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ABSTRACT

Extreme high-frequency peaked BL Lac objects (EHBLs) are blazars which exhibit extremely ener-

getic synchrotron emission. They also feature non-thermal gamma-ray emission whose peak lies in the

very high-energy (VHE, E > 100 GeV) range, and in some sources exceeds 1 TeV: this is the case of

hard-TeV EHBLs such as 1ES 0229+200. With the aim of increasing the EHBL population, ten targets

were observed with the MAGIC telescopes from 2010 to 2017, for a total of 262 h of good quality data.

The data were complemented by coordinated Swift observations. The X-ray data analysis con�rms

that all the sources but two are EHBLs. The sources show only a modest variability and a harder-

when-brighter behavior, typical for this class of objects. At VHE gamma rays, three new sources were

detected and a hint of signal was found for another new source. In each case the intrinsic spectrum is

compatible with the hypothesis of a hard-TeV nature of these EHBLs. The broadband spectral energy

distributions (SEDs) of all sources are built and modeled in the framework of a single-zone purely

leptonic model. The VHE gamma-ray detected sources were also interpreted with a spine-layer and a

proton synchrotron models. The three models provide a good description of the SEDs. However, the

resulting parameters di�er substantially in the three scenarios, in particular the magnetization param-

eter. This work presents a �rst mini-catalog of VHE gamma-ray and multi-wavelength observations of

EHBLs.

Keywords: Catalogs - Active galaxies - galaxy jets - BL Lacertae objects - Gamma-ray sources -

Non-thermal radiation sources
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1. INTRODUCTION

Giant elliptical galaxies may host in their center a

super-massive black hole (�109 M�) which accretes ma-

terial through a disc and, in 1 up to 15% of the cases

(Padovani et al. 2017), features two narrow jets of ultra-

relativistic particles extending well outside the galaxy.

These objects are known as jetted active galactic nuclei

(jetted-AGNs; Urry & Padovani 1995; Padovani 2016).

The spectra observed from jetted-AGNs is strongly de-

pendent on the viewing angle of the jet with respect to

the observer. This di�erence is also at the base of their

classi�cation. Radio galaxies are jetted-AGNs with the

jets seen from large angles. The two extended jets are

particularly bright in radio and gamma rays. Blazars

are instead jetted-AGNs seen at small angles, and their

spectra is fully dominated by the jet emission which is

largely enhanced due to relativistic e�ects. They can be

subdivided into at spectrum radio quasars (FSRQs)

and BL Lac objects (BL Lacs) depending on the equiv-

alent widths of emission lines in the optical spectrum

(Stocke et al. 1991; Stickel et al. 1991). Ghisellini et al.

(2009) suggested that the division between these two

classes is due to the di�erent accretion regime, with FS-

RQs showing an accretion rate above 10�2 of the Ed-

dington rate. The spectral energy distribution (SED)

emitted by blazars is characterized by two broad humps

(Ghisellini et al. 2017): a low-frequency (from �1012 to

1018 Hz and above), and a high-frequency peak (above

1021 Hz). The �rst peak is due to synchrotron radiation

emitted by ultra-relativistic electrons. The second peak

is most likely due to inverse Compton (IC) emission and

is possibly accompanied by an additional hadronic com-

ponent whose relevance is still largely debated (B�ottcher

et al. 2013). The location of the �rst peak is on average

at quite low frequencies for FSRQs, and drives the divi-

sion of BL Lacs into the sub-categories LBL, IBL, and

HBL (low-, intermediate-, and high-frequency-peaked

BL Lacs, respectively). Fossati et al. (1998) found ev-

idence of an empirical sequence connecting the blazar

classes with their bolometric luminosity, that is, low-

energy-peaked objects such as FSRQs display a higher

luminosity than high-energy-peaked ones, i.e., HBLs,

and form the so-called blazar sequence. In addition, the

luminosity ratio between the high and low energy com-

ponent increases with bolometric luminosity. According

to Ghisellini et al. (1998), this anti-correlation between

the peak position of the synchrotron emission and the

bolometric luminosity can be explained by e�ective cool-

ing e�ects. E�ective cooling is more e�cient for FSRQs

due to the strong radiation �elds within the broad line

region (BLR). This leads to a lower Lorentz factor at

the break of the electron distribution, which determines

the location of both the synchrotron and the Compton

peaks, and therefore largely determines the shape of the

SED.

The other important parameters characterizing the

SED of blazars are the ratio of the Compton-to-

synchrotron powers, i.e., the Compton dominance, the

power injected in the form of electrons, and the power

in the external photon component. Since external radi-

ation �elds are present in FSRQs, this latter component

contributes to e�ective cooling. Based on blazars with

known redshift that have been detected by the Large

Area Telescope (LAT) on board the Fermi Gamma-ray

Space Telescope, Ghisellini et al. (2017) revise the blazar

sequence. The authors report to �nd a sequence with

the same general properties of the original one. In addi-

tion, when considering BL Lacs and FSRQs separately,

they �nd that FSRQs form a sequence in Compton dom-

inance and in the X-ray spectral index. However, they

do not become redder when being more luminous, while

BL Lacs do.

In this context, Costamante et al. (2001) found evi-

dence of objects with the synchrotron peak frequency

exceeding the soft X-ray band, de�ned as extreme high-

frequency-peaked blazars (EHBLs, peak above 1017 Hz,

see also Abdo et al. 2010a). According to the blazar

sequence, these objects are expected to be very faint,

being at the upper edge of the peak frequency location.

However, several observation campaigns in multi-bands

carried out on blazars have found evidences of a number

of relatively bright EHBLs (e.g., 1ES 1426+428, Costa-

mante et al. 2001) as well as two blazars classi�ed as

HBLs that show during aring states EHBLs behav-

ior (e.g., Mrk 501 and 1ES 2234+514, Ghisellini 1999),

which are somehow in contradiction with the blazar se-

quence (e.g., Padovani 2007; Giommi et al. 2011; Kaur

et al. 2018).

In the last decade, the very good performances of

running Imaging Atmospheric Cherenkov Telescopes

(IACTs; namely H.E.S.S., MAGIC, and VERITAS)

opened the possibility of observing this intriguing class

of objects at very-high energies (VHE, E > 100 GeV).

VHE gamma-ray observations are distance limited, due

to the interaction of VHE photons with the extragalac-

tic background light (EBL) which causes a suppression

of the gamma-ray ux. This suppression increases with

the distance of the source and with the energy of VHE

photons: for nearby sources (z < 0:05) it is e�ective

only above few TeV, but for relatively distant sources

(z > 0.5) it is e�ective already at few hundred GeV.

At z � 1:0, 100 GeV photons are already strongly ab-

sorbed (e.g., Franceschini et al. 2008). The current

catalog of extragalactic sources detected at VHE by
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IACTs (TeVCat1) counts �80 objects. The large ma-

jority are HBLs with a high-energy SED peak located

typically at or above 100 GeV. Out of these sources,

there are 14 sources with published spectra cataloged

as EHBLs (Fo�ano et al. 2019; MAGIC Collaboration

et al. 2019a).

There are seven objects detected at TeV energies and

classi�ed in Costamante et al. (2018) and MAGIC Col-

laboration et al. (2019a) as hard-TeV blazars, with a sec-

ond SED bump peaking above 1 TeV. This translates in

a VHE power-law spectral index in the 100 GeV{1 TeV

range smaller than 2. Other 7 objects are EHBLs with

a softer TeV spectra (Fo�ano et al. 2019). Interestingly,

at least other two sources (Mrk 501, Pian et al. 1998;

MAGIC Collaboration et al. 2018; and 1ES 1959+650,

MAGIC Collaboration et al. 2018) have shown EHBL

behavior (and hard TeV spectra) during aring states.

As discussed in Fo�ano et al. (2019), these di�erent be-

haviors at VHE gamma rays might be characterizing

di�erent sub-classes within the EHBL class. Among

TeV-detected EHBLs, 1ES 0229+200 has the highest

high-energy peak frequency.

From the phenomenological and theoretical point of

view, the spectral characteristics of hard-TeV EHBLs

make these sources extremely interesting objects to be

studied in further detail. The prototypical hard-TeV

EHBL is 1ES 0229+200, located at a moderate redshift

of 0.14 (Aharonian et al. 2007; Tavecchio et al. 2009).

The synchrotron peak of 1ES 0229+200 was sampled

in great detail in a multi-wavelength campaign carried

out in 2010 including optical, UV and X-ray data which

�rmly characterized the synchrotron emission of this ob-

ject (Kaufmann et al. 2011a; Aliu et al. 2014). The high

X-ray/UV ux ratios that were observed indicate a re-

markably hard synchrotron spectrum, which could be a

hint for the presence of a low-energy cuto� of the elec-

tron spectrum (Kaufmann et al. 2011a). Once corrected

for EBL absorption, the VHE gamma-ray spectrum in-

dicates a ux that is steadily increasing with energy,

suggesting that in this object the high-energy bump of

the SED exceeds few TeV (Aharonian et al. 2007).

Since the detection of its peculiar TeV spectrum,

1ES 0229+200 became of fundamental importance for

the EBL science case and for constraining the intergalac-

tic magnetic �eld (IGMF). Due to the extreme hardness

of the intrinsic spectrum which does not show any cur-

vature at VHE up to 10 TeV, 1ES 0229+200 yields the

necessary TeV photons to study a wider range of the

EBL spectrum up to the, yet less constrained, far in-

1tevcat.uchicago.edu

frared band (Aharonian et al. 2007). In the cosmological

context a high intrinsic energy up to 10 TeV is a requi-

site to derive limits on the IGMF (Murase et al. 2012).

In fact, the photons emitted above 1 TeV from distant

EHBLs lead to electromagnetic cascades sensitive to the

magnetic �eld in the intergalactic medium. The IGMF

leaves its imprint in the reprocessed gamma-rays, result-

ing in an excess in the GeV energy range that can be

measured with instruments like Fermi/LAT (Vovk et al.

2012).

The number of relevant studies carried out on

1ES 0229+200 justi�es and supports the need for deep

observations on other objects with similar properties.

These studies, in fact, su�er from the very limited sam-

ple of hard-TeV EHBLs known both in X-rays and

VHE gamma rays. Considering the extreme properties

of their peak components, the investigation of their X-

ray and VHE gamma-ray emission is the main goal of

the present study. Moreover, it is the �rst and most

important building block to address all of the scienti�c

outcomes briey introduced above.

It is important to notice that in the high-energy

gamma-ray band (HE; 100 MeV < E < 100 GeV) faint

hard-TeV EHBLs are objects that are very di�cult to

detect. This is due to a combination of the average low-

luminosity characteristics for this kind of objects and the

high-energy peak of the SED located around or above

1 TeV. For example, the Fermi-LAT reports a signi�-

cant detection of 1ES 0229+200 only after 4 years of

exposure time (Acero et al. 2015; Vovk et al. 2012) and

despite the hard VHE spectrum it is not present in the

the Second Catalog of Hard Fermi -LAT Sources, 2FHL

(Ackermann et al. 2016).

The paper is structured as follows: in Section 2, a

short description of the criteria adopted for the source

selection is given followed by a list of the ten targets

of this study. Sections 3, 4, and 5 report the results

of the MAGIC, Fermi-LAT, Swift-XRT and NuSTAR

data analysis, respectively. Section 5 includes a study

of the X-ray temporal properties of the sample. The

observational properties of the sources in other bands

are briey outlined in Section 6. The multi-wavelength

SED data and models are reported and discussed in Sec-

tion 7. Finally, Section 8 includes a �nal discussion and

a summary of the main results of the paper. The details

of the data analyses in the various bands as well as those

of the modeling are reported in the Appendices A to F.

2. SOURCE SELECTION

Regarding the selection of EHBL targets for the obser-

vation with the MAGIC telescopes, di�erent approaches

have been attempted. Such an approach facilitated the

tevcat.uchicago.edu
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Table 1. Sample of EHBLs observed with MAGIC.Columns from left to right : source name, equatorial (RA and DEC) and
Galactic coordinates (l and b), redshift (z), equivalent Galactic hydrogen column density reported by Kalberla et al. (2005),
synchrotron peak frequency reported by Chang et al. (2017) (log(�peak)), criteria adopted for the selection (see text for details).
1ES 0229+200 reported in the last line is the prototype of EHBL sources and is considered in our work as reference source.

