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High resolution radio images

Jet structure, roughly…



Figure 8: a) Schematic showing a possible profile along an AGN jet of three few key physical quantities defined in section 6: magnetisation, �, magnetosonic Mach
number, Mms, and the ratio of the bulk and turbulent velocities. Regions where certain mechanisms are expected to dominate are shaded. TS denotes termination
shock. The figure is intended as a guide to aid the discussion in Section 6. The sketched profiles are informed by a combination of observational constraints
and numerical simulations (see Potter, 2017; Matthews et al., 2019b; Chatterjee et al., 2019, for examples of more detailed profiles). IS/RS denotes internal
shocks/reconfinement shocks. b) shows a volume rendering of the jet tracer, a passive scalar that tracks jet material, from a relativistic hydrodynamic simulation of
an AGN jet, carried out using pluto. The rendering is shown for illustrative purposes and some possible mechanisms and sites for particle acceleration are labelled.

Not all jets start o↵ highly magnetised, in particular those
in protostellar systems and some microquasars, while even the
Doppler-boosted emission from blazars may originate outside
the high-� region (e.g. Sikora et al., 2005). Thus, the regime
where � < 1 in Fig. 8 can either correspond to regions fur-
ther along the jet than the magnetised base, or to jets that are
not initially Poynting flux dominated. In this lower magnetisa-
tion regime, acceleration at reconfinement shocks and internal
shocks becomes important. We define internal shocks as those
that are roughly planar and created by time-varying jet activ-
ity in which shells of di↵erent density and velocity in the jet
collide with one another (e.g. Rees & Meszaros, 1994; Spada
et al., 2001). Reconfinement shocks are caused by the con-
fining pressure of the cocoon/ambient medium, which drives
an oblique shock into the jet (e.g. Falle, 1991; Komissarov &
Falle, 2003), and may disrupt the jet (Gourgouliatos & Komis-
sarov, 2018). Both of these classes of shock appear to acceler-
ate superthermal particles. Internal shock models are invoked in
GRBs (Rees & Meszaros, 1994; Kobayashi et al., 1997; Piran,
2004), microquasars (Jamil et al., 2010; Malzac, 2013; Drap-
peau et al., 2015) and AGN jets (Spada et al., 2001; Ghisellini
et al., 2002; Bai & Lee, 2003) to explain some of the observed
temporal behaviour. Reconfinement shocks may explain the ap-
pearance of knots and quasi-periodic brightenings along the jet
length in radio galaxies (Stawarz et al., 2006; Nalewajko, 2012;
Hardcastle et al., 2016; Levinson & Globus, 2017). Knots and
spatially intermittent emission may also be explained by shocks
from the jet interacting with stellar winds (Wykes et al., 2015),
a process that may also produce gamma-ray emission (Araudo
et al., 2013).

Jets can be disrupted and decelerated by entrainment and
mass-loading (Komissarov, 1990; Bowman et al., 1996; Laing

& Bridle, 2002; Perucho & Marti, 2007) or instabilities (Hardee
et al., 1995; Tchekhovskoy & Bromberg, 2016; Gourgouliatos
& Komissarov, 2018). A low power or highly mass-loaded jet
resembles a subsonic or transonic plume of radiating material
rather than a focused supersonic beam. However, if the jet
avoids disruption and remains at least moderately supersonic,
the majority of its remaining kinetic power is dissipated through
a strong shock. In the case of steady supersonic jets, the jet
terminates in a reverse “termination” shock responsible for the
bright hotspots observed in radio galaxies. In transient events,
the jet instead sweeps up surrounding material into a relativistic
fireball (Blandford & McKee, 1976; Rees & Meszaros, 1992;
Waxman, 2001) and the particle acceleration occurs at a for-
ward shock thought to be responsible for the afterglows seen
in GRBs (Waxman, 1995; Yost et al., 2003; van Eerten, 2013),
although emission from reverse shocks can be observed at early
times in long-duration GRBs (Laskar et al., 2016, 2018; Bright
et al., 2019). Both forward and termination shocks will gener-
ally produce e�cient particle acceleration as the shock velocity
can be large, so the acceleration time is short, and a large frac-
tion of the jet energy can be transferred to superthermal par-
ticles. The termination shock is labelled in our schematic in
Fig. 8, and coincides with a sharp drop in Mms, as well as an in-
crease in magnetic field due to amplification and compression
at the shock.

Inside a supersonic jet, uturb/u must be small, else the tur-
bulence would also be supersonic and would rapidly heat the
plasma and decrease the Mach number. Beyond the termina-
tion shock, or in the plumes of disrupted jets, the flow becomes
subsonic or transonic, and less ordered. Thus, in jet lobes and
cocoons uturb/u might feasibly be close to unity. However, fast
bulk flows can still occur, a prominent example being the back-
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From review by Matthews et al. 2020

𝛔 = magnetisation

Ms = magnetosonic Mach number

uturb/u = ratio of turbulent vs bulk velocities

What particle acceleration mechanisms ? 

and where ?
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1)  Thermal Properties
FSRQ (FR II)                                           BL Lacs  (FR I)

 Broad Emission Lines: 
EW>5 Å                                       EW<5 Å 

Pian et al. 2005

Strong Disk (UV)  & Torus (IR) emission Weak/absent  Disk (UV)  & Torus (IR) emission

Continuum range of EW and line luminosities:
1046 erg/s                                   <1040 erg/s



Ghisellini et al 2013
Sbarrato et al 2011, 2014

radiatively 
efficient

radiatively 
inefficient

Introducing BH mass 
(Virial  or  MBH - MR relation)

real 
FSRQ

real
BLLacs

with 10-20% reprocessing
Ldisk/LEdd ~10-2



Something is happening at L ~0.01 LEdd

Trump et al. 2011
Ledlow & Owen 1996

Ghisellini & Celotti 2002

Sample 82 unobscured AGNs

Broad-lined
Narrow-lined

Line-less

ADAF - Shakura/Sunyaev ?

Changing-look AGN are close to that L !



  2)  Jet properties:   SED Sequence

From Low to High-energy peaked Blazars  

Giommi & Padovani 1994,1995

↵
x

< 1 ↵
x

> 1    V-shape

LSP ISP HSP  -  EHSP

↵X ' 1



Double-humped SED: 
which mechanism & location for the  𝛾-ray emission ?

Synchrotron
?



Proton scenarios:

p-γ

p-B

p-p : not efficient,  L~1045 erg/s  needs target 106 cm-3             
            slow,   tpp~1015/np s

: Ep >1019 eV,    needs large densities of target photons 

: Ep >1019 eV,    needs large magnetic fields  (>100 G)

See e.g.  Muecke & Protheroe 2000,  Aharonian 2000
             Petropoulou et al. 2014-18,  Boettcher et al. 2012, 
             Cerruti et al. 2015, 2018

For typical blazar variability (few hrs):

generates  neutrinos !  
problem of gamma-ray transparency  



Leptonic Scenario: population of relativistic electrons 

Log ν

Log νL(ν)

α1

α2

νs

α1
α2

νC

Log γ

Log N(γ)

n1

n2

γb

γ max   

? γmin

Synchrotron Inverse Compton

U'synch  (SSC)

U'BLR  (EC )

U'disk   (UV)

U'dust   (IR)

Main cooling channel ?   Highest energy density U'  in co-moving frame

h�̇i =
4
3
�Tc U 0

rad �2�2

h�̇i =
4
3
�Tc U 0

B �2�2



Broad Line Region(UV)
~0.2 pc

Torus/Hot Dust (IR)
~1-10 pc

Disk, Corona

RTorus

RBLR
RBLR ⇥ 0.1� L46

1/2 pc

RHD ⇥ 2.5� L46
1/2 pc

( Bentz et al. 2006 ; Kaspi et al. 2007 )

( Cleary et al. 2007 ; Nenkova et al. 2008 )

Urad ⇥ L/R2 � const. � 10�2erg/cm3

FSRQ



Energy density U along the jet:

Ghisellini et al. 2009
Sikora et al. 2009

gamma-rays:  Inv.Compton on highest-U’ seed photons

�̇ / U 0
rad �

2

U’ in jet frame



Broad Line Region(UV)
~0.2 pc

Disk, Corona

RTorus

RBLR

EC(UV)

EC(IR)

SSC/
EC(jet)

Torus/Hot Dust (IR)
~1-10 pc

UV-BLR:  Sikora et al. 94
Ghisellini et al. 98-22

standard picture

IR:  Sikora et al. 98+ 
mm transparent

MeV blazars

Marscher et al.
VLBI scale, ~20pc away
radio-gamma correl.

FSRQ



Broad Line Region(UV)
~0.01 pc

Disk, Corona

RBLR

BL Lacs 

SSC/
EC(jet)



Interpretation:  balance acceleration/cooling

Ghisellini et al 1998-2013,  
Sikora et al  1994-2013

EC(BLR)
SSC

FSRQ

BLLacs:

slow cooling

fast cooling

Leptonic SSC+EC fits



Pjet > Paccretion

Ghisellini et al.  Nature 2015
leptonic modeling

M c2= Ldisk/η

Blazars Jets are powered by BH rotational energy via B
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LAT Coll.,  3LAC paper 2015



Blazar Sequence 2.0 
the gamma-ray view

Ghisellini, Righi, LC et al. 2017
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Ghisellini, Righi, LC et al. 2017

New aspects

Synch. peak 

Compton peak

LC/Lsynch



Broad Line Region(UV)
~0.2 pc

Torus/Hot Dust (IR)
~1-10 pc

Disk, Corona

RTorus

RBLR
RBLR ⇥ 0.1� L46

1/2 pc

RHD ⇥ 2.5� L46
1/2 pc

( Bentz et al. 2006 ; Kaspi et al. 2007 )

( Cleary et al. 2007 ; Nenkova et al. 2008 )

Urad ⇥ L/R2 � const. � 10�2erg/cm3

FSRQ 

         Uext is constant
=> Compton cooling is constant
=>  𝛾peak is constant

from Ghisellini, Turin 2018



Main problem:

Fossati et al 1998
Donato et al 2002

Real Selection bias ?

Giommi, Padovani et al. 2012

Simulations of observational biases

or



Blazar sequence:   selection bias ?

Giommi, Padovani et al. 2012

Simulations of observational biases There should be lots of low-
peak, gamma-quiet BL Lacs

A simplified view of blazars 2903

simulate the fraction of non-evolving radio sources as a function
of power. This fraction is equal to 1 for Pr ≤ 5 × 1024 W Hz−1,
decreases monotonically with power, and reaches 0 for Pr ≥ 5 ×
1027 W Hz−1.

(iii) Non-thermal component. To represent the non-thermal/jet
component, we assume a simple homogeneous synchrotron self-
Compton (SSC) model (see e.g. Tramacere et al. 2009, and refer-
ences therein) with relativistic electrons distributed as a power law
at low energies and as a log-parabola at high energies (Massaro
et al. 2004, 2006). This model represents well the synchrotron part
of the observed SEDs, which always extends at least to the optical
band where the classification of blazars into FSRQs or BL Lac ob-
jects occurs. As for the inverse-Compton emission, which can be
important in the soft X-ray band, we set the Compton dominance so
as to reproduce the observed f X/f r in FSRQs. This is sufficient for
our purposes, since complicating the emission with additional com-
ponents, like thermal emission from accretion or inverse-Compton
on an external field of photons, would only modify somewhat the
amount of observed soft X-rays in LSP blazars but would not change
the composition of the samples, nor alter any of our conclusions.

The Lorentz factors of the electrons radiating at the peak of the
synchrotron SED component (γ peak) are distributed as shown in
Fig. 4. The range of γ peak (∼2.5–4.5 in log) is that expected for typ-
ical parameters of the SSC model as shown in fig. 36 of Abdo et al.
(2010c). The particular shape of the distribution was chosen so as to
empirically reproduce the observed νS

peak distributions in radio- and
X-ray-selected samples of blazars. The skewness to lower values is
similar to that of the f X/f r (a proxy for νS

peak) distribution adopted
by Padovani & Giommi (1995) to unify X-ray-selected and radio-
selected BL Lac objects. As regards the Doppler factor, we assumed
a mean value of 15, which was chosen to be consistent with the mean
superluminal speed βapp ∼ 12 obtained by Lister et al. (2009), and
with the typical Lorentz factor $ ∼ 15 derived by Hovatta et al.
(2009) (since for the angle that maximizes the apparent velocity
δ ∼ βapp ∼ $).

(iv) Accretion disc and broad emission lines. We use the quasar
spectral template of Vanden Berk et al. (2001), which has been built
using a homogeneous data set of over 2200 SDSS spectra (see fig. 4
of Giommi et al. 2011). A standard accretion disc is likely to be

2 3 4 5

0
0.

02
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04
0.

06
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eq

ue
nc

y

Log (electron γpeak)

Figure 4. The distribution of the Lorentz factors of the electrons radiating
at the peak of the synchrotron SED used for the simulation, which also
assumes a magnetic field of B = 0.15 G and a Gaussian distribution of
Doppler factors with ⟨δ⟩ = 15.

present only in so-called ‘high-excitation’ radio galaxies (HERGs),
while it appears not to be there, or be less efficient, in low-excitation
radio galaxies (LERGs). Almost all FR I sources are LERGs, while
most FR II sources are HERGs, although there is a population of
FR II LERGs as well. Chiaberge, Capetti & Celotti (1999) and
Donato, Sambruna & Gliozzi (2004) have in fact suggested that the
obscuring torus, which is required by AGN unification schemes, is
absent in FR I sources, based on the high optical core detection rate
and low X-ray intrinsic absorption, respectively. This would mean
no accretion disc as well; otherwise, one would see broad lines in
their optical spectra, while, apart from a handful of objects (e.g. 3C
120), basically no FR I source displays broad optical lines. Evans
et al. (2006) have shown that the accretion flow luminosities of FR II
sources are typically several orders of magnitude higher than those
of FR I sources. It then looks like LERGs, which means all FR I
sources and some FR II sources either do not possess an accretion
disc, or if the disc is present, then it is much less efficient than in
FR II sources [i.e. of advection-dominated accretion flow (ADAF)
type].

We have then associated the presence of a standard accretion
disc only with beamed FR II sources and assumed that all those
with a FR I parent (the non-evolving sources) have no disc (but see
Section 6 for an alternative scenario).

(v) EW distributions. The intrinsic (before dilution) distributions
of the EW of the broad lines (Lyα, C IV, C III, Mg II, Hβ, Hα) have
been assumed to be those of the radio-quiet QSOs included in
the SDSS data base described in Section 3. We assumed Gaus-
sian distributions characterized by the measured means (⟨EWHα⟩ =
200 Å, ⟨EWHβ⟩ = 23 Å, ⟨EWMg II⟩ = 18 Å, ⟨EWC III⟩ = 16 Å,
⟨EWC IV⟩ = 20 Å, ⟨EWLyα⟩ = 47 Å) and dispersions for the various
lines.

