue (Merloni et al.
2024). A broader description of these sources and their multi-
wavelength properties is presented in Marchesi et al. 2025.

Then, to focus on a subsample of objects that have the high-
est chance of detection in the TeV range, we selected sources
with a high synchrotron peak frequency (log(νpeak,Hz) > 16), and
a high flux in the X-ray, set as log(F0.2−12 keV) > −12.5. Since the
correlation between the X-ray and the VHE flux has been estab-
lished mainly for BL Lacs, we also excluded the FSRQs from
our sample. Additionally, we excluded the source 5BZUJ1459-
1018, which was reported in Green et al. (2017) to show X-ray
emission dominated by cluster emission, but was not removed
from Marchesi et al. (2025) due to a change in nomenclature. In
this way, we obtained a sample of 78 sources that meet all the
aforementioned requirements. The targets with a reported red-
shift are in the range 0.09 < z < 0.68 (median redshift: 0.28).
Two sources did not report redshift. In Fig. 1 we report the loca-
tion of the targets with respect to the overall parent sample in the
synchrotron peak versus the 0.2–12 keV flux parameter space.

3. X-ray data collection and analysis

The first step of this work is to perform an X-ray analysis on the
sources in our sample to select blazars with likely appreciable
TeV emission.

3.1. X-ray data collection

We retrieved calibrated spectra and response files from publicly
accessible catalogues for the X-ray analysis of each of the 78
targets. As a rule, when a source was observed by more than one
telescope among XMM-Newton, Chandra, and Swift-XRT, the
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Fig. 1. Synchrotron peak frequency as a function of 0.2–12 keV flux for
the 1007 blazars with X-ray counterpart and without a counterpart in
the 4FGL catalogue (Marchesi et al. 2025). The subsample of sources
analysed in this work is plotted in orange; the three FSRQs excluded
from the analysis are instead plotted in green. Finally, the rest of the
Marchesi et al. (2025) sample is shown in blue.

analysis was performed for all observations. Instead, we used
eROSITA data for sources that were only observed by this tele-
scope, or if the count statistic of the spectrum derived using one
of the other facilities led to a spectral fit with inadequate qual-
ity (i.e. with fewer than 25 degrees of freedom). When available,
we also inspected the source light curves to check for variability.
We describe in detail the handling of sources with indications
of strong variability in the coming sections for every telescope
specifically.

3.1.1. XMM-Newton and the 4XMM-DR14 catalogue

The XMM-Newton telescope was launched on 10 Decem-
ber 1999, and has been operational since February 2000
(Jansen et al. 2001). XMM-Newton combines an excellent effec-
tive area in the 0.2–12 keV band, a large (∼30′diameter) field
of view, and a good angular resolution (∼5′′on-axis point-spread
function, PSF). For this work, we used the most recent release
of the XMM-Newton Survey Science Catalogue, 4XMM-DR14,
which was generated from 13864 XMM-Newton EPIC observa-
tions, covering an energy interval from 0.2 keV to 12 keV and
made between 3 February 2000 and 31 December 2023.

The datasets for the six sources in our sample that have
a counterpart in the 4XMM-DR14 catalogue were retrieved
directly from the online catalogue2. The majority of the sources
were observed only once. The source 5BZGJ1510+3335 had
three observations, so each dataset was fitted separately, getting
consistent results between different observations, as well as with
those obtained from two different Chandra datasets. The source
5BZBJ0333−3619 was observed 12 times but, since a good fit
was obtained already from a fit to Swift–XRT data, we analysed
only the observation with the longest exposure among the 12
XMM-Newton ones.

2 http://xmm-catalog.irap.omp.eu/

3.1.2. Chandra and the CSC 2.1 catalogue

The Chandra telescope was launched on 23 July 1999
(Weisskopf et al. 2002). Chandra covers the 0.3–7 keV energy
range and is the only X-ray instrument with a subarcsecond on-
axis angular resolution (PSF∼ 0.5′′) and a field of view of∼30′in
diameter.

We retrieved the data products from the most recent release
of the Chandra Source Catalog, CSC version 2.1, which was
released on 2 April 2024, with a further minor update (v2.1.1
in October 2024). It includes measured properties for 407 806
unique point-like and extended X-ray sources in a total sky
coverage of ∼730 deg2. For the nine sources of our sam-
ple in the catalogue, we retrieved data through the application
cscview. All sources were only observed once, besides the
blazar 5BZGJ1510+3335. This target had been observed six
times: once in 2001, once in 2007, and multiple times in Novem-
ber 2010, so we analysed the data products from the only anal-
ysis performed in 2001 and 2007, and for the longest observa-
tion performed in 2010. The best-fit properties and flux of this
source changed between the observations, thus suggesting that
some blazar variability took place over the nine-year timespan
dividing the observations.

3.1.3. Swift–XRT and the 2SXPS catalogue

The Neil Gehrels Swift Observatory was launched on 20 Novem-
ber 2004, and its three different telescopes observe the sky in the
optical and ultraviolet (Ultraviolet/Optical Telescope, or UVOT),
in the hard X-rays (14–195 keV; Burst Alert Telescope, or BAT),
and in the soft X-rays (0.2–10 keV; X-ray Telescope, or XRT;
Gehrels et al. 2004). The XRT has an on-axis angular resolu-
tion of ∼18′′and a 23.6 × 23.6 arcmin2 field of view. For this
work, we used the Swift X-ray Point Source (2SXPS) cata-
logue of detections, obtained with the telescope used in photon
counting (PC) mode in the 0.3–10 keV energy range. This cat-
alogue detected a total of 206 335 unique sources in an area of
∼3790 deg2 in the period 1 January 2005 to 1 August 2018.

Data for the 58 sources in our sample with a counterpart in
the 2SXPS were retrieved through the web tool3 available on the
telescope website, which produces X-ray images, spectra, and
light curves using the HEASOFT software (v6.32; Evans et al.
2007, 2009). The majority of the sources were observed more
than once, so we always visually inspected their light curve to
decide how to handle the data from different observations. When
the different observations did not display significant flux vari-
ability, we treated all observations as a single dataset. When,
instead, the source displayed significant flux variability, the
observations were split into multiple datasets.

Exceptions to this approach are sources 5BZBJ0851+0549
and 5BZBJ1410+0515, since observations were too short
and the web tool could not provide a light curve, so the
data were treated as a single dataset, despite the lack of
information regarding flux variability. Therefore, the results
for these sources should be treated with additional caution.
Finally, for five sources (5BZBJ0951+0102, 5BZGJ1157+2822,
5BZBJ1228−0221, 5BZGJ1324+5739, 5BZBJ1554+2011), the
quality of the dataset was too low for fitting, so they were dis-
carded. Some of them are nevertheless present in the list of
analysed sources, because they were also observed by other
telescopes.