Source
RA (J2000) DEC (J2000) l b

z
NH log(�peak) Selection

[�] [�] [�] [�] �1021 [cm�2] [Hz] Criteria

TXS 0210+515 33.57 51.75 135.74 -9.05 0.0491 1.440 17.3 i, ii, iv, v

TXS 0637-128 100.03 -12.89 223.21 -8.31 0.1362 2.990 17.4 ii, v

BZB J0809+3455 122.41 34.93 186.48 30.35 0.0823 0.432 16.6 i, ii, iv, v

RBS 0723 131.80 11.56 215.46 30.89 0.1983 0.317 17.8 i, ii, iii, v

1ES 0927+500 142.66 49.84 168.14 45.71 0.1873 0.138 17.5 iii, v

RBS 0921 164.03 2.87 249.28 53.28 0.2363 0.382 17.9 iii

1ES 1426+428 217.14 42.70 77.48 64.90 0.1293 0.113 18.1 i, ii, v

1ES 2037+521 309.85 52.33 89.69 6.55 0.0531 4.360 N.A. i, ii, iv, v

RGB J2042+244 310.53 24.45 67.77 -10.80 0.1044 1.010 17.5 ii, v

RGB J2313+147 348.49 14.74 90.5 -41.91 0.1635 0.514 17.7 ii, v

1ES 0229+200 38.20 20.29 152.94 -36.61 0.1401 0.792 18.5 -

1: Mao 2011; 2: private communication with S. Paiano; 3: Ahn et al. 2012; 4: Shaw et al. 2013; 5: Sowards-Emmerd et al.
2005

chances of detection and takes the updated catalogs into

consideration. The general criteria adopted are based

on the X-ray spectral behavior, the soft HE gamma-ray

spectral behavior, and the X-ray-to-radio ux ratio.

The �rst criterion (i) relies on the fact that EHBLs

are by de�nition expected to exhibit the synchrotron

peak above 1017 Hz. Therefore, candidates with a hard

spectral index (� � 2) in the soft X-ray band covered

by Swift-XRT were targeted. Additionally, the tail of

the synchrotron emission could be also detected at hard

X-rays by Swift/BAT and NuSTAR.

The second criterion (ii) adopted for the selection is

related to the properties of the HE gamma-ray emis-

sion of each source extracted from the following LAT

catalogs: the 1FHL, the First Fermi -LAT Catalog of

Sources above 10 GeV (Ackermann et al. 2013), the
2FHL, the Second Catalog of Hard Fermi -LAT Sources

(Ackermann et al. 2016), and the 3FGL, Fermi -LAT

4-year Point Source Catalog (Acero et al. 2015). The

second peak of the SED of EHBLs might be di�cult

to measure below a hundred GeV, especially when it

is located above 1 TeV. This is for example the case

of 1ES 0229+200, whose second SED peak was con-

strained above 10 TeV by H.E.S.S. and VERITAS obser-

vations. On the other hand, a possible detection, even if

marginal, of gamma rays in the HE gamma-ray range en-

hances signi�cantly the chance of the detectability with

MAGIC, and makes the extrapolation to the VHE possi-

ble. For this reason, the gamma-ray emission properties

as reported in the LAT catalogs, when available, have

been considered for the selection of new candidates.

In recent MAGIC observation campaigns the list of

EHBL candidates proposed in Bonnoli et al. (2015),

where the authors propose new candidates according to

the high X-ray-to-radio ux ratio, was considered. This

was the third selection criterion (iii).

Fallah Ramazani et al. (2017) proposed a list of 53

promising TeV BL Lac candidates based on the multi-

wavelength luminosity correlations derived for the sam-

ple of TeV-detected BL Lac objects. As the forth crite-

rion (iv) we selected the best candidates whose X-rays

and HE gamma-ray properties follow criteria (i) and (ii).

Finally, low-redshift (<0.2) sources were favored in

the selection as criterion (v), ensuring a relatively small

e�ect on the VHE spectra due to EBL absorption, at

least below the TeV range.

The sources whose MAGIC spectrum is already pub-
lished, e.g. 1ES 1741+196 and the recently detected

2WHSP J073326.7+515354 (MAGIC Collaboration

et al. 2017, 2019a), or collected after 2017 have been

excluded from the sample.

The �nal list of objects observed with the MAGIC

telescopes is summarized in Table 1. The equatorial and

Galactic coordinates of the sources are listed together

with the redshift, Equivalent Galactic hydrogen column

density reported by Kalberla et al. (2005), and the syn-

chrotron peak frequency as reported in the 2WHSP

(Second Wise HSP catalog; Chang et al. 2017), when

available. The last column summarizes the criteria used

for the selection.

The sample includes the archetypal EHBL source

1ES 0229+200, which has been deeply observed by

MAGIC between 2013 and 2017 and is added as a
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reference source (MAGIC Collaboration et al. 2019b,

MAGIC Coll. in prep.). All the considered sources have

not been detected by IACTs except for 1ES 1426+428,

which was �rst discovered as a TeV emitter by Whipple

(Aharonian et al. 2002) and recently detected with the

VERITAS telescopes (Archambault et al. 2017).

All the selected sources show a hard spectral index

in the X-ray band and, except for RBS 0921, are all

listed in the 3FGL catalog. Moreover, all the sources

selected are present in the 2WHSP of high-synchrotron-

peaked blazars except for 1ES 2037+521, whose very

bright host galaxy is probably the cause of exclusion

from the 2WHSP selection.

3. MAGIC RESULTS

Ten targets were observed with the MAGIC telescopes

starting from 2010. A total of 262 h of good quality data

were collected and analyzed. Table 2 summarizes the

general information of MAGIC observations. A fraction

of the data was collected during moderate moon time,

which explains the relatively high energy threshold re-

ported. The details of the analysis of data taken with

the MAGIC telescopes are reported in Appendix A.

For comparison, the results of the analysis of 117.46 h

of 1ES 0229+200 data collected with the MAGIC tele-

scopes between 2013 and 2017 (MAGIC Coll. in prep.)

are also reported. The signi�cance of the signal from

this source is 9�: although the second SED peak lies in

the TeV range its overall luminosity is low, as predicted

by the blazar sequence, and therefore it does not reach

a very high signi�cance despite the long exposures.

3.1. Signal Search and integral ux analysis

For the signal search, the �2 method explained in Ap-

pendix A was adopted. The signi�cance of the gamma-

ray signal, estimated with formula [17] of Li & Ma

(1983), is reported in the fourth column of Table 2.

The analysis revealed �rm VHE gamma-ray detec-

tion of three new sources, namely TXS 0210+515,

RBS 0723, and 1ES 2037+521, and a hint of signal

from RGB J2042+244. In addition, a �rm detection

of the known TeV emitter 1ES 1426+428 was found in

the 2012 dataset. A dedicated time-resolved analysis

was performed on each source. In particular a pos-

sible daily-, monthly- and yearly-scale variability was

checkedand no hint of variability in the analyzed sam-

ple was detected. For 1ES 1426+428, a yearly-scale

analysis resulted in a signi�cant signal detection only

from the 2012 dataset (see Fig. 6 in Appendix A).

However, with the data collected the constant-ux hy-

pothesis cannot be excluded (�2=d:o:f = 8:439=2; d.o.f.

= degrees of freedom). 1ES 1426+428 is the only source

of the sample previously detected by IACTs (Djannati-

Ata�� et al. 2002; Petry et al. 2002; Horan et al. 2002;

Aharonian et al. 2003a; de la Calle P�erez et al. 2003;

Aharonian et al. 2003b; W. Benbow for the VERITAS

Collaboration 2011; V. Fidelis 2012). A comparison of

the integral ux and of the observed spectra can be

found in Appendix A.

Archambault et al. (2016) reports VHE gamma-ray

ux upper limits obtained with the VERITAS array for

four sources in our sample. They are TXS 0210+515,

BZB J0809+3455, 1ES 0927+500, and RBS 0921.

Among these sources, the VHE gamma-ray ux of

TXS 0210+515 measured during MAGIC campaign is

in agreement with the upper limit reported by VER-

ITAS, which lies above MAGIC measurement. In the

other three cases, MAGIC observations led to a better

constraint of VHE gamma-ray ux when comparing the

reported upper limits by VERITAS. This reects the

deeper exposures adopted by the MAGIC Collabora-

tion. Regarding the variability, it must be underlined

that all the sources considered are faint TeV emitters

and a possible moderate variability of the signal could be

undetectable due to the instrument’s sensitivity limit.

3.2. Spectral Analysis

The observed spectra of the three new sources de-

tected with MAGIC, 1ES 1426+428, and for the hint-of-

signal source are displayed in E2dN=dE representation

in Figure 1 as open gray markers.

All the spectra are characterized by only three to �ve

spectral points that are a�ected by large uncertainties

due to the relatively faint signals. Interestingly, all the

sources except the most distant one, that is RBS 0723,

display data points above 1 TeV, which excludes severe

cuto� below this energy as expected for this class of

sources, in particular the hard-TeV ones.

The spectra have been �tted with a simple power law

of the form
dN

dE
= F0 �

�
E

Edec

���

; (1)

with F0 and � as �t parameters representing the ux at

the decorrelation energy2 Edec and the spectral index,

respectively, for the observed (�obs) and intrinsic spec-

trum (�int). The �t parameters are listed in Table 3.

The observed spectra are quite soft, with a spectral in-

dex softer than 2, and in the case of RBS 0723 reaching

the value 3:60� 0:79, where the error is statistical only.

2The decorrelation energy corresponds to the energy at which
the correlation between ux normalization and spectral index is
minimum. The calculation of this energy is based on formula [3]
in Abdo et al. (2010b).
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Table 2. Results of the signal search and integral ux analysis of the MAGIC data for the ten EHBLs considered in this
study. The results for 1ES 0229+200 are also reported for comparison, bottom row. Columns from left to right : source name,
year(s) of observation, e�ective exposure time after quality cuts, signi�cance of the signal in �, assumed energy threshold for
integral ux calculation, ux measured above the energy threshold, VHE gamma-ray luminosity over 200 GeV, and the source
detection status at VHE gamma rays (Y: detected, N: not detected, and H: hint of signal). In case of non-detection (see Section 3
for details), an integral-ux upper limit is reported instead, assuming a simple power-law spectrum of spectral index � (see
Equation 1 and the text for further details).

Source Observation periods
Time Signi�cance Eth Flux�Eth

L�200GeV VHE?
[h] [�] [GeV] �10�12[cm�2s�1] �1043[erg s�1]

TXS 0210+515 2015, 2016, 2017 28.6 5.9 200 1.6 � 0.5 0.6 � 0.2 Y

TXS 0637-128 2017 12.8 1.7 300 <8.9? <50.9 N

BZB J0809+3455 2015 21.8 0.4 150 <3.7? <3.0 N

RBS 0723 2013, 2014 45.3 5.4 200 2.6 � 0.5 24.8 � 4.8 Y

1ES 0927+500 2012, 2013 26.2 1.2 150 <5.1? <24.2 N

RBS 0921 2016 13.9 -0.4 150 <8.6? <68.5 N

1ES 1426+428

8<:
2010 6.51 2.1 200 <9.3y <27.7 N

2012 8.7 6.0 200 6.1 � 1.1 18.4 � 3.4 Y

2013 5.9 1.8 200 <5.1y <14.2 N

1ES 2037+521 2016 28.1 7.5 300 1.8 � 0.4 1.3 � 0.3 Y

RGB J2042+244 2015 52.5 3.7 200 1.9 � 0.5 3.4 � 0.8 H

RGB J2313+147 2015 11.5 -0.9 200 <1.5? <7.0 N

1ES 0229+200 2013{2017 117.5 9.0 200 2.1 � 0.3 7.6 � 1.1 Y

? Flux upper limit is calculated by assuming the observed photon index �obs = 2:0.
y Flux upper limit is calculated by assuming the observed photon index �obs = 2:6 derived from 2012 observations.

For the sources without a detection (or hint-of-signal)

in VHE gamma rays, ux upper limits were calculated

(see Table 2). Given their low redshifts and assuming

that their VHE gamma-ray spectra were similar to that

of the prototype EHBL 1ES 0229+200, an observed pho-

ton index of 2 was adopted for the upper limit calcula-

tions. For some of the sources, di�erent photon indices

(2, 3, and 4) were assumed to check the robustness of

the upper limits. In all cases, the calculated upper limits

show small variations when di�erent photon indices are

assumed. However, these variations are within the in-
strument systematic uncertainties (< 15 %). Given the

VHE gamma-ray detection of 1ES 1426+428 in 2012, the

observed photon index of 2.6 was used for the calcula-

tion of the upper limits for the observation periods in

2010 and 2013, when the source was not detected.