(vi) The disc-to-jet power ratio. The disc and jet components in
blazars are known to be correlated and possibly of the same order
of magnitude, although there are uncertainties associated with es-
timating them (see e.g. D’Elia, Padovani & Landt 2003; Ghisellini
et al. 2011). We are interested in the somewhat simpler question of
determining how the luminosity of the accretion disc (blue bump in-
tensity at 5000 Å) scales with radio power (at 5 GHz). The relevant
data were derived by using the very large amount of multifrequency
information included in public data bases and the tools that are now
available to analyse SEDs (Stratta et al. 2011). Fig. 1 gives some
examples of representative objects. The amount of thermal flux in
each FSRQ was estimated by matching the composite optical QSO
spectrum of Vanden Berk et al. (2001) to the SED data in the blazar
rest frame. We have done that through a careful visual inspection
of each SED and by adjusting the intensity of the composite QSO
spectrum until it overlapped well to the observed emission. The
use of this manual approach was necessary as the heterogeneity
of the available data and flux variability does not allow the imple-
mentation of a robust automatic procedure. Fig. 1 gives examples
of the matching of the composite QSO spectrum (blue line) to the
data for the case of 3C 273 or 3C 279. In those objects where the
available optical/UV data are limited to a magnitude in one or two
colours, we matched the composite QSO spectrum to the flux level
corresponding to the available magnitude(s), taking into account
redshift.
An upper limit was instead estimated for BL Lac objects by placing
the composite QSO spectrum in the SED at an intensity such that
the optical lines would not be detectable in the optical spectrum
(typically a factor of 10 below the observed flux). Fig. 1 illus-
trates the case of Mrk 501. This was done for a large number of
blazars selected in four surveys: two radio selected [Deep X-ray
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However… recent developments/surprises

A)  Gamma-rays origin/location


B)  Ultra-fast variability 


C)  During flares, sed  FSRQ  <—> HBL


D)  Extreme-TeV  BL Lacs


E)  Polarization  (X-ray vs Opt)


F)  Neutrinos



Same BLR photons for EC =>  optical depths >>1

e.g. on BlackBody target field
(good approximation to BLR 

attenuation)

x1x2 �
2

1� cos✓

x ⌘ h⌫/mec
2

UBLR UTorus

Expected in FSRQ:  no VHE detections, cutoff  ~10-20 GeV

⌧
max

�� ! e+e�



2/3 of the sample:   𝜏max < 1

9/10 objects:          𝜏max < 3

Only 1 out of 10 FSRQ compatible with significant BLR absorption 

NO evidence of BLR cut-offs !

τBLR > 33

Rblr ~3×1017 cm

τBLR > 62 τBLR > 64

Rblr ~6×1017 cm Rblr ~7×1017 cm

LC et al. 2018

Test on the 100 brightest FSRQ in Fermi + 6 large BLR, 7.3 years of data



Sample 83 objects with LBLR estimate

for EC(BLR)



73%  𝜏max < 1

87%  𝜏max < 3

Total Sample of 106 objects



No evidence of strong interaction with BLR photons 

For the brightest 20:   difference High/Low state ?



VHE-detected FSRQs:   no absorption also in Low state 



Even 3C 454.3 !

Better fitted with 
intrinsic electron cutoff !



Consequences

1) EC(BLR) is disfavoured in FSRQ (EC-IR or SSC or EC-ambient) 

2) Gamma-ray spectrum is mostly intrinsic (particle distribution)
          ⇒ new diagnostic possibilities (e.g. Lefa et al 2014)

3)  Without BLR suppression,  FSRQs can be luminous at VHE
                                           (indeed now already 12 detected)

SED Gamma-ray Bump produced far away from BH ?



Ultra-fast Variability (t ≲ 𝜏0 =Rs/c)

HBL

Aharonian et al. (HESS coll) 2007

PKS 2155-304 in July 2006

Γ≥50-100    for  R~RS

R  ~5x1012δcm ≈ 0.01δRS

B)

1 Crab
1 min bins

But… if perturbations propagate from BH, stationary in LAB frame…
=>   emitter size either R << rg  (external)  or  relativistic in jet frame  

1047 erg/s

t≈200s



Possible explanations ?

Jet

BH

Star‘s orbit

Star Envelop

Magneto-centrifugal accel ?                   Jets-in-Jet ?      Jet-Star 
interaction ?

(Ghisellini & Tavecchio 2008; Ghisellini 2009)                           (Giannios et al 2009)                                  (Barkov et al. 2010, 2011)

EC SSC p-γ
EC

See e.g. discussion in  Aharonian et al. 2017



Aleksic et al. (MAGIC collab.) 2011

4C +21.35

Also in FSRQs !

4

Estimation of intranight variability

Fit of a constant 
rejected at 12.3σ

Intra-night variability confirmed

Very fast intranight variability
in the first night : doubling
timescale ~20min

19.35 ± 4.79 min

Pierre Pichard - PKS1510-089 2019 flare – GAMMA26 - 02/09/2026

5

Estimation of intranight variability

Fit of a constant 
rejected at 9.2σ

Intra-night variability confirmed

Very fast intranight variability
in the second night : halving
timescale ~20min …

23.23 ± 3.02 min

Pierre Pichard - PKS1510-089 2019 flare – GAMMA26 - 02/09/2026

PKS 1510-089

Pichard et al. (HESS Coll), Gamma26 conf

R ⇥ 2.5� 1014 �10 tvar,10min cm

10-min variability !

at several pc from Black Hole



Radio Galaxies

Aharonian et al. (HESS) 2007

Aleksic et al. (MAGIC) 2014

It is straightforward to compare these timescales with the
minimum time that characterizes a black hole system as an
emitter, namely, the light-crossing time of the gravitational
radius of the black hole:

t = » ´ ( )r c M5 10 s. 10 g
2

8

Note that = = ´r GM c M1.5 10 cmg bh
2 13

8 is the gravita-
tional radius corresponding to the extreme Kerr black hole, i.e.,
twice smaller than the Schwarzschild radius.

Thus, for the mass range of black holes . :M M108 , the
current gamma-ray detectors have a potential toexplorethe
physics of AGN that isclose to the event horizon on timescales
shorter than t0. Such ultrafast gamma-ray flares8 have
previously beendetected from four AGN: PKS2155
−304(Aharonian et al. 2007), Mkn501 (Albert et al. 2007),
and IC310(Aleksić et al. 2014) at TeV energies, and 3C279
at GeV energies (Ackermann et al. 2016). In addition, a flare
with aduration comparable to the BH horizon light-crossing
time, t~2 0, was observed from a misaligned radio galaxy M87,
in which the jet Doppler factor is expected to be small
(Gebhardt & Thomas 2009). For comparison, it is interesting to
note that the characteristic timescales of even the shortest
GRBs (~1 ms; Pozanenko & Loznikov 2002; Golkhou
et al. 2015), which aremost likely associated with solar mass
black holes, exceed t0 by several orders of magnitude.

The detection of variable VHE gamma-ray emission from
AGN on timescales significantly shorter than t0 is an extra-
ordinary result and requires a careful treatment and interpretation.
The masses of SMBHs in distant AGN aretypicallyderived from
the empirical Faber-Jackson law (also known as the s–M
relation, see Ferrarese & Merritt 2000; Gebhardt et al. 2000).
Although this statistical method is characterized by a small
dispersion, scatter for individual objects may be significant, which
consequentlyleads to uncertainties of t0. On the other hand,it
follows from Equation (2) thatfor the minute-scale flares reported
from PKS2155−304and IC310, the variability time can exceed
t0 only formasses of the BHs that are lowerthan ´ :M3 107 .
For both objects, different methods of estimatingMbh give
significantly higher values, and therefore t t< 0.

If the emission is produced in a relativistically moving source
with a velocity bem, the variability timescale for the observer is
shortened by the Doppler factor d b q= G -( )1 1 cos ;em em em em

bG = -( )1 1em em
2 is the Lorentz factor and qem is the angle

between the source velocity and the line of sight. Thus if we
wishto increase the proper size of the emitter ¢R (the source size
in the comoving reference frame) to a physically reasonable
value of .¢R rg, the Doppler factor shouldbe large, d > 10em .
For example, in the case of PKS2155−304, where the mass of
SMBH is expected to be high,9 ~M 108 , the VHE variability
sets a lower limit on the value of the Doppler factor: .d 25em .
However, there is another issue of conceptual importance
thatcannot be ignored. The problem is that if the perturbations
originate in the central engineand then propagate in the jet, e.g.,
in the form of sequences of blobs ejected with different Lorentz
factors (leading to internal shocks), the size of the emitter in the
laboratory frame, = ¢ GR R j, would not depend on the Doppler
factorand it should exceed the gravitational radius: .R rg. Let

us present the proper size of the production region as
l¢ = GR rj g, where Gj is the jet bulk Lorentz factor, and λ is a

dimensionless parameter, which corresponds to the ratio of
the production region size in the laboratory frame to the
gravitational radius. The causality condition provides a limitation
on the variability timescale

. t
lG
G

( )t . 2var 0
j

em

The variability of t=t 0.04var 0 inferred from the VHE
flares of PKS2155−304(Aharonian et al. 2007) requires

lG G� 25em j, i.e., the emitter should move relativistically in the
frame of the jet, whichinturnmoves relativistically toward the
observer. The jet-in-jetmodel suggested by Giannios et al.
(2009) can be considered as a possible realization of this
general scenario. Alternatively, if the source of the flare does
not move relativistically relative to the jet (G G�em j), the size
of the sourcein the laboratory frame should be much smaller
than the black holegravitational radius: l � 0.04.
If the emission site is located in the jet and formed by some

perturbations propagating from the BH, one should expect
l > 1. Thus, the condition of l < 1 implies that the
perturbations in the jet that result in a flare should have an
external origin, i.e., arenotdirectly linked to the central black
hole. This scenario can be realized when a star or a gas cloud of
radius * �R rgenters the jet from outsideand initiates
perturbations on scales smaller than the black holegravitation
radius rg (Barkov et al. 2012a).
Finally, it has been suggested that the flares can be produced

in the BH magnetosphere (Neronov & Aharonian 2007;
Levinson & Rieger 2011; Rieger 2011). In this case, the
production site does not move relativistically withrespect to
the observer, and Equation (2) is reduced to t l>tvar 0 , where
l = R rg. Thus, the flare originates in a compact region
thatoccupies a small fraction of the black holemagnetosphere.
An analogy for this possibility could be the emission of radio-
loud pulsars. It is believed that in these objects the radio pulses
are produced in the polar cap region, which constitutes only a
small part of the pulsar surface. Note that for the typical pulsar
radius Rpsr of 10 km, t m= ~R c 30 s0 psr is too small to be
probed through the variability of the radio emission. We note
here that although the production site of relativistic motion
does not allow reducingthe minimum variability time (see
Equation (2)), the relativistic beaming effect allows significant
relaxation ofthe energetics required to produce the flare. Thus,
magnetospheric scenarios should have higherenergy require-
ments thanthe jet scenarios.
In this paper we discussin rather general termsthree

possible scenarios for theproduction of ultrafast (“subhorizon”
scale) variability in AGNs:

(i) The source of the flare is a magnetospheric gap occupying
a small volume in the proximity of the black hole close to
the event horizon (Neronov & Aharonian 2007; Levinson
& Rieger 2011).

(ii) The emitter moves relativistically in the jet reference
frame. The most feasible energy source for this motion is
magnetic field reconnection in a highly magnetized jet
(Lyubarsky 2005; Giannios et al. 2009; Petropoulou
et al. 2016).

(iii) Flares are initiated by penetration of external objects
(stars or clouds) into the jet (Araudo et al. 2010; Barkov
et al. 2012a).

8 For a recent summary of ultrafast gamma-ray flares of AGN see Vovk &
Babić (2015).
9 To overcomethis constraint, some models involve a BH binary system as
the central engine in PKS2155−304(Rieger & Volpe 2010).
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November 2012, the mean flux above 300 GeV was
ð6:08 T 0:29Þ # 10−11 cm−2s−1; that is, four times
higher than the highest flux during previous
observations in 2009/2010. The measured spec-
trum (Fig. 3) can be described by a simple power
law with a differential photon spectral index of
G ¼ 1:90 T 0:04stat T 0:15syst in the energy range
of 70 GeV to 8.3 TeV (table S2). Owing to its prox-
imity, the spectrum of IC 310 is only marginally
affected by photon-photon absorption in collisions
with the extragalactic background light (EBL).
IC 310 harbors a supermassive black hole with

a mass of M ¼ ð3þ4
−2 Þ # 108Msun (section S1.1),

corresponding to an event horizon light-crossing
time of DtBH ¼ ð23þ34

−15 Þ min. The mass has been
inferred from the correlation of black hole
masses with the central velocity dispersion of
their surrounding galaxies (29, 30). The reported
errors are dominated by the intrinsic scatter of
the distribution. The same value of the mass is
obtained from the fundamental plane of black
hole activity (31). The scatter in the fundamental
plane for a single measurement is larger and
corresponds to a factor of e7:5.
During 3.7 hours of observations, extreme var-

iabilitywithmultiple individual flareswas detected
(Fig. 4 and figs. S3 and S4). The flare has shown
the most rapid flux variations ever observed in
extragalactic objects, comparable only to those
seen in Mrk 501 and PKS 2155-304. A conserva-
tive estimate of the shortest variability time scale
in the frameof IC 310 yieldsDt=ð1þ zÞ ¼ 4:8min.
It is the largest doubling time scale with which
the rapidly rising part of the flare can be fitted
with a probability > 5% (fig. S4). The light curve
also shows pronounced large-amplitude flicker-
ing characterized by doubling time scales down
to Dte1 min. The conservative variability time
scale corresponds to 20% of the light travel time
across the event horizon, or 60% of it, allowing
for the scatter in the dynamical black hole mass
measurement.
From the absence of a counter radio jet and

the requirement that the proper jet length does
not exceed the maximum of the distribution of
jet lengths in radio galaxies, the orientation an-
gle was found to be in the range q ~ 10° to 20°
(section S1.2), and the Doppler factor consistent
with d ≈ 4 (32). These values put IC 310 at the
borderline between radio galaxies and blazars.
The jet power estimated from observations of the
large-scale radio jet is Lj ¼ 2# 1042 erg s−1, as-
suming that it contains only electrons, positrons,
andmagnetic fields in equipartition of their energy
densities (section S1.3). For a radiative efficiency
of 10%, the Doppler-boosted average luminosity
of the jet emission amounts to 0:1d4Lj ≈ 5# 1043

erg s−1, which is close to the one observed in very
high-energy gamma rays. For de4, the variability
time scale in the co-moving frame of the jet,
where it should be larger than GjDtBH, is actually
close to DtBH (Fig. 1). A very high value of the
Doppler factor is required to avoid the absorption
of the gamma rays due to interactions with
low-energy synchrotron photons, inevitably co-
produced with the gamma rays in the shock-in-
jet scenario. The optical depth to pair creation by

thegammarays canbeapproximatedby tggð10 TeVÞ
e300ðd=4Þ

−6ðDt=1minÞ−1ðLsyn=1042ergs−1Þ.Adopt-
ing a nonthermal infrared luminosity of e1% of
the gamma-ray luminosity during the flare, the
emission region would be transparent to the
emission of 10-TeV gamma rays only if d ≳ 10.

