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What are they ? 
Who are they ? 
How many are they ? 
Which behaviour ? 
Why are they important ? 
Where to find them ?



  Blazars’ SED Sequence

From Low to High-energy peaked Blazars  
Giommi & Padovani 1994,1995
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What are they: Definitions
Extreme BL Lacs are the highest-peak version of HBL 


They come in TWO TYPES:  


1) Extreme Synchrotron:


2) Extreme Compton: 


⌫peak > 1 keV

⌫peak > 1 TeV

keV-peaked BLLac (KBL)   &  TeV-peaked BL Lac (TBL) ?

�VHE < 2

�X < 2



It all started in ~1997…  
with BeppoSAX

Pian et al. 1998
Giommi et al. 2000

Ghisellini et al. 2000



Ghisellini hunting:   αRX < 0.6  &  FX > 1E-11

Costamante et al. 2001, 2002



Intrinsic  ΓVHE < 2 (typically 1.5-1.7), with any EBL intensity (even lowest one). 

 ⇒ Compton peak  ≥ 3-10 TeV

    Extreme Compton BL Lacs   



Who are they ?
A&A proofs: manuscript no. tevcandidates

since the WISE W3 band can still be contaminated in part by the
host galaxy, depending on the ratio between thermal and non-
thermal fluxes in each object, keeping αwx higher than it should,
this cut is applied rather loosely at αWX < 0.85 (see Fig. 2).
This cut reduces the number of candidates by a further 7 objects.
None of the latters is detected in the 3LAC, while only two are
marginally detected in the 3FHL with hints of steep spectrum, as
expected.

The final list of best candidates for a TeV-peaked gamma-ray
emission is reported in Table 1, sorted according to their X-ray
νFν flux.

5. comparison with previous selections

bonnoli et al.
we bypass radio completely rely onlu on gammaray proper-

ties do not base on models do not porvide SSC modeling for flux,
because it fails, selection parameters usually adopted underesti-
mate both flux and spectrum besides are variable

not based on gamma min, which might be problematic

6. Summary and Conclusions

bla bla bla bla bla ricerca sorgentio tev, not enough now to say
simply that it emits. we now know all HBL/HSP sources emit at
VHE. all type of blazars. accordinf to their state and accelera-
tion mechanism. How are they made. No ec BLR. Need to know
find sources which are challenging problematic for our interpre-
tation. two strategies: population studies (properties of the mr-
rossi). Sources with problematic/scpecific properties which can
shed ligth on the original mechanism outliers (which tells about
all of us, remains hidden in the generic).

no z and EBL absoprtion. included. If included, the best
range is still 0.1-0.2 redshift. Best compromise between leverage
and (costamante review) CTA may change the situation. EBL 1-
8 TeV more or less constant.

Comparison/Differences with other selections. with Bonnoli,
With ghisellini/costamante 2001.

Uncertainties in the parameters/location
This list to be used by actual and future cherenkov tele-

scopes. will be updated with 4LAC and Swift analysis of all the
Fermi blazars

Tools of SSDC for the analysis

7. Discussion

1. The conditions for the stability of static, radiative standard
one-zone model, can be expressed as stability equations of
state. These stability equations of state depend only on the
local thermodynamic state of the layer.

2. If the constitutive relations – equations of state and Rosse-
land mean opacities – are specified, the stability equations
of state can be evaluated without specifying properties of the
layer.

3. For solar composition gas the κ-mechanism is working in the
regions of the ice and dust features in the opacities, the H2

dissociation and the combined H, first He ionization zone,
as indicated by vibrational instability. These regions of in-
stability are much larger in extent and degree of instability
than the second He ionization zone that drives the Cepheïd
pulsations.

Acknowledgements. Part of this work was supported by the German Deutsche
Forschungsgemeinschaft, DFG project number Ts 17/2–1.

Table 1. Established Hard-TeV BL Lacs, with the photon index Γintr.

and energy band of the VHE measured spectrum corrected for EBL
absorption according to Domínguez et al. (2011).

Name z Γintr. Energy refs
TeV

1ES 0229+200 0.140 1.5 ± 0.2 0.6–12 1,2
1ES 0347−121 0.188 1.8 ± 0.2 0.25–3 3
1ES 0414+009 0.287 1.9 ± 0.3 0.15–2 4
PKS 0548−322 0.069 2.0 ± 0.3 0.3–4 5
RGB J0710+591 0.125 1.8 ± 0.2 0.3–4 6
1ES 1101−232 0.186 1.7 ± 0.2 0.2–4 7,8
1ES 1218+304 0.182 1.9 ± 0.1 0.2–4 9,10
H 2356−309 0.165 1.95 ± 0.2 0.2–2 11,12