3 https://www.swift.ac.uk/user_objects/
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3.1.4. eROSITA and the eROSITA-DE Data Release 1
catalogue

The extended ROentgen Survey with an Imaging Telescope
Array (eROSITA; Predehl et al. 2021) is an X-ray telescope con-
sisting of seven identical and co-aligned X-ray mirrors, each
equipped with a charge-coupled device (CCD) camera in its
focus. It is mounted on the Spektrum Roentgen Gamma (SRG)
orbital observatory (Sunyaev et al. 2021), launched on 13 July
2019, and covers the 0.2–8 keV energy range, albeit with a
significant decline in effective area at energies of >2.3 keV.
eROSITA is a whole-sky survey instrument: however, in the
present work, we make use of the eRASS1 catalogue of the
Western hemisphere (which is 359.9442 > l > 179.9442 in
Galactic coordinates, covering ∼20 626.5 deg2), released on 31
January 2024 and based on data taken in the first six months of
eROSITA observations, completed in June 2020.

We used eROSITA data for 19 sources (11 observed by
eROSITA only and eight with low data quality from other obser-
vations) out of the 27 objects in our sample with a counterpart in
the eRASS1 catalogue, as explained in Sect. 2. We downloaded
the spectra from the eROSITA-DE website4. For each source,
the calibrated products were downloadable in a single dataset,
combining the data from all cameras of the telescope. However,
for the three sources 5BZBJ0920+3910, 5BZBJ0930+3933, and
5BZUJ0933+0003 the data available were not sufficient to prop-
erly fit the spectra, so we did not include them in our analysis.

3.2. X-ray data analysis

As mentioned in Sect. 2, we selected our HSPs and EHSPs
based on their synchrotron peak frequency, as computed by
Marchesi et al. (2025), using BlaST (Blazar Synchrotron Tool;
Glauch et al. 2022). BlaST is a deep neural network-based tool
developed from the work of Lakshminarayanan et al. (2016),
and is used to obtain an estimate of the blazar’s synchrotron
peak frequency from a broadband SED analysis. Although the
synchrotron peak values from BlaST are generally reliable, the
neural network estimates imply fairly large uncertainties (of the
order of ∼0.5 dex), which can significantly affect any prediction
one can make on the position and intensity of the VHE peak.
For this reason, we performed a detailed X-ray spectral analy-
sis of our sources, with the goal of determining how many of
them are best-fitted with a model that diverges from a simple
power-law one, by showing relevant spectral curvature. In these
objects, such a phenomenological result would indirectly sup-
port the hypothesis that the synchrotron peak is indeed in the X-
ray band, thus strengthening the claim on their HSP and EHSP
nature.

3.2.1. Spectral analysis

We perform our X-ray spectral fit using XSPEC (v.12.15.0;
Arnaud 1996). Specifically, we fit each source in our sample
with both a power-law (zpowerlaw in XSPEC) and a curved
log-parabolic model (logpar in XSPEC). Both models are mul-
tiplied by the Galactic absorption, computed for each source
using the nh tool (Kalberla et al. 2005) in HEASOFT. We work
under the assumption that sources with a change in slope clearly
present in the data favour the fit with the log parabola model with
respect to that with a power-law model. We use the C-statistic

4 https://erosita.mpe.mpg.de/dr1/erodat/catalogue/
search/

(Cash 1979; Kaastra 2017) to quantify this hypothesis: having
defined the parameter ∆Cstat as Cstatpl− Cstatlogpar, we consider
the log parabola fit to better represent the data when favoured at
the 90% confidence level, that is, when ∆Cstat > 2.7. Addition-
ally, for sources favouring the log parabola fit, we also compute
the confidence intervals for the parameters α and β; for consis-
tency with previous works, in the following sections, we con-
sider true log parabola best-fits to be only those with −1 < β <
1.5 (Middei et al. 2022).

3.2.2. Results

Overall, we analysed 73 out of 78 total sources in the ini-
tial sample, since for the other five (5BZBJ0920+31910,
5BZGJ1324+5739, 5BZBJ1554+2011, 5BZBJ0930+3933,
5BZUJ0933+0003) the data quality was too low to allow fitting.
From the analysis we were able to select 17 sources for further
analysis. 16 of these 17 objects are selected because they are best
fitted with the log parabola model and meet the requirements
mentioned above (i.e. ∆Cstat > 2.7 and −1 < β < 1.5). One
object, 5BZBJ1636–1248, instead, had β = 2.64+0.95

−1.25, outside
the range reported in Middei et al. (2022): this source, however,
has a significantly hard photon index (Γ ∼1.2) when fitted with
a simple power-law, a result that supports a scenario where the
synchrotron peak is in the X-ray band, at energies larger than the
one sampled by our X-ray spectrum. For this reason, we chose
to keep this object in our sample for further analysis. Finally, we
note that five sources would meet the requirement on ∆Cstat,
but we exclude them from further analysis due to the value of
the β parameter. The results of the analysis, and specifically
the best-fit parameters for all selected and excluded sources are
available online on CDS. Some of the sources present more
than one entry because they were observed by more than one
telescope or were observed in multiple epochs, and we fitted the
spectra separately.

We report in Figs. 2 and 3 the log parabola best-fit models
for the 17 sources best fitted with the log parabola model: for
those sources with more than one observation meeting the afore-
mentioned criteria, we show only the spectrum with the largest
∆Cstat. In the insets of the figures, we also display the confi-
dence regions for the parameters α and β.

We also test the hypothesis that sources best fitted by a log
parabola tend to have their synchrotron peak at higher frequen-
cies, and are therefore more effectively sampled by the X-ray
spectra analysed here. We find tentative evidence for such a
scenario, since the sources best fitted with a log parabola con-
sistently show higher values of νpeak across lower quartiles, as
reported in Fig. 4. If we consider all the 78 sources we analysed,
the median value for log(νpeak, Hz), as reported in the 5BZCAT
catalogue, is 16.7, with the first quartile Q1(25%) = 16.3, and
the third quartile Q3(75%) = 17.1. When instead we look specif-
ically at the statistics of the 17 sources best fitted with a log
parabola model, the median value is shifted to 17.1 (Q1(25%) =
16.8, Q3(75%) = 17.1).