For the range of orientation angles inferred from
radio observations, the Doppler factor is con-
strained to a value of d < 6 (Fig. 1). One can spec-
ulate whether the inner jet, corresponding to
the unresolved radio core, bends into a just-right
orientation angle to produce the needed high
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Fig. 3. Average spectral energy distributions during the flare (red) along with previous measure-
ments of IC 310 as observed by MAGIC.We show the results from the high (blue, open squares) and
low (black, openmarkers) states reported in (28) and the average results (gray triangles) from (27) for the
whole period.The dashed lines show power-law fits to the measured spectra, and the solid line with solid
circles depicts the spectrum corrected for absorption in the extragalactic background light. As a reference,
the spectral power-law fit of the Crab Nebula observations from (25) is shown (gray, solid line). Vertical
error bars show 1 SD statistical uncertainity. Because of the unfolding procedure, spectral points are
correlated. Horizontal error bars show the energy binning.
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Crab Nebula, respectively. The precursor flare (MJD 56243.972-56243.994) has been fitted with a Gaussian
distribution.Vertical error bars show 1 SD statistical uncertainity. Horizontal error bars show the bin widths.
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WGAJ0546.6-6415 RGB J1629+4008
(x 10)

RGBJ 1722+2436
(x 10)

S5 2116+81

Fig. 7.— Spectral energy distributions of our sources. Open points represent data from the literature (NED) while the BeppoSAX data
are indicated by filled points. ROSAT data are shown by a bow–tie that represents the spectral index range. The dashed lines correspond to
the one–zone homogeneous synchrotron and inverse Compton model calculated as explained in the text, with the parameters listed in Table
10. Dotted lines represent the disk emission, while solid lines indicate the sum of disk plus non-thermal emission. The errors on the optical
fluxes correspond to ±0.5 magnitudes (see text for details).

Table 10

Model Parameters.

Name L′ Ldisk RBLR B R Γ θ n γmin γpeak ν
syn
peak Beq

erg s−1 erg s−1 cm G cm Hz G
WGA J0546.6−6415 2.5e42 1.4e46 2.7e18 1.0 8.0e15 12 3.5 3.6 3.0e1 1.0e4 5.8e15 3.2
RGB J1629+4008 3.0e41 7.2e44 3.5e17 2.5 1.0e16 13 3.0 4.2 1.0e4 1.0e4 1.7e16 0.9
RGB J1722+2436 1.3e42 9.3e44 4.0e17 4.0 7.0e15 13 5.0 3.5 1.0e2 1.5e3 3.8e14 2.7
S5 2116+81 2.0e42 1.9e45 7.0e17 1.0 1.0e16 11 5.0 3.5 2.0e1 3.0e3 3.9e14 2.3
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ABSTRACT

We present new BeppoSAX LECS, MECS, and PDS observations of four flat–spectrum radio quasars
(FSRQ) having effective spectral indices αro and αox typical of high-energy peaked BL Lacs. Our
sources have X–ray–to–radio flux ratios on average ∼ 70 times larger than “classical” FSRQ and lie
at the extreme end of the FSRQ X–ray–to–radio flux ratio distribution. The collected data cover the
energy range 0.1− 10 keV (observer’s frame), reaching ∼ 100 keV for one object. The BeppoSAX band
in one of our sources, RGB J1629+4008, is dominated by synchrotron emission peaking at ∼ 2 × 1016

Hz, as also shown by its steep (energy index αx ∼ 1.5) spectrum. This makes this object the first known
FSRQ whose X–ray emission is not due to inverse Compton radiation. Two other sources display a
flat BeppoSAX spectrum (αx ∼ 0.7), with weak indications of steepening at low X–ray energies. The
combination of BeppoSAX and ROSAT observations, (non-simultaneous) multifrequency data, and a
synchrotron inverse Compton model suggest synchrotron peak frequencies ≈ 1015 Hz, although a better
coverage of their spectral energy distributions is needed to provide firmer values. If confirmed, these
values would be typical of “intermediate” BL Lacs for which the synchrotron and inverse Compton
components overlap in the BeppoSAX band. Our sources, although firmly in the radio–loud regime,
have powers more typical of high–energy peaked BL Lacs than of FSRQ, and indeed their radio powers
put them near the low–luminosity end of the FSRQ luminosity function. We discuss this in terms of an
anti-correlation between synchrotron peak frequency and total power, based on physical arguments, and
also as possibly due to a selection effect.

Subject headings: radiation mechanisms: non-thermal—galaxies: active, quasars—X-rays: galaxies

1. introduction

Blazars constitute one of the most extreme classes of
active galactic nuclei (AGN), distinguished by their high
luminosity, rapid variability, high (> 3%) optical polar-
ization, radio core–dominance, and apparent superlumi-
nal speeds (Kollgaard 1994; Urry & Padovani 1995). The
broad–band emission in these objects, which extends from
the radio to the gamma–ray band, appears to be dom-
inated by non–thermal processes from the heart of the
AGN, often undiluted by the thermal emission present in
other AGN. Therefore, blazars represent the ideal class to
study to further our understanding of non–thermal emis-
sion in AGN.
The blazar class includes BL Lacertae objects, charac-

terized by an almost complete lack of emission lines, and
a subclass of radio quasars (which by definition display
broad emission lines) which have been variously called
highly polarized quasars (HPQ), optically violently vari-
able quasars (OVV), core-dominated quasars (CDQ). One

of their observational properties which is easier to define
is the flat–spectrum radio emission (αr ! 0.5) and so we
will refer to them as flat–spectrum radio quasars (FSRQ).
Given the lack of prominent emission lines in BL Lacs,

more than 95% of all known such objects have been discov-
ered either in radio or X–ray surveys. Follow–up work on
radio– and X–ray–selected samples has shown that the two
selection methods yield objects with somewhat different
properties. The energy output of most radio selected BL
Lacs peaks in the IR/optical band (Giommi & Padovani
1994; Padovani & Giommi 1995, 1996); such objects are
now referred to as LBL (low-energy peaked BL Lacs). By
contrast, the energy output of most X–ray selected BL
Lacs (referred to as HBL: high-energy peaked BL Lacs)
peaks at UV/X–ray energies.
Padovani & Giommi (1995) and Sambruna, Maraschi

& Urry (1996) have demonstrated that the difference in
broad-band peaks for HBL and LBL is not simply phe-
nomenological. Rather, it represents a fundamental dif-

1 On assignment from the Space Telescope Operations Division of the European Space Agency (ESA)
2 Max-Planck Institute für Kernphysik, Postfach 10 39 80, D-69029 Heidelberg (current address)

1
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Figure 1. Energy densities as seen in the comoving frame of a function of
distance from the black hole,Rdiss. The adopted mass isM = 5×108M⊙

and the disc luminosity isLd = 3×1045 erg s−1. These are the values used
to model the SED of RX J0035+1515 when assuming z=1.28. The vertical
grey line marks the value of Rdiss used in Fig. 2. The jet is assumed to
accelerate with Γ ∝ (Rdiss/RS)1/2 until it reaches its maximum value
(in this case Γ = 18). At Rdiss

>
∼ 1.7 × 1017 cm, the source is outside

the BLR, and at Rdiss ∼ 3 × 1017 cm U ′
BLR is of the same order of U

′
B

and U ′
IR, if the IR radiation produced by a molecular torus intercepts 10%

of Ld. Further out, but within RIR, the radiation energy produced by the
torus dominates again the radiative cooling, and the spectrum is dominated
again by the EC process. The label ”jump” indicates the jump in external
radiation energy density as we move outside the BLR.

IR data well match the extrapolation of the spectrum defined by the
GROND points.

The large radio luminosity, exceeding 1044 erg s−1, indicates
a powerful source, suggesting that this blazar is a FSRQ.

4.4 CRATES 1312–2156

This source can be identified with PKS 1309–216. The absorption
line observed by Blades, Murdoch & Hunstead (1980), identified as
CIV, gives a lower limit on the source redshift: z > 1.491. The ra-
dio luminosity is large, exceeding 1044 erg s−1. This suggests that
this source is a FSRQ, whose accretion disc continuum and lines
are swamped by a strong synchrotron component. We can estimate
(approximately) an upper limit to the contribution of the disc, by
assuming that, if observed with the SDSS, broad lines do not ap-
pear. With a quality of the spectrum similar to the SDSS spectrum
of RX J0035.2+1515, and assuming the photometric redshift, the
most prominent observable broad line would be MgII. Since it is
not observed, the accretion disc must lie well below the observed
continuum, with a peak νpLd(νp) at least a factor ∼ 20 below the
optical continuum, i.e. below 5× 1045 erg s−1. This value is of the
same order of what derived by the Lγ–LBLR correlation, that gives
Ld ∼ 6 × 1045 erg s−1. Also this source is detected by WISE.
Although not simultaneous with GROND, the WISE data lie on the
extrapolation of the spectrum defined by the GROND points.

Figure 2. Top panel: The entire SED of 0035+1515, assuming zph=1.28.
The (green) empty circles are the UVOT data as analyzed by us. The black
line in the optical is the (de–reddened) SDSS spectrum. The WISE not si-
multaneous data (labelled “WISE not sim”) are also shown. The solid line
is a synchrotron plus EC model, the thick black dashed line is a pure SSC
model. The grey dotted line is the contribution of the assumed accretion
disc, IR torus and X–ray corona, as labeled. The dashed line is the con-
tribution of the SSC flux for the SSC+EC model. Bottom panel: The SED
assuming z = 0.3. The shown model is a pure SSC model, assuming no
external radiation.

5 MODELING

The adopted model is a one–zone and leptonic model, fully de-
scribed in Ghisellini & Tavecchio (2009). The main properties are
summarized in the Appendix, mainly to explain the meaning of the
parameters listed in Tab. 1 and Tab. 2. In extreme synthesis, the
model assumes that the bulk of the jet dissipation takes place in
one zone located at some distance Rdiss from the black hole. For
simplicity, the emitting region is assumed spherical with a radius
R = ψRdiss, with ψ = 0.1. The region is moving with a bulk
Lorentz factor Γ, and is observed under a viewing angle θv. Ener-
getic electrons are injected throughout the source for a time equal
to the light crossing time R/c, and the particle distribution is cal-
culated (though the continuity equation) at this time, considering

c⃝ 2007 RAS, MNRAS 000, 1–??

Blue (or H-) FSRQ

Blue FSRQs 5

Figure 3. Top panel: SED of RX J0537–5718 (top); CRATES 0630–2406
(mid) and 1312–216 (bottom). The model assumes the presence of external
radiation, as in Fig. 2. For CRATES 0630–2406 we also show a pure SSC
model (thick black dashed line).

radiative losses and possible electron–positron pair production and
their reprocessing.

A specific feature of our modeling is that it takes into account
how the relevant energy densities change as a function ofRdiss, the
distance from the black hole of the main dissipation region. Fig. 1
illustrates this point, showing how the different contributions to the
energy density (as seen in the comoving frame) change as a func-
tion ofRdiss (see the lower axis), and, equivalently, as a function of
Rdiss/RS (top axis), where RS is the Schwarzschild radius (for a
black hole of massM = 5× 108M⊙). Since the jet is assumed to
accelerate (with Γ = min[Γf , (Rdiss/3RS)

1/2]), the bulk Lorentz
factor is relatively small in the inner regions of the jet. As a conse-
quence, the external radiation is not strongly boosted. On the other
hand, if the Poynting flux initially dominates the total power of the
jet, the inner regions will be magnetically dominated. As a result
the main source of cooling is synchrotron and SSC. When Γ be-
comes large, but still Rdiss < RBLR, the main source of cooling
is the inverse Compton scattering off the broad line photons (seen
strongly enhanced in the comoving frame). The adopted scaling be-
tween RBLR and the disc luminosity implies that, in the comoving
frame, the external radiation energy density simply is:

U ′
BLR ∼ Γ2 LBLR

4πR2
BLRc

=
Γ2

12π
erg cm−3 (2)

where we have assumed that LBLR = 0.1Ld and RBLR =
1017L1/2

d,45 cm. Beyond RBLR this energy density decreases fast,
because it is not enhanced any longer by the Doppler boosting.
There is, however, another important external component, if the
source has a molecular torus re–emitting in the infrared the in-
tercepted disc radiation. Again, we assume a scaling between the
size of the torus, RIR, and the disc luminosity of the kind RIR =

2.5 × 1018L1/2
d,45 cm. Assuming that the torus intercepts a fraction

a of the disc radiation, as long as Rdiss < RIR the corresponding
energy density measured in the comoving frame is:

U ′
IR ∼ Γ2 LIR

4πR2
IRc

= 10−2 a−1Γ
2

12π
erg cm−3 (3)

where a−1 = a/10−1. Comparing Eq. 2 with Eq. 3 we see that,
going from inside to outside the BLR there is a “jump” of two or-
ders of magnitudes in external radiation energy density, as shown
in Fig. 1, as Rdiss moves from just inside to just outside RBLR.

Note that the magnetic energy density becomes comparable
with U ′

BLR and UIR only in a narrow range of distances, just be-
yond RBLR.

The different cooling rate reflects in a different electron en-
ergy distribution N(γ), having a break at a different γc defined as
the random Lorentz factor of those electrons loosing half of their
energy in one dynamical time:

γc =
3mec

2

4σTRU ′
(4)

If these are the electrons responsible for the peak of the SED, we
expect a large difference between blazars emitting inside or outside
the BLR. In fact, the jump in U ′ is only partly compensated by the
increase of R. Assume a change of a factor 3 in Rdiss (between be-
ing inside and being outside the BLR), and a corresponding change
of a factor 3 in the magnetic field (B ∝ R−1). Since the jump in
U ′ is nearly 100, we expect that the peak synchrotron frequency νs
of the region Rout is larger than the Rin one by a factor:

νs,out
νs,in

∼
Boutγ2

c,out

Binγ2
c,in

=
Bout

Bin

[

RinU
′
in

RoutU ′
out

]2

∼ 300 (5)

c⃝ 2007 RAS, MNRAS 000, 1–??

Padovani et al. 2002, Padovani et al. 2012, Ghisellini et al. 2012
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flare. Note that this model does not suffer from a ‘‘Compton
catastrophe.’’ The optical thickness for internal absorption in
!TeV þ !seed ! eþe" pair-production processes is well below
1 over the full range of !-ray energies covered by the TeV
observations.

