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  Blazars SED Sequence

From Low to High-energy peaked Blazars  
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Standard picture:  balance acceleration/cooling

Ghisellini et al 1998-2013,  
Sikora et al  1994-2013
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FIG. 15.— Distribution of the jet radius R as a function of the jet axial distance z (de-projected with M = 6.2⇥ 10

9M� and ✓v = 14

�) from the SMBH in
units of rg (cf. Asada & Nakamura 2012; Nakamura & Asada 2013; Hada et al. 2013, labeled as AN12, NA13, and H13, respectively). Additional data points
are taken from Doeleman et al. (2012); Akiyama et al. (2015); Hada et al. (2016) (labeled as D12, A15, and H16, respectively). The (vertical) dashed-dotted
line denotes the Bondi radius rB, located at ' 6.9⇥10

5 rg and the HST-1 complex is around 10

6 rg. Filled black region denotes the black hole (inside the event
horizon), while the hatched area represents the ergosphere for the spin parameter a = 0.99. The light gray area denotes the approximate solution (e.g. NMF07,
TMN08) of the FFE genuine parabolic jet (outermost BZ77-type streamline: z / R2 at R/rg � 1), while the dark gray area is the case of the parabolic jet
(outermost BP82-type streamline: z / R1.6 at R/rg � 1), respectively. In both of the outermost streamlines, which are anchored to the event horizon with
✓fp = ⇡/2, a variation from a = 0.5 (upper edge) to a = 0.99 (lower edge) is represented as a shaded area. The solid line is the linear least-square for data
points of MERLIN 1.8 GHz, indicating the conical stream z / R (Asada & Nakamura 2012).

the jet sheath in M87 upstream of rB can be approximately de-
scribed as the outermost BP82-type streamline of the FFE jet
solution with the Kerr parameter a > 0, which is anchored to
the event horizon. Thus, we suggest the parabolic jet sheath
in M87 is likely powered by the spinning black hole. Re-
cent theoretical arguments clarified that the outward Poynting
flux is generally non-zero (i.e., the BZ77 process generally
works) along open magnetic field lines threading the ergo-
sphere (Toma & Takahara 2014; Komissarov 2004). Thus
our findings support the existence of the ergosphere. We note,
however, that there is an alternative suggestion that the jet
sheath is launched in the inner part of the Keplerian disk at
R ⇠ 10 rg (Mertens et al. 2016).

4.2. Jet Kinematics

Figure 16 overviews the jet kinematics by compiling the
data in the literature (see the caption for references). Multi-
wavelength VLBI and optical observations reveal both sub-
luminal and superluminal features in proper motion, provid-
ing a global distribution of the jet velocity field V in M87.
We display the value of �� in Figure 16 by using simple alge-
braic formulas with the bulk Lorentz factor � ⌘ (1��2

)

�1/2

and � = �app/(�app cos ✓v + sin ✓v), where � = V/c, and
�app is the apparent speed of the moving component in units
of c, respectively. The value of �� approaches � in the non-
relativistic regime (� ! 1) and represents � in the relativistic
regime (� ! 1), thereby representing simultaneously the full
dynamic range in velocity over both regimes.

Superluminal motions (�app > 1) have been frequently ob-
served at relatively large distances beyond rB. Furthermore,
these components seem to originate at the location HST-1

Nakamura+18
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the jet sheath in M87 upstream of rB can be approximately de-
scribed as the outermost BP82-type streamline of the FFE jet
solution with the Kerr parameter a > 0, which is anchored to
the event horizon. Thus, we suggest the parabolic jet sheath
in M87 is likely powered by the spinning black hole. Re-
cent theoretical arguments clarified that the outward Poynting
flux is generally non-zero (i.e., the BZ77 process generally
works) along open magnetic field lines threading the ergo-
sphere (Toma & Takahara 2014; Komissarov 2004). Thus
our findings support the existence of the ergosphere. We note,
however, that there is an alternative suggestion that the jet
sheath is launched in the inner part of the Keplerian disk at
R ⇠ 10 rg (Mertens et al. 2016).

4.2. Jet Kinematics

Figure 16 overviews the jet kinematics by compiling the
data in the literature (see the caption for references). Multi-
wavelength VLBI and optical observations reveal both sub-
luminal and superluminal features in proper motion, provid-
ing a global distribution of the jet velocity field V in M87.
We display the value of �� in Figure 16 by using simple alge-
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is it so ?