In order to evaluate and compare the intrinsic emis-

sion of each source, the observed spectra have been cor-

rected for the EBL absorption assuming the model by

Franceschini et al. (2008), �lled black markers. The in-

dices are reported in Table 3, last column, where the

errors listed are statistical only.

MAGIC Collaboration et al. (2019b) tested the e�ect

of using eight di�erent EBL models, including those de-

scribed by Franceschini et al. (2008) and Dom��nguez

et al. (2011), on the EBL density constraints. Their

results show that such an e�ect is negligible within the

tested models.

Very remarkably, the intrinsic spectral indices ob-

tained by �tting with a power law function (dashed blue

lines in Fig. 1) are all quite hard suggesting that the

VHE gamma-ray emission covers the energy range still

below the second, high-energy SED peak. RBS 0723

represents the only exception, even if the faintness of

the signal combined with the large distance severely af-

fect the observed and de-absorbed spectra. Therefore,

according to the MAGIC observations TXS 0210+515,

whose intrinsic spectral index �int is 1:6 � 0:3, is a

newly detected hard-TeV EHBL. 1ES 1426+428 and

1ES 2037+521, �int = 1:8 � 0:5 and �int = 2:0 � 0:5

respectively, are also compatible with the hard-TeV

EHBL nature hypothesis. The hint-of-signal source

RGB J2042+244, �int = 1:7 � 0:6, seems also a hard-

TeV EHBL. The extreme position of the second peak in

these sources will be further investigated in Section 7.

4. FERMI-LAT RESULTS

In general, EHBLs are not strong sources in the HE

gamma-ray domain. The shift of the IC peak position to

higher energies, together with the average low luminos-

ity of these objects, make them faint sources for Fermi-

LAT below 100 GeV.
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Table 3. Results of the MAGIC spectral analysis of the EHBLs detected at VHE gamma rays together with the one which
shows hint of signal (RGB J2042+244) and 1ES 0229+200, the reference source. Columns from left to right : Source name,
redshift, decorrelation energy, di�erential energy ux derived from the observed spectrum at the decorrelation energy, spectral
index of the observed spectrum, spectral index of the intrinsic spectrum corrected for EBL absorption with the Franceschini
et al. (2008) model. Only statistical errors are reported.

Source z
Edec F0 �10�12

�obs �int
[GeV] [cm�2s�1]

TXS 0210+515 0.049 1574 0:10� 0:03 2:0� 0:3 1:6� 0:3

RBS 0723 0.198 300 10:0� 2:0 3:6� 0:8 2:7� 1:2

1ES 1426+428? 0.129 242 25:6� 0:1 2:6� 0:3 1:8� 0:5

1ES 2037+521 0.053 400 5:6� 0:6 2:3� 0:2 2:0� 0:5

RGB J2042+244y 0.104 379 2:6� 0:5 2:3� 0:3 1:7� 0:6

1ES 0229+200 0.140 521 3:6� 0:4 2:6� 0:1 1:8� 0:1

? Data from 2012 sub-sample.
y Only hint of signal was detected for this source.

For the determination of the HE gamma-ray proper-

ties of the sources of this study, the analysis of Fermi-

LAT data was performed. The details of the analysis

are reported in Appendix B.

The time span selected for each analysis varies in func-

tion of MAGIC exposure and source faintness. For each

source the interval was selected as short as possible to

match the MAGIC observations to gather a TS > 25.

Taking into account the low uxes involved, the mini-

mum interval considered was as long as 1 year.

In Table 4, last four columns, the main results of the

analyses are reported. For comparison, the 3FGL, 2FHL

(Ackermann et al. 2016), and 3FHL (Ajello et al. 2017)

values are available in Appendix, Table 6.

Only one of the considered sources, namely RBS 0921,

is not reported in any Fermi-LAT catalog yet. Interest-

ingly, the analysis of more than 8 years of data from

the source RBS 0921 indicates a TS of 23, correspond-

ing to a signi�cance of �4�, near the threshold used

to de�ne a source detected at HE. The source therefore

shows a hint of signal at HE with this deep exposure

and will be possibly detected in the near future. All

the other sources are detected with a TS spanning from

34, for the source RGB J2313+147 (1 year exposure),

to 94, for 1ES 1426+428 (1 year exposure) that is also

the brightest source of the sample in X-ray. The uxes

measured in the 1 { 300 GeV energy range are between

1.4 to 6.7 � 10�10 cm�2s�1. Therefore in this energy

range the average integral ux of the sources lies within

half order of magnitude. The spectral index values are

all below 2, which in the E2dN/dE representation cor-

responds to an increasing spectrum. This is consistent

with the extreme location of the second SED peak.

The Fermi-LAT spectral indices reported in Ta-

ble 4 are all compatible with the indices measured at

higher energies with MAGIC, Table 3. The similar

indices are in agreement with the behavior observed in

1ES 0229+200, where the spectrum shows no break from

the GeV up to the VHE range above 100 GeV. However,

in our case this compatibility could be simply due to

the large error bars a�ecting the MAGIC determination

(in particular for RBS 0723 and TXS 0210+515). Fur-

ther, deep VHE measurements are needed to constrain

the spectral shape of these EHBLs and determine with

precision the location of the high-energy SED peak.

A study of the relation between the HE spectral

properties and the TeV detectability, reported in Ap-

pendix B, reveals that there is no evident correlation

between the measured LAT spectral index and the TeV

detection.

5. X-RAY PROPERTIES OF THE SAMPLE

EHBLs are, by de�nition, characterized by a syn-

chrotron peak energy exceeding 1017 Hz. This means

that the bulk of the synchrotron emission is located in

the X-ray band. For this reason special attention has

been paid to the X-ray data for the study of the charac-

teristic emission from the selected targets, in particular

to those collected with the the X-ray Telescope (XRT)

(Burrows et al. 2004) on-board of the Neil Gehrels Swift

Observatory, and the Nuclear Spectroscopic Telescope

Array (NuSTAR).

5.1. Swift-XRT results

When possible, Swift-XRT data simultaneous with

MAGIC pointings were requested via Target of Op-

portunity (ToO) observations. Moreover, all the avail-

able Swift-XRT archival data (Stroh & Falcone 2013)

have been analyzed using the procedure detailed in Ap-

pendix C.

The X-ray light-curves of the targets in the 2 to 10 keV

energy range are shown in the left panels of Figure 2. An

example of the results is shown in Appendix C, Table 7.
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Table 4. Main spectral parameters resulting from the analysis of Swift-XRT and Fermi-LAT data. Columns from left to right :
source name; Swift-XRT observation dates (selected for the SED modeling); X-ray ux in the 2-10 keV energy range; spectral
index of X-ray spectrum; �t-statistics parameters; date for Fermi-LAT data (centered on the MAGIC observation window); HE
gamma-ray ux in range of 1-300 GeV; spectral index of HE gamma-ray spectrum; likelihood test statistics (TS) of the �tted
model.

Swift-XRT Fermi-LAT

Source Obs. date F(2�10 keV)�10�12

� �2/d.o.f.
Interval F(1�300 GeV)�10�10

� TS
y

[MJD] [erg cm�2s�1] [MJD] [cm�2s�1]

TXS 0210+515 57417 8:6� 0:4 1:71� 0:04 119.4/77 57388{58118 4.3 � 1.3 1.8 � 0.2 42

TXS 0637-128 57784 15:6� 1:0 1:96� 0:07 32.1/32 54682{58318 3.4 � 1.1 1.5 � 0.2 60

BZB J0809+3455 57126 2:1� 0:3 1:89� 0:08 9.5/17 56658{57753 2.4 � 0.8 1.9 � 0.2 39

RBS 0723 57671 13:0� 0:7 1:68� 0:04 55.3/54 56108{57203 2.8 � 0.8 1.6 � 0.2 53

1ES 0927+500 55648 6:4� 0:7 2:06� 0:07 38.8/26 55562{57022 1.4 � 0.6 1.5 � 0.2 30

RBS 0921 57434 4:2� 0:6 1:63� 0:09 10.7/14 - - 23

1ES 1426+428 56064 47:4� 1:4 1:84� 0:02 171.2/172 55927{56292 6.7 � 1.7 1.4 � 0.2 94

1ES 2037+521? 57660 10:7� 1:0 1:93� 0:13 18.7/17 57203{57934 4.6 � 1.5 1.7 � 0.2 46

RGB J2042+244 57192 9:2� 0:8 1:93� 0:07 29.5/27 56838{57569 4.6 � 1.4 1.7 � 0.2 58

RGB J2313+147 57172 1:6� 0:1 2:18� 0:06 30.5/32 56838{57569 3.6 � 1.1 1.7 � 0.2 34

1ES 0229+200 56264 13:1� 1:0 1:79� 0:07 43.5/41 56293{58118 2.3 � 0.7 1.5 � 0.2 78

? The X-ray energy range for spectral analysis is 1.5{10 keV (see Appendix C for details).
y The square root of the TS is approximately equal to the detection signi�cance for a given source.

For all the sources, the spectral index � of the power law

�tting the spectrum is almost .2. This indicates that

the synchrotron peak lies around or above this energy

range, as expected for this class of sources. The only

exception is RGB J2313+147, whose X-ray data suggest

a peak located below 1017 Hz (see Sec. 5.2).

For broad band SED modeling of each object, we

selected the Swift-XRT observation which is either si-

multaneous to NuSTAR observations (TXS 0210+515,

RGB J2313+147, and 1ES 0229+200) or has the low-

est time lag from the strongest detected signal in VHE

gamma-ray band (Table 4).

As shown in the right panels of Figure 2, the possible

relation between � and the ux in the 2-10 keV energy

band is investigated for each source. The general trend

is a harder-when-brighter behavior, meaning that the

photon index decreases when the ux increases. This

trend is quite typical in blazars, and has been observed

in several X-ray campaigns of Mrk 501 (Pian et al. 1998).

Mrk 501 is one of the best sampled BL Lac objects, and

it showed an EHBL behavior during some observational

campaigns (MAGIC Collaboration et al. 2018). The ob-

served trend can be interpreted as the emerging of an

additional population of accelerated electrons in the jet

during high-activity states.

It is important to note, however, that there are also

counter-examples to this trend, such as the observation

campaign on Mrk 501 in 2012, when the source exhibited

very hard spectra in the X-ray and VHE ranges both in

a quiescent and a aring state (MAGIC Collaboration

et al. 2018). This underlines the overall complexity of

blazars when studied in detail.

5.2. NuSTAR results

NuSTAR (Harrison et al. 2013) observed TXS 0210+515

and RGB J2313+147 in the hard X-ray band (3-79 keV)

with its two coaligned X-ray telescopes with correspond-

ing focal planes, focal plane module A (FPMA) and B

(FPMB), on 2016 January 30 and 2015 May 30, for a

net exposure time of 21.4 ks and 22.9 ks, respectively.

NuSTAR data of TXS 0210+515 and RGB J2313+147

have been processed as reported in Appendix D. Simul-

taneously to NuSTAR observations, Swift-XRT obser-

vations of TXS 0210+515 and RGB J2313+147 were

performed. This allows us to study the X-ray spec-

tra of each source over a wide energy range. The re-

sults of the simultaneous �ts of the NuSTAR and Swift-

XRT data are presented in Appendix, Table 9. All er-

rors are given at the 90% con�dence level. The pho-

toelectric absorption model tbabs, with a neutral hy-

drogen column density �xed to its Galactic value was

included in all �ts. To account for the cross-calibration

between NuSTAR-FPMA, NuSTAR-FPMB, and Swift-

XRT a constant factor was included in the model, frozen

at 1 for the FPMA spectra and free to vary for the

FPMB and XRT spectra. The di�erence of the cross-

calibration for the FPMB spectra with respect to FPMA

spectra is 1-3 percent, while for the XRT spectra is

� 10% and � 15% in the case of TXS 0210+515 and

RGB 2313+147. Madsen et al. (2017) claimed that the
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Figure 1. Spectral energy distributions of the four extreme
blazars detected with the MAGIC telescopes and for the hint-
of-signal source in E2 dN/dE representation: observed data
(open gray markers) and EBL-corrected data (�lled black
markers) using the Franceschini et al. (2008) model. The
dashed lines represent the power-law �t to the EBL-corrected
data.

relative quality of the spectra play signi�cant role in

calculation of cross-normalization constant between the

two instruments. The di�erence of the cross-calibration

for the XRT spectra with respect to FPMA is in agree-

ment with their �nding.