References. (1) Aharonian et al. (2007a); (2) Aliu et al. (2014); (3) Aha-
ronian et al. (2007b); (4) H.E.S.S. Collaboration et al. (2012); (5) Aha-
ronian et al. (2010); (6) Acciari et al. (2010); (7) Aharonian et al.
(2007c); (8) Aharonian et al. (2006); (9) Madhavan & for the VERITAS
Collaboration (2013); (10) Acciari et al. (2009) (11) H.E.S.S. Collabo-
ration et al. (2010); (12) Costamante (2012)

Fig. 2. Color-color diagram of the broad-band spectral index between
IR (W3 WISE filter) and 1 keV energies (αwx ) vs the spectral index
between 1 KeV and 1 GeV (αxγ ). Labels and markers as in Fig. 1.
Triangles represents lower limits to αxγ for the respective objects. The
dashed line shows the selection cut at αwx < 0.85. Black markers show
the sources inside the box in Fig. 1. Hard-TeV BL Lacs seem charac-
terized by low values of the index αwx , as expected for the non-thermal
emission if the synchrotron peak in the SED is located at X-ray energies.
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1ES 1741 + 196 0.084 1.9± 0.3

2.4± 0.7 Veritas 

Magic 
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Mkn 501 nearly:   a case by itself… (see later)

So far: 



Hard-TeV spectra:    8 (+2)

Soft-TeV spectra:     22 

How many are they ?
TeVCAT (December 2018):    49 HBL   -12  no or uncertain z 
                                                             - 4   no data

VHE spectral sample:  33 HBL

Extreme-C are (8/33)  ~  1/4 of all HBL

Extreme-S are   > 15  ~  to be completed (Swift)
                            (12/44)  ~ 1/4 of SAX HBL



Relation between the two types ?
UNCLEAR


(all combinations)
HESS Collaboration et al.: Discovery of hard-spectrum γ-ray emission from the BL Lac object 1ES 0414+009

Energy[eV]
-410 -310 -210 -110 1 10 210 310 410 510 610 710 810 910 1010 1110 1210

]
-1 s

-2
d

N
/d

E
 [

er
g

 c
m

2
E

-1410

-1310

-1210

-1110

-1010 ]
-1

L
u

m
in

o
si

ty
 [

er
g

 s

4310

4410

4510

4610

Fig. 4. Average SED of 1ES0414+009 from the observations reported in Fig. 3 in the epoch 2005-2009. H.E.S.S.: black filled/open
circles with/without EBL correction, respectively. Fermi: red full circles correspond to detections with TS > 9, red downward-
pointing arrows to 95% upper limits. Swift/BAT in 5 yrs: magenta 99% upper limit. Swift/XRT&UVOT: green open squares (Oct
2006), blue open triangles (Jan 2008), and cyan crosses (Feb 2008). ATOM: black triangle and blue inverted triangles corresponding
to two different states, lower flux level in 2008 and higher in 2006, respectively, in the R and I bands. Gray points and butterflies are
a collection of archival data from Costamante & Ghisellini (2002) and references therein.
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HESS-LAT Coll. 2012 Costamante 2013
Extreme C, not S
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SHBL 001355.9-185406

HESS Coll. 2013

z=0.095

Extreme S, not C

Relation between the two types ?



Variability ?

LC et al. 2002

Extreme-S   synchrotron peak
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When flaring, extreme-S remain Soft-TeV 

e.g. Veritas Coll. 2013



Mkn 501:  1997 ⋍ 2012

Pian et al. 1998

HEGRA Coll. 1999

Ahnen et al. 2018, 
Magic data

9 June 2012
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see Paneque talk
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Extreme-S for long time (1426-like)



1ES 0229+200  Lightcurve

Cologna et al. 2015, ICRC



TS
LAT 1-300 GeV 

LC, Boheme Meeting 2014

1ES 0229+200 Fermi-LAT detection only after 2011



LC, Boheme Meeting 2014

Veritas Coll. 2014
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1ES 1218+304: Fast  
Day-timescale variability at VHE 

VERITAS Coll. 2010



Why they are important:

1) TeV beamers: cosmological probes for EBL and IGMF


2) Neutrino / UHECR  sources ?  


3) New physics probes ?


4) Challenge for Blazars emission models:                                                     
what origin for the observed gamma-rays  ?  
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SED of Extragalactic Background Light

see e.g Costamante 2013



Breakthrough in 2006

HESS Coll. Nature 2006



Strong limits Fermi-LAT + VHE 

0.1 1 10
Wavelength [µm]

1

10

100

Sp
ec

tr
al

In
te

ns
it
y

[n
W

m
�

2 s
r�

1 ]

z = 0

(A)

This work (EBL Reconstruction)

Abramowski et al. 2013 (18)

Biteau & Williams 2015 (19)

Abdalla et al. 2017 (20)

Meyer et al. 2012 (21)

Gardner et al. 2000 (22)

Xu et al. 2005 (23)

Keenan et al. 2010 (24)

Voyer et al. 2011 (25)

Ashby et al. 2013 (26)

Driver et al. 2016 ( )
10

100
(B)

z = 1

10

100

z = 2

(C)

0.1 1

� [µm]

10

100
(D)

z = 3

LAT Coll., Science, 2018



Extreme-C probe CIRB above 10 𝝁m

e.g. Costamante 2013

Spectra > 10 TeV,      possible problems ?