4. γ-ray analysis

Since all sources in the sample lack (by original selection in
the parent sample) a Fermi-LAT 4FGL-DR4 counterpart, no γ-
ray spectral points are available. However, for the purposes of
a broadband SED modelling, even upper limits are extremely
valuable, since they allow us to put constraints on the shape
of the SEDs of our targets where we expect to see the rising
of the second peak. Therefore, we perform a γ-ray analysis on
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Fig. 2. From left to right, top to bottom: Results of the log parabola fitting of the blazars 5BZBJ0333-3619 (Swift-XRT data), 5BZGJ1510+3335
(Chandra data), 5BZBJ1253+3826 (Swift-XRT data), 5BZBJ1636–1248 (Swift-XRT data), 5BZBJ1251-2958 (XMM-Newton data), 5BZBJ0040-
2719 (XMM-Newton data), 5BZGJ1201-0011 (Swift-XRT data), 5BZBJ1302+5056 (Swift-XRT data), and 5BZBJ1057+2303 (Swift-XRT data). In
the inset, we report the confidence regions at 1σ (red), 2σ (blue), and 3σ (pink) for the two parameters of the fit, α and β.

Fermi-LAT data in the MeV to GeV regime to have sufficient
data to constrain the broadband SED modelling of the selected
sources. In particular, we do this for the 10 out of 17 sources
with ∆Cstat > 2.7 and either −1 < β < 1.5, or Γ < 1.4, which
were reported to not be contaminated by host galaxy emission; in
5BZCAT terminology, we exclude from our analysis all sources
flagged as BZG, and focus on the BZB subsample. The BZBs
(BL Lac sources where the broadband emission is dominated by
the jet) are, in fact, better suited to have their non-thermal emis-
sion properly constrained from jet modelling. In future work, we
will extend the analysis to the BZG subsample as well.

For each source, we used the software easyfermi
(de Menezes 2022) to retrieve the photon, spacecraft, and
diffuse files (the standard galactic interstellar emission
model gll_iem_v07.fits and isotropic spectral template
iso_P8R3_SOURCE_V3_v1.txt) for data collected between
2008-08-04 15:43:36 UTC, and 2025-01-01 00:00:01 UTC at
energies in the 100 MeV–300 GeV range at the radio coordinates
of the sources under study. We also used easyfermi to perform

the standard likelihood analysis on the data through fermipy
(Wood et al. 2017) functions, since it can be used to study even
non-catalogued sources: such targets are, in fact, added as point-
sources with a power-law spectrum (Γ = 2). The software is
therefore used to first optimise the model, using default settings,
to add to it absent sources with significance >5σ, and to fit the
data to a power-law model using the optimiser NewMinuit. Dur-
ing the fit, the radius within which the parameters of all sources
are free to vary (normalisation and spectral shape) is set as half
the width of the region of interest (ROI). When the fit does
not converge, easyfermi automatically reruns it after deleting
sources with a lower significance than the target source. Finally,
we used the software to obtain the high-energy SED of each
source in our sample, considering for each source 10 energy
bins. The width of the ROI and the zenith angle (zmax) cut are
set by the standard mode of the software and depend on the min-
imum energy set up, the ROI progressively decreasing from 17◦
to 10◦ around the source location and zmax growing from 80◦ to
105◦ for increasing energies. We used the test statistic (TS) to
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Fig. 3. From left to right, top to bottom: Results of the log parabola fitting of the blazars 5BZGJ1544+0458 (Chandra data),
5BZGJ1444+6336 (Swift-XRT data), and 5BZGJ2310–4347 (Swift-XRT data), 5BZGJ1616+3756 (Swift-XRT data), 5BZGJ1552+3159 (Chandra
data), 5BZBJ2217–3106 (Swift-XRT data), 5BZBJ0124+0918 (XMM-Newton data), and 5BZBJ1258+0134 (XMM-Newton data). In the inset, we
report the confidence regions at 1σ (red), 2σ (blue), and 3σ (pink) for the two parameters of the fit, α and β.

determine the significance of the sources and whether the SED
points (obtained at the 95% confidence level) were to be consid-
ered as actual data points or upper limits. In fact, since the TS is
defined as TS= −2(logLnull − logLsrc), where Lnull is the likeli-
hood under the background-only hypothesis andLsrc is the max-
imum likelihood of the data given a model that includes a source
in the position of interest (Mattox et al. 1996), we set the relevant
threshold for SED data points at TS = 25 (≈5σ significance). All
sources’ SEDs ended up being made of upper limits only.

5. Broadband spectral energy distribution
modelling

For the broadband modelling of selected blazars (∆Cstat >
2.7 and −1 < β < 1.5), we generate multi-wavelength SEDs
using the JetSeT5software (v1.3.0, Tramacere et al. 2009, 2011;
Tramacere 2020), and compare them with the multi-wavelength

5 https://jetset.readthedocs.io/en/1.3.0/

data collected for each source through the VOU-Blazars soft-
ware (Chang et al. 2020), accessible from the web tool Firma-
mento6 (Giommi 2025). Firmamento is an integrated platform
designed to access, explore, and characterise released astronom-
ical data for multi-frequency sources. It brings together informa-
tion from a wide range of catalogues and observatories, enabling
the construction of multi-wavelength SEDs, the search for red-
shift information, and the identification of potential counter-
parts through the Error Region Counterpart Identifier (ERCI)
tool; in this work, the latter component has not been used since
the coordinates of the sources under investigation were already
available from the Marchesi et al. 2025 catalogue. By combining
simultaneous and non-simultaneous observations from different
instruments, Firmamento also allows users to visually investigate
long-term variability across the electromagnetic spectrum.

The non-detection of selected blazars in the GeV domain
prevented us from performing an actual fit of the modelled SEDs.
Therefore, with the goal of obtaining a more realistic range of

6 https://firmamento.nyuad.nyu.edu/
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Fig. 4. Distribution of the ∆Cstat of the analysed sources plotted against
their synchrotron peak. The blue triangles represent the results for all
the analysed sources, whereas the orange circles represent the sources
favouring a log parabola fit, having ∆Cstat > 2.7 and –1 < β < 1.5. The
dotted lines represent the quartiles and median distribution for the two
populations. As it can be seen, the sources best fitted with a log parabola
model tend to have slightly larger synchrotron peak frequency.

possible characterisations of the observed SEDs, we produced
multiple modellings, testing different combinations of param-
eters, and visually compared them with the SED data points.
To generate our SEDs, we use as a reference the recent paper
by Hota et al. (2024), who performed one of the most detailed
modellings of the SED of an EHSP blazar: 1ES 0229+200. We
therefore work under the assumption that the SED of this EHSP,
despite its extreme nature, can be treated as a good first approx-
imation of the SED of other such sources.