Two di�erent models were tested: a simple power law

and a log parabola model. For TXS 0210+515, the F-

test shows an improvement of the �t with a log parabola

model with respect to a simple power law, with a proba-

bility that the null hypothesis is true of 9.8�10�9. The

log-parabola model is therefore preferred with 5:7� level

of con�dence. The combined Swift-XRT and NuSTAR

spectrum of TXS 0210+515 is reported in the Appendix,

Figure 9.

In the case of RGB 2313+147, the X-ray spectrum is

well �tted by a simple power law (Fig. 9). However, the

X-ray ux observed during the NuSTAR observation of

RGB 2313+147 is a factor of 10 lower with respect to

the value observed for TXS 0210+515. In this way, the

relatively low number of counts may prevent us from

accurately test a curved spectrum in X-rays.

1ES 0229+200 was also observed with NuSTAR on

2013 October 02, 06, and 10, for a total exposure time

of � 51 ks. We adopt here the data analysis results pub-

lished in Costamante et al. (2018). Also in this case a

log parabola model is statistically preferred over a sim-

ple power law model.

6. PROPERTIES OF THE SAMPLE IN OTHER

BANDS

All the ten targets considered in the study have ra-

dio data accessible via public archives that were re-

covered from the NED database3. The apparent radio

ux values measured at 1.4 GHz distribute from 4 to

500 mJy. The corresponding absolute powers distribute

in the range (1� 6)� 1033 W.

The XRT data presented in previous Section have al-

ways been complemented with data at lower frequencies

collected with the UVOT instrument, onboard the Swift

satellite. Apart from the bands at larger energies, in the

UV domain (when available), the UVOT data generally

represent the emission from the host galaxy. In extreme

blazars, in fact, the host galaxy is clearly detected at IR-

optical wavelengths, as the synchrotron peak is shifted

towards the X-ray regime. This is not the usual case

for other kind of BL Lac objects, where the host galaxy

is usually dominated by the peak of the non-thermal

continuum.

3https://ned.ipac.caltech.edu

https://ned.ipac.caltech.edu
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Figure 2. Left panels: X-ray light curve (2-10 keV), corrected for Galactic extinction of the sample. The red squares show the
data point which are used in broadband SED modeling. Shadowed areas illustrate MAGIC observation windows. Right panels:
Scatter plot of the power-law photon index (�) versus X-ray ux (2-10 keV) measured with Swift-XRT for each source of the
sample. Dashed lines are the best-�tted linear models �tted to the data of each source.
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Five sources of the sample are reported in the

Swift-BAT 105-Month Hard X-ray catalog4, they

are TXS 2010+515, TXS 0637-128, 1ES 0927+500,

1ES 1426+428, and 1ES 0229+200 (Oh et al. 2018).

Interestingly, three of those sources have been detected

by MAGIC suggesting that the detection in hard X-rays

is a good (but not exclusive) selection criterion for VHE

observations.

7. SED MODELING

The SEDs of each target are assembled complement-

ing the MAGIC, Swift-XRT, NuSTAR, and Fermi-LAT

data with archival data from the ASI Space Science Data

Center (SSDC)5. VHE gamma-ray data are corrected for

the EBL absorption e�ect by adopting the Franceschini

et al. (2008) model, which is in good agreement with

current limits for the di�use background (Cooray 2016).

The SEDs are displayed in Figure 3. The archival data

are shown in gray while the data used for the modeling

are displayed with red open markers and red downward

triangles in case of upper limits. These data can be con-

sidered as quasi-simultaneous, with MAGIC and Fermi-

LAT data being integrated over a long period due to the

relatively faint emission, and Swift-XRT and NuSTAR

spectra taken from one observation within the MAGIC

observation window. For 1ES 0229+200 the NuSTAR

data recently published in Costamante et al. (2018) were

adopted. In the case of 1ES 1426+428 the average

14-195 keV spectrum obtained with Swift-BAT in 105

months of survey from 2004 to 2013 (Oh et al. 2018) was

included in the archival (gray) SED and clearly constrain

the peak position in the extreme region, above 1017 Hz.

7.1. SSC model

For �tting the broadband spectra, �rst the numerical

code in Asano et al. (2014) (see also Asano & Hayashida

2015, 2018), which calculates the emission from a con-

ical jet, is adopted. In this code, the temporal evo-

lution of the electron and photon energy distributions

in the plasma rest frame are calculated along the jet.

In the steady outow scenario, the temporal evolution

along the jet is equivalent to the radial evolution, so that

the emission in this code is obtained from the integral

of the 1-D structure. This treatment is similar to the

BLAZAR code by Moderski et al. (2003), which has been

frequently adopted to reproduce blazar spectra (see e.g.,

Kataoka et al. 2008; Hayashida et al. 2012). The con-

ically expanding jet naturally leads to adiabatic cool-

ing of electrons, which is a similar e�ect to the electron

4https://swift.gsfc.nasa.gov/results/bs105mon/
5http://www.asdc.asi.it

escape in one-zone steady models. Thus, the electron

escape in this 1-D code can be neglected.

The injection of the non-thermal electrons starts from

an initial radius R = R0. The electron injection is

assumed to continue during the dynamical timescale

R0=(c�) in the plasma rest frame. In this timescale,

the injection rate into a given volume V , which is ex-

panding as V / R2, is assumed to be constant. Even

after the shutdown of the electron injection, the elec-

tron energy distribution and photon emission is cal-

culated as far as R = 10 R0. The injection rate is

normalized by the electron luminosity Le in the ob-

server frame. The electron energy distribution at in-

jection is a single power law with an exponential cuto�,
_N() / �p1 exp(�=max) for the electron Lorentz fac-

tor  > min, or a broken power-law energy distribution,

changing the index from p1 to p2 at  = br. The mag-

netic �eld in the plasma frame evolves as B = B0(R0=R)

in the code. Synchrotron, IC scattering with the Klein{

Nishina e�ect, -absorption, secondary pair injection,

synchrotron self-absorption, and adiabatic cooling are

taken into account.

In this paper, the jet opening angle is assumed to be

1 / �, where � is the bulk Lorentz factor of the jet, and

an on-axis observer (the viewing angle is zero) is con-

sidered. The photon ux is obtained by integrating over

the entire jet, taking into account the Doppler boosting

by the conically outowing emission region.

The data cannot constrain all the model parameters.

Here, the initial radius is �xed at a typical value be-

ing R0 = 0.03 pc, and the minimum Lorentz factor at

min = 20. The remaining 5 model parameters, i.e, �,

B0, electron luminosity Le, maximum electron Lorentz

factor max, and spectral index p1 are left free to vary.

The broken power-law model includes two additional pa-

rameters, that is the break Lorentz factor br and the

high-energy spectral index p2. The parameters in the

�ts are summarized in Table 10 together with the values

obtained from the �ts: the synchrotron peak frequency

(�syn;pk), the IC peak frequency (�IC;pk), the Compton

dominance parameter (the ratio of �L� at �syn;pk to that

at �IC;pk, dented as \CD"), and the energy density ratio

of the magnetic �eld with that of the electrons (UB=Ue)

at the radius where the electron injection terminates.

Note that the Klein{Nishina e�ect is crucial in

EHBLs. If we can use the well-known relation

�IC;pk � 2
max�syn;pk or �IC;pk � 2

br�syn;pk in the Thom-

son regime, the parameter estimate is straightforward.

However, the photon energy in the electron rest frame

is much higher than mec
2 in EHBLs, so that the simple

estimate for �IC;pk is not useful because of the Klein{

Nishina e�ect. Our numerical code, which includes the

https://swift.gsfc.nasa.gov/results/bs105mon/
http://www.asdc.asi.it
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Klein{Nishina e�ect, outputs a consistent magnetiza-

tion, which is much less than the Compton dominance

parameter introduced above.

First, we consider 1ES 0229+200, the prototype of

EHBLs. As shown in Figure 3 (a), the NuSTAR data

provide the spectral shape around the synchrotron peak

very well. This sharp break cannot be reproduced by the

cooling break, so that the broken power-law injection

is adopted. The model is in a good agreement with

the observed quasi-simultaneous data. Assuming the

synchrotron radiation is the dominant cooling process,

the cooling break in the electron energy distribution is

expected to appear at

c =
6�mec

2�

�TB2R0
; (2)

This corresponds to an observed photon energy

"syn;c =
3

2
�

~eB
mec

2
c (3)

’8:7

�
�

20

�3 �
B

0:1 G

��3 �
R0

0:03 pc

��2

keV:(4)

In the modeled spectrum, the break energy at � 10 keV

due to br and the cooling break at � 300 keV are con-

sistent with a magnetic �eld of 0.03 G at the radius

where the electron injection terminates. The magneti-

zation parameter UB=Ue is very low (� 10�3) in this

model.

The MAGIC data show a signi�cantly dimmer and

softer spectrum than those observed in 2005{2006 by

H.E.S.S. (Aharonian et al. 2007). Taking into account

the H.E.S.S. data for the one-zone synchrotron self-

Compton (SSC) model by Kaufmann et al. (2011b)

requires a very narrow electron energy distribution

(min = 3:9 � 105, br = 6.2�107). While the size

of the emission region in their model is only by a factor

of � 2 larger than ours, their magnetic �eld is much

lower (3:2 � 10�5 G). Costamante et al. (2018) also

�tted the broadband spectrum of this source, adopting

the same X-ray data as included in our modeling, but

using the H.E.S.S. data. With UB=Ue = 5:9 � 10�6 {

5:0� 10�5 the magnetization parameter in their models

is also extremely low. However, with the shown mild

variability in VHE gamma rays of 1ES 0229+200 (VER-

ITAS, Aliu et al. 2014) and the non simultaneity of the

Swift and H.E.S.S. data the modeling can be a�ected.

The �tting result with the MAGIC data agrees with

a more conservative electron energy distribution and

magnetization.

The synchrotron spectral peak for 1ES 1426+428 is

not well constrained by the data collected during the

MAGIC observing period (see Fig. 3(b)). Referring to

the historical data, a single power-law injection model

with the peak energy "syn;pk � 6 keV is adopted in that

�gure. In this case, a larger magnetic �eld is adopted,

implying that the synchrotron peak is due to the cooling

break. The broad shape of the synchrotron peak leads

to a relatively higher photon ux in the lower energy

range. When the Klein-Nishina e�ect becomes crucial,

the higher density of low energy photons enhances the

e�ciency of SSC emission. The relatively broad spectral

peak and di�erent IC peak energies in 1ES 1426+428

lead to a large di�erence in the magnetization parame-

ter even for a Compton dominance parameter similar to

that of 1ES 0229+200.

Compared to the synchrotron spectral shape, the ob-

served gamma-ray spectrum is very hard. Thus, the

model has di�culty in reproducing the hard Fermi spec-

trum. Here, we give weight on the MAGIC data points,

and the broadband spectrum is �tted.

For RBS 0723 (Fig. 3, c) compared to the synchrotron

spectral shape, the observed HE gamma-ray spectrum is

very hard. Thus, the model has di�culty in reproducing

the hard Fermi-LAT spectrum. Here, we give weight on

the MAGIC data points, and the broadband spectrum

is �tted. The single power-law injection model repro-

duces the synchrotron and SSC ux in the VHE band,

while the Fermi-LAT ux lies below the model expecta-

tions. The synchrotron spectral peak is adjusted by the

maximum electron energy. The cooling break is higher

than "syn;pk in this case. The IC ux of the modeled

spectrum is slightly higher than the Fermi ux, but con-

sistent with the ux in other observational periods (in

gray).

The hard X-ray spectrum in 1ES 2037+521 indicates

a peak energy higher than 4 keV. The model shown in

Figure 3(d) assumes the synchrotron peak to be deter-

mined by the electron maximum energy. Since the syn-

chrotron peak is not constrained, we can increase "syn;pk

with a larger max, which leads to further low magnetic

�eld. The obtained magnetization in 1ES 2037+521 is

the lowest among our results. Adopting a higher mag-

netic �eld, the break appears below 4 keV. Among the

models presented in this paper, 1ES 2037+521 has the

highest "syn;pk, which is close to 100 keV. This is much

higher than the highest value (� 9 keV) con�rmed for

BL Lacs in the steady state (Costamante et al. 2018).