IGMF lower limits
B> 10-16 - 10-17 G 

Neronov & Vovk 2010

Tavecchio et al 2010

Taylor et al. 2011

Vovk et al. 2012 etc


LAT Coll. 2018



Emission mechanism:

problems for one-zone SSC

Efficient Cooling + KN effects tend to steepen spectrum at VHE-TeV



Hard distributions and SSC ?

- Low-energy cutoff at high energies 
(Katarzynski 2007)


-  Maxwellian distribution

     (Henri et al 2002)

comprehensive discussion in Lefa et al 2011



Where is synchrotron emission  
of  these TeV electrons ?



NuSTAR-Swift observations

Costamante et al. 2018

2013-2016 observations,       Fermi-LAT data 4Y:  2013-2017 Pass8



NuSTAR-Swift observations

Costamante et al. 2018



NuSTAR-Swift observations

Costamante et al. 2018



SSC can work but:  1) dropping one zone (no fit below UV)
                             2) strongly out of equipartition (E-3 to E-6)
                             3) extremely low radiative efficiency

10 L. Costamante et al.

Source γ0 n0 γ1 γb γ2 n1 n2 B K R δ Ue/UB

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13]

1ES 0229+200 a - - 100 1.1× 106 2× 107 1.4 3.35 0.002 6 0.8 50 1.7× 105

1ES 0229+200 b - - 2× 104 1.5× 106 2× 107 2.0 3.4 0.002 103 2.1 50 2.0× 104

1ES 0347-121 a - - 100 7.5× 105 1.8× 107 1.7 3.8 0.0015 1.2× 102 1.2 60 1.5× 105

1ES 0347-121 b - - 3× 103 7.5× 105 1.8× 107 2.0 3.8 0.0015 8× 102 2.5 60 3.4× 104

1ES 0414+009 a 10 1.7 1× 104 105 106 3.0 4.6 0.3 8× 106 2.1 20 0.5

1ES 0414+009 b - - 3× 104 5× 105 3× 106 2.0 4.3 0.0025 1.6× 102 6.5 60 9.3× 102

RGB J0710+591 - - 100 6× 105 107 1.7 3.8 0.011 1.2× 102 0.92 30 2.7× 103

1ES 1101-232 a - - 3.5× 104 1.1× 106 6× 106 2.2 4.75 0.0035 7.0× 103 2.5 60 2.4× 103

1ES 1101-232 b - - 1.5× 104 9.5× 105 4× 106 2.2 4.75 0.005 2.4× 103 3.8 50 6.0× 102

1ES 1218+304 100 1.3 3× 104 106 4× 106 2.85 4.2 0.0035 1.2× 107 3.5 50 4.5× 103

Table 6. Input model parameters for the models in Fig. 2. [1]: Source. [2]: Minimum Lorentz factor (for the 3-power law model only). [3]: Low energy slope

of the electron energy distribution (3 power law model only). [4], [5] and [6]: Minimum, break and maximum electron Lorentz factor. [7] and [8]: Slope of the

electron energy distribution below and above γb. [9]: Magnetic field [G]. [10]: Normalization of the differential electron distribution, in units of cm−3. [11]:

Radius of the emission zone in units of 1016 cm. [12]: Doppler factor. [13]: Ratio between the electrons energy density Ue and magnetic field UB.

SED (Lefa et al. 2011). Other electrons could be responsible for

different parts of the synchrotron hump, but their SSC emission

would again fill the LAT band with primary radiation, unless their

SSC flux is suppressed by assuming high magnetic fields in their

emitting region. This possibility seems thus less likely due to the

extreme fine-tuning and ad-hoc conditions required.

We conclude that, though some contribution from secondary

radiation cannot be excluded, it should not be the dominant com-

ponent of the observed gamma-ray flux.

5 DISCUSSION AND CONCLUSIONS

The combined NuSTAR and Swift observations provide for the first

time three important information for these objects: 1) the precise lo-

cation of the synchrotron peak in the SED, also for the hardest ob-

jects; 2) the relation of the UV flux with respect to the X-ray spec-

trum; and 3) the absence of a significant hardening of the emission

towards higher X-ray energies. The latter result goes against the

idea that the hard TeV spectra are produced by an additional elec-

tron population, emitting by synchrotron in the hard X-ray band.

Their emission is constrained to be well below the observed flux

(i.e. implying a high Compton dominance) or at energies much

above 100 keV.