In our analysis, broadband emission is assumed to have
jet origin and is modelled with a one-zone synchrotron self-
Compton (SSC) leptonic model: such an approach has been
used multiple times to explain VHE emission from blazars in
general and EHSPs in particular (see, e.g. Maraschi et al. 1992;
Costamante et al. 2018; Foffano et al. 2019). In the model, the
emission is assumed to arise from a jet region of spherical shape
and comoving radius R, filled by a relativistic plasma and a
tangled, homogeneous magnetic field, B, which stores a mag-
netic field energy density of UB = B2/8π. The region also
contains a population of relativistic leptons (mainly electrons),
N(γ), which are the other main energetic component of the jet.
The region is moving along the jet with a bulk Lorentz factor
Γ, and θ is the angle between the jet axis and the observer line
of sight. From these parameters, we can derive the Doppler fac-
tor δ = [Γ(1 − β cos θ)]−1, which describes the boosting of the
emission. Due to their interactions with the jet magnetic field,
the electrons in the blob radiate via synchrotron emission. The
synchrotron radiation then provides the seed photons for the IC
mechanism, thus justifying the SSC name. For each source, we
test two empirical particle distributions for the lepton population,
as in Hota et al. (2024),
1. A log parabola model, defined as

N(γ) = N0

(
γ

γ0

)−s−r log(γ/γ0)
for γmin ≤ γ ≤ γmax, (1)

where N0 is a normalisation factor, s is the spectral slope, and
r is the spectral curvature. γmin and γmax are, respectively, the
low-energy and high-energy cut-off for the leptons.

2. A broken power-law model, defined as

N(γ) =

{
N0γ

−p1 for γmin ≤ γ ≤ γbreak

N0γ
p2−p1
break γ

−p2 for γbreak < γ ≤ γmax,
(2)

where p1 and p2 are the low energy and high energy spectral
slopes and γbreak is the turn-over energy.
Finally, in the high-energy end of the SED, the mod-

elling accounts for γ-ray attenuation due to the interaction with
extragalactic background light (EBL), which was implemented
through JetSeT following the model by Saldana-Lopez et al.
(2021) and Domínguez et al. (2024). The EBL is the integrated
intensity of radiation emitted by stars in the UV, optical, and IR
over cosmic history, which gets redshifted and accumulated in
intergalactic space and can therefore interact with photons emit-
ted by different sources. In particular, EBL photons interacting
with very energetic γ-ray photons can annihilate, leading to a
significant decrease in the observed flux of sources emitting at
energies above hundreds of GeV (see Cooray 2016; Cao et al.
2023, for further details).

We also compare the final, EBL–corrected models, and
in particular their predicted VHE (>100 GeV) flux, with the
expected sensitivity of the CTAO arrays in their Alpha Config-
uration, to assess the future detectability of the blazars under
investigation. We determined the best array for each source
(i.e. north or south) based on their coordinates: specifically,
we picked the array that led to the highest altitude above the
horizon throughout the year. Then, we computed the array
sensitivity by downloading the instrument response functions
made available by the CTAO collaboration (version prod5 v0.1;
Observatory & Consortium 2021)7 for a deep 50-hour observa-
tion at a 20◦ zenith by both arrays, and then by analysing them
with gammapy8 (v1.2; Donath et al. 2023; Acero et al. 2024).

5.1. Parameters selection

In Tables 1 and 2, we report the parameters, and their cor-
responding values, derived by Hota et al. (2024); we assumed
these to be equal for all the sources in our analysis, and we
used them to set the environmental conditions of our blazars.
To properly rescale the Hota et al. (2024) SED to those of our
sources we input the correct redshift for each source and we use
different JetSeT routines deriving for each source the expected
particle emitters density, as well as the maximum γmax(gmax
in JetSeT terminology) and the break energies γ0 and γbreak
(gamma0_log_parab and gamma_break for the log parabola
and the broken power-law models in JetSeT, respectively), so
that the synchrotron peak frequency and flux of the models
match the data, as updated with the new results by the machine
learning algorithm BlaST. Specifically, for six out of nine tar-
gets, we use the redshift reported in the 5BZCAT. For two
of the remaining three sources without z information in the
5BZCAT, we instead use the values reported in the 3HSP cat-
alogue (Chang et al. 2019). Finally, no redshift is available in
either of the catalogues for 5BZBJ1258+0134. Following a con-
servative approach, we therefore assume that it has the same
redshift as the farthest source in our subsample of 10 modelled
sources (5BZBJ1302+5056, z = 0.688). Then, we set the particle
emitters density with the JetSeT routine set_N_from_nuFnu().
Afterwards, we computed the break energy required to match the

7 https://www.ctao.org/for-scientists/performance/
8 https://docs.gammapy.org/2.0/tutorials/analysis-1d/
cta_sensitivity.html
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Fig. 5. Models for different broadband SEDs of the blazar
1ES0229+200, assuming a log parabola distribution for electrons, z
= 0.139, and γ0 of the order of 105, varying in the range 2.8 × 105–
3.9×105, due to the different values of B used in each model, as reported
in Table 1.

Table 1. Log parabola model parameters.

Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5
2017 2017 2017 2018 2021

Sep 21–23 Dec 9–10 Dec 21–22 Jan 8–9 Aug 8–12

R [cm] 1017

δ 40
B [mG] 1.02 2.93 2.80 3.04 1.38
r 2.40 2.65 2.59 2.67 2.44
s 0.34 0.27 0.29 0.26 0.32

Notes. Parameters set for the modelling of the blazar SEDs assuming
an electron distribution following the log parabola model: these are
assumed to be equal for each source we analysed. The different epochs
are those of Hota et al. (2024), as discussed in the text.

parameters by BlaST by first obtaining the expected Lorentz fac-
tor for the peak emission with find_gamma_Sync(), and then
feeding it into find_turn_over() to find the corresponding
energy. This value automatically updates the jet parameters γ0
and γbreak, and allows us to compute realistic values for γmax.

We note that, by manually setting the luminosity of the syn-
chrotron peak, the main driver for the expected flux of the SSC
peak becomes the magnetic field, as shown in Tavecchio et al.
(1998), Ghisellini (2013)

LSSC

Lsynch
=

Usynch

UB
, (3)

where Usynch and UB are, respectively, the synchrotron radia-
tion energy density and the magnetic field energy density, in the
comoving frame. This effect can also be clearly distinguished in
Figs. 5 and 6: epochs 1 and 5, which have the lowest magnetic
field values, have IC peaks at the highest VHE fluxes according
to both the broken power-law and the log parabola modelling.

5.2. Source modelling, and the use of 1ES 0229+200 as a
prototypical EHSP

We visually establish the goodness of the models by overlapping
the data retrieved through Firmamento and easyFermi with
the modelled regions (modelling-by-eye). Then, we assess the
detectability by CTAO by comparing the expected VHE flux, as
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Fig. 6. Models for different broadband SEDs of the blazar
1ES0229+200, assuming a broken power-law distribution for electrons,
z = 0.139, and γbreak of the order of 106, varying in the range 1.5 × 106–
2.3×106, due to the different values of B used in each model, as reported
in Table 2.