In Figure 13, we compare the X-ray and !-ray energy spectra
of 1ES 1959+650 with those of the three other TeV blazars
with measured TeVenergy spectra. The X-ray and !-ray energy
spectra of 1ES 1959+650 are very similar to those of Mrk 501.

In comparison to these two sources, the X-ray spectra of
Mrk 421 are softer, while the !-ray energy spectra are similar.
The X-ray energy spectrum of H 1426+428 seems to be rela-
tively hard. A meaningful comparison of the high-energy TeV
!-ray energy spectra of H 1426+428 and the other three
sources is hampered by the highly uncertain extent of extra-
galactic absorption for the high-redshift source H 1426+428.

7. CORRELATION BETWEEN EMISSION PARAMETERS
AND BLACK HOLE MASS INDICATORS

With the addition of another TeV blazar with good broadband
data, we consider the set of all TeV blazars to begin to look for a
connection of the jet properties to the properties of the central
accreting black hole thought to drive the jet. Ferrarese &Merritt
(2000) and Gebhardt et al. (2000) discovered a close corre-
lation between the mass of the central black holes, MBH, and
the host galaxy’s stellar velocity dispersion, "#. The present
data on nearby galaxies do not show evidence for an intrinsic
scatter of the correlation, and the upper limit on the width of
the correlation is 0.4 MBH. The correlation is significantly
tighter than that of MBH and the galactic bulge luminosity,
Lblg. On the basis of both correlations, Falomo et al. (2002)
and Barth et al. (2003) estimated the black hole masses of
several BL Lac objects, including five of the six established
TeV blazars. For 1ES 1959+650, Falomo et al. estimated
log MBH=M$ð Þ ¼ 8:12 ( 0:13, using the MBH-"# correlation.
As can be seen from the black hole masses given in Table 1,
the black hole of 1ES 1959+650 seems to be the least
massive of all TeV blazars and is separated by 1 order of
magnitude from the most massive one, Mrk 501.

The black hole mass estimates allow us to explore the
correlation between mass and the parameters describing the jet
emission and therefore the jet properties. In Figures 14a–14f,
we show, respectively, the correlation between the black hole
mass and six parameters that characterize the jet continuum
emission: (1) the luminosity at the peak of the low-energy
(synchrotron) emission component; (2) the frequency at which
the low-energy SED peaks; (3) the range of observed lumi-
nosities at 1þ z TeV; (4) the 1–5 TeV photon index; (5) the

Fig. 11.—SSCmodels of the data from the orphan !-ray flare on 2002 June 4.
In addition to the data from Fig. 10, the stars show the TeV flux estimates from
5 hr before and during the orphan !-ray flare (the X-ray flux stayed at a constant
level during the flare). The model fits the preflare and flare X-ray data, but only
the preflare !-ray data. The two models computed with different high-energy
cutoff of accelerated particles show that the additional highest energy electrons
mainly produce inverse Compton emission at energies above those sampled by
the observations (above )10 TeV * 2.4 + 1027 Hz). In the model, the turn-
over of the !-ray component originates from extragalactic absorption rather than
from the high-energy cutoff of the electron energy spectrum. The model
parameters are: #j ¼ 20, B ¼ 0:04 G, R ¼ 1:4+ 1016 cm, log E min=eVð Þ ¼ 3:5,
log Eb=eVð Þ ¼ 11:45, p1 ¼ 2, p2 ¼ 3, electron energy density of 0.014 ergs
cm"3. Solid line: log E max=eVð Þ ¼ 12:2; dotted line: log E max=eVð Þ ¼ 13:5.
All models include the effect of extragalactic absorption.

Fig. 12.—Same data as in Fig. 11. In both panels, the solid lines show the SSC model that explains the preflare X-ray and !-ray emission, and the dotted lines
show additional emission during the !-ray flare. All models include the effect of extragalactic absorption. In the left-hand panel, the !-ray flare is produced by an
electron population with a rather low high-energy cutoff, log E max=eVð Þ ¼ 11:15 instead of log E max=eVð Þ ¼ 12:2. In the right-hand panel, a dense electron
population confined to a small emission region produces the orphan flare. The model parameters for the flare component are as follows. Left: #j ¼ 20, B ¼ 0:04 G,
R ¼ 1:4+ 1016 cm, single electron power law with log E min=eVð Þ ¼ 3:5, log Eb=eVð Þ ¼ log E max=eVð Þ ¼ 11:15, p1 ¼ 2, and electron energy density of 0.07 ergs
cm"3. Right: #j ¼ 20, B ¼ 0:04 G, R ¼ 8+ 1014 cm, log E min=eVð Þ ¼ 3:5, log E max=eVð Þ ¼ 12:2, log Eb=eVð Þ ¼ 11:45, p1 ¼ 2, p2 ¼ 3, and electron energy
density of 17 ergs cm"3. The parameters for the quiescent emission are the same as in Fig. 11.

MULTIWAVELENGTH OBSERVATIONS OF 1ES 1959+650 161No. 1, 2004

1ES 1959+650  “orphan flare” 2002

Krawczynski et al. 2004

Aharonian et al. (HESS) 2009
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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)

LC et al. 2018

leptonic modeling:



If Extreme-TeV  =  Gamma-ray peak  >1 TeV
Numbers are  ~1/4 of all VHE-detected HBL

                              (15/59, 3 only temporarily)


 See review Biteau et al. (PP, LC), Nature Astr. 2020

Extreme-synchrotron Extreme-TeV



Wystan Benbow, “Highlights from the VERITAS AGN Program”, Gamma-2026, Heidelberg

3C 273:  The Original Quasar

5

• Located in the direction of Virgo at a distance of 1.9 billion light years (z = 0.159)
• One of the most well studied astrophysical objects (e.g., ~400 Swift exposures)

• Jet is resolved on many scales @ MWL;  Anomalously hard X-ray spectrum in resolved jet seen by Chandra

• Variable, soft-spectrum Fermi-LAT source (Γ4FGL = 2.70 ± 0.01;  Γ3FHL = 3.48 ± 0.74)
• Unlikely VHE source: Extrapolation of 4FGL log parabola to >200 GeV is << 0.01% Crab

• Flares: Major MeV-GeV event in 2009-10, minor event in 2016 & modest event in 2024-25

Chandra

Wystan Benbow, “Highlights from the VERITAS AGN Program”, Gamma-2026, Heidelberg

3C 273:  Intrinsic Gamma-ray SED

8

SED has peak in TeV!

EBL de-absorbed points 
incompatible with standard SED fits

VERITAS incompatible with Fermi in 
all flux states

Preliminary

Preliminary

Fermi-LAT errors 
are 95% c.l.

Fermi-LAT errors 
are 95% c.l.

Wystan Benbow, “Highlights from the VERITAS AGN Program”, Gamma-2026, Heidelberg

VHE Discovery of 3C 273

6

• ~231 h (quality-selected) from 2008-25 => Excess = 214 !; 5.2σ => 4.9σ post-trials

• Constant VHE flux;  F(>350 GeV) = (2.3 ± 0.5) x 10-13 cm-2 s-1;  ~0.2% Crab
• VERITAS sees VHE emission from 3C 373 during both the high & low Fermi epochs
• Bayesian block analysis of Fermi 30-day l.c. => 2 low states (7/2011 - 7/2015; 5/2016 - 11/2023)

• All high-state data: t = ~86 h (37% of data); 76 !; 3.1σ; F(>350 GeV) = (2.3 ± 0.8) x 10-13 cm-2 s-1

• All low-state data: t = ~136 h (59% of data); 117 !; 3.7σ; F(>350 GeV) = (2.1 ± 0.6) x 10-13 cm-2 s-1

• Pre-Fermi data: t = ~9 h (4% of data); 21 !; 2.4σ; F(>350 GeV) = (9.0 ± 4.1) x 10-13 cm-2 s-1

Sky map of Observed Significance

Preliminary

VERITAS has no data during the famous 2009 Fermi-LAT flare 
ApJ, 714, L73, 2010

90% of VERITAS data are after January 2012

Fermi-LAT 30-day Light Curve
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Strong Possibility:  IC/CMB from Extended Jet

10

• IC/CMB model (Georganopoulos et al., 2006) naturally explains the VERITAS excess
• Parameters are reasonable; “small” size is to agree with year-scale variability constraints

• CTAO can definitively show if this scenario applies; many other AGN should be excellent CTAO targets

Model Shown:
Doppler factor δ = 12

Electron PL index: 2.45
γmin, γmax = (3e4, 7e7)

B: 2e-5 G
R: 1e19 cm (~3 pc)

Co-moving L: 1e43 erg/s

Core via SSC
or SSC + ECPreliminary

VERITAS Coll. 

Benbow et al. Heidelberg 2026 conf.

Wystan Benbow, “Highlights from the VERITAS AGN Program”, Gamma-2026, Heidelberg

3C 273:  Simultaneous Gamma-ray SED

7

Hard Γ (0.225 - 4.0 TeV): = 2.45 ± 0.44

VERITAS points incompatible with 
simultaneous Fermi-LAT data

Preliminary

Fermi-LAT errors 
are 95% c.l.

z=0.159



4 L. Costamante

Figure 1. Plane of the broad-band index αxγ vs the X-ray νFν flux at 1 KeV, for all BL Lacs in the Sedentary Survey and 5BZCAT samples (blue and

grey markers, respectively). Gamma-ray data are obtained from the Fermi 3LAC catalog (open circles). For non-detected objects (triangles), a reference flux

of 8e-11 cm−2 s−1 (in the 1-100 GeV band) is adopted as upper limit (see text). This translates to a lower limit to αxγ , as indicated by the arrows. Given

the correlation between the axes, the non-detected objects form a line in the figure (whose scatter is given by the K-correction). Hard-TeV BL Lacs (green

full circles) cluster in the upper quadrant, while soft-TeV BLLacs (red full circles) show lower αxγ values. The red star marks the position of 1ES 1426+428,

which is extreme in synchrotron but not in TeV. The green lines connect the positions of the prototypical hard-TeV BL Lac 1ES 0229+200 in 3 different states

(Costamante et al. in preparation): 1) during the first 2 years of Fermi operation (upper limit from the 2LAC catalog with same-epoch Swift data); 2) detection

in years 2011-2013 with average RXTE flux in the same epoch; 3) 3LAC catalog values as the other objects.

still be found inside the selection box simply because of a lower

Compton dominance, due to – for example – higher magnetic fields

in the emitting region. In fact, considering a simple one-zone SSC

scenario, higher synchrotron peak frequencies would tend to reduce

the Compton dominance, all else being equal, due to the decrease

of seed photons available for Thomson scattering (see for example

Fig. 2 in Costamante & Ghisellini 2002).

In order to further reduce the chance of spurious objects, two

additional cuts are introduced. The first is based on the gamma-ray

spectral slope, if the object is detected in the 3LAC or in the Third

Catalog of Hard Fermi LAT Sources (3FHL, Ajello et al. 2017):

namely, if the photon index Γ3LAC > 2.2 or Γ3FHL > 2.4. These

values are larger than the typical 1σ error in these data, indicat-

ing that the source has most likely a steep GeV spectrum locating

the gamma-ray peak below 1 and 10 GeV, respectively. This cut

excludes 6 objects.

The second cut is based on the broad-band colour-colour dia-

gram with the WISE infrared flux, plotted in Fig. 2. The W3 filter

is chosen as best compromise between infrared sensitivity and the

minimization of the contribution of the host galaxy (see e.g. Fig.

2 in Arsioli et al. 2015). The hard-TeV objects tend again to clus-

ter towards low values of αwx , indicating that they have a harder

slope between infrared and X-ray energies than regular HBL. This

is to be expected when the synchrotron emission peaks in the X-ray

band, and the W3 flux is dominated by the non-thermal emission

from the jet. Nonetheless, the W3 band can still be contaminated by

MNRAS 000, 1–7 (2019)

LC, 2020

How to find more of them ?



E)  Synchrotron bump polarization: 
(with respect to the peak)

𝚷=30-40%?

𝚷⋍10-30%

𝚷⋍10-30%
𝚷⋍10-18%

𝚷⋍4-6%

𝚷⋍2-4%

9 HBL with IXPE + Opt campaigns (2023- 2026)

(Opt in LSP  =  X-ray in HSP)
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The second panel shows the magnetic energy (normalized to the value in upstream flow).
The presence of the self-produced field that is close to the shock is rather evident, as well as
(third panel) the fact that the field is prevalently parallel to the shock (or orthogonal to the
axis). At the shock, the self-generated field contains an energy approximately 20 times that
of the original (almost perpendicular) field. However, this self-produced field component
decays relatively quickly with distance, and sufficiently far from the shock, the magnetic
field recovers the MHD expectations.

Figure 3. (Upper panel a–d) The results of a PIC simulations of a parallel, mildly relativistic, low
magnetization shock. The panel reports (top to bottom) the spatial profile of density, magnetic energy
normalized to that carried by the upstream flow, average angle between the magnetic field and the
shock normal and average Lorentz factor of the accelerated electrons. The second panel clearly shows
the generation of a strong magnetic field at the shock parallel to the front (third panel). From [54].
Reproduced with kind permission from Oxford University Press and the Royal Astronomical Society.
(Lower panel) Cartoon of the model, bei g inspired by PIC simulations, assumed to calculate the
expected polarization for the shock scenario. Electrons that are accelerated at the shock (right) are
advected downstream and cool through synchrotron and SSC emission. Electrons emitting in the
X-ray band (blue), which have a quite limited lifetime, emit very close to the shock front, where the
magnetic field is dominated by the self-generated component parallel to the shock (blue arrows).
Being produced in a region with a well defined direction of the field, the synchrotron emission
from these electrons is highly polarized. Electrons with lower energy (green and orange) produce
synchrotron radiation at a lower frequency (UV, optical) and, because of the longer cooling timescale,
can propagate at distances where the self-generated field decays below the field carried by the flow,
which are assumed to be nearly perpendicular to the shock. The integrated emission from these low
energy electrons originates in a region in which the two (orthogonal) components of the field are, on
average, comparable, which leads to a low degree of polarization.
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Figure 6. A cartoon of the model considered in [26]. Plasma flowing in the jet encounters an oblique
shock, where particle acceleration occurs through DSA. In the downstream region the flow is assumed
to be highly turbulent and it is modeled by assuming cells in which the physical parameters (in
particular, the magnetic field orientation and maximum energy of the electrons) can assume different
values. From [26]. Reproduced by permission of the AAS.