Using archival Fermi-LAT and VHE observations, we built the

best sampled SED so far for these objects, and tested the one-zone

SSC scenario. A leptonic SSC model is able to reproduce the ex-

treme properties of both peaks in the SED quite well, from X-ray up

to TeV energies, but at the cost of i) extreme acceleration and very

low radiative efficiency, with conditions heavily out of equipartition

(by 3 to 5 orders of magnitude); and ii) dropping the requirement

to match the simultaneous UV data, which then should belong to

a different zone or emission component, possibly the same as the

far-IR (WISE) data.

This scenario is corroborated by direct evidence in the X-ray

data of 1ES 0229+200 and RGB J0710+591. Their UV flux is in

excess of the extrapolation of the soft X-ray spectrum to lower en-

ergies. The model can be made to reproduce well either the UV

data (over-estimating the soft-X spectrum) or the soft-X spectrum

(under-estimating the UV flux), but not both. In the other sources

this scenario is not strictly necessary but becomes preferable in or-

der to fully reproduce a Compton peak at multi-TeV energies.

The discrepancy between particle and magnetic energy den-

sity is dramatic. Considering a more accurate geometry in the num-

ber density of synchrotron photons inside a region of homogeneous

emissivity (see Atoyan & Aharonian 1996) can bring the condi-

tions a factor 3-4 closer to equipartition, but cannot account for or-

ders of magnitude. Remarkably, this discrepancy would not widen

significantly in presence of hot protons in the jet, instead of the

more common cold assumption. The reason is that the average elec-

tron energy in these sources is higher than the rest mass of the pro-

ton.

Conditions so far away from equipartition are even more puz-

zling since not limited to a flaring episode: the extreme nature of

the SED in these BL Lacs seem to last for years. If the leptonic sce-

nario is correct, there must be a mechanism which keep the condi-

tions in the dissipation region persistently out of equipartition. The

specific case of 1ES 0414+009 shows, however, that some sources

could possibly switch closer to equipartition after some years.

In our modeling, the size of the emitting region is of the order

of R ∼ 1016 cm with high Doppler factors of 30-60 (see Table 6).

These values can accomodate variability on a daily timescale like

the one shown by 1ES 1218+304 (Acciari et al. 2010a). In princi-

ple, it would be possible to have smaller Doppler factors with larger

sizes of the emitting region (for example, in 1ES 0229+200, δ = 10

with R ∼ 1017 cm). However, this solution cannot accomodate

variability much faster than a week, and it does not help in bring-

ing the conditions much closer to equipartition (in our example,

Ue/UB ∼ 1.2× 105).

These hard-TeV BL Lacs represent the extreme case of the

more general problem of magnetization in BL Lacs, for which one-

zone models imply particle energy and jet kinetic power largely

exceeding the magnetic power (see e.g. Tavecchio & Ghisellini

2016). In these extreme-Compton objects even the assumption of

a structured jet –namely a fast spine surrounded by a slower layer–

does not help in reaching equipartition. If the layer synchrotron

emission is sufficiently broad-banded, the additional energy den-

sity in soft photons provided by the layer to the fast-spine electrons

does allow for a larger magnetic field and higher IC luminosity, but

would generate more efficient cooling of the TeV electrons, pre-

venting a hard spectrum at TeV energies. A spine-layer scenario

can thus give solutions close to equipartition for “standard" HBL

with a soft TeV spectrum (e.g. Tavecchio & Ghisellini 2016), but

not for these hard-TeV BL Lacs.

MNRAS 000, 1–13 (2017)
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Connecting blazars, cosmic rays, and neutrinos 3

Figure 2. (⌫ ! � ! CR) correlation test results (2FHL): (top) F�

projection of the chance probability at a fixed angular distance ✓.
(bottom) ✓ projection of the chance probability at a fixed F�

value. The probabilities are reported for the neutrino filtered �-
ray emitters (solid line) and for the complement sample (dashed
line) at F� (or ✓) larger than the value on the x-axis.

hints at a possible connection between IceCube neutrinos
and CRs.

2 STATISTICAL ANALYSIS

Motivated by the hints mentioned above on (1) an HBL
origin of some of the IceCube neutrinos from Padovani et al.
(2016), and (2) a common origin of neutrinos and CRs from
Aartsen et al. (2016b), we have developed a two-step analysis
to investigate the connection between �-ray emitters and
CRs.

2.1 Neutrino filter to �-ray sources (⌫ ! �)

The neutrinos are implied here as filters in order to single out
the best candidate lepto-hadronic accelerators (Petropoulou
et al. 2015) from �-ray catalogs and hence the most proba-
ble CR sources. We have used all the high energy catalogs

presently available including the 2FHL, the 2WHSP (Chang
et al. 2017), and the 3LAC (Ackermann et al. 2015), as de-
tailed in Padovani et al. (2016) and Tab. 1, focusing on HBL
blazars2. We have also considered the 2FHL and 3LAC cat-
alogue subsets as reported. The neutrino list is composed of
the 51 events (30 starting and 8 tracks) selected by Padovani
et al. (2016) and the recently published 29 through going
tracks reported in Aartsen et al. (2016a) of which one is a
starting track also. No further catalogue has been tested and
all the tests performed on the data are reported here not to
hide any trial or relevant information.