Table 2. Broken power-law model parameters.

Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5
2017 2017 2017 2018 2021

Sep 21–23 Dec 9–10 Dec 21–22 Jan 8–9 Aug 8–12

R [cm] 1017

δ 40
γmin 10
γmax 108

B [mG] 1.67 3.12 2.58 3.40 1.97
p1 2.25 2.46 2.40 2.55 2.32
p2 4

Notes. Parameters set for the modelling of the blazar SEDs assuming an
electron distribution following the broken power-law model: these are
assumed to be equal for each source we analysed. The different epochs
are those of Hota et al. (2024), as discussed in the text.

inferred from the models, with the sensitivity of the CTAO array
best suited for the observation.

To validate this qualitative approach, we first performed a
sanity check on the EHSP 1ES 0229+200, to verify if JetSeT
models could replicate the results obtained by Hota et al. (2024);
we thus compared the multi-wavelength data with the two mod-
els, assuming, respectively, a log parabolic and a broken power-
law electron distribution, as shown in Fig. A.1. In both models,
at lower frequencies, from the radio to the optical band, the data
displays an excess with respect to the model, while at higher
frequencies (from the UV band), we observe a good agreement
between data and models.

The radio excess is commonly observed when modelling the
SED of blazars, since radio emission in jets tends to be more
extended and originated further away from the region of origin
of the jet itself, and it cannot consequently be explained with the
one-zone model used in this study. It has also been suggested
(see, e.g. Massaro et al. 2004) that, although produced by the
same electron population, optical emission can include a con-
tribution emitted from a physical region different from the one
where the X-ray emission is produced. For these reasons, we do
not take into account the SED behaviour in the radio and opti-
cal bands when comparing data and models in our subsample of
sources.
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Table 3. Observations needed for best chances of detectability of the sources according to the modelled broadband SED.

CTAO detectability
Source log parabola model Broken power-law model Array visibility

5BZBJ0333−3619 No No CTAO-S
5BZBJ1253+3826 ≥100 h No CTAO-N
5BZBJ1636−1248 50h ≥100 h CTAO-N
5BZBJ1251−2958 50 h ≥100 h Both
5BZBJ0040−2719 50 h No both
5BZBJ1302+5056 No No CTAO-N
5BZBJ1057+2303 50 h ≥100 h Both
5BZBJ2217−3106 No No CTAO-S
5BZBJ0124+0918 No No Both
5BZBJ1258+0134 ≥100 h No Both

Notes. The detectability was assessed visually by comparing the fluxes reached by the model with the CTAO-N or CTAO-S sensitivity. We assumed
that a target is visible by an array if during the year it reaches an altitude higher than 30◦ above the horizon at its site declination.

Moving to the high and VHE band, the X- and γ-ray data
of 1ES 0229+200 are nicely reproduced by the JetSeT mod-
els, within the observational uncertainties. This confirms that the
parametrisation adopted from Hota et al. (2024) can be reliably
implemented in JetSeT and used with confidence for the analysis
of the target sample.

5.3. Results

We report in Appendix A the individual analysis of each of the
10 sources in our sample; here we summarise the main results
we infer from the sample as a whole. In general, we observe
that the synchrotron peaks are usually well constrained in fre-
quency, with the data following slightly better the expected
behaviour from a log parabola electron distribution model, as
visible for example in the modelling of the sources 5BZBJ0040-
2719 (Fig. A.6) and 5BZBJ1258+0134 (Fig. A.11). Only for
source 5BZBJ1302+5056 (Fig. A.7) the model seems incon-
sistent with the data, likely because the synchrotron peak flux
derived by BLaST is underestimated with respect to the data. At
higher energies, in the MeV to GeV regime, the models are gen-
erally consistent with the derived upper limits, and only some
singular upper limits remain below the expected flux. However,
being isolated cases, they could reasonably be attributed to the
effects of Poissonian noise.

Overall, for almost all sources (the only exception being
5BZBJ0124+0918; Fig. A.10) the intrinsic VHE emission is
well above the sensitivity threshold of CTAO. However, account-
ing for EBL causes strong attenuation, significantly affect-
ing our chances of detection. More specifically, assuming the
model with log parabolic electron distribution, the sources
5BZBJ1636−1248 (Fig. A.4), 5BZBJ1251−2958 (Fig. A.5),
5BZBJ0040−2719 (Fig. A.6), and 5BZBJ1057+2303 (Fig. A.8)
are those with the highest flux value in correspondence of
the VHE peak, so that it slightly overcomes the sensitivity
threshold. Additionally, for 5BZBJ1253+3826 (Fig. A.3) and
5BZBJ1258+0134 (Fig. A.11) the modelled flux remains just
below the sensitivity threshold, so they might actually be observ-
able as well in cases of enhanced emission or with longer-lasting
observations. However, we caution against the validity of the
SED of 5BZBJ1258+0134, since no information regarding the
redshift of this source was available, and therefore it was sim-
ply assumed that it had the same redshift as the furthest object

in our sample (5BZBJ1302+5056, z = 0.688). This, combined
with the fact that this source is the one with the lowest log(νpeak)
= 16.2 among those analysed in this work, makes the estimate of
the IC peak less reliable than the ones we derived for the other
sources.

Overall, log parabola models tend to be more diversified
and account for a larger range of possible fluxes, resulting in
Fermi-LAT upper limits that are often more consistent with
these models than with broken power-law ones. Indeed, if
one assumes the broken power-law electron distribution mod-
els, all sources display lower ranges of values for the IC
peak flux and tend to have lower absolute fluxes at the peak
with respect to the log parabola models. Consequently, log
parabola models produce higher chances of observation of the
target sources by CTAO. In fact, with the broken power-law
model no source is expected to have fluxes significantly above
CTAO sensitivities, with only 5BZBJ1636−1248 (Fig. A.4),
5BZBJ1251−2958 (Fig. A.5), and 5BZBJ1057+2303 (Fig. A.8)
having a VHE peak consistent with the CTAO detectability
threshold.

We cross-checked these results with the VHE detectability
tool on the Firmamento platform. When provided with a red-
shift for a given blazar, the tool computes CTAO detectabil-
ity based on extrapolation of predictive power of infrared
data of blazars in comparison with the population of cur-
rent TeV detected blazars, as reported in the TeVCAT. In all
cases, we find an agreement. The sources 5BZBJ1253+3826
and 5BZBJ1251−2958 show a probability of detection of 71%,
while 5BZBJ0040−2719 has a lower detection probability of
33%. In contrast, 5BZBJ1636−1248, 5BZBJ1057+2303, and
5BZBJ1258+0134 are expected to be detected with probabilities
exceeding 95% with CTAO.