4.2. Magnetic Reconnection in Unstable Jets

The possibility that particles are boosted to relativistic energies in current sheets,
where magnetic energy is released through the reconnection of field lines with opposite
polarity, is currently supported by extensive PIC simulations. For high magnetization
(s � 1), the system is indeed able to produce particles with energy distributions showing
a prominent power law tail extending to relativistic energies, whose slope is linked to
the plasma magnetization (the spectra are harder for larger magnetization, [62]). Recent
studies [63–66] consolidated the application to blazars of the scenario based on particle
acceleration in current sheets. In this framework, one can reproduce the main observational
properties of the emission, including the ultra-fast events that were recorded in gamma
rays [43,67]. Geometries favorable for efficient reconnection are likely to develop under the
effect of macroscopic fluid instabilities of the flow, i.e., current driven (kink) instability or
Kelvin–Helmholtz instability at the jet/environment interface [6,68–71]

The number of studies of the polarimetric properties of the synchrotron radiation
produced by electrons accelerated through magnetic reconnection is still limited. From the
point of view of polarimetric measurements, it is conceptually important to distinguish
between the effects that are related to the small-scale structure of the magnetic field
associated with a single current sheet from the imprints of large-scale fields shaped by
the macroscopic dynamics of the system. For instance, recent specific PIC studies [72–74]
focus on the polarimetric properties of the synchrotron radiation produced by particles
diffusing in the complex field that is associated with a single current sheet. The derived
synthetic lightcurves reveal large (exceeding 50%) and variable polarization fractions and
ample variations of the angle of polarization (up to Dc = 180�). However, the largest
timescale of these variations, Dt is of the order of the light crossing time of the largest
plasmoids that formed in the system, Dt . 0.1L/c, where the size of the system L is of the
order of the jet radius r

j

. For typical physical parameters, this timescale is of the order
of Dt ⇡ 103 s, barely accessible by observations in the X-ray band. This implies that,
even if the degree of polarization assumes large values during the evolution, the plane of
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very short radiative cooling times for these electrons (tcool = 7.8 ⇥ 105
B

�2
�1 g�1

5 s). Because
of the short lifetime, during the emission electrons can propagate for very small distances,
which implies that the synchrotron X-ray radiation must be produced very close to the region
where particles gain their energy. This important conclusion explains why the study of the
polarimetric properties of the X-ray emission of HSP can provide invaluable information on
the acceleration processes. Another favorable property of HSP is that the X-ray emission,
close to the peak of the synchrotron hump, is very bright (often exceeding 10�10 erg cm�2 s�1

in Mkn 421, see Figure 1), thus allowing for precise polarimetric measurements, even with
relatively short exposures (⇠103 s, e.g., [33]).

Figure 1. The broadband spectral energy distribution of the prototypical HSP blazar Mkn 421 in a
low-medium state (data from [34]). The red line represents the emission calculated with a one-zone
synchrotron-self Compton model [32]. Vertical blue dotted lines define the energy range covered by the
X-ray polarimeter of the upcoming IXPE satellite, corresponding to the synchrotron emission from the
most energetic electrons.

3. Particle Acceleration in Blazar Jets: Shocks and Magnetic Reconnection
Acceleration at shock fronts has been classically considered to be the prime candidate

mechanism behind particle energization in several astrophysical environments—from the
solar system to cluster of galaxies [14,15]. For jets, in particular those that are associated
with blazars, early works already identified shocks (travelling or standing) as the sites where
the energetic emission is produced (e.g., [35,36]). Indeed, shocks are predicted to form quite
naturally in the supersonic flows characterizing relativistic jets. In particular, so-called internal
shocks are easily produced in unsteady flows, while (oblique) reconfinement shocks mark the
position where the external medium drives the recollimation of an underpressured expanding
jet. In a real jet, both kinds of shocks are likely to occur. Models of blazar emission are usually
built on the assumption of the existence of a generic emission zone (often implicitly identified
with the downstream shock region) filled by a non-thermal population of particles whose

Tavecchio et al. 2018, 20, 21

Marsher et al. 2021

Turbulence destroys polarization 
(unless scale stops at larger r than t_cool)
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e.g., [57,59]). At the shock, particles are accelerated with an efficiency that depends on the
angle of the local magnetic field relative to the shock front. In this model, the variability of
flux and polarization observed in blazars is directly determined by the turbulent nature of the
flow. Quite interestingly, despite the fact that the emission from turbulent cells is uncorrelated,
the model reproduces coherent rotations of the polarization angle (also see [25]). A prediction
of the model is also that the time-averaged degree of polarization increases with energies,
since the volume filling factor of electrons at the highest energies is very small and, thus, only
a few turbulent cells contribute at high frequency. The model was particularly tailored for
powerful blazars, for which the X-ray emission is produced by inverse Compton scattering by
electrons of relatively low energy.

As noted above, quite generally, in any scenario where turbulence plays a major role in
determining the properties of the emission (in particular, of the polarization), one expects
that the number of turbulent cells contributing to the emission depends on the frequency. In
particular, for HSP, we can expect that the optical band receives the contribution of many
cells, while only a few cells have the right, somewhat extreme, parameters (magnetic field,
maximum energy of the electrons) that are suitable for providing a substantial contribution
in the X-ray band (e.g., [60]). In this scheme, one can infer the degree of polarization (that is
expected to scale as Pn µ 1/

p
Nn, where Nn is the number of cells contributing at a given

frequency) in the X-ray band once that in the optical is known and a relation between n and
Nn is assumed. For a specific set of assumptions, [61] found that, for typical HSP (Mkn 421,
1ES1959+650), the predicted degree of polarization is not much larger than that corresponding
to the optical emission, i.e., P

X

. 10%. Clearly, observations by IXPE will soon confirm or
reject this prediction.

Figure 5. (a) Upper panel: normalized light curves at 10 keV (light blue), 1 keV (orange), and in the optical band (green)
assuming m = 3 and an injection (rest frame) timescale tdur = 0.1 ⇥ r/c (left) and tdur = r/c (right), where r = 1015 cm is the
assumed jet radius. The dashed line shows the polarized flux. Middle panel: the degree of polarization in the three bands.
Lower panel: polarization angle in the three bands. All of the quantities are expressed in the observer frame. (b) Lightcurve
(upper panel) and degree of polarization (lower panel) in the IXPE band (2–8 keV) for the case m = 3 and tdur = r/c. In the
lower panel we show the minimum detectable polarization (MDP) at 99% confidence for exposures of 1 ksec, for two peak fluxes
and spectral photon index (1.5, solid; 3, dashed). From [33]. Reproduced with kind permission from Oxford University Press
and the Royal Astronomical Society.
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8 Discovery of X-ray polarization angle rotation in active galaxy Mrk 421

Fig. 1 From top to bottom: time evolution of the X-ray polarization angle, degree, IXPE
photon count rate in time bins of ≥3 hours within the IXPE pointings of 4 June (red
diamonds) and 7 June (blue diamonds) 2022, and hardness ratio in the X-ray band (black
squares) measured with Swift-XRT. As a comparison, we display the polarization properties
from simultaneous radio (IRAM: black stars), infrared (Perkins: magenta diamonds), and
optical observations (NOT/RoboPol: green crosses).

Mkn 421 costant change of polarization angle 

Di Gesu et al. 2023

Springer Nature 2021 LATEX template
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Fig. 2 Sketches of the scenario proposed to explain the X-ray polarization angle rotation
in Mrk 421. Left: an o� axis emission feature, e.g., a magnetosonic shock, propagates along
helical magnetic field lines down the jet. Right: the appearance of the emission feature,
magnetic field, and polarization vector at 4 azimuthal positions along its spiral path as
viewed by a distant observer aligned with the jet. The red circle represents the emission
feature, while the blue-shaded region is the ambient jet.

Mrk 421. Our basic finding conforms to the scenario of an energy-stratified
jet, as discussed above for Mrk 421 in May 2022 and for Mrk 501. We find that
the roughly constant value of �X, while the polarization angle was rotating, is
higher than �O, �IR, and �R, and similar to the level observed at non-rotating
epochs. In addition, simultaneous radio, infrared, and optical polarization
measurements do not show evidence of a similar polarization angle rotation.
Due to the limited sampling and intrinsic 180¶ ambiguity, we cannot exclude
the possibility that the optical polarization angle was rotating at some level.
However, we consider a rotation of the optical polarization angle at the same
rate as the X-ray polarization angle unlikely. Indeed, typical optical polariza-
tion rotation rates of blazars vary between a few and a few tens of degrees
per day [41], in contrast to the ≥ 85¶

/day that we estimated in the X-ray.
The optical rotation rates may be higher during bright outbursts associated
with the passage of knots through the radio core [19, 42]. No such outburst
was recorded for Mrk 421 at the time of the IXPE pointings. Moreover, no
solution of the 180¶ ambiguity can completely reconcile the radio/optical/in-
frared polarization angle time series with the X-ray curve. Therefore, as the
polarization angle was likely not rotating (or rotating in a di�erent way) at
longer wavelengths, we suggest that the radio/infrared/optical emission sites
are, at most, only partially co-spatial with the X-ray emission region.

In an energy-stratified jet, the X-rays are emitted closer to the site of
acceleration of the particles, while the lower-enegy particles emitting at radio
to optical wavelengths span a larger region downstream owing to their longer
radiative cooling times (e.g., [33]). Acceleration of electrons by a shock can
explain the high X-ray polarization, since the shock front partially aligns a
previously disordered magnetic field (e.g., [43, 44]). The harder-when-brighter
spectral behavior that Mrk 421 displayed while the X-ray polarization angle
was rotating is also expected within the shock scenario [45].

The energy stratification of the particles in the jet can be either linear, in
the downstream direction, or radial, in the case of a structured jet [46–48],
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Abstract
The magnetic field conditions in astrophysical relativistic jets can
be probed by multiwavelength polarimetry, which has been recently
extended to X-rays. For example, one can track how the magnetic field
changes in the flow of the radiating particles by observing rotations of
the electric vector position angle �. Here we report the discovery of a
�

x

rotation in the X-ray band in the blazar Mrk 421 at an average flux
state. Across the 5 days of Imaging X-ray Polarimetry Explorer (IXPE)
observations of 4-6 and 7-9 June 2022, �

x

rotated in total by Ø 360¶.
Over the two respective date ranges, we find constant, within uncertain-
ties, rotation rates (80 ± 9 and 91 ± 8¶/day) and polarization degrees
(�

x

= 10% ± 1%). Simulations of a random walk of the polarization
vector indicate that it is unlikely that such rotation(s) are produced by
a stochastic process. The X-ray emitting site does not completely over-
lap the radio/infrared/optical emission sites, as no similar rotation of
� was observed in quasi-simultaneous data at longer wavelengths. We
propose that the observed rotation was caused by a helical magnetic
structure in the jet, illuminated in the X-rays by a localized shock prop-
agating along this helix. The optically emitting region likely lies in a
sheath surrounding an inner spine where the X-ray radiation is released.

1 Introduction
Despite decades of e�ort, the physical processes shaping the dynamics and
emission of relativistic jets are in large part still unclear (e.g. [1]). However,
in the last decade, several important clues have been obtained thanks to new
facilities that allow the possibility of following in detail the time-variable
emission properties of jets, especially at high photon energies. A similar leap
is now expected from the newly-opened window of X-ray polarimetry, which
provides us with an unprecedented view of the physical sites of particle accel-
eration and emission.

Blazars, whose relativistic jets point close to the Earth, provide excel-
lent laboratories to investigate the physics of jets and test current theoretical

High-resolution, high-dynamic-range 2014 RadioAstron observations revealed
- Extended filamentary structures in the jet proposed as the origin of blazar radio

variability, potentially favoring filamentary scenario over shock-in-jet model
- The filaments may be threaded by a clockwise-rotating helical magnetic field.

Fuentes et al., 2023
γ-2026, EHT-MWL 3C 279, Aviano E. 3

RadioAstron 3C 279 jet

Fuentes et al. 20233C279
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Figure 1. Multiwavelength polarization measurements during the IXPE observing campaign reported here. The grey shaded
area marks the duration of the IXPE observation. The di↵erent radio and millimeter observing wavelengths and optical bands
are marked with di↵erent symbols and colors, as shown in the legend. The 99.73% (3�) upper limit of the entire integrated IXPE
observation is marked with the black horizontal dashed line and arrow. The error bars correspond to the 68% (1�) confidence
interval of every measurement. MJD 60250 corresponds to November 2, 2023.

2. RESULTS

BL Lac was observed by IXPE for approximately 500 ks during 2023 November 7-17. These observations were made
during a low state of emission in the �-ray range, although the flux in the synchrotron dominated spectral ranges was
elevated. In particular, at short mm wavelengths the flux was at the highest level ever reported, while the optical and
X-ray fluxes were at moderately high levels; see Figure 2.

Several ground and space-borne telescopes in the radio, millimeter, optical, and X-ray bands observed BL Lac during
this IXPE observation; see the Appendix, where details about the instruments, observing dates, and data reduction
and analysis are provided. Using several telescopes across the world, we were able to achieve nearly uninterrupted
optical polarization coverage throughout the IXPE observation. No significant X-ray polarization was detected in
the 2-8 keV band, similar to the previous IXPE observations. We are able to place a 99.73% (3�) confidence level
upper-limit on the polarization degree of ⇧X < 7.4% in that band (2-8 keV), see the Appendix. A recent analysis of
our IXPE data (Mondal et al. 2025) also resulted in a non detection of the linear polarization. Mondal et al. (2025)
gave a less constraining upper limit of ⇧X < 7.5% at 99% confidence level. Our ⇧X < 7.4% upper limit therefore
constitutes the most stringent constraint on the polarization degree from an LSP/ISP blazar, and almost a factor of
two improvement over previous IXPE observations of BL Lac. The presence of variability in the polarization direction
would lead to incoherent averaging of the polarization vectors, partially canceling any polarization signal (e.g., Di
Gesu et al. 2023). We tested for such variability of the X-ray polarization using four independent methodologies; see

BL Lac Optical Polarization “flare”  
Nov. 2023

Agudo et al. 2025 

IXPE u.l.

Beaming in conical jet 

depolarizes, 

=>  intrinsic >50% !

47% !
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Figure 7. Optical polarization measurements during the IXPE observation. The top panel shows the brightness in magnitudes,
the middle panel the polarization degree (%), and the bottom panel the polarization angle (degrees). The grey shaded area
marks the duration of the IXPE observation. The di↵erent optical bands are marked with di↵erent symbols and colors as shown
in the legend. The error bars correspond to the 68% (1�) confidence interval.

In the case of BL Lac, as well as many other BL Lac type objects, the host galaxy contributes significantly to the
total optical emission. This leads to dilution of the intrinsic polarization degree. To account for this e↵ect, we use
the host-galaxy light-distribution model from Nilsson et al. (2007) to estimate the contribution of the host galaxy to
the flux density (in mJy) at the aperture used for the polarization analysis for each observatory. We then correct the
observed polarization degree by subtracting the host flux density from the total flux density following Hovatta et al.
(2016). Since we only have a model for the host galaxy in the R-band, only the R-band measurements have been
corrected. In this case the correction is small, yielding a change of only 1–3%. Although we have not corrected the
other optical bands, the brightness of a typical elliptical galaxy, as is the case for the host galaxy of BL Lac, falls
sharply towards higher frequencies. The host correction in the B- and V-bands is typically negligible, while is it more
significant in the I-band.

The optical polarization measurements are shown in Figure 7. We see achromatic variations in brightness and
polarization properties. There is a high-amplitude outburst in polarization degree that coincides with the IXPE
observation. The polarization degree starts at 4%, rises to 47.5%, then declines to 16% from the beginning to the end
of the IXPE observation. This matches the highest polarization ever reported from a blazar (the previous record of
47.4± 0.1% was observed in PKS 1502+106, Smith 2017). At the same time, there is a less prominent flare in optical
total flux. The polarization angle slowly drifts from 70� to 30� with a median of 45�, without any indications of large
variations or rotations, as are often exhibited by BL Lac (e.g., Marscher et al. 2008; Blinov et al. 2018). This particular
optical behavior of BL Lac will be studied in detail in a forthcoming publication.

Flux ~3x  variation

R  ~7x1016 (𝛿/10) cm 
    (region size or travelled path)  

1)  Less magnetic turbulence ? 
     No Turb. Multi-Zone models ? 

2)  IXPE could see up to 50%  
     polarization in HBL-like flares 3

Figure 1. Prototypical SEDs illustrating the three types of extreme behaviours. Panels a) and b) display the
SEDs of two extreme-synchrotron blazars, during short-lived large flares and long-lasting quiescent states, respectively. The
SED of an extreme-TeV blazar is shown in panel c). Observed �-ray spectra are corrected for EBL absorption [11]. Nearly-
contemporaneous historical data are shown with the same colour and labelled accordingly. Grey points correspond to archival
data. Error bars denote 1� statistical uncertainties. Arrows denote upper limits at the 95% confidence level (CL). Guideline SSC
models are presented as dash-dotted lines. Dotted lines show the host-galaxy emission, modelled with the template spectrum
of a giant elliptical galaxy [12], scaled to match the magnitude of the host galaxy [13]. Data and models are from [9, 14, 15] for
Mkn 501, [16] for 1ES 1426+428 and [8] for 1ES 0229+200.

As illustrated in Fig. 1, the emerging picture is that
there are three distinct extreme behaviours:

1. becoming extreme during large flares, when both
peaks shift to higher energies (Mkn 501-like).
These objects revert back to their standard HBL
state;

2. showing a steady, hard synchrotron spectrum up
to 10� 100 keV (1ES 1426+428-like), which is not
accompanied by a persistently hard TeV spectrum;

3. showing a persistently hard �-ray spectrum with
a peak above several TeV, which remains mostly
unchanged across flux variations (1ES 0229+200-
like). Their synchrotron spectrum tends to peak
in the X-ray band.

2.2. Catalogues and population studies

Population studies of extreme blazars are currently re-
stricted to the extreme-synchrotron subclass, due to the
lack of an unbiased extragalactic survey at TeV energies.
The largest catalogue of extreme blazars to date is

the 3HSP, which builds on the 1WHSP and the 2WHSP
(see [25] and references therein). The 1WHSP cata-
logue assembled a large sample of HBLs starting from

the ALLWISE infrared survey and applying further re-
strictions on their infrared slope, as well as on their
infrared/radio and infrared/X-ray flux ratios. The
2WHSP abandoned the infrared slope criterion, as it
excluded sources dominated by the host galaxy. The
3HSP catalogue complemented the 2WHSP sample with
Fermi -LAT �-ray sources with hard spectra (�� < 2)
and with objects with a high X-ray to radio flux ra-
tio, thus selecting HBLs. The final sample includes
2,011 HBLs, with redshift information for 88% of them
(including photometric estimates), out of which 199
qualify as extreme-synchrotron blazars. All presently
known extreme-TeV blazars are part of the 3HSP.
Fermi -LAT has now detected half of the ⇠ 340 3HSP

sources with ⌫̄
x

� 1017 Hz [26]. Only a sub-sample of the
studied 3HSP sources, with a higher ⌫̄

x

and harder �� ,
constitute the extreme-TeV blazar population, whose
size and properties remain to be determined.
The 3HSP catalogue is flux-limited in the radio and

X-ray bands for sources with ⌫̄
x

> 1016 Hz. Radio num-
ber counts are displayed in Fig. 2, together with the
number counts of other BLLac samples from the Deep
X-ray Radio Blazar Survey [27]. The slopes of the sub-
sample distributions are similar, implying that the frac-
tion of high-⌫̄

x

blazars is roughly independent of radio

BL Lac Optical Polarization “flare”  
Nov. 2023
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Abstract

Blazars, supermassive black hole systems with highly relativistic jets aligned with the line of sight, are the most
powerful long-lived emitters of electromagnetic emission in the Universe. We report here on a radio-to-gamma-ray
multiwavelength campaign on the blazar BL Lacertae with unprecedented polarimetric coverage from radio to
X-ray wavelengths. The observations caught an extraordinary event on 2023 November 10–18, when the degree of
linear polarization of optical synchrotron radiation reached a record value of 47.5%. In stark contrast, the Imaging
X-ray Polarimetry Explorer found that the X-ray (Compton scattering or hadron-induced) emission was polarized
at less than 7.4% (3σ confidence level). We argue here that this observational result rules out a hadronic origin of
the high-energy emission and strongly favors a leptonic (Compton scattering) origin, thereby breaking the
degeneracy between hadronic and leptonic emission models for BL Lacertae and demonstrating the power of
multiwavelength polarimetry to address this question. Furthermore, the multiwavelength flux and polarization
variability, featuring an extremely prominent rise and decay of the optical polarization degree, is interpreted for the
first time by the relaxation of a magnetic “spring” embedded in the newly injected plasma. This suggests that the
plasma jet can maintain a predominant toroidal magnetic field component parsecs away from the central engine.

Unified Astronomy Thesaurus concepts: Active galaxies (17); BL Lacertae objects (158); Relativistic jets (1390);
Non-thermal radiation sources (1119)

1. Introduction

The most remarkable properties of blazars, the most powerful
class of active galactic nuclei, whose relativistic jets point at a
small angle to the line of sight (R. Blandford et al. 2019), are
produced by light-travel effects and relativistic aberration of their
broadband radiation. While it is well established that the low-
energy component of the spectral energy distribution (SED) of
blazars is dominated by nonthermal synchrotron radiation, the
nature of their high-energy emission component is a pressing

question in high-energy astrophysics. Models based on both
leptonic (L. Maraschi et al. 1992; C. D. Dermer & R. Schlickeiser
1993) and hadronic (F. A. Aharonian 2000) origins of this
radiation have been proposed but without solid evidence to rule
out one or the other (see T. Hovatta & E. Lindfors 2019 and
references therein). The latter requires the presence of highly
relativistic protons accelerated in the jet. If hadronic processes
were confirmed, supermassive black hole system jets would be the
most plausible candidates for the origin of the recently observed
extragalactic high-energy neutrinos (IceCube Collaboration et al.
2018) and ultra-high-energy cosmic rays (e.g., Telescope Array
Collaboration et al. 2023). This would offer new ways for
studying fundamental particle physics in extreme regimes.
Simultaneous broadband polarimetry from radio wavelengths to

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further
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of the work, journal citation and DOI.
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The point is: is gamma-ray bump produced by proton-synchr ?
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Figure 5: Left: overall lightcurve of the Swift X-ray observations in the epoch of the IXPE pointings

(whose observing windows are plotted as grey bands). Right: SED of BL Lac, with present and historical

data and modeling (in grey/black). Recent historical Swift and Swift-NuSTAR observations in 2012-2020

are plotted in orange. Blue and red points correspond to data during the 2nd and 3rd IXPE pointings,

respectively. In the 2nd observation (blue points) BL Lac was in a clear LSP state, with the whole 0.3-10

keV band dominated by IC emission and a steep Fermi-LAT spectrum locating the gamma-ray peak below

100 MeV. In the 3rd observation, instead, BL Lac was in an ISP state (red points), with the soft X-ray band

dominated by the tail of the synchrotron emission, which extended into the 2-4 keV band in the first time bin

of the IXPE pointing, yielding the polarization detection and a steep spectrum in IXPE [35]. The harder and

higher electron spectrum leads to a hardening of the Fermi-LAT spectrum as well, yielding a gamma-ray

peak likely beyond 10 GeV, similarly to HSPs.

The peak of the SED during the IXPE pointings, based on log-parabolic fits to the average

full-band XRT spectrum simultaneous to the IXPE pointings, can be located at 4.3 − 1.1 + 3.2

keV, with curvature value β=0.38±0.14. Note however that these high values of curvature might be

caused in part by the degradation of the XRT CCD, not yet fully corrected for recent observations

with the present RMF and ARF calibration. These will be updated soon in an upcoming CALDB

release at the end of this year, so these values must be considered at present preliminary. The

spectral index reported in Table 1 is obtained from the XMM-Newton observation, which took

place at the very beginning of the IXPE first segment. In such case the peak can be located at ∼25

keV, with curvature β=0.13±0.02 and a corresponding slope at 4 keV of Γ = 1.9 [32].

3.4 BL Lacertae

BL Lacertae gave the name to this class of blazars, and SED-wise it is in general an object of

LSP type, thus with the X-ray band usually dominated by the IC emission of low-energy electrons.

However, it is known to undergo active states when the electrons are accelerated to much higher

energies, yielding a harder synchrotron emission which enters in the soft X-ray band, as typical for

ISP objects, or even dominating it up to ∼10 keV [36, 37]. Such states are also accompanied by
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Figure 2: Left: overall lightcurve of the Swift X-ray observations in the epoch of the IXPE pointings

(whose observing windows are plotted as grey bands). Upper and lower panels report the photon index Γ and

2-10 keV flux (in erg cm−2 s−1) of the power-law fit to the XRT data. Right: SED of Mkn 501, with present

and historical data and modeling (in grey). Red and blue points corresponds to data simultaneous to the

IXPE pointings. In X-rays Mkn 501 was in a rather hard state, but not as extreme as the flaring state in 1997

or during the MAGIC campaign of 2014 [20, 21]. The synchrotron peak is constrained by the Swift data

around 2-3 keV, thus the IXPE polarization measurements correspond to synchrotron emission just beyond

the SED peak. The red open circle in optical corresponds to the flux level after subtraction of the host galaxy

contribution. Fermi-LAT spectral data are taken from the Fermi-LAT Light curve Repository (LCR, [22]).

similarly to electron synchrotron. However, the cooling times of protons are much longer, as their

energy loss rate is (mp/me)
4 slower [19]. For protons emitting X-rays via synchrotron emission,

even with B=100 Gauss the comoving coooling time would be ∼ 108 s. Averaging over different

magnetic field configurations could thus lead to very low polarization fractions even in the proton

synchrotron scenario, at a few percent level, as it is already the case even for the electron synchrotron

emission in the optical band for HSP sources.

3. IXPE results

IXPE, launched on 2021 December 9, is a joint mission of NASA and the Italian Space Agency

(ASI). A description of the instrument is given by [7]. About a dozen blazars have been observed

so far, of all types (HSP to LSP, BLLacs and FSRQ). Here I summarize and discuss the first results

on a subset of them, with the exception of Mkn 421 which is the topic of a specific contribution in

this conference (by Di Gesu et al.). The main information is summarized in Table 1. At the 30”

angular resolution of IXPE, all of these sources are spatially unresolved.

In the following sections, in addition to the results from the IXPE publications, I show also the

lightcurves and SED of the X-ray-polarized blazars using Swift data, whose monitoring provides an

overview of the state and evolution of the objects in and around the IXPE pointings. The Swift and

4

- SED valley can be dominated by SSC even if gamma is proton-synchrotron 
- Any depolarisation mechanisms at work in electrons (pol Opt << pol X) is (mp/me)n  times 

more effective for protons (slower cooling, larger radii) 
- As for the electrons, low-energy p (X-ray) pol.  can be <<  high-energy p (Gamma) pol.

Ep >1019 eV

Ep at X-rays are low energy ~1016

Counter-example: perfectly viable prot-synchr model in Tavecchio et al. 2025

𝚷x=10-30% 

𝚷o=2-4%



F)  Neutrinos:   2 warnings
 Jets might not be the places of neutrino production  

(see also talk by Martin Pohl at Gamma 2026 conf., 

hadronic corona model for  NGC 4278 , LLAGN detected at VHE)

is L
⌫

= (2.9 ± 1.1
stat

) ⇥ 1042 erg s�1. This is significantly higher than the isotropic equivalent

gamma-ray luminosity observed by Fermi-LAT of 1.6 ⇥ 1041 erg s�1 in the energy range be-

tween 100 MeV and 100 GeV (40), and higher than the upper limits recently reported by the

MAGIC collaboration (41) (see Fig. 4).
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Figure 4: Spectral energy distribution of NGC 1068. Gray points show publicly available
multi-frequency measurements (42). Dark and light green error bars refer to gamma-ray mea-
surements from Fermi-LAT (33, 43) and MAGIC (41), respectively. The solid, dark blue line
shows the best-fit neutrino spectrum, and the corresponding blue band covers all powerlaw
neutrino fluxes that are consistent with the data at 95%C.L. It is shown in the energy range
between 1.5 TeV and 15 TeV where the flux measurement is well constrained. Two theoretical
AGN core models are shown for comparison: The light blue shaded region and the gray line
show the NGC 1068 neutrino emission models from (44) and (45), respectively. Additional de-
tails on the model construction of the light blue shaded region can be found in (46).

High-energy neutrinos are generated in or near astronomical sources as decay products of

charged mesons produced in proton-proton interactions (47), or interactions between protons

and low energy ambient radiation (48) (for a review see (49)). Along with those neutrinos,
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Problem is: for p𝛾 to work, photon density makes regione opaque  



58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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emission from that direction in data prior to 2017,
as discussed in a companion paper (26).

High-energy g-ray observations of
TXS 0506+056

On 28 September 2017, the Fermi Large Area
Telescope (LAT) Collaboration reported that the
direction of origin of IceCube-170922A was con-
sistent with a known g-ray source in a state of
enhanced emission (16). Fermi-LAT is a pair-
conversion telescope aboard the Fermi Gamma-
ray Space Telescope sensitive to g-rays with energies
from 20MeV to greater than 300 GeV (27). Since
August 2008, it has operated continuously, pri-
marily in an all-sky survey mode. Its wide field
of view of ~2.4 steradian provides coverage of the
entire g-ray sky every 3 hours. The search for pos-
sible counterparts to IceCube-170922Awas part of
the Fermi-LAT collaboration’s routinemultiwave-
length, multimessenger program.
Inside the error region of the neutrino event,

a positional coincidence was found with a pre-
viously cataloged g-ray source, 0.1° from the best-
fitting neutrino direction. TXS 0506+056 is a
blazar of BLLacertae (BLLac) type. Its redshift of
z ¼ 0:3365T0:0010was measured only recently
based on the optical emission spectrum in a
study triggered by the observation of IceCube-
170922A (28).

TXS 0506+056 is a known Fermi-LAT g-ray
source, appearing in three catalogs of Fermi
sources (23, 24, 29) at energies above 0.1, 50, and
10 GeV, respectively. An examination of the
Fermi All-Sky Variability Analysis (FAVA) (30)
photometric light curve for this object showed
that TXS 0506+056 had brightened consider-
ably in the GeV band starting in April 2017 (16).
Independently, a g-ray flare was also found by
Fermi ’s Automated Science Processing [ASP (25)].
Such flaring is not unusual for a BLLac object and
would not have been followed up as extensively if
the neutrino were not detected.
Figure 3 shows the Fermi-LAT light curve and

the detection time of the neutrino alert. The light
curve of TXS 0506+056 from August 2008 to
October 2017was calculated in bins of 28 days for
the energy range above 0.1 GeV. An additional
light curve with 7-day bins was calculated for the
period around the time of the neutrino alert. The
g-ray flux of TXS 0506+056 in each time bin was
determined through a simultaneous fit of this
source and the other Fermi-LAT sources in a
10° by 10° region of interest along with the
Galactic and isotropic diffuse backgrounds, using
a maximum-likelihood technique (25). The inte-
grated g-ray flux of TXS 0506+056 forE> 0.1 GeV,
averaged over all Fermi-LAT observations span-
ning 9.5 years, is ð7:6 T 0:2Þ $ 10%8 cm%2 s%1. The

highest flux observed in a single 7-day light curve
bin was ð5:3 T 0:6Þ $ 10%7 cm%2 s%1, measured in
the week 4 to 11 July 2017. Strong flux variations
were observed during the g-ray flare, themost prom-
inent being a flux increase from ð7:9 T 2:9Þ$
10%8 cm%2 s%1 in the week 8 to 15 August 2017
to ð4:0 T 0:5Þ $ 10%7 cm%2 s%1 in the week 15 to
22 August 2017.
The Astro-Rivelatore Gamma a Immagini Leg-

gero (AGILE) g-ray telescope (31) confirmed the
elevated level of g-ray emission at energies above
0.1 GeV from TXS 0506+056 in a 13-day window
(10 to 23 September 2017). The AGILEmeasured
fluxofð5:3 T 2:1Þ $ 10%7 cm%2 s%1 is consistentwith
the Fermi-LAT observations in this time period.
High-energy g-ray observations are shown in

Figs. 3 and4.Details on theFermi-LAT andAGILE
analyses can be found in (25).

Very-high-energy g-ray observations of
TXS 0506+056

Following the announcement of IceCube-170922A,
TXS 0506+056 was observed by several ground-
based Imaging Atmospheric Cherenkov Tele-
scopes (IACTs). A total of 1.3 hours of observations
in the direction of the blazar TXS 0506+056
were taken using the High-Energy Stereoscopic
System (H.E.S.S.) (32), located in Namibia, on
23 September 2017 [Modified Julian Date (MJD)
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Fig. 3. Time-dependent multiwavelength observations of TXS
0506+056 before and after IceCube-170922A. Significant variability of
the electromagnetic emission can be observed in all displayed energy
bands, with the source being in a high-emission state around the
time of the neutrino alert. From top to bottom: (A) VHE g-ray
observations by MAGIC, H.E.S.S., and VERITAS; (B) high-energy g-ray
observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and
Kanata/HONIR; and (F) radio observations by OVRO and VLA. The red

dashed line marks the detection time of the neutrino IceCube-170922A.
The left set of panels shows measurements between MJD 54700
(22 August 2008) and MJD 58002 (6 September 2017). The set of
panels on the right shows an expanded scale for time range
MJD 58002 to MJD 58050 (24 October 2017). The Fermi-LAT light
curve is binned in 28-day bins on the left panel, while finer 7-day bins
are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September 2017) of 2:1$ 10%10 cm%2 s%1 is off the scale of the plot
and not shown.
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1)  Beware of “simple” correlations with gamma-rays    
     (look out for different variability timescales) 



Muon neutrino production

4

The electron pair production process is 
common in astrophysics and in blazars 
(including interactions with the EBL).  

The muon production process has a 
threshold (mμ/me)2 higher, and a cross 
section (mμ/me)2 lower

Hadron production cross section 
similar to muons

Need γ-rays extending to PeV energies 
produced through purely leptonic 
processes

4 Finke & Razzaque

(e.g., Finke 2016). For a monochromatic radiation field,246
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We also include the hadron creation process (�+ � !258

hadrons). The primary hadrons created through this259

process are charged pion pairs (see, e.g., Budnev et al.260

1975; Galanti et al. 2020). The absorption optical depth261

for this process with the extended jet radiation field (in262

our approximation) is263
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where '̄
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) is described in Section A.3.265

Finally, we include the double pair production pro-266

cess, � + � ! 2e+ + 2e�. This process will not create267

neutrinos but is an additional way the high energy pho-268

tons could be absorbed. The absorption optical depth269

for this process with the extended jet radiation field is270
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where '̄
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(s
0

) is given in Section A.4. Note that these272

approximations for the absorption optical depth do not273

take into account full geometric e↵ects of �-ray absorp-274

tion. Such detailed calculations of absorption can be275

computed using methods described by Finke (2016).276

We plot Equations (4), (6), (7), and (8) in Figure277
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= 1017 cm, Equation (6)281

gives the peak muon production at ⌧
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(2.0 PeV) ⇡ 10�3.282
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Figure 2. A plot of Equations (4), (6), (7), and (8). These
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For parameters associated with a DT, ✏
0

= 5 ⇥ 10�7,283

u
0

= 10�4 erg cm�3, R
0

= 1018 cm, the peak muon pro-284

duction is at ⌧
µ

(90 PeV) ⇡ 10�3. The absorption optical285

depth for hadrons is similar to that for muons. Thus,286

the BLR and DT cannot provide enough absorption to287

produce significant muons, charged pions, and neutri-288

nos, since �-rays will always be optically thin to their289

radiation with this process. One must turn to another290

external radiation field, and so we turn to the extended291

jet.292

2.3. Extended Jet293

As we will see, an extended Blandford-Konigl jet can294

provide su�cient energy density for strong absorption295

through the muon creation process, from which neutri-296

nos are a by-product. We assume the extended jet emis-297

sion near the small blob is simply monochromatic, so its298

energy density is299
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where L
ext

and R
ext

are the luminosity and size scale,301

respectively, for region of the extended jet around the302

small blob. This will be the most narrow portion of303

the extended jet, so we should expect R
ext

to be not304

much larger than the small blob component. However,305

it could be smaller than the large blob component, which306

we expect is farther away from the black hole where it307

does not “see” the extended jet radiation field.308

2.4. Large Blob Emission309

We describe here the emission from the larger blob.310

This blob will contribute synchrotron and synchrotron311

Electron distribution

6

Problem:  at high energies, the 
Compton cross section turns over, 
making it hard to produce PeV γ-rays. 

Solution:  Same turnover means 
electrons at high energies lose energy 
very rarely.  This can lead to an 
“upturn” in electron distribution at 
high energies (e.g. Moderski et al. 
2005)!  Requires very small 
synchrotron energy losses.

Electron distribution after energy losses.
Electrons injected as ~γ-1.9 between 13 and 109

Leptonic Model for Neutrino Emission 13

The EC component is able to extend out to PeV energies888

and avoid a Klein-Nishina cuto↵ due to the ine�cient889

energy losses in this regime, as discussed above in Sec-890

tion 2.2. The LAT �-rays and the neutrinos thus both891

come from the same component, EC in the small blob,892

with a contribution by the large blob SSC emission and893

small blob synchrotron emission.894

Above E ⇡ 400 TeV (⌫ ⇡ 1029 Hz) the electromag-895

netic emission recovers from the absorption, eventually896

reaching the quite high flux of ⇡ 10�10 erg cm�2 s�1

897

at E ⇡ 1 PeV (⌫ ⇡ 1030 Hz). However, at these en-898

ergies, �-rays will be absorbed by interactions with the899

CMB photons (not included on the plot). At 1 PeV900

and at the redshift of TXS 0506+056, the absorption901

optical depth from CMB interactions is ⌧
��,CMB

(E =902

1 PeV, z = 0.3365) ⇡ 4 ⇥ 105, indicating that essen-903

tially none of these photons will survive to be observed904

on Earth. Even if this source were located at z = 0.01,905

the absorption optical depth (⌧
��,CMB

(E = 1 PeV, z =906

0.01) ⇡ 5 ⇥ 103) is too high to expect PeV �-rays to907

reach Earth.908

The primary electron distribution for the small blob909

for this solution is shown in Figure 4. As can be seen in910

the plot, there is indeed a large “upturn” in the electron911

distribution starting at �0
e

⇠ 103 due to ine�cient elec-912

tron energy losses. The sharp upturn directly results in913

the unusually large synchrotron emission from the small914

blob, peaking at E ⇡ 400 MeV (⌫ ⇡ 1023 Hz).915

The neutrino emission is over a fairly narrow range,916

E
⌫

⇡ 250 TeV—5.0 PeV, as seen in Figure 3. The neu-917

trino flux peaks at ⇡ 5 ⇥ 10�12 erg cm�2 s�1, which is918

greater than the neutrino flux implied by the detection919

of neutrino IC-170922A assuming 7.5 years of emission,920

but less than the amount implied by 0.5 years of emis-921

sion. The peak is at about 1.0 PeV, which is within the922

90% confidence interval of the energy of neutrino event923

IC-170922A, which is 290 TeV—4.3 PeV.924

The cascade is demonstrated in further detail in Fig-925

ure 5. Much of the electromagnetic cascade flux above926

40 GeV (1025 Hz) is absorbed. Only the first generation927

of the cascade contributes in any significant amount.928

The cascade neutrino emission also makes very little929

contribution to the total neutrino flux; neutrino emission930

is dominated by the zeroth generation of the cascade.931

The neutrino emission shows three “spikes”, from the932

three neutrino sources: direct muon decay, pion decay933

into muons, and these muons decaying into electrons.934

The extended jet magnetic field is certainly reasonable,935

and even on the low side, considering the typical mag-936

netic fields B
ext

⇡ 1 G at 1 parsec in the jet as inferred937

from radio observations (e.g., Pushkarev et al. 2012;938

Finke 2019). Higher magnetic field values than what939
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Figure 3. The SED for TXS 0506+056 in 2017 Sept. The
electromagnetic SED data (filled black points) and implied
neutrino upper limits (red) assuming 7.5 years (dashed) and
0.5 years (solid) years of emission are taken from Aartsen
et al. (2018a). Upper limits are shown with downward
pointing arrows. Empty symbols indicate observations de-
absorbed with the EBL model of Finke et al. (2022). The
components for our model are shown with the curves labeled
in the plot.
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Figure 4. The primary electron distribution in the small
blob from the model for emission from TXS 0506+056.

we used would lead to a higher �
dfl

(see Section 2.5.6),940

which would cuto↵ the cascade at higher frequencies, so941

that there would be less cascade flux overall. Similarly, a942

lower B
ext

would lead to a lower �
dfl

and greater cascade943

flux.944

PRE
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INA
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e.g.  Pair Muon production

2) Also purely leptonic models can produce neutrinos ! 
(Justin Finke, Heidelberg Gamma 2026 conf.)



TXS 0506+056

9
TXS 0506+056 (data from Aartsen et al. 2018)

Leptonic model can completely explain SED, 
including neutrinos.

Can produce higher neutrino flux than some 
lepto-hadronic models

Total jet power (4.4 x 1046 erg/s) less than 
Eddington luminosity for 109 MSun black hole

Disadvantages:  More free parameters than 
lepto-hadronic models (21 versus 16)
Requires hard radiation field for acceleration 
of electrons to very high energies (γ=109)
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The EC component is able to extend out to PeV energies888

and avoid a Klein-Nishina cuto↵ due to the ine�cient889

energy losses in this regime, as discussed above in Sec-890

tion 2.2. The LAT �-rays and the neutrinos thus both891

come from the same component, EC in the small blob,892

with a contribution by the large blob SSC emission and893

small blob synchrotron emission.894

Above E ⇡ 400 TeV (⌫ ⇡ 1029 Hz) the electromag-895

netic emission recovers from the absorption, eventually896

reaching the quite high flux of ⇡ 10�10 erg cm�2 s�1

897

at E ⇡ 1 PeV (⌫ ⇡ 1030 Hz). However, at these en-898

ergies, �-rays will be absorbed by interactions with the899

CMB photons (not included on the plot). At 1 PeV900

and at the redshift of TXS 0506+056, the absorption901

optical depth from CMB interactions is ⌧
��,CMB

(E =902

1 PeV, z = 0.3365) ⇡ 4 ⇥ 105, indicating that essen-903

tially none of these photons will survive to be observed904

on Earth. Even if this source were located at z = 0.01,905

the absorption optical depth (⌧
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(E = 1 PeV, z =906

0.01) ⇡ 5 ⇥ 103) is too high to expect PeV �-rays to907

reach Earth.908

The primary electron distribution for the small blob909

for this solution is shown in Figure 4. As can be seen in910

the plot, there is indeed a large “upturn” in the electron911

distribution starting at �0
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⇠ 103 due to ine�cient elec-912

tron energy losses. The sharp upturn directly results in913

the unusually large synchrotron emission from the small914

blob, peaking at E ⇡ 400 MeV (⌫ ⇡ 1023 Hz).915

The neutrino emission is over a fairly narrow range,916

E
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⇡ 250 TeV—5.0 PeV, as seen in Figure 3. The neu-917

trino flux peaks at ⇡ 5 ⇥ 10�12 erg cm�2 s�1, which is918

greater than the neutrino flux implied by the detection919

of neutrino IC-170922A assuming 7.5 years of emission,920

but less than the amount implied by 0.5 years of emis-921

sion. The peak is at about 1.0 PeV, which is within the922

90% confidence interval of the energy of neutrino event923

IC-170922A, which is 290 TeV—4.3 PeV.924

The cascade is demonstrated in further detail in Fig-925

ure 5. Much of the electromagnetic cascade flux above926

40 GeV (1025 Hz) is absorbed. Only the first generation927

of the cascade contributes in any significant amount.928

The cascade neutrino emission also makes very little929

contribution to the total neutrino flux; neutrino emission930

is dominated by the zeroth generation of the cascade.931

The neutrino emission shows three “spikes”, from the932

three neutrino sources: direct muon decay, pion decay933

into muons, and these muons decaying into electrons.934

The extended jet magnetic field is certainly reasonable,935

and even on the low side, considering the typical mag-936

netic fields B
ext

⇡ 1 G at 1 parsec in the jet as inferred937

from radio observations (e.g., Pushkarev et al. 2012;938

Finke 2019). Higher magnetic field values than what939
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Figure 3. The SED for TXS 0506+056 in 2017 Sept. The
electromagnetic SED data (filled black points) and implied
neutrino upper limits (red) assuming 7.5 years (dashed) and
0.5 years (solid) years of emission are taken from Aartsen
et al. (2018a). Upper limits are shown with downward
pointing arrows. Empty symbols indicate observations de-
absorbed with the EBL model of Finke et al. (2022). The
components for our model are shown with the curves labeled
in the plot.
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Figure 4. The primary electron distribution in the small
blob from the model for emission from TXS 0506+056.

we used would lead to a higher �
dfl

(see Section 2.5.6),940

which would cuto↵ the cascade at higher frequencies, so941

that there would be less cascade flux overall. Similarly, a942

lower B
ext

would lead to a lower �
dfl

and greater cascade943

flux.944
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Finke & Razzaque 2026 (submitted)

Leptonic model for neutrinos
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Large blob:  Electrons produce synchrotron and 
synchrotron self-Compton.  Does not interact with 
extended jet photons.