As done in Padovani et al. (2016), we have filtered �-ray
sources in spatial coincidence with the neutrinos (i.e. within
the median angular errors). The selection is done partition-
ing the flux of the cataloged sources (F�) (or alternatively

the “figure of merit” (FoM) introduced in the 2WHSP)3.
Two subsets of the �-ray catalogues are then obtained, the
neutrino filtered and its complement:

(⌫ ! �); F� neutrino f ilter, (1)

\(⌫ ! �); F� complement. (2)

With respect to Padovani et al. (2016), we have here
extended the coverage of the sky for 2FHL to the Galactic
plane to allow the realization of neutrino scrambled maps
as background cases and included the recently published
through going tracks.

2.2 Neutrino filtered sources to CRs
(⌫ ! � ! CR)

In a second independent step, the neutrino selected �-ray
sources at various F� (or FoM) are cross correlated with the
CRs. The correlation is also done as a function of the angu-
lar separation ✓ between the source and the reconstructed
incoming direction of the CRs over the 1

� � 30

� range in
steps of 1

�. This is because the CRs are charged particles
and therefore deflected by an unknown angle due to the in-
tervening magnetic fields.

We quantify the strength of the correlation by count-
ing the number of CR events that have at least one neu-
trino filtered �-ray source with F� at distance smaller than
the angular distance ✓ and compare this to random trials.
This is done by randomizing the right ascension of the neu-
trino events and repeating the statistical analysis mentioned
above. This randomization method is regularly used within
the IceCube collaboration and ensures that the aforemen-
tioned anisotropies in the CRs are conserved and do not
artificially contribute to the significance of the result, pre-
serving at the same time the IceCube neutrino distribution,
which is known to be not uniformly distributed.

The final probabilities are calculated based on random
trials. The final result is corrected for trials due to the scan-
ning in F� (or FoM) and ✓ to search for the largest CR excess

2 The determination of ⌫S , which is required to classify sources
as HBLs, requires the availability of multi-frequency data and is
also a↵ected by variability, a defining feature of blazars. The HBL
- non-HBL distinction is therefore not sharp by definition.
3 The FoM is defined as the ratio between the synchrotron peak
flux of a source and that of the faintest blazar in the WHSP
sample already detected in the TeV band.

MNRAS 000, 1–10 (2017)
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over the random expectation. We have also corrected for the
number of subsets in the 2FHL considering the relative cor-
relations within the subsets. The additional factor is 2.9.

Although the CR horizon is limited by the energy losses
caused by the interactions of CRs with photons of the
Cosmic Microwave Background (CMB), the so-called GZK
(Greisen-Zatsepin-Kuzmin) e↵ect (Greisen 1966; Zatsepin &
Kuzmin 1966), we do not apply a-priori cuts on the distance
of the cataloged sources. The reason is that a large number
of BL Lacs has no measured redshift due to the lack of emis-
sion lines in their optical spectra (see also Sec. 4). Moreover,
it is di�cult to quote a CR horizon a priori. Instead of scan-
ning in redshift z as done in other tests as the one in Aab
et al. (2015a) and in Abu-Zayyad et al. (2013a), we use all
sources regardless of their redshift.

2.3 Likelihood ratio test

As a last step, a likelihood ratio test comparing the con-
nection between the filtered (⌫ ! �) and the complement
\(⌫ ! �) source samples with the CRs is performed. We
define the test statistics as

⇤ =
P

�
(⌫ ! �); F� ! CR; ✓

�
P

�
\(⌫ ! �); F� ! CR; ✓

� , (3)

where P is the probability obtained in the two-step statis-
tical test described above. Large values of ⇤ indicate pref-
erence for a stronger correlation of neutrino filtered �-ray
emitters and CRs supporting a physical connection among
the three astronomical messengers. We estimate the signif-
icance of this test by comparing data to trials with ran-
domized neutrinos as discussed in the previous section. The
p-value is then defined as the chance probability that trials
produce a test statistics ⇤ that is larger than, or equal to
that observed.

3 RESULTS

The neutrino filter (⌫ ! �) introduced in Padovani et al.
(2016) selects the �-ray emitters which are within the me-
dian angular errors of the IceCube neutrino events. A sig-
nificant excess of CRs is here reported in connection with
the neutrino filtered 2FHL �-ray emitters (see Fig. 2 solid
lines and Tab. 1). The (F�, ✓) scan provides as the most sig-
nificant excess a total of 83 CRs at an angular separation
✓ < 10

� from the 46 2FHL neutrino filtered �-ray emitters
with F� (> 50 GeV) � 2.5⇥ 10

�11

ph cm

�2

s

�1. This number of
CRs has to be compared with an expectation of 46.4 random
associations determined on neutrino randomized cases. The
probability of observing such an excess on randomized maps
is 5.5⇥10

�5 which translates into 2.2⇥10

�3 after compensa-
tion for trials.