We report a recap of the observable sources according to
the two models and from the two CTAO sites in Table 3: the
source is considered observable from a given observatory if it
reaches an altitude above 30◦ in the sky during the year at the
array site. In Table 4 we instead report the specific properties of
the sources that can be expected to be detectable by CTAO. Here,
one can find evidence for the X-ray-to VHE correlation typically
observed in EHSPs, since from the models we derive a VHE flux
with the same order of magnitude or just one order of magnitude
below the X-ray flux.
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Table 4. Properties of the sources with chances of observation as reported in Table 3.

Source RA, DEC Redshift νFν, 2−10 keV νFν, 100 GeV, LP model νFν, 100 GeV, BPL model

[10−12 erg s−1 cm−2] [10−12 erg s−1 cm−2] [10−12 erg s−1 cm−2]

5BZBJ1253+3826 12:53:00.90, +38:26:26.01 0.371 1.46+0.22
−0.19 0.17 – 0.63 0.13 – 0.15

5BZBJ1636−1248 16:36:58.42, −12:48:36.5 0.246 0.61+0.40
−0.26 0.30 – 1.52 0.21 – 0.51

5BZBJ1251−2958 12:51:34.88, −29:58:42.88 0.382 0.73+0.12
−0.10 0.37 – 1.46 0.29 – 0.64

5BZBJ0040−2719 00:40:16.40, −27:19:11.60 0.172 0.59+0.08
−0.08 0.19 – 1.00 0.12 – 0.18

5BZBJ1057+2303 10:57:23.09, +23:03:18.79 0.379 1.22+0.33
−0.26 0.51 –1.38 0.58 – 1.16

5BZBJ1258+0134 12:58:54.59, +01:34:41.41 -99 0.29+0.56
−0.17 0.16 – 1.10 0.09 – 0.37

Notes. The coordinates (RA, DEC) and redshift are reported from the 5BZCAT catalogue, while the fluxes come from this work. The X-ray flux
in the band 2–10 keV comes from the X-ray analysis results, while the VHE flux at 100 GeV corresponds to the range of fluxes established by the
models in Sect. 5. As mentioned in the text, we caution that the lack of a spectroscopic redshift can affect the reliability of the VHE predictions
for 5BZBJ1258+0134.

6. Conclusions and future developments

We analysed a sample of 78 X-ray bright, non-4FGL-detected
HSP and EHSP blazars, with the goal of identifying sources
with clear evidence of a spectral curvature proving the pres-
ence of the synchrotron peak in the X-ray, and obtained an
estimate of their VHE flux through modelling. Our sample
is selected from a larger population of ∼1000 X-ray-emitting
blazars, not reported in the 4FGL-DR4 catalogue by Fermi-LAT,
compiled by Marchesi et al. (2025) from the 5BZCAT catalogue:
we picked those 78 HSP and EHSPs (log(νpeak) > 16) with high
X-ray flux (log(F0.2−12 keV) > −12.5).

The EHSPs are a population of extreme emitters that have
only recently been studied, and are therefore still poorly char-
acterised. Only a few of them have complete broadband SEDs,
due to their faintness with respect to other blazar classes, which
also leads to limited detections in the VHE band with current
Cherenkov telescopes. However, the upcoming CTAO, with a
highly improved sensitivity in the 20 GeV–300 TeV range, will
significantly expand this view. Therefore, it is important to make
predictions on the population of blazars that will be detectable
by CTAO, developing new strategies to complement predic-
tions based on extrapolations from γ-ray data, which in principle
could overlook sources whose IC peak is still rising, and there-
fore not detectable, at Fermi-LAT energies.

The main results of this work can be summarised as follows.
1. We performed an X-ray analysis using calibrated data

retrieved from Chandra, Swift–XRT, XMM-Newton, and/or
eROSITA. Comparing fits between log parabola and power-
law models, 17 sources showed significant curvature
(∆ Cstat > 2.7 and reasonable values of β) showing evidence
of synchrotron peaks in the X-ray band. Due to such prop-
erties, these sources were considered viable candidates for
TeV emission and were selected for further analysis.

2. Of the 17 sources with X-ray spectrum best fitted by the
log parabola model, we further selected the ten objects with
SED dominated by the jet emission (i.e. those sources classi-
fied as BZB in the 5BZCAT). We then used the easyfermi
software to compute the flux upper limits in the 100 MeV–
300 GeV energy range, taking advantage of over 16 years of
Fermi-LAT data.

3. We modelled the broadband SEDs of these ten sources using
the physically motivated SED modelling tool JetSeT, assum-

ing both log parabola and broken power-law electron distri-
butions, with physical parameters guided by the modelling of
EHSP 1ES 0229+200 performed by Hota et al. (2024). The
EBL attenuation in the VHE band was also considered and
included in the modelling, causing a strong attenuation at
energies >100 GeV. Through visual inspection, all sources
showed good agreement between the models and the data
(detections and upper limits). With this analysis, we vali-
dated the adopted JetSeT models, showing how calibrating
them on 1ES 0229+200 provides a reliable description of
the observed SEDs.

4. By comparing the predicted IC component attenuated by
the EBL with the CTAO northern and southern array sen-
sitivity curves, we identified six sources as promising can-
didates for detection in the VHE band: 5BZBJ1636−1248,
5BZBJ1251−2958, 5BZBJ0040−2719, 5BZBJ1057+2303,
5BZBJ1253+3826, and 5BZBJ1258+0134. Assuming a log
parabolic distribution for electrons, the first four sources
are bright enough to be detected by CTAO in a ∼50-hour,
survey–like observation, while the latter two may require
deeper pointed campaigns. For 5BZBJ1258+0134, the lack
of information on its redshift reduces the reliability of the
modelled IC peak, making it a lower-priority CTAO target.

Clearly, a higher number of candidate TeV emitting HSP and
EHSP blazars may exist beyond the small subset identified here.
For many targets in our sample, the X-ray data quality from
archival observations was often insufficient to perform a statis-
tically meaningful comparison between the broken power-law
model and the log parabola one. To address this problem, dedi-
cated follow-up campaigns with XMM-Newton would allow one
to work with higher-quality X-ray spectra, potentially leading to
the observation of the spectral curvature expected for TeV can-
didates even in some of the sources excluded in this work.