The at spectrum obtained with MAGIC seems consis-

tent with the SSC peak of the modeled spectrum.

Assuming that the at X-ray spectrum in RGB J2042+244

corresponds to the synchrotron peak, the spectrum is

�tted adopting a relatively lower value for the maximum

energy of electrons as shown in Figure 3(e).



14 MAGIC Collaboration

 [Hz]ν
10

10
13

10
16

10
19

10 2210
25

10
28

10
31

10
34

10

]
-1

 s
-2

) 
[e

rg
s 

cm
ν

f(ν

-16
10

-15
10

-1410

-13
10

-1210

-1110

-10
10

E [eV]
-410 -110 210

5
10

8
10 1110 1410 1710

20
10

(a) 1ES 0229+200
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(b) 1ES 1426+428
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(c) RBS 0723
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(d) 1ES 2037+521
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(e) RGB J2042+244
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(f) TXS 0210+515

Figure 3. Broadband SED and modeled spectrum for 1ES 0229+200 (archetipal EHBL) and the four VHE gamma-ray sources
detected with MAGIC presented in the study. The broadband SED of RGB J2042+244, for which a hint of signal was detected
at VHE gamma-rays is also shown. Red points represent contemporaneous UVOT, XRT, NuSTAR, Fermi-LAT and MAGIC
data considered in the �t. Gray markers are archival data from ASDC website. Blue, dashed line is the result of the conical-jet
SSC model. Black continuous line represents the outcome of the spine-layer model. Dashed-dotted magenta line is the outcome
of the proton-synchrotron model. The third bump in the proton-synchrotron model is the expected neutrino ux resulting from
the best �t solution proposed. Details in the text.
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The synchrotron peak in TXS 0210+515 is relatively

well constrained. To reconcile the at gamma-ray spec-

trum, especially for the Fermi data, we need to assume

a soft electron energy distribution as p1 = 2:5, which

implies that the energy budget is dominated by low en-

ergy electrons. As a result, the magnetization is one of

lowest as � 10�4.

There are �ve sources for which MAGIC provides only

upper limits in VHE ux. Even in these cases, the up-

per limits can constrain the model. In 1ES 0927+500,

there are signi�cant upper limits at roughly 600 MeV

and 200 GeV by Fermi and MAGIC, respectively, while

the source was detected around 100 GeV (Fig. 4(a)).

To �t the spectrum without taking into account the

MAGIC upper limits, the bulk Lorentz factor is adjusted

to 10, while a hard electron spectrum (p1 = 1.5) needs

to be assumed to avoid the Fermi upper limits.

The MAGIC upper limits between 200 and 700 GeV

constrain well the modeled spectrum for BZB J0809+3455

(Fig. 4(b)). In this case, the model suggests that the

synchrotron peak energy is below the peak energy cri-

terion for EHBLs.

The soft X-ray spectrum in RGB J2313+147 (Fig. 4(c))

also implies that this falls not into the EHBL classi�-

cation. The �tting result constrained by the MAGIC

upper limits leads to "syn;pk ’ 100 eV.

For TXS 0637-128, we adopted the redshift z = 0:136

for our modeling (S. Paiano, private communication).

The synchrotron spectral peak is produced by the elec-

tron cooling e�ect. The magnetization is the highest in

our model samples, Figure 4(d).

The upper limits in the VHE range for RBS 0921 do

not su�ciently constrain the model, therefore the mod-

eling of the broadband spectrum is omitted in this case.

The SED is reported in Appendix, Figure 10.

To summarize, the hard gamma-ray spectra seen in

1ES 0229+200, 1ES 1426+428, and 1ES 2037+521 were

reproduced consistently with the spectral shape of the

synchrotron component. Three di�erent mechanisms

were considered in the samples to form the synchrotron

peak: the intrinsic break in the electron spectrum

(1ES 0229+200, 1ES 0927+500, BZB J0809+3455,

RGB J2313+147), the maximum electron energy

(RBS 0723 and RGB J2042+244), and the cooling break

(1ES 1426+428 and 1ES 2037+521). In general, we �nd

that EHBLs have high values for br or max and a high

synchrotron peak frequency �syn;pk, which implies the

Klein{Nishina e�ect to be crucial. High-energy elec-

trons interact mainly with photons with much lower

frequency than �syn;pk. The ux ratio of the two spec-

tral components in EHBLs seems not directly related to

the magnetization parameter. According to the model,

1ES 0229+200 remains the source of the sample with the

most extreme synchrotron peak, while RGB J2313+147

and BZB J0809+3455 are non-EHBL sources, having

their peak below the de�ned threshold of 1017 Hz. In-

terestingly, the SED models of the remaining sources

feature a synchrotron peak frequency in good agreement

with the estimates of the 2WHSP reported in Table 1

with the exception of RGB J2313+147, whose peak was

estimated at higher frequencies �peak;2WHSP = 1017:7 Hz

, �peak;ssc = 1016:5 Hz) and TXS 0210+515 whose SSC

model predicts a much higher peak frequencies instead

(�peak;2WHSP = 1017:3 Hz , �peak;ssc = 1018:3 Hz).

In our sample, in spite of the divergency in the

model, the magnetization parameters UB=Ue are com-

monly small. A comparison can be performed with

Mrk 421, one of the most precisely observed blazars,

where the magnetization has been estimated as a few

percent (Abdo et al. 2011; Asano & Hayashida 2018).

The typical value of � 10�3 found in the sample is much

lower than that found in Mrk 421, implying a low mag-

netic �eld that is unfavorable for magnetic reconnec-

tion models (see e.g. Sironi et al. 2015, and references

therein). This also raises contradiction with the mag-

netically driven jet model. Radio observations for the

radio galaxy M 87 revealed that the radio core region

is dominated by the magnetic energy (Kino et al. 2015)

and the bulk Lorentz factor and jet width pro�les along

the jet (Nakamura & Asada 2013) are consistent with

a magnetically-driven parabolic jet model (Komissarov

et al. 2009). These observations support highly magne-

tized jet models, but the spectra in EHBLs may require

either a fast dissipation of the magnetic �eld at the root

of the jet or another jet acceleration model.

It should be noted that large error bars permit to

adopt di�erent parameter sets. Therefore, R0 was �xed

to search for conservative parameters in this paper. The

parameters in Table 10 are such examples. Moreover,

considering the short variability in blazars, the GeV{

TeV uxes obtained with long integration times are

not completely simultaneous with observations at other

wavelengths. These uncertainties may change the in-

terpretation, especially for the magnetization. In fact

in 1ES 2037+521, for example, another parameter set

was found when implying UB=Ue � 10�5 di�erent from

the model presented in Figure 3(d). However, an ex-

treme parameter set such as a very low magnetic �eld

(UB=Ue � 10�3) or a very high min is not necessarily

required to �t the EHBL spectra in this paper.

7.2. Spine Layer Model

The main outcome of the modeling of the sample of

EHBLs with the SSC model presented in the previous
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(a) 1ES 0927+500
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(b) BZB 0809+455
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(c) RGB J2313+147
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(d) TXS 0637-128

Figure 4. Broadband SED and modeled spectra for four sources with no MAGIC detection or hints (but Fermi-LAT detection)
presented in the study. Red points represent contemporaneous UVOT, XRT, NuSTAR, Fermi-LAT and MAGIC data considered
in the �t. Gray markers are archival data from SSDC website. Blue, dashed line is the result of the conical-jet SSC model.
Details in the text.

section is a rather low magnetization. This is somehow

in contradiction with the theoretical and observational

constrain of equipartition needed to launch and sustain

the jet close to the central massive black hole. As dis-

cussed in Tavecchio & Ghisellini (2015), a possibility to

solve this problem is to decouple the synchrotron and IC

components, assuming the existence of a supplementary

source of soft photons intervening in the IC emission,

as envisioned in the so-called spine-layer model (Ghis-

ellini et al. 2005; Tavecchio & Ghisellini 2008). In this

model one assumes the existence of two regions in the

jet: a faster inner core (the spine, with Lorentz fac-

tor �), surrounded by a slower sheath of material (the

layer, with Lorentz factor �L). The radiation emitted

by one region as observed in the frame of the other is

ampli�ed because of the relative motion. In this way the

IC luminosity of both components (in particular that of

the spine) is increased with respect to that of the one{

zone model. Given the larger radiation energy density

with respect to the standard model, it is possible to in-

crease the magnetic energy density (and decrease the

electron energy density), thus reaching conditions close

to equipartition.

In this scenario, the emission regions are �lled with

particles distributed in energy according to a smoothed

broken power law:

N() = K�n1

�
1 +



b

�n1�n2

; min <  < max;

(5)

The distribution has normalization K between min
and max and slopes n1 and n2 below and above the
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Figure 5. UB/Ue distribution as a function of R/R0 for
the sources considered in this study in the SSC model (see
Tab. 10).

break, b (Maraschi & Tavecchio 2003). This model

requires to specify a relatively large number of parame-

ters. To reduce the free parameters, the Lorentz factors

of the spine and the layer are �xed to � = 20 and �L = 3

and the further assumption � = � is made, thus �xing

the viewing angle of the jet �v ’ 2:9 deg. Moreover,

the minimum electron Lorentz factor of spine is �xed to

min = 100. The other parameters (in particular the

luminosity of the layer emission) were varied so that the

spine is close to equipartition.

This alternative scenario is tested on 1ES 0229+200

as well as on the four sources with signi�cant detection

with MAGIC and RGB J2042+244, for which a hint of

signal was found. For the remaining sources, we notice

that without a detection at VHE the parameters are not

su�ciently constrained and therefore we do not further
investigate the applicability of spine-layer (and proton

synchrotron, see later) model. The results of the model

are displayed in Figure 3, black continuous line. In Ta-

ble 11, the parameters used for the spine are reported.

As expected, the values of the magnetic �eld adopted

in this model are higher than those assumed in the SSC

model and in all it is possible to obtain a satisfactorily

�t of the data assuming rough equipartition conditions.

Since equipartition also marks the condition to have the

lowest jet power required to have a given radiative out-

put (e.g. Ghisellini & Celotti (2001)), the jet powers

estimated with the spine-jet scenario are systematically

lower (by more than one order of magnitude) than those

required by the SSC model.

7.3. Proton synchrotron scenario

The second alternative model considered is a scenario

in which proton synchrotron radiation is responsible for

the -ray component of the blazar SED. Blazar hadronic

emission models have long been considered a valid al-

ternative to leptonic models, in particular thanks to the

natural link they provide with neutrino astronomy and

ultra-high-energy cosmic-ray acceleration in AGN jets.

One weakness of blazar hadronic models is that they

require a rather large power in the protons responsible

for the emission, often larger than the Eddington lu-

minosity of the black hole powering the AGN. This is

particularly true for bright FSRQs, as discussed e.g. in

Zdziarski & B�ottcher (2015). For low luminosity BL

Lacs, on the other hand, a proton synchrotron solution

with a much lower, sub-Eddington, proton luminosity

can be achieved, as discussed in Cerruti et al. (2015).

In addition, the absence of fast variability in EHBLs,

in contrast with what observed in typical HBLs, is also

consistent with the slow cooling time-scale of hadrons in

the jet.

Similar to the spine-layer model case, the proton syn-

chrotron model was tested only to the sources with a

VHE gamma-ray spectrum determination. Without a

spectral determination at VHE gamma rays, in fact,

the proton-synchrotron component remains poorly con-

strained. Moreover, the number of free parameters of

blazar hadronic models is much higher than the one of

leptonic models, due to the extra proton energy distri-

bution. In order to reduce the parameter space to study,

some physically motivated assumptions are made:

� the Doppler factor of the emitting region � is �xed

to 30, a value typical for blazars (Tavecchio et al.

2010), and consistent with the estimates from ra-

dio observations.

� the size of the emitting region R is usually con-

strained by the observed variability time-scale via

the usual causality argument; given that for the

majority of the sources no fast (day-scale or less)

variability is seen at any wavelength, a R � 1:6�
1017 (1+z)�1cm is assumed. This value translates,

for a Doppler factor � = 30, into a variability time-

scale of two days.

� minimum and break electron Lorentz factor is

�xed to e;min = e;break = 200. Minimum pro-

ton Lorentz factor is �xed to p;max = 1, while the

break proton Lorentz factor (p;break) is assumed

to be equal to the maximum proton Lorentz factor

(p;max).