Small Blob:  electrons in blob produce γ-rays 
through Compton scattering of extended jet 
photons

Extended jet:  produces radio-optical emission that 
is scattered by small blob and absorbs γ-rays.  Only 
portion around small blob matters for our purposes.

broad line region and dust torus doesn’t produce 
enough photons to absorb γ-rays and produce 
sufficient muons and neutrinos.

2 Finke & Razzaque

active galactic nuclei (Hooper & Plant 2023), the lat-66

ter of which is most relevant to neutrinos associated67

with Seyfert galaxies, such as NGC 4151, NGC 1068,68

and NGC 3079 (e.g., Neronov et al. 2024; Abbasi et al.69

2025). This process has also been explored in the con-70

text of ultra-high energy photons interacting with CMB71

photons (Wang et al. 2017; Esmaeili et al. 2022). Here72

we explore this process for creating neutrinos in the jets73

of blazars. This could o↵er an interesting alternative for74

hadronic models as the source of neutrinos in blazars,75

and provide a stronger connection between �-rays (as76

observed by Fermi-LAT) and neutrinos. In particular,77

we apply this model to electromagnetic and neutrino ob-78

servations of the blazars TXS 0506+056 (Aartsen et al.79

2018b), PKS 0735+178 (IceCube Collaboration 2021),80

and 5BZB J0630�2406 (Fichet de Clairfontaine et al.81

2023).82

In Section 2 we describe our leptonic model for neu-83

trino emission from blazars in detail. We apply it84

to three blazars where neutrinos have been detected;85

namely, PKS 0506+056 (Section 3), PKS 0735+17886

(Section 4), and 5BZB J0630�2406 (Section 5). Finally,87

we conclude with a discussion in Section 6.88

2. FORMALISM89

2.1. Model Setup90

After considerable experimentation, we found that we91

were not able to reproduce the broadband spectral en-92

ergy distribution (SED) with a single zone in the jet,93

as is often assumed in blazar models. Therefore we94

had to explore multiple emission regions. [SR: Hadronic95

models also require multi-emission zones and so does96

leptonic models for some blazars. Perhaps we need to97

mention this, otherwise it seems like a limitation only98

for our model.][Now mentioned briefly in the introduc-99

tion.] We assume the emission is from two, compact,100

spherical emitting regions in the blazar jet, each mov-101

ing with the same high relativistic speed � in units of102

the speed of light c giving the emitting regions a bulk103

Lorentz factor � = (1 � �2)�1/2. The jet is at a small104

angle ✓ = arccosµ to the line of sight, giving each com-105

ponent a Doppler factor106

�
D

=
1

�(1� �µ)
. (1)107

We refer to the di↵erent blobs as a small blob, and a large108

blob, with radii in the frame co-moving with the jet R0
s109

and R0
l, respectively. As the names imply, R0

s < R0
l. The110

small (large) blob has a comoving tangled, homogeneous111

magnetic field strength B0
s(l). In general, we will use112

primes to indicate quantities in the co-moving frame,113

and unprimed variables for quantities in the stationary114

Figure 1. Illustration of the various components of our
model. The extended jet stretches from the black hole to in-
tergalactic space, beyond the scope of this model. It is likely
approximately parabolic near the black hole, and approxi-
mately a conical, Blandford-Konigl jet after a recollimation
shock (e.g., Potter & Cotter 2015). The small blob may be
located near the recollimation shock, and “sees” the full ra-
diation field from the extended jet. The large blob is farther
from the black hole, where the extended jet radiation will be
much less intense, and does not “see” the radiation from the
extended jet.

frame of the galaxy or the observer’s frame. For the two115

emitting blobs, we attempted to find solutions with as116

similar as possible parameters.117

Additionally, we included an extended jet to explain118

the radio emission, provide seed photons for Comp-119

ton scattering for the small blob, and to absorb �-rays120

and produce muons. The extended jet is consistent121

with a model where the jet is composed of many syn-122

chrotron self-absorbed components (e.g., Blandford &123

Königl 1979; Konigl 1981; Finke 2019). This model can124

explain the flat radio spectra (in flux density, F⌫) ob-125

served in blazars. For our purposes, we model the radia-126

tion from this component as simply a broken power-law,127

as described in Section 2.3 below. In the grand tradition128

of physics, we assume all components, including the ex-129

tended jet, are spherical, much like the proverbial cow.130

The large blob is assumed to be far enough away from131

the black hole and the base of the extended jet that it132

does not “see” the radiation field from the extended jet.133

An illustration of the di↵erent components of this model134

can be seen in Figure 1.135

2.2. Preliminary Model Exploration136

The photon-photon electron pair creation process (�+137

� ! e+ + e�, sometimes known as the Breit-Wheeler138

process) has been well studied in blazars. The process139

is invoked by �-rays interacting with the extragalactic140

background light (e.g. Gould & Schréder 1967a); with141

synchrotron photons in the jet (e.g., Dondi & Ghisellini142

1995) and with broad-line region (BLR) and dust torus143

(DT) photons (e.g., Reimer 2007; Poutanen & Stern144

2) Also purely leptonic models can produce neutrinos ! 
(Justin Finke, Heidelberg Gamma 2026 conf.)



In Summary :

How the jet is launched ?                                      Blandford-Znajek, but…            Boh ?  

What powers the jet ?                         Spin BH via B (pushed by accretion), probably… 

Why only a few % produce powerful relativistic jets ?                                          Boh ? 

What particle acceleration mechanism ?       many …   (shocks, shear, B-reconnection,

                                                                                              Fermi II, neutron converter…)  

Particles, mechanism and location of gamma-ray emission ?                             Boh ? 
                     (p or e ?   synchrotron, IC or photo-meson ?  mostly far from BH, SSC there)


What determines the difference in SED between FSRQ/BLLacs,  LSP and HSP ?                     
                                                                                                                                     Boh ?  
                                                                                                          Not the cooling on BLR

after 30+ years, a bit depressing…



What now ?
It’s not data what is missing…  more imagination ! 

Lots of data/campaigns, and unique for quite some time given loss of 
SWIFT !

- SWIFT 2.0,  NOW !  ASAP ! 

- Gamma-ray Polarimetry (MeV may be ok (COSI), GeV better)


- High-z Universe AGN   

- X-ray interferometry 

- Study Galactic BH-jet systems  (microQSO go above 100 TeV !)

                                                   (study cats to understand tigers…)



back up slides 
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Figure 4. Light curves of LHAASO-WCDA (top panels) and Fermi-LAT (bottom panels). Left panel: long-term light curves
(three-month bin) of LHAASO-WCDA and Fermi-LAT for M87. Right panel: zoom-in light curves around the flare period.
The light curve of LHAASO-WCDA is obtained with two-day bin and that of Fermi-LAT is obtained with 8-day bin. 1� upper
limit is reported when TS < 9 for the LAT light curve data. The LHAASO-WCDA flare period is shown as the gray vertical
shaded region. The blue line in the top panel indicates the bayesian block and the gray lines show the long-term average flux.
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Figure 5. Fitting of the one-day bin light curve (range from MJD 59593 to MJD 59629) of the VHE flare measured by LHAASO-
WCDA with a two-sided exponential function (the red line). Fitting parameters are F

0

= (5.62±1.26)⇥10�12 TeV�1 cm�2 s�1,
t
0

= MJD 59610± 0.58, ⌧ rise

d = 1.05± 0.49 days and ⌧decay

d = 2.17± 0.58 days.

Table 1. Best-fit parameters of the intrinsic spectrum for the full-time LHAASO data based on three EBL models.

EBL model N
0

@3TeV � E�,max

TS �2/ndf

(10�13 TeV�1 cm�2 s�1) (TeV)

dominguez-upper 0.323± 0.055 2.25± 0.18 18.4 87.5 3.47/4

franceschini 0.327± 0.050 2.37± 0.14 19.4 87.4 3.00/4

kneiske 0.330± 0.044 2.56± 0.12 20.6 84.4 3.97/4
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Figure 6. Gamma-ray SED of M87 for the low state (magenta data points) and flare state (blue data points), respectively.
The flare state encompasses data from MJD 59607 to MJD 59615. The VHE data of LHAASO show the intrinsic spectra,
and the shaded regions indicate 1� statistical error for the fitting of the intrinsic spectra. The gray data points represent the
observation of H.E.S.S. in the low state (H. E. S. S. Collaboration et al. 2023).

Table 2. Best-fit spectral parameters of the LHAASO data for di↵erent time intervals.

Time interval State TS N
0

@3TeV � Flux

(MJD) (TeV�1 cm�2 s�1) (pho cm�2 s�1)

59281–60385 Full-time 87.4 (3.27±0.50)⇥10�14 2.37±0.14 (3.17±0.49)⇥10�13

59607–59615 Flare 40.1 (3.56±0.67)⇥10�13 2.57±0.23 (3.78±0.71)⇥10�12

59281–59606
Low 76.0 (2.91±0.53)⇥10�14 2.31±0.17 (2.76±0.50)⇥10�13

59616–60385

Table 3. Best-fit spectral parameters of the Fermi-LAT data.

Time interval TS N
0

�LAT Flux

(MJD) (ph cm�2 s�1) (pho cm�2 s�1)

54682.65–60385 2434.31 (1.67±0.05)⇥10�12 2.05±0.03 (1.79±0.10)⇥10�8

59281–60385 505.29 (1.78±0.13)⇥10�12 2.06±0.05 (1.93±0.22)⇥10�8

59607–59615 9.50 (2.75±1.48)⇥10�12 2.40±0.35 (6.80±3.26)⇥10�8

Cao et al. (LHAASO) 2024up to ~20 TeV !

M 87



Alternatives? 
to reduce absorption but staying within the BLR ?

1. Much larger BLR (~100x)

2. Shift  𝛾𝛾 threshold by selecting angles       
(“Flattened BLR”)

⌧ / 1/RBLR



1. Energy density UBLR goes down 10-4 

Ghisellini et al. 2009
Sikora et al. 2009

UBLR becomes lower than any other radiation field  
—> EC(BLR) disfavoured



RB
LR

𝛼

45∘

30∘

45∘

Rdiss = Tan(𝜶)*RBLR
≥ 1.7 RBLR

60∘

2.  Shift threshold 5x (to ~100 GeV) —>  𝜗 ≤  30 deg

Shift threshold ~2x



⌧ / 1/RBLR

Both do NOT keep EC(BLR) viable

Alternatives? 
to reduce absorption but staying within the BLR ?

1. Much larger BLR (~100x)

2. Shift  𝛾𝛾 threshold by selecting angles       
(“Flattened BLR”)



`distance
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Moving 



We can gain a factor ~3 in path length



It does NOT change the main result
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(b)=> same population of electrons

Mkn 421:  strong X-ray-TeV correlation

Fossati et al. 2000

In flares  X-ray - TeV  correlation(s)

the TeV emission occurs in the Klein–Nishina
scattering regime. The observed TeV emission
results from electrons emitting by synchrotron
at !3 keV, up-scattering photons in the 10–
100 eV band.

• Theobservation inK–Nregimeof a quadratic re-
lationship between synchrotron and IC varia-
tions (naturally produced in the Thomson
regime) constrains the electron spectrum varia-
tion to occur over a large enough energy band

to affect also the IC seed photons, and to be basi-
cally ‘‘achromatic’’ (i.e., just a change in normal-
ization), otherwise that extra, energy-dependent,
factor would produce an observable effect.

• A further complication is introduced by the ob-
servation that the flux–flux path of the (March
19) flare decay follows closely the bursting path.
If the flare decay is governed by the cooling of the
emitting electrons, as it is very likely, we do not
expect the quadratic relationship to hold. In fact,
given the energy-dependent nature of synchro-
tron (and IC) cooling, with scool ! E"1=2

ph , the
10–100 eV seed photons will cool on a longer
timescale (!10 times longer than the timescale
for photons observed at 3 keV). This means that
during the flare decay theX-ray and c-ray bright-
nesses should follow something like a linear rela-
tionship, because the IC (TeV) emission will just
reflect the evolution of the electron spectrum,
scattering a ‘‘steady’’ seed photon field.
These findings seem to favor as the most viable

explanation that the IC scattering occurs in fact
still in the Thomson regime, where the quadratic
relationship would hold also during the cooling
phase. One way to shift things in the right direc-
tion would be to push the beaming factor to much
higher values, thus reducing the intrinsic energies
at play. However, a preliminary analysis shows
that it is extremely difficult to find a set of

Fig. 2. Cross correlation between the X-ray (2–4 keV) and the
TeV light curves for the whole campaign (computed over 2048 s
bins, from X-ray data on 256 s bins, and TeV data on !750 s
bins).

Fig. 3. Plot of the Whipple TeV flux vs. the X-ray count rate in different energy bands: (a) data for the entire campaign, with different
colors corresponding to different nights; (b) the data for the flare of March 19 alone.

G. Fossati et al. / New Astronomy Reviews 48 (2004) 419–422 421



Strong and strict correlation in time & spectrum

Aharonian et al. (HESS coll.) 2009

DCF  X-TeV

95% upper limit on 
lags: ~ 200s

X-ray VHE

Time-resolved spectroscopy, 7-14 min bins 

PKS 2155-304 in July 2006



Mrk 421 Daily Light curve @ LHAASO-WCDA: 20210308 - 20240308

◆ Based on the iterative strategy, 23 active 
periods were identified;

◆ <Ns>  = 43.5
◆ timescales ranging from days to months.
◆ Ns distribution support the two-modes 

dissipation scenario.
◆ Quasi-steady state described by the 

Gaussian function
◆ A series of stochastic outburst states 

described with lognormal function likely 
driven by an underlying multiplicative 
process.

Gaussian / Log-normal / Combined LHAASO Coll. APJS 285:36 (2026)

23 Flaring behavior

9/1/20265
◆ Flaring duty cycle: 14%
◆ The variability timescale constrains the emission region to within 7.5X1016 cm.

A: slow rise + fast decay B：fast rise + slow decay

C: symmetric distr.

A

D: flaring forest

Zham et al. (Heidelberg2026),

LHAASO Collab. 2026