Furthermore, for the most promising objects among those
selected, additional simultaneous observations with NuSTAR
(which would extend the X-ray spectral coverage up to ∼50 keV)
and one of the other X-ray telescopes covering the <3 keV band
missed by NuSTAR would provide valuable coverage of the hard
X-ray band, helping to better constrain the entire shape of the
synchrotron peak. This would reduce uncertainties in the mod-
elling of the one-zone emission region and of the particle popula-
tion, and in turn obtain even stronger constraints on the location
and intensity of the IC peak.
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At higher energies, in the MeV to TeV regime, additional
data and analysis of some selected sources would also be highly
valuable to constrain their IC peak. Additional Fermi-LAT data
could be collected and analysed exploiting long exposures and
targeted likelihood fits to uncover faint HSPs below the detection
threshold of other catalogues (a similar approach was explored in
the 2BIGB catalogue of blazars candidates, Arsioli et al. 2020),
and is currently being done to obtain the 4FHL catalogue (hard-
spectrum sources above 50 GeV, Rico et al. 2025). Alterna-
tively, one could use a likelihood profile stacking technique to
measure the emission from the selected EHSP population as a
whole, expanding the work by Paliya et al. (2019) on another
large population of non-γ-ray detected HSP. Using these tech-
niques, as well as attempting observations with current IACTs
(mainly MAGIC, in combination with the LSTs already oper-
ating; respectively Aleksić et al. 2016; Cortina & Project 2019)
for the most promising sources, may help confirm or re-evaluate
their chances of detection by CTAO.

Data availability

The table with the results of the X-ray analysis is available at
the CDS via https://cdsarc.cds.unistra.fr/viz-bin/
cat/J/A+A/708/A340.
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Appendix A: Target spectral energy distributions

A.1. 1ES0229200

The models for the model source 1ES0229200 are shown in Fig.
A.1 assuming a log parabola or a broken power-law electron dis-
tribution. Their behaviour is described in Sect. 5.2.

A.2. 5BZBJ0333-3619

The models for the source 5BZBJ0333-3619 are shown in Fig.
A.2 assuming a log parabola or a broken power-law electron dis-
tribution.

In both models, the synchrotron peak is well constrained in
frequency, the range in observed fluxes being very likely due
to variability, since X-ray data points are obtained by multiple
Swift–XRT observations. The whole region of IC peak modelling
is also consistent with the upper limits. However, EBL attenua-
tion seems to prevent CTAO-S detection in survey mode, espe-
cially if the power-law distribution is assumed to be correct.

A.3. 5BZBJ1253+3826

The models for the source 5BZBJ1253+3826 are shown in Fig.
A.3 assuming a log parabola or a broken power-law electron dis-
tribution.

In both models, the synchrotron peak is well constrained in
frequency, with the range in observed fluxes being very likely
due to variability, since X-ray data points are obtained by mul-
tiple observations from different instruments. The modelling of
the IC peak is also reasonable with respect to the upper limits. In
particular, the models that seem to be the most consistent with
the data are those resulting in the lowest values of fluxes in the
range sampled by the different models used in this work. As dis-
cussed in Sect. 5.1, this might suggest that the magnetic field in
the jet tends to have the highest values amongst those considered.
Based on this modelling, EBL attenuation likely will prevent
detection by CTAO-N in survey mode if the power- law distribu-
tion is assumed to be correct. However, if the log parabola dis-
tribution model is correct, the source might be detectable with
some specific, long-lasting, pointed observations.

A.4. 5BZBJ1636–1248

The models for the source 5BZBJ1636–1248 are shown in Fig.
A.4 assuming a log parabola or a broken power-law electron dis-
tribution.

In both models, the synchrotron peak seems well constrained
in frequency, with the range in observed fluxes being very likely
due to variability, since X-ray data points are obtained by multi-
ple observations from different instruments. This object also pre-
sented datapoints in the VHE band, thanks to the BIGB catalog
by Fermi (Arsioli et al. (2020)). Such data points are consistent
with both the γ-ray upper limits we computed in this work and
our models, although lying in the lower range of the flux spec-
trum. Still, the source seems to have real chances of detection
by CTAO-N if the log parabola model is correct and, although
slightly less likely, even with the broken power-law model.

A.5. 5BZBJ1251-2958

The models for the source 5BZBJ1251-2958 are shown in Fig.
A.5 assuming a log parabola or a power-law electron distribu-
tion.

In both models, the synchrotron peak is well constrained in
frequency, the range in observed fluxes being very likely due
to variability, since X-ray data points are obtained by multi-
ple observations obtained with different instruments. The γ-ray
upper limits constrain the IC peak so that models with lower
VHE fluxes and, therefore, with likely higher magnetic fields
are favoured. Only one upper limit seems to suggest fluxes lower
than those expected from the models. However, being this lower
upper limit an isolated case, its behaviour could reasonably be
considered an effect of Poissonian noise. Therefore, considering
the log parabola electron distribution to be correct, there are real
chances of detection with detection by CTAO-N. On the other
hand, assuming the model with power-law electron distribution
to be correct, the source could only be detected with longer-
lasting, pointed observations.

A.6. 5BZBJ0040-2719

The models for the source 5BZBJ0040-2719 are shown in Fig.
A.6 assuming a log parabola or a broken power-law electron dis-
tribution.

In both models, the synchrotron peak is well constrained in
frequency, with the data following slightly better the expected
behaviour from a log parabola electron distribution model. Some
problems arise in the IC peak, where the expected model actu-
ally predicts fluxes above some of the Fermi upper limits in the
model with the log parabola electron distribution. However, the
pattern of the upper limits is unstable, and can be explained with
the limited overall Fermi data quality in this region of the sky,
as well as with statistical fluctuations. If this is the case, the log
parabola model would suggest that the source is detectable by
CTAO-S, even when taking into account the EBL attenuation. If
instead we strictly adhere to the γ-ray upper limits, the data is
more compatible with the broken power-law electron distribu-
tion model in the VHE regime. The upper limits favour models
reaching the lowest fluxes, again suggesting a higher intensity of
the magnetic field. If this model is correct, however, this source
is unlikely to be detected by CTAO-S in survey mode. Some bet-
ter results could be achieved with long-lasting, pointed observa-
tions.

A.7. 5BZBJ1302+5056

The models for the source 5BZBJ1302+5056 are shown in Fig.
A.7 assuming a log parabola or a broken power-law electron dis-
tribution.

In both cases, the synchrotron peak flux derived by BLAST
seems to be slightly underestimated with respect to the data.
Nevertheless, the modelling of the IC peak seems to still be
reasonable with respect to the upper limits, assuming either a
log parabola or a broken power-law electron distribution, with
only one of the upper limits limiting the reasonable models to
those with the lowest fluxes in our range. However, EBL attenua-
tion would likely prevent detection by CTAO-N in survey mode,
especially if the power-law distribution is assumed to be correct.