� the maximum proton Lorentz factor p;Max is

constrained by equating acceleration and cooling
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timescales: the acceleration time-scale is expressed

as �acc =
mpc
�eB p, where � is a parameter de�ning

the e�ciency of the acceleration mechanism, �xed

to 0:1; the cooling time-scales considered are the

adiabatic one, �ad ’ 2R
c , and the synchrotron one.

� hadrons and leptons share the same acceleration

mechanism, and in particular the power-law index

of the injected particle distribution is identical, i.e.

�1 = �e;1 = �p;1 and �2 = �e;2 = �p;2.

� the lepton energy distribution at equilibrium is

computed assuming that the main cooling mecha-

nism is synchrotron radiation.

The proton synchrotron spectrum, with p;Max con-

strained as de�ned above, is characterized by a clear

degeneracy in the B-R plane, with solutions lying on

a line B / R�2=3 displaying the same peak frequency,

being thus indistinguishable in absence of additional in-

formation (i.e. neutrinos, or on the basis of their pro-

ton power). It exists in addition a maximum peak fre-

quency of the proton synchrotron component, which cor-

responds to the transition between adiabatic-dominated

and synchrotron-dominated cooling regimes (see Cerruti

et al. 2015), and is equal to 1:28�1026 1
(1+z)

(3��p;1)
1:5

�
10Hz.

175 hadronic models are produced, scanning the fol-

lowing parameter space: �syn;peak 2 [0:1�Max; �Max],

R 2 [1014cm; RMax], and the proton normalization

Kp 2 [K?=3; 3K?], where K? corresponds to the pro-

ton density which provides a synchrotron spectrum at

the level of the MAGIC spectra. Solutions which cor-

rectly describe the SED are selected via a �2 test, iden-

tifying a posteriori the solution with the lowest �2 and

applying a ��2 cut corresponding to a 1-� interval. It

is important to underline here that the �2 is computed

without taking into account systematic uncertainties on

the spectral measurements of the various instruments.

The corresponding model parameters are provided in

Table 12, while the minimum-�2 proton-synchrotron so-

lutions are shown in Figure 3 together with the leptonic

cases.

Proton synchrotron solutions provide a good de-

scription of the SEDs of extreme blazars, with lu-

minosities which can be as low as 1045erg s�1, only

a small fraction of the Eddington luminosity of the

super-massive black-hole powering the blazar, which is

1:26 � 1047(M=109M�) erg s�1. One parameter which

takes unusual values is the injection index of the particle

distributions, which is very hard (�e;1 = �p;1 = 1:1�1:3)

compared to the value expected from relativistic shock

acceleration (� ’ 2:2). On the other hand, such hard

values for the injection index can be compatible with

particle acceleration by magnetic reconnection (see e.g.

Sironi & Spitkovsky 2014). It is important to underline,

however, that the values of �e;1 = �p;1 are not the result

of the SED modeling, but are a direct consequence of the

hypotheses of co-acceleration of electrons and protons

and of simple synchrotron cooling as the main driver for

the steady-state electron distribution. Relaxing these

hypotheses can lead to softer values for �e;1 and �p;1,

more in line with shock acceleration.

In Figure 3, together with the electromagnetic emis-

sion, we also show the neutrino emission, which appears

in the PeV-EeV band. The neutrino emission from all

proton-synchrotron models is rather moderate, show-

ing a typical peak ux several orders of magnitudes

lower than the gamma-ray peak. While the proton-

synchrotron model is degenerate in terms of photon

emission, it predicts di�erent neutrino uxes as a func-

tion of the compactness of the emitting region (smaller

and denser emitting regions resulting in a higher rate

of proton-photon interactions, and thus neutrino pro-

duction). The maximum neutrino ux expected from

the proton-synchrotron models for the six sources un-

der study is shown in Appendix G. The most promising

source in terms of neutrino output is 1ES 1426+428,

which due to the bright soft photon �eld that acts as

target for proton-photon interactions, can produce a

neutrino ux peaking at X � 10�13 erg cm�2 s�1. But

even in this particular case, these neutrino uxes re-

main out of reach for the current neutrino observatories

such as IceCube. This result is consistent with the non-

detection of extreme blazars as point-like PeV neutrino

emitters. The fact that the proton-synchrotron model

is not associated with a signi�cant neutrino emission is

also in agreement with the theoretical results triggered

by the recent detection of TXS 0506+056 as counter-

part of the high-energy neutrino IC170922A (IceCube
Collaboration et al. 2018; Gao et al. 2018; Keivani et al.

2018; Cerruti et al. 2019).

8. CONCLUSIONS

This paper reports the results of a multi-year ob-

servational campaign carried out by the MAGIC Col-

laboration and aimed at a detailed characterization

of the SEDs of ten EHBLs. The sources have been

selected with di�erent, complementary criteria and

were observed with the MAGIC telescopes between

2010 and 2017. Observations of the archetypal EHBL

1ES 0229+200 between 2013 and 2017 were also in-

cluded and used for comparison. Due to their relevance

for the SED characterization in EHBLs, large part of the

MAGIC data have been complemented by simultaneous

Swift-XRT observations.
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The analysis of 262 h of MAGIC data revealed a

signi�cant VHE gamma-ray signal from four sources:

1ES 1426+428, already detected by the HEGRA

and VERITAS arrays, and the three new sources

1ES 2037+521, RBS 0723, and TXS 0210+515. In

addition, a hint of VHE gamma-ray signal was found

from RGB J2042+244. The intrinsic (EBL-corrected)

spectra are on average quite hard, indication of an ex-

treme location of the second SED peak, exceeding the

100 GeV range. The faint gamma-ray uxes prevented

a detailed time-resolved analysis. Since the SED peaks

are shifted towards high energies, EHBLs are by de�ni-

tion faint and usually hard Fermi-LAT sources. Except

for RBS 0921, from which only a hint of HE gamma-ray

signal has been observed by Fermi-LAT, the spectral in-

dices determined in time intervals centered on MAGIC

observations range from 1:4 � 0:2 to 1:9 � 0:2. Once

corrected for the EBL absorption, the spectral indices

of the VHE gamma-ray spectra range from 1:6 � 0:3

to 2:7 � 1:2. This suggests a hard-TeV nature for all

detected sources but RBS 0723 whose spectrum is any-

how a�ected by large error bars and yet in agreement

with the hard-TeV nature hypothesis. Among the new

TeV-detected sources, TXS 0210+515 is the source with

the hardest spectral index, making it a good target for

deep exposure observations.

In the soft X-ray band, the analysis of all the available

Swift-XRT data, including archival data, suggested only

a limited variability, within a factor of two. The X-

ray spectral indices anti-correlate with the ux levels, in

agreement with a harder-when-brighter behavior typical

for other TeV BL Lacs.

For two sources (TXS 0210+515 and RGB J2313+147)

also the available NuSTAR data were analyzed, while

NuSTAR data of 1ES 0229+200 covering MAGIC data

window were adopted from literature. With its 3.0{79

keV energy coverage, NuSTAR is the ideal instrument

to study and characterize EHBLs, even better if the

data are analyzed in conjunction with Swift-XRT data

allowing us to have a simultaneous �t of the X-ray spec-

trum from 0.5 to 79 keV (see Appendix B). In the case

of TXS 0210+515, a clear evidence for a curved X-ray

spectrum was found. The spectrum is well described

by a log-parabola model, suggesting a position of the

synchrotron peak at 7.1 � 1.1 keV. This con�rms the

extreme-synchrotron nature of the source, similar (but

still less extreme) than 1ES 0229+200, for which a syn-

chrotron peak at 9.1 � 0.7 keV has been estimated by

Costamante et al. (2018). For RGB J2313+147, the

X-ray ux observed with NuSTAR is a factor of ten

lower with respect to that of TXS 0210+515. The joint

XRT and NuSTAR data are compatible with a power

law spectrum with index larger than 2, and suggest a

synchrotron peak located below 1017 Hz. This source

was therefore very likely a standard HBL and not an

EHBL during the observations.

All the SEDs were modeled with the single zone,

conical-jet SSC model described by Asano & Hayashida

(2018, and references therein). The six sources with

spectral determination at VHE gamma rays, i.e. the

four MAGIC detections, the hint-of-signal source, and

the reference source 1ES 0229+200, were also modeled

with two alternative scenarios: a leptonic scenario with

a structured jet, the spine-layer model (Ghisellini et al.

2005), and the proton synchrotron model described by

Cerruti et al. (2015). All the models provide a good

description of the quasi-simultaneous multi-wavelength

observational data. However, the resulting parameters

di�er substantially in the three scenarios.

Main conclusion of the single-zone conical-jet SSC

model applied to our data is that it requires a critically

low magnetization, in tension with radio observations

of nearby radio galaxies. The spine-layer model seems

to provide a satisfactory solution to the magnetization

problem, resulting in a quasi-equipartition of the mag-

netic �eld and matter in the emission zone. The proton-

synchrotron model, instead, while still providing a good

�t to the multi-wavelength data, results in a highly mag-

netized jet, still far from equipartition. Therefore, with

the current data set we cannot favour or disfavour any

model considered.

Future observations of the EHBLs presented in this

work (and of other EHBLs) will be essential for testing

the emission models. Probing fast variability at VHE

and variability at di�erent frequencies, in particular be-

tween the X-ray and VHE bands, is likely the most pow-

erful tool at our disposal to test emission models. But

given the faint signal at VHE with respect to the spec-

tral capabilities of the current generation of IACTs, this

is mostly a target for telescopes of future generations.

In the meatime, coordinated multi-frequency monitor-

ing and discovery of new VHE emitters belonging to the

EHBL class is essential to prepare the ground for future

discoveries.
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APPENDIX

A. MAGIC DATA ANALYSIS DETAILS

MAGIC (Aleksi�c et al. 2016a) is a system of two IACTs designed to collect the UV-optical Cherenkov light generated

when a gamma ray enters the atmosphere producing a shower of superluminal, charged particles. The two telescopes

are located on the Canary island of La Palma, at 2200 m altitude. With their large reective surface of 17 m diameter

each, the MAGIC telescopes are designed to reach an energy threshold as low as 50 GeV when operated in standard

trigger mode. Above 220 GeV the integral sensitivity for point-like sources is (0:66�0:03)% of the Crab Nebula ux in

50 h of observations, assuming a Crab Nebula-like spectrum. The angular resolution at those energies is below 0.07�,

while the energy resolution is 16%. The performance of the instruments and the details on the data analysis are fully

described in Aleksi�c et al. (2016b).

The main parameters inuencing the energy threshold of the analysis are the zenith angle of the observations, and

the background light conditions during data taking. Medium and high zenith angle observations (above 35�, and

above 50�, respectively) are characterized by an increased energy threshold, due to the passage of the particle showers

through a larger layer of atmosphere, but also due to an increased sensitivity at the highest energies related to the

enlarged e�ective area (Aleksi�c et al. 2016b).

An higher level of background light due to the presence of the Moon strongly a�ects the energy threshold of the

analysis. However, the performance of the telescopes system remains una�ected as long as the intensity of the moonlight

is not too high (MAGIC Collaboration andAhnen et al. 2017). The data were analyzed using the MAGIC analysis

and reconstruction software (MARS) package (Zanin 2013) that was adapted to stereoscopic observations (Moralejo

et al. 2009). To look for a signi�cant VHE gamma-ray excess, the standard variable, named �2, was used, which is

de�ned as the squared angular distance of the reconstructed shower direction with respect to source location in the

camera. The typical signature of VHE gamma rays is peaking at low �2 values, i.e. in the so-called ‘On’ region in the

camera, over the normalized cosmic-ray background, which is estimated from three equivalent ‘O�’ regions, located at

90�, 180� and 270� with respect to the reconstructed source position in the camera.

In Figure 6 the multi-year light curve of 1ES 1426+428 is displayed, reporting the average values measured from

2010, 2012, and 2013 observations. Only in 2012 the source was detected with a signi�cance larger than 5 sigma, as

reported in Table 2. The average ux above 200 GeV is (3:84�0:77)�10�12 cm�2 s�1. From these data, the hypothesis

of a constant ux cannot be excluded, especially if we take into account the systematic uncertainty on the integral

ux.
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Figure 6. 1ES 1426+428 multi-year MAGIC VHE gamma-ray light curve above 200 GeV between 2011 and 2013. Black
downward-pointing arrows correspond to 95 per cent con�dence upper limits, which were computed for the observations where
the interval of the measured ux (black points) � twice the error contains zero.

A comparison of previous VHE gamma-ray observations based on the observed spectral indices, the di�erential uxes

at a given energy , and the integral uxes for a common energy range was performed (see Table 5). The observed

spectral indices are consistent within their statistical errors. The comparison on the di�erential and integral uxes is
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based on the power-law �ts to the observed di�erential spectra. The decorrelation energy of the spectral analysis of

this work and an energy threshold of 200 GeV were used for the di�erential and integral ux calculations, respectively.

The statistical errors reported for the ux calculations are overestimated as, for simplicity, the uncertainties of the

�t parameters were considered to be uncorrelated when propagating the errors. On the other hand, the systematic

uncertainties of the di�erent instruments, which have been neglected in this comparison, might dominate over the

statistical errors. It has also to be noted that the VHE gamma-ray spectra were determined for di�erent energy

ranges, which introduces a certain bias in the ux comparison. Given all these circumstances, a clear conclusion on

the variability of the VHE gamma-ray ux of 1ES 1426+428 could not be drawn.

Table 5. Comparison of the MAGIC results of 1ES 1426+428 from this work with previous VHE gamma-ray observations of
this source. Columns from left to right : year(s) of observation, energy range, �t parameters of the observed spectra, i.e., the
ux normalization and the spectral index, di�erential ux and integral ux derived from the simple power-law �ts. Only the
statistical errors are reported.

Year
Energy range F0 �obs

FE=242 GeV F(200<E<5000) GeV

[GeV] �10�12[cm�2 s�1 TeV�1] �10�12[cm�2 s�1 TeV�1] �10�12[cm�2 s�1]

1998-20001 250� 1000 67� 13E=400 GeV 3:6� 0:6 411� 141 63� 16

1999-20002 700� 10000 2:0� 1:3E=1000 GeV 2:6� 0:6 80� 86 16� 14

20013 250� 1700 4:9� 1:4E=1000 GeV 3:5� 0:4 703� 352 110� 47

20124 100� 1700 25:6� 0:1E=242 GeV 2:6� 0:3 25:6� 0:1 5:2� 0:7

1: Djannati-Ata�� et al. (2002); 2: Aharonian et al. (2003a); 3: Petry et al. (2002); 4: this work; the integral ux reported
here is calculated from the spectral �t and thus shows little variation from the averaged ux observed in 2012 (see Fig. 6),
whose calculation is based on the number of gamma-like excess events instead. However, within the statistical errors both
values are consistent.

B. FERMI-LAT DATA ANALYSIS DETAILS

The Fermi Large Area Telescope (LAT) (Atwood et al. 2009) is a pair conversion telescope consisting of a 4 � 4

array of silicon strip trackers and tungsten converters and a Cesium Iodine (CsI) based calorimeter. The instrument is

fully covered by a segmented anti-coincidence shield which provides a highly e�cient vetoing against charged particle

background events. The LAT is sensitive to gamma rays from 20 MeV to more than 300 GeV and normally operates

in survey mode, covering the whole sky every three hours and providing an instantaneous �eld of view (FOV) of 2:4 sr.

The LAT data were extracted from the weekly LAT data �les available in the FSSC data center6. For each data

sample, only Pass 8 source-class photons detected within 15� of the nominal position of the analyzed source were

considered. Only events whose reconstructed energy lies between 1 GeV and 300 GeV were selected. The relatively

high energy threshold was set to simplify the analysis of the two �elds and remove contamination from secondary

sources. This was particularly important in the case of 1ES 2037+502 due to its proximity to the galactic plane.
Following the event selection recommendations from Cicerone7, only good data ((DATA QUAL>0)&&(LAT CONFIG==1))

with zenith distance lower than 90� were included.

For each data sample, the data were reduced and analysed using the open-source software package enrico (Sanchez

& Deil 2013) as a wrapper for the Fermi ScienceTools (version v10r0p5)8. A summed binned likelihood analysis ap-

proach was followed splitting in PSF event types (0, 1, 2 and 3) with 10 bins per energy decade and using the instrument

response functions (IRFs) P8R2 SOURCE V6. All the 3FGL sources within the region of interest (ROI) are included

in the model, along with Galactic and isotropic models using gll iem v06.fits and iso P8R2 SOURCE V6 v06.txt

�les, respectively. The spectra of the sources were selected such to maximize the value of the likelihood while being

physically sound, following the same method described in MAGIC Collaboration et al. (2019b). All sources were

modeled with attenuated spectral shapes using the EBL template from Franceschini et al. (2008). For each analysis,

the spectral parameters of all sources that are signi�cantly detected within a radius of 3� around the source of interest

were left free in the �t in order to account for their possible variability. The parameters of the rest of the sources are

�xed to the published 3FGL values. The normalization of the di�use components was left free.

6https://fermi.gsfc.nasa.gov/ssc/data/access/
7https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
8http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools

https://fermi.gsfc.nasa.gov/ssc/data/access/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools
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Table 6. Main spectral parameters from 3FGL, 2FHL, and 3FHL catalogs. Columns from left to right : source name; HE
gamma-ray ux in range of 1-100 GeV, spectral index for the power-law �t in range of 100 MeV - 100 GeV, and the detection
signi�cance reported by Acero et al. (3FGL, 2015); spectral index for the power-law �t > 10 GeV reported by Ackermann et al.
(2FHL, 2016); spectral index for the power-law �t > 50 GeV reported by Ajello et al. (3FHL, 2017).

Source
Flux3FGL (1-100 GeV)

�3FGL
Signi�cance �3FHL �2FHL

�10�10 [photon cm�2 s�1] [�] E > 10 GeV E > 50 GeV

TXS 0210+515 4:17� 0:85 2:04� 0:17 7.2 1:55� 0:22 1:85� 0:47

TXS 0637-128 3:34� 0:93 1:51� 0:16 8.0 1:63� 0:43

BZB J0809+3455 3:21� 0:68 1:67� 0:13 8.0 1:71� 0:27 1:09� 0:61

RBS 0723 5:06� 0:85 1:74� 0:11 10.5 1:86� 0:21 3:60� 0:27

1ES 0927+500 1:83� 0:68 1:45� 0:21 5.1 1:97� 0:32 N.A.

RBS 0921 N.A. N.A. N.A. N.A. N.A.

1ES 1426+428 6:60� 0:84 1:57� 0:08 16.7 1:91� 0:14 3:34� 0:58

1ES 2037+521 3:93� 0:13 1:89� 0:21 5.2 N.A. N.A.

RGB J2042+244 5:15� 0:96 1:87� 0:14 8.4 1:88� 0:25 N.A.

RGB J2313+147 6:21� 0:97 1:76� 0:11 11.7 1:57� 0:43 3:56� 1:31

1ES 0229+200 4:39� 0:90 2:02� 0:15 7.2 N.A. N.A.

In order to investigate the relation of the Fermi -LAT spectral properties on the extremeness at VHE we have

compared the LAT spectral index and ux reported in Table 4 for MAGIC detected and undetected sources (a similar

study for the X-ray band is reported above). Our data, displayed in Figure 7, show that while the LAT spectral

index does not have any e�ect on the detection probability, the ux seems to have a role: of the �ve detected sources,

three were the brightest in the GeV band. This is quite regular and does not constitute a valid criterion for hard-TeV

source selection (if the source is bright in LAT it is more likely to detect it also in the VHE range). Interestingly,

1ES 0229+200 is instead the second faintest source of the sample in the GeV range.
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Figure 7. Correlation study between the spectral index describing the average spectrum in the HE gamma-ray band and the
integral HE gamma-ray ux between 1 and 100 GeV, both reported in Table 6. Filled and open circles refer to sources detected
and not detected at VHE gamma rays, respectively. The hint-of-signal source is considered here among the detected sources.

C. SWIFT-XRT DATA ANALYSIS DETAILS

For the Swift-XRT data analysis of each source, the multi-epoch event list obtained by the XRT were downloaded

from the publicly available SWIFTXRLOG (Swift-XRT Instrument Log9) for both photon counting (PC) and window

9https://heasarc.gsfc.nasa.gov/W3Browse/all/swiftxrlog.html

https://heasarc.gsfc.nasa.gov/W3Browse/all/swiftxrlog.html
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Table 7. Example of the Swift-XRT results for RGB J2042+244. Columns from left to right : day, observation ID, exposure
time, spectral index of power law-model, �2/d.o.f. of the �tted power-law model, spectral index of log-parabola model, curvature
parameter of the �tted log-parabola model, �2/d.o.f. of the log-parabola model, Null-hypotheses of probability of F-test, X-ray
ux in range of 2-10 keV, and X-ray ux in range of 0.3-10 keV.

Day
OBS ID

Exposure
Power law Log-parabola

Prob.?
Flux

� �2/d.o.f. � � �2/d.o.f.
F2�10 keV F0:3�10 keV

[MJD] [s] % [�10�12 erg cm�2s�1]

55939.73 00046559001 3024 2:05� 0:07 28.2/28 0.7 4:7� 0:5 8:4� 0:5

56299.56 00046559002 1176 1:75� 0:18 5.2/4 47.0 4:1� 1:1 6:1� 1:0

57192.04 00046559003 1985 1:93� 0:07 29.5/27 99.6 9:2� 0:8 15:1� 0:9

57194.08 00046559004 1641 1:95� 0:08 17.5/22 67.1 8:6� 0:8 14:3� 1:0

57196.08 00046559005 1791 1:87� 0:07 50.9/26 19.1 9:8� 1:0 15:6� 1:0

57968.03 00046559006 1558 1:85� 0:12 0:98� 0:30 15.2/20 0.1 5:1� 0:7 12:0� 0:9

57979.33 00046559008 767 2:2� 0:24 2.9/3 66.2 6:7� 2:4 13:8� 3:0

57980.05 00046559009 1391 1:87� 0:07 35.4/25 36.7 12:4� 1:1 19:7� 1:1

57994.68 00046559010 787 2:03� 0:09 21.0/17 47.5 11:3� 1:4 19:7� 1:4

57996.94 00046559011 1371 2:01� 0:08 32.1/21 3.1 8:1� 0:8 14:0� 0:9

? The log-parabola model is preferred over power-law model with 3� con�dence level if the F-test probability value is
< 0:27%.

Note|Table 7 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding
its form and content.

timing (WT) modes. The standard Swift-XRT analysis procedure is described by Evans et al. (2009). The PC data

were processed using the procedure described by Fallah Ramazani et al. (2017). For the WT observation data, a box

with length of 40 pixels at the centre of the source and aligned to the telescope roll angle was de�ned for the source

region. The background region is de�ned by a box with length of 40 pixel aligned to the telescope roll angle and 100

pixel away from the centre of the source.

There are open issues for analyzing the XRT data10;11, such as faults in the Silicon crystalline structure of the

Swift-XRT CCD. These open issues mostly a�ect the data obtained with WT mode. However, some of them (Charge

Traps) still can a�ect the spectra observed during PC mode. In order to address these issues systematically in our data

analysis, for both modes of observation using the �2 likelihood method, the spectra of each observation were �tted

assuming all possible combination of pixel-clipping patterns (XRT Grades) and point-spread-function (XRT response

matrix �les) (Burrows et al. 2005). Simultaneously, two mathematical models (i.e. power law and log parabola,

Massaro et al. 2004) and �xed equivalent Galactic hydrogen column density reported by Kalberla et al. (2005) are

assumed during spectral �tting procedure. The spectra are �tted in range of 0.3{10 keV except for the spectra of

1ES 2037+521. For 1ES 2037+521, the spectra is heavily absorbed by Galactic extinction at energies below 1.5 keV.

The current method, which is used in data analysis chain, can not address this issue correctly (Willingale et al. 2013).

Therefore, we used 1.5{10 keV as the energy range of spectral �tting for 1ES 2037+521. In total for each observation 6

and 16 spectra (PC and WT modes accordingly) are compared to each other and the best �tted model which describes

the observation data is selected. Equivalent Galactic hydrogen column density of the sources are presented in Table 1.

Table 7 reports an example of the results obtained from Swift-XRT data. Small part of this sample was available

in the public database, while the large majority of the observations was requested via ToO by the MAGIC team that

performed quasi-simultaneous pointings with MAGIC telescopes. It is notable that the �t statistics are poor (i.e.