BLR opacity:  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

⌧
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100 highest-significance Gamma-ray FSRQs in the 3LAC
+ 6  large-BLR cases

Fermi-LAT Data,  PASS8,  7.3-years exposure

106 in total,  83 with LBLR estimates

 
Test the EC(BLR) scenario in FSRQs 

Costamante et al. 2018,  MNRAS 477, 4749 (arXiv: 1804.06282)



NB:  Rest-Frame Energies !  E*(1+z)

—  Intrinsic extrapolated 

--- Fitted free tau_BLR 

--- Expected tau_BLR 
     (deep in BLR, ~RBLR/2) 

-.-  Log-parabolic 
      Full band (no BLR)

Intrinsic Intrinsic band model:
Power-law or Log-parabolic

Upper limit if:      
TS  <4 or  

Npred  <3 or  
Err  >50%

Methodology



BLR spectrum  

BLR at different ionization parameter BLR absorption feature

BBody (same as for EC) is a good approximation for attenuation shoulder

Stern & Poutanen 2014



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



Sample 83 objects with LBLR estimate

for EC(BLR)

Costamante et al. 2018



No evidence of strong interaction with BLR photons 

For the brightest 20:   difference High/Low state ?





VHE-detected FSRQs:   also in Low state 



Even 3C 454.3 !



Alternatives ? 

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? 

1. Much larger BLR (~100x)

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



1)  Long integration time  (years)

2)  Kinematics of the emission 
     (localized dissipation vs moving blob)

�R ' �t
obs

⇤ � ⇤ �2

� = 10
�t

obs

� 105s
=) �R � 1017cm

Doppler effect:

Two Caveats:
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It does NOT change the main result
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ON THE SPECTRAL SHAPE OF RADIATION DUE TO INVERSE COMPTON
SCATTERING CLOSE TO THE MAXIMUM CUTOFF
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ABSTRACT

The spectral shape of radiation due to inverse Compton scattering is analyzed in the Thomson and the Klein–Nishina
regime for electron distributions with exponential cutoff. We derive analytical, asymptotic expressions for the
spectrum close to the maximum cutoff region. We consider monoenergetic, Planckian, and synchrotron photons as
target photon fields. These approximations provide a direct link between the distribution of parent electrons and
the upscattered spectrum at the cutoff region.

Key words: gamma rays: galaxies – radiation mechanisms: non-thermal – scattering

Online-only material: color figures

1. INTRODUCTION

The interaction of relativistic electrons with low-energy
radiation through inverse Compton scattering (ICS) provides
one of the principal γ -ray production processes in astrophysics.
In a variety of astrophysical environments, from very compact
objects like pulsars and active galactic nuclei to extended
sources like supernova remnants and clusters of galaxies, low-
energy photons are effectively boosted to high energies through
this mechanism.

The basic features of the ICS have been analyzed by
Jones (1968) and Blumenthal & Gould (1970). The case of
anisotropic electrons and/or photons has been studied by
Aharonian & Atoyan (1981), Narginen & Putanen (1993),
Brunetti (2000), and Sazonov & Sunyaev (2000). The impact of
the Klein–Nishina effect on the formation of the energy distri-
bution of electrons was first realized by Blumenthal (1971). Its
importance in astrophysics has been discussed in the literature
in the context of different non-thermal phenomena, in particular,
by Aharonian & Ambartsumyan (1985), Zdziarski et al. (1989),
Dermer & Atoyan (2002), Moderski et al. (2005), Khangulyan
& Aharonian (2005), Kusunose & Takahara (2005), and Stawarz
et al. (2006, 2010).

Generally, the energy spectrum as well as the effects related
to ICS is numerically calculated using the exact expression
for the Compton cross-section. On the other hand, compact,
analytical approximations can serve as useful tools for a deeper
understanding of the properties of Compton radiation and
the implications of the complex numerical calculations. In
particular, inferring the energy distribution of the parent particles
from the observed spectrum is a much more efficient procedure
when analytical approximations are available. For example, a
power-law distribution of electrons normally results in power-
law photon spectra. If the observed photon index is Γ (in a
dNγ /dEγ ∝ E−Γ

γ representation), then we can obtain the power-
law index of the electron distribution dNe/dEe ∝ E−Γe from the
relation Γe = 2Γ − 1 for the Thomson regime and Γe ≈ Γ − 1
if the scattering occurs in the Klein–Nishina regime.

3 Fellow of the International Max Planck Research School for Astronomy and
Cosmic Physics at the University of Heidelberg (IMPRS-HD).