Among the subsets of �-ray emitters reported for the
2FHL, the best/minimal probability is obtained for the
HBLs + unclassified sample. This sample includes all HBLs
plus all sources with 2

� < |b
II

| < 10

�, which are still unclas-
sified in the catalogue4. The scan values where the maximal

4 By excluding the Galactic plane, in fact, there is a high chance
that these sources are unrecognized blazars lying in a region of the

Figure 3. Result of the likelihood ratio test ⇤ (Eq. 3) for the
2FHL catalogue. Large values of ⇤ indicate preference of a con-
nection between �-rays and CRs for the neutrino filtered �-ray
emitters. Vertical lines show the outcome of the statistical test
for the subsets of the 2FHL catalogue with respect to random
trials (black histogram).

excess is found are F� (> 50 GeV) � 1.8⇥10

�11

ph cm

�2

s

�1 and
✓ = 10

�. At these scan values, a total of 80 CRs are associ-
ated with the neutrino filtered sample, to be compared with
an expectation of 42.5 random associations. The probability
of observing such an excess on randomized maps is 2.4⇥10

�5

which translates into 8.4 ⇥ 10

�4 (3.14�) after compensation
for trials due to the (F�, ✓) scan. Moreover, considering the
fact that we have tested 4 nested subcatalogues of the 2FHL,
the final p-value is 2.4 ⇥ 10

�3 (2.8�).
No excess of CRs is found once the complement sample

of �-ray emitters, \(⌫ ! �), is considered (see Fig. 2 dot-
ted lines). A likelihood ratio test ⇤ (Eq. 3) comparing the
connection between the filtered and the complement source
samples with the CRs favours a connection between neu-
trino filtered emitters and CRs (see Fig. 3). With a p-value
of 1.8 ⇥ 10

�4 (2.91�), the neutrino filter to CRs model is
favoured providing a first strong hint of an association be-
tween HBLs and CRs. More statistics is required to confirm
or disprove this scenario.

For the 3LAC and 2WHSP catalogues, we observe sim-
ilar but less significant excesses and as for the 2FHL only
for HBLs (see Fig. A1, Fig. A2, Fig. A3 and Tab. B1 in the
Appendix). Also in these cases, no CR excess is observed
for the complement sample of neutrino filtered sources (see
dotted lines in Fig. A1, Fig. A2). The result of the likelihood
ratio test described above is reported in Fig. A3 and Tab. 1.

sky where the density of stellar sources is still quite high. Despite
the fact that the optical counterparts of these �-ray sources are
still unknown, upon inspection, and after the test was carried out,
it turned out that most of them have SEDs of the HBL type.

MNRAS 000, 1–10 (2017)
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FIG. 8.— Spectral fits to HESS and VERITAS data of 1ES 0229+200. Blue
data points are from HESS (Aharonian et al. 2007b), and red data points are
preliminary VERITAS data (Perkins et al. 2010). The curves labeled “E20,
low IR" and “E19, low IR" are the cascade spectra initiated by the E−2 injec-
tion with Emaxp = 1020 eV and 1019 eV protons, respectively, using the low-IR
EBL model (Kneiske et al. 2004), whereas the curve labeled “E19, best fit" is
the spectrum with Emaxp = 1019 eV for the best-fit EBL model. The curve la-
beled “E14, low IR" is the spectrum resulting from the cascade of Emax = 1014
eV photons with β = 5/4 produced at the source for the low-IR EBL model.
Double dot-dashed and dotted curves give, respectively, the 5 sigma differ-
ential sensitivity for 5 and 50 hr observations with CTA (configuration E;
CTA Consortium 2010).

components are conventionally explained by emissions at the
source. But they could also be explained by intergalactic cas-
cade emissions.
Figure 8 demonstrates that 1ES 0229+200 can be fit by both

the gamma-ray induced cascade and proton-induced cascade
emissions. Because of the uncertainty in the EBL models,
it is not easy to distinguish between the two possibilities at
∼ 100 GeV – TeV energies. At higher energies, however, our
calculations show that it is possible to discriminate a proton-
induced cascade emission from gamma-ray-induced cascade
emission resulting from the attenuation of hard gamma-ray
source emission. The emission spectrum measured as a re-
sult of the injection of VHE photons at the source are strongly
suppressed above ∼ 10 TeV for a wide range of EBL mod-
els, whereas a cosmic-ray-induced cascade displays a signif-
icantly harder spectrum above this energy. Because UHE
photons and pairs can only be produced as secondaries of
hadronic processes, then cascades from UHE protons demon-
strate that a distant blazar is an UHECR source, which pro-
vides another test other than gamma-ray variability searches
that are critical for discriminations among the scenarios.
Figure 8 indicates that detection of > 25 TeV gamma rays