1:9 <reduced-�2 < 2:0) for few of the observations (e.g. Tab. 7, OBS ID 00046559005) due to the bad quality of raw

data. In Table 8, the results of combining all the Swift-XRT data during MAGIC observation window for each are

shown. The left panel of Figure 8 illustrates the distribution of X-ray photon index obtained from combined data sets

in index-ux plane for the sources detected (Solid circle) and non-detected (open circles) in VHE gamma rays. No

clear relation between the ux or the index and the detection probability at VHE gamma rays is evident (Fig. 8, right

panel).

10http://www.swift.ac.uk/analysis/xrt/digest cal.php
11http://www.swift.ac.uk/analysis/xrt/rmfs.php

http://www.swift.ac.uk/analysis/xrt/digest_cal.php
http://www.swift.ac.uk/analysis/xrt/rmfs.php
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Table 8. Main spectral parameters resulting from combining all Swift-XRT pointings during MAGIC observation window.
Columns from left to right : source name, time interval of observation(s), X-ray ux in range of 2-10 keV, spectral index,
curvature parameter of the log parabola model, �t statistics, and equivalent spectral index when log-parabola is the best-�t
model.

Source
Interval F(2�10keV ) � � �2/d.o.f. �Equi
[MJD] [�10�12 erg cm�2s�1]

TXS 0210+515 57370{58042 8:16� 0:13 1:69� 0:02 0:23� 0:04 397.6/377 1:95� 0:05

TXS 0637-128 57775{58023 14:32� 0:32 1:71� 0:03 0:40� 0:05 351.6/320 2:16� 0:06

BZB J0809+3455 57012{57317 1:88� 0:09 1:89� 0:04 89.6/79

RBS 0723 56629-56985 11:30� 0:84 1:63� 0:04 0:36� 0:09 89.7/101 2:04� 0:11

1ES 0927+500 55641{55649 6:98� 0:58 2:05� 0:06 47.6/36

RBS 0921 57404{57483 2:63� 0:11 1:68� 0:04 0:34� 0:08 137.9/122 2:07� 0:10

1ES 1426+428 56039{56065 45:49� 1:12 1:81� 0:02 262.4/260

1ES 2037+521? 57658{57672 11:13� 0:03 1:46� 0:17 0:54� 0:18 183.8/205 2:07� 0:27

RGB J2042+244 57194{58055 5:33� 0:15 2:01� 0:03 0:31� 0:06 210.9/219 2:36� 0:07

RGB J2313+147 57172 1:56� 0:13 2:18� 0:06 30.5/32

1ES 0229+200 56566{57752 10:93� 0:25 1:50� 0:02 0:38� 0:04 320.8/327 1:93� 0:05

? The range for spectral analysis is 1.5{10 keV (see text for details).
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Figure 8. Left : X-ray power law index versus integral ux (2-10 keV) from the analysis of the average Swift-XRT spectra during
MAGIC data taking, as reported in Table 8. Filled red markers are sources detected at VHE, while open markers represent
sources still undetected at VHE. The hint-of-signal source is considered here among the detected sources. Right : power law
index in the X-ray band, from Table 8, and the power law index of the the EBL-corrected (intrinsic) spectrum measured in the
VHE gamma-ray band, reported in Table 3.

D. NUSTAR DATA ANALYSIS DETAILS

The level 1 data products were processed with the NuSTAR Data Analysis Software (nustardas) package (v1.7.1).

Cleaned event �les (level 2 data products) were produced and calibrated using standard �ltering criteria with the

NUPIPELINE task, version 20180312 of the calibration �les available in the NuSTAR CALDB and the OPTIMIZED

parameter for the exclusion of the South Atlantic Anomaly passages.

For both objects, the source spectra were extracted from the cleaned-event �les using a circle of 25 pixel (� 60 arcsec)

radius, while the background was extracted from two distinct nearby circular regions of a 30-pixel (� 70 arcsec) radius.

The ancillary response �les were generated with the numkarf task, applying corrections for the point-spread-function

losses, exposure maps and vignetting. The spectra were rebinned with a minimum of 20 counts per energy bin to allow

for �2 spectral �tting.
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Table 9. Summary of �ts to the 0.5{79 keV Swift-XRT + NuSTAR spectrum of TXS 0210+515 and RGB J2313+147. Fits
also included absorption �xed at the Galactic value. Flux and synchrotron peak frequency are

given in units of erg cm�2 s�1 and Hz, respectively.

Model Parameter TXS 0210+515 RGB 2313+147

Power law � 1:96� 0:03 2:32� 0:10

Flux (0.5{79 keV) (2:17+0:03
�0:04)� 10�11 (2:17+0:12

�0:16)� 10�12

�2/d.o.f. 387/311 62/63

Log Parabola � 1:85� 0:04 2:37+0:11
0:10

� 0:20� 0:06 0:35+0:18
�0:16

E0 3 keV (�xed) 3 keV (�xed)

Flux (0.5{79 keV) (1:92+0:06
�0:02)� 10�11 (1:90+0:14

�0:11)� 10�12

�2/d.o.f. 348/310 50/62

log �synch 18:24� 0:07 17:33� 0:16

Figure 9. Left: NuSTAR (black, FPMA, and red, FPMB, points) and Swift-XRT (green points) spectra and residuals for
TXS 0210+515 collected on 2016 January 30 simultaneously �tted with a log parabola model. Right: NuSTAR (red and black
points) and Swift-XRT (green points) spectra and residuals of RGB 2313+147 collected on 2015 May 30 simultaneously �tted
with a power law model.

Table 9 summarizes the results of the spectral analysis, described in the main text. The combined NuSTAR and

Swift-XRT spectra are reported in Figure 9.

E. SPECTRAL ENERGY DISTRIBUTION PARAMETERS

In this section, the SED model parameters are reported in details for the three adapted scenarios. Only the

parameters which are left to vary are reported here. The �xed parameters are described in Section 7. The results of the

single zone, conical-jet model for all the sources of the study are listed in Table 10. Table 11 presents the parameters

of the spine-layer model for the sources with a spectral determination, and Table 12 those of the proton-synchrotron

model. In the former case, the solution is degenerated and a range is proposed for some of the parameters.

F. RBS 0921: SPECTRAL ENERGY DISTRIBUTION

The following Figure 10 show the broad band SED of RBS 0921. Due to the lack of gamma-ray spectral data both

in the HE and VHE bands, the SED of this source was not considered for modeling.
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Table 10. Model parameters and obtained physical values for the SSC conical jet scenario. Columns from left to right : source
name; break and maximum electron Lorentz factor; spectral index of the electron energy distribution below and above br;
magnetic �eld; electron luminosity; bulk Lorentz factor of the jet; synchrotron and IC peak frequency resulting from the model;
Compton dominance parameter; ratio between the magnetic and electron energy density evaluated at the radius where the
electron injection shuts down; and the source detection status at VHE gamma rays (Y: detected, N: not detected, and H: hint
of signal)

Source name
br max p1 p2

B0 Le � 1044

�
log(�syn;pk)? log(�IC;pk)?

CD?y UB/U?e VHE?
[�105] [�106] [G] [erg s�1] [Hz] [Hz] [�10�3]

TXS 0210+515 10.0 20.0 2.5 3.0 0.04 6.50 20 18.3 25.7 0.18 0.19 Y

TXS 0637-128 5.0 20.0 1.8 3.0 0.25 0.80 10 17.7 25.4 0.2 81.00 N

BZB J0809+3455 1.0 3.0 1.8 3.0 0.04 0.89 10 16.4 25.4 0.84 1.40 N

RBS 0723 | 2.0 2.2 | 0.11 4.90 20 18.1 25.8 0.37 1.90 Y

1ES 0927+500 3.0 3.0 1.5 2.5 0.13 0.71 10 17.6 25.9 0.25 23.00 N

1ES 1426+428 | 2.0 2.0 | 0.20 1.30 20 18.2 25.8 0.14 26.00 Y

1ES 2037+521 | 2.0 2.1 | 0.02 2.30 20 18.1 26.4 0.33 0.14 Y

RGB J2042+244 | 0.3 2.0 | 0.07 1.80 20 17.1 25.6 0.36 2.30 H

RGB J2313+147 0.8 20.0 2.0 3.5 0.09 1.60 20 16.5 25.3 0.37 3.90 N

1ES 0229+200 10.0 300.0 1.9 3.0 0.06 1.10 20 18.6 26.6 0.13 2.50 Y

? These quantities are derived quantities, and not model parameters.
y The ratio of �L� at the IC peak to that at the synchrotron peak.

Table 11. Model parameters and obtained physical values for the spine-layer scenario for the sources with VHE gamma rays
spectral determination. Columns from left to right : source name; break and maximum electron Lorentz factor; spectral index
of the electron energy distribution below and above b; magnetic �eld; normalization of the electron distribution; radius of the
emission zone; ratio between the magnetic and electron energy density of the layer; kinetic luminosity of the jet.

Source name
b max

n1 n2
B K R� 1015

UB/U?e
L?j � 1042

[�104] [�106] [G] [cm�3] [cm] [erg s�1]

TXS 0210+515 33.0 0.8 1.40 2.30 0.15 25.0 5.1 1.25 2.50

RBS 723 0.3 0.8 1.40 2.30 0.35 15.0 5.1 1.17 14.60

1ES 1426+428 3.0 2.0 1.40 2.90 0.34 3.5 7.1 1.07 20.50

1ES 2037+521 13.0 2.0 1.40 3.00 0.40 2.9 1.3 0.75 0.97

RGB J2042+244 2.0 2.0 1.40 2.95 0.30 3.0 4.8 1.21 7.00

1ES 0229+200 13.0 6.0 1.40 3.40 0.40 2.6 3.2 0.74 6.30

? These quantities are derived quantities, and not model parameters.

G. MAXIMUM NEUTRINO FLUX EXPECTATIONS

In Figure 11 the maximum neutrino ux expected from the proton-synchrotron model for the six sources considered

is reported.
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Table 12. Model parameters and obtained physical values for the hadronic scenario for the sources with VHE gamma rays
spectral determination. Columns from left to right : minimum electron Lorentz factor; spectral index of the electron/proton
energy distribution below and above break; magnetic �eld; normalization of the electron distribution; radius of the emission
zone; maximum proton Lorentz factor; e�ciency of the acceleration mechanism ; magnetic energy density; ratio between the
proton and magnetic energy density; luminosity of the emission region.

Source name
e;max �1 �2

B Ke � 10�3 R� 1014 p;max � u?B up/u
?
B L?y � 1046

[�104] [G] [cm�3] [cm] [�109] [erg cm�3] [�10�5] [�10�5] [erg s�1]

TXS 0210+515 1.0{15.9 1.30 2.30 1.9{468 0.002{4890 1{1480 1.7{48.9 0.06{4.9 0.15{8710 0.008{47.8 0.10{48.1

RBS 0723 1.1{16.5 1.25 2.25 2.1{468 0.035{68640 1{1300 1.6{28.0 0.12{3.5 0.18{8710 1.1{1300 0.10{32.4

1ES 1426+428 1.2{15.9 1.25 2.25 2.0{344 0.09{120000 1{1380 1.6{21.0 0.07{1.7 0.17{4710 2.8{1070 0.11{18.2

1ES 2037+521 1.1{15.6 1.30 2.30 2.0{401 0.002{7810 1{1480 1.6{29.2 0.16{6.6 0.15{6410 0.06{103 0.10{35.3

RGB J2042+244 1.0{15.6 1.50 2.50 2.0{468 0.09{150000 1{1410 1.6{33.5 0.80{38.0 0.16{ 871 0.06{234 0.11{46.5

1ES 0229+200 1.1{13.7 1.10 2.10 2.8{468 0.004{11130 1{1360 1.9{33.2 0.004{0.14 0.31{8710 0.11{140 0.15{45.6

? These quantities are derived quantities, and not model parameters.
y The luminosity of the emitting region has been calculated as L = 2�R2c�2

bulk(uB +ue +up), where �bulk = �=2, and uB ,
ue, and up, the energy densities of the magnetic �eld, the electrons, and the protons, respectively.

Figure 10. SED of RBS 0921, the unique source of the sample still undetected at gamma rays.
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Figure 11. The maximum neutrino ux expected from the proton-synchrotron model applied to six EHBLs. The IceCube
sensitivity (IceCube Collaboration et al. 2019) for three di�erent declinations is also represented.