This, however, only applies to the energy interval far from the
cutoff, the “main” part of the electron distribution. At the highest
(and the lowest) energies, there should be a break/cutoff in the
electron distribution, and in fact, the corresponding break at
the radiation spectrum contains a lot of interesting information
on the parent electrons. In particular, the peaks in the spectral
energy distribution (SED) appear at this energy range in the
majority of cases, indicating that the source luminosity is mostly
radiated at the maximum cutoff. Moreover, as the main, power-
law part of the distribution, the shape of the cutoff carries as
well important implication for the acceleration of the particles
and in general the mechanisms acting in the source. Although
the shape of the spectrum close to the highest energy cutoff is
critical, this topic has not yet been adequately addressed. In this
paper, we examine the shape of the Compton spectrum close
to the maximum cutoff and we derive convenient analytical
formulas that allow us to approximate the radiated flux in this
specific energy range.

In general, the shape of the electron distribution around the
cutoff can be expressed as an exponential, exp[−(Ee/Ec)β].
This allows us to describe a quite broad range of distributions,
even very sharp, abrupt, step-function like cutoffs for β ≫ 1.
Apart from the convenience of such a mathematical description,
exponential cutoffs naturally arise in theoretical considerations.
For example, in diffusive shock acceleration, power-law parti-
cle distributions with exponential cutoff are formed when (syn-
chrotron) energy losses are taken into account (Webb et al. 1984)
and the cutoff index is very important for investigating the ac-
celeration mechanism. Analytic solutions show that in the case
of Bohm diffusion a simple exponential cutoff exp [−Ee/Ec]
arises, whereas the index approaches β = 2 if Ėe ∝ E2

e type en-
ergy losses are taken into account, e.g., synchrotron or Thomson
losses (see Zirakashvili & Aharonian 2007).

In stochastic acceleration scenarios, where pile-up parti-
cle distributions are formed when acceleration is balanced
by synchrotron-type losses, the shape of the electron cutoff
is directly related to the assumed turbulent wave spectrum
(Schlickeiser 1985; Aharonian et al. 1986), e.g., β = 5/3 for
Kolmogorov, β = 3/2 for Kraicman-like, or β = 2 for the
hard sphere approximation. Of course, if more complicated en-
ergy losses dominate, like in the case of Klein–Nishina losses
in radiation-dominated environments, more complex shapes for

1
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on the seed photon spectrum and the index β of the electron distribution. For the Planckian photon distribution, we
find (see eq. 30)

EBB
γ,cut =

4E2
ckT

(mc2)2

(

2

β + 2

)

β+2
β β

2
. (49)

In analogy to the monoenergetic photons case, the maximum energy at which electrons of energy Ec can radiate, when
they up-scatter photons of energy kT , is 4E2

cKT/(mc2)2. In respect to this, the Thomson spectrum cut-off energy is
smaller by a factor of (β/2)[2/(β + 2)](β+2)/2. This factor is not negligible especially for small β, e.g. it takes values
of ∼ 0.15, 0.25, 0.33 for β = 1, 2, 3 respectively (almost one order of magnitude for a simple exponential cut-off). As
expected, it tends to unity for β → ∞. It does not depend however on index α of the electron distribution.
For synchrotron radiation, from eq. (41), we find the cut-off energy

ϵSY N
γ,cut = bE2

c

(

2

β + 2

)

β+2
β β

2
, (50)

which reveals exactly the same factor as in the case of Thomson spectrum for Planckian photons, but now in respect
to the characteristic energy bE2

c .
Finally, for the case of SSC, eq. (47) gives

ESSC
γ,cut =

4bE4
c

(mc2)2

(

2

β + 4

)

β+4
β β

2
=

4E2
c ϵSY N

γ,cut

(mc2)2

(

2

β + 4

)

β+4
β
(

β + 2

2

)

β+2
β

(51)

If we compare the cut-off energy with e.g. 4bE2
cut ϵ

SY N
γ,cut/(mc2)2 then the factor related to the index β takes values of

∼ 0.035, 0.15, 0.25 for β = 1, 2, 3, slightly less than in the case of a Planckian target photon field. This is due to the fact
that the cut-off shape is now smoother. These analytic results are useful when modeling the observed spectrum, as one
may infer the electron distribution cut-off energy from the photon spectrum cut-off energy with only the uncertainty
introduced by a (possible) Doppler boosting. The position and the amplitude of the synchrotron and IC peaks in the
SED contain very important information about physical parameters of non thermal sources, like the strength of the
average magnetic field and the energy density of relativistic electrons. The shape of