is only compatible with a hadronic origin. Identifying this
feature by future Cherenkov detectors such as CTA or HAWC
makes possible the gamma-ray demonstration of the sources
of UHECRs, and we show the differential sensitivity goal
of the planned imaging atmospheric Cherenkov telescope,
CTA (CTA Consortium 2010). Note that this is a differen-
tial sensitivity curve with the requirement of 5 sigma signifi-
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FIG. 9.— Spectra of UHE proton-induced neutrino emission for various
source redshifts. The parameters used here are the same as Figure 7.

cance for 50 hour observations per bin, with 4 bins per decade.
This is a much more stringent requirement than detection of
a source with 5 sigma based on integrated flux, which can be
divided into 3 data points with ≈ 3 sigma significance each.
Given the differential CTA sensitivity for a 50 hr observation,
the spectral hardening associated with hadronic cascade de-
velopment can be clearly detected.
It is theoretically expected that discriminating between

cosmic-ray–induced and gamma-ray–induced cascade emis-
sions may be easier for higher redshift sources. For the
gamma-ray-induced cascade, there should be a cutoff be-
cause of the γγ pair creation by the EBL, while spectra of
the cosmic-ray-induced cascade emission are kept hard be-
cause of the continuous injection by the Bethe-Heitler pro-
cess. Hence, deep observations at ! TeV energies by CTA or
HAWC for moderately high-redshift blazars will also be im-
portant to resolve this question, along with detailed theoretical
calculations for individual TeV blazars.
Now that IceCube has been completed, along with VHE

gamma-ray data and GeV observations with the Fermi satel-
lite, it has started to give important insights into the origin
of UHECRs. But detection of neutrino signals produced out-
side the source seems difficult for high-peakedBL Lac objects
and FR-I galaxies, because the point source flux sensitivity at
> 10 PeV is order of ∼ 10−11 GeV cm−2 s−1 (Spiering 2011),
which is typically larger than the expected neutrino fluxes, as
shown in Figure 9. On the other hand, the diffuse background
neutrino flux would be detectable especially for Emaxp !

1020 eV (e.g., Anchordoqui et al. 2007; Takami et al. 2009,
and references therein), which is possible in hadronic mod-
els with large magnetic fields in jets. For Emaxp = 1019 eV,
however, protons mostly interact with the EBL, and the ex-
pected flux is lower than the proton case even if nuclei can be
accelerated up to EA = ZEp (e.g., Anchordoqui et al. 2007).
If BL Lac objects and FR-I galaxies are the main sources of
UHECRs made mainly of ions with EA " Z1019 eV, the dif-
fuse neutrino background would be difficult to be detected by
IceCube.
Next, let us discuss the cosmic-ray luminosity required

to explain such extreme TeV blazars in the hadronic cas-
cade scenario. Our calculations in Figure 8 show that less
power is required for a cosmic-ray induced cascade than a
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signature of strongly amplified radiation emitted in a relativis-
tic jet closely aligned to the line of sight (e.g. Urry & Padovani
1995).

These unusual physical and geometrical properties, com-
bined with the peculiar cosmological evolution that distin-
guishes BL Lacs from other types of AGN, have made this class
of sources the subject of intense research activity and of large
multi-frequency observation campaigns.

Despite the fact that BL Lacs emit strongly over the en-
tire electromagnetic spectrum, nearly all of presently known
sources of this type have been discovered at radio or at
X-ray frequencies, or through a combination of these two
bands. However, in some still poorly explored observing win-
dows, like the millimeter/microwave region and the gamma-
ray/TeV bands, BL Lacs, together with Flat Spectrum Radio
Quasars (FSRQ), are expected to be one of the major con-
stituents of the extra-galactic discrete source population. New
large samples of these objects will certainly be built when deep
surveys based on data from the Planck and GLAST space mis-
sions will become available in a few years.

The observed non-thermal emission in BL Lacs is thought
to be due to synchrotron emission peaking (in a log(ν f (ν) −
log(ν) representation) between the far infrared and the hard
X-ray band, followed by Inverse Compton scattering up to very
high energies. Those BL Lacs where the synchrotron peak is
located at low energy (known as Low energy peaked BL Lacs,
LBL, Padovani & Giommi 1995) so far have been discovered
mostly in radio surveys, while those where the synchrotron
power reaches the UV or the X-ray band (High energy peaked
BL Lacs, or HBL) have been discovered much more frequently
in X-ray surveys.