A.8. 5BZBJ1057+2303

The models for the source 5BZBJ1057+2303 are shown in Fig.
A.8 assuming a log parabola or a broken power-law electron dis-
tribution.

In both models, the synchrotron peak is well constrained in
frequency, the range in observed fluxes being very likely due
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Fig. A.1. Broadband SED of 1ES 0229+200 (z=0.139, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past observations,
while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models, assuming on the left a log parabola
distribution, and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al.
(2024). Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey we show the sensitivity of
the CTAO-N array in survey mode for a 50-hour observation at zenith 20◦.
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Fig. A.2. Broadband SED of 5BZBJ0333-3619 (z=0.308, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past observations,
while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models, assuming on the left a log parabola
distribution, and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al.
(2024). Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we show, respectively,
the sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.

to variability, since X-ray data points are obtained by multiple
observations from different instruments. In the log parabola elec-
tron distribution model, the majority of the upper limits are con-
sistent with the models leading to lower fluxes. The one upper
limit at considerably lower fluxes, being an isolated case, could
reasonably be considered an effect of Poissonian noise. After
accounting for the EBL, the log parabola models still is consis-
tent with a potential detection by CTAO-N. On the other hand,
the broken power-law model seems to be inconsistent with most
γ-ray upper limits. Nevertheless, if the model is correct, a detec-
tion with CTAO-N could be feasible.

A.9. 5BZBJ2217–3106

The models for the source 5BZBJ2217-3106 are shown in Fig.
A.9 assuming a log parabola or a broken power-law electron dis-
tribution.

In both cases, the synchrotron peak is well constrained in
frequency, the range in observed fluxes being very likely due
to variability, since X-ray data points are obtained by multiple
observations from different instruments. This is the second of
the two objects in the sample where data points were also avail-
able in the VHE band, thanks to the BIGB catalog by Fermi
(Arsioli et al. (2020)). Such data points are consistent with both

the γ-ray upper limits we compute in this work, as well as with
our models. However, the EBL attenuation seems to prevent
detection by CTAO-S for both models.

A.10. 5BZBJ0124+0918

The models for the source 5BZBJ0124+0918 are shown in Fig.
A.10 assuming a log parabola or a broken power-law electron
distribution.

In both cases, assuming a correct extrapolation of the syn-
chrotron peak by BLAST, the model suggests flux values of the
IC peak that are compatible with the derived upper limits, but
considerably lower than other targets and in any case too low to
be detected by CTAO-N.

A.11. 5BZBJ1258+0134

The models for the source 5BZBJ1258+0134 are shown in Fig.
A.11 assuming a log parabola or a broken power-law electron
distribution.

In both models, the synchrotron peak seems to be actually
at lower frequencies than those probed by X-ray data, so that it
cannot actually be directly observed, and it is hard to assess if
the peak flux has been correctly constrained. Still, the post-peak
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Fig. A.3. Broadband SED of 5BZBJ1253+3826 (z=0.371, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past
observations, while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models, assuming on the
left a log parabola distribution, and on the right a broken power-law distribution for the electron population and EBL attenuation according to
Domínguez et al. (2024). Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we
show, respectively, the sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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Fig. A.4. Broadband SED of 5BZBJ1636–1248 (z=0.246, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past observa-
tions, while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models assuming on the left a log parabola
distribution and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al. (2024).
Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we show respectively the
sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.

decrease seems to be consistent with both models. The behaviour
of the IC peak is harder to constrain, since the γ-ray upper lim-
its tend to have an unstable behaviour. They are broadly consis-
tent with the lowest flux ends of the modelled regions, with only
one upper limit slightly detached from the others. Furthermore,
in both models, the EBL attenuation seems to preclude chances
of observation with CTAO-N, though, if the log parabola elec-
tron distribution model is correct there are some chances that the
source could be detected with long-lasted, pointed observations.

Finally, it must be reminded that no information concern-
ing the redshift of this source was available, and therefore it was
simply assumed to have the same redshift as the farthest object in
our sample (5BZBJ1302+5056, z = 0.688). This, combined with
the fact that this source is the one with lowest log(νpeak)=16.2
among those analysed in this Chapter, makes the estimate of the
IC peak less reliable than the ones we obtained for the other
sources. Consequently, this source should be given lower pri-
ority for a potential follow-up campaign with CTAO, unless a
spectroscopic redshift is obtained in the meantime.
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Fig. A.5. Broadband SED of 5BZBJ1251-2958 (z=0.389, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past observations,
while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models assuming on the left a log parabola
distribution and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al. (2024).
Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we show respectively the
sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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Fig. A.6. Broadband SED of 5BZBJ0040-2719 (z=0.172, γ0 ∼ 105, γbreak ∼ 105). The data points in blue are those available from past observations,
while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models assuming on the left a log parabola
distribution and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al. (2024).
Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we show respectively the
sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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Fig. A.7. Broadband SED of 5BZBJ1302+5056 (z=0.688, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past observa-
tions, while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models assuming on the left a log parabola
distribution and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al. (2024).
Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we show respectively the
sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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Fig. A.8. Broadband SED of 5BZBJ1057+2303 (z=0.379, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past observa-
tions, while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models assuming on the left a log parabola
distribution and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al. (2024).
Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we show respectively the
sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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Fig. A.9. Broadband SED of 5BZBJ2217-3106 (z=0.460, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past observations,
while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models assuming on the left a log parabola
distribution and on the right a broken power-law distribution for the electron population and EBL attenuation according to Domínguez et al. (2024).
Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we show respectively the
sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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Fig. A.10. Broadband SED of 5BZBJ0124+0918 (z=0.338, γ0 ∼ 105, γbreak ∼ 106). The data points in blue are those available from past
observations, while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models assuming on the
left a log parabola distribution and on the right a broken power-law distribution for the electron population and EBL attenuation according to
Domínguez et al. (2024). Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we
show respectively the sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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5BZBJ1258+0134 broadband SED, log parabola electron distribution
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Fig. A.11. Broadband SED of 5BZBJ1258+0134 (z=0.688, γ0 ∼ 104, γbreak ∼ 105). The data points in blue are those available from past
observations, while the upper limits in green are derived from Fermi data. The regions in orange are the one-zone models, assuming on the
left a log parabola distribution, and on the right a broken power-law distribution for the electron population and EBL attenuation according to
Domínguez et al. (2024). Additionally, pink lines show how the intrinsic models would behave without EBL attenuation, while in grey and red we
show, respectively, the sensitivity of the CTAO-S array in survey mode for a 50-hour and a 100-hour observation at zenith 20◦.
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