The Sedentary Multi-frequency Survey (Giommi et al.
1999, hereafter referred to as Paper I) was designed to assemble
a large and statistically well defined sample of HBL BL Lacs
by exploiting the fact that the electromagnetic emission of these
sources is so extreme that no other type of extra-galactic source
type is known to possess a similar Spectral Energy Distribution
(SED). By imposing radio, optical and X-ray flux ratios that
are only consistent with the unique SEDs of HBL BL Lacs it is
then possible to build large samples of these rare objects with
very high selection efficiency.

The sample presented in Paper I included 155 BL Lac can-
didates, only 40% of which were at the time spectroscopically
identified. However, it was estimated that the multi-frequency
selection technique applied ensured that at least 85% of the
candidates were genuine BL Lacs. That allowed the authors to
derive, though in a preliminary way, some important statistical
properties of HBL BL Lacs, such as their radio log N − log S
and Cosmological evolution. For that reason the survey was
named “Sedentary”.

The estimation of some of the fundamental properties of the
sample, however, require the knowledge of luminosity, hence
redshift which makes an identification campaign clearly neces-
sary. This need prompted the organization of a dedicated opti-
cal spectroscopy observation program (see Piranomonte et al.
2004, hereafter Paper III) that, together with data collected
by other independent groups, mostly aimed at the systematic
identification of bright high Galactic latitude RASS sources

(Schwope et al. 2000; Bauer et al. 2000; Beckmann 2000;
Anderson et al. 2003), led to the identification of all the candi-
dates in the sample.

In this paper we present the complete cleaned sample,
which now includes 150 objects following i) the removal of
those candidates that the spectroscopic identification campaign
did not confirm to be BL Lacs, and ii) the addition of 7 new
BL Lacs that satisfy all criteria for inclusion in the survey but
were not in the original sample because their αro was just be-
low the threshold of 0.2 due to the optical contamination from
the host galaxy which was not taken into account.

We also present a detailed spectral analysis based on broad
band BeppoSAX archival data and the radio to X-ray SED of a
selection of objects built using multi-frequency literature data,
on our own optical observations and BeppoSAX data, when
available.

The radio log N − log S , luminosity function and cosmo-
logical evolution have been presented in preliminary form in
Paper I and in Perri et al. (2002), the final results are presented
in a dedicated paper (Giommi et al. 2005, hereafter Paper IV).

2. The sample

A complete description of the Sedentary Survey sample is
given in Paper I, in this section we summarize the main se-
lection criteria and we refer the reader to the original paper for
more details.

The sample was extracted from a large set of radio and
X-ray emitting sources selected through a cross-correlation be-
tween the RASS catalog of bright X-ray sources (Voges et al.
1999) and the NVSS catalog of radio (1.4 GHz, Condon et al.
1998) sources. The following conditions were imposed to avoid
the complications due to the Galactic plane and ensure that the
sample is statistically complete above the radio flux limit of
fr = 3.5 mJy

1. |b| > 20◦;
2. fx/ fr ≥ 3 × 10−10 erg cm−2 s−1 Jy−1;
3. αro > 0.2;
4. fr ≥ 3.5 mJy;
5. RASSBSC count rate ≥0.1 cts/s;
6. V ≤ 21;

where αro is the usual broad band spectral index between the
radio (5GHz) and optical (5000 Å) fluxes and V is the visual
apparent magnitude of the optical counterpart.

Condition 1) limits the survey area to high Galactic lati-
tude regions where soft X-ray absorption due to Galactic NH is
low; condition 2) imposes a very large fx/ fr flux ratio that can
be reached by HBL BL Lacs only; condition 3) removes from
the sample radio quiet sources, such as nearby Seyfert galax-
ies where the unrelated radio and X-ray flux may accidentally
satisfy condition 2); conditions 4), 5) and 6) are necessary to
ensure statistical completeness above fr ≥ 3.5 mJy.

3. The catalog

The fully identified complete sample including 150 extreme
HBL BL Lacs is presented in Table 1 where Col. 1 gives the

Sedentary Survey sample (Giommi et al. 1999-2005)


150 BL Lacs,  candidate Extreme-S

Where to find them

𝛼XR < 0.6



Where to find them

Bonnoli et al. 2015:

- FX/FR > 104


- Host galaxy dominance


- z < 0.4


- Plotkin sample

Not simply TeV BL Lacs, but TeV-peaked BL Lacs  !



Fermi-LAT ~2yrs

Better look at Fermi-weak objects !  

not Fermi-bright HBL !





Quadratisch. Praktisch.  Gut !

Costamante 2019, subm.

soon on arXiv !



Some Conclusions

• Extreme BL Lacs are the most challenging and rewarding Blazars 
so far, at the crossroads of many different research fields.


•We do not know yet for sure the origin of their gamma-rays 


• Need of unbiased sky surveys in TeV 


• Answers with eRosita and CTA surveys (for the two types)


• But in the meantime: to Cherenkov Collaborations, please do 
dedicated observing programs  and publish them !


• To all of us: lots of possible treasures in Swift database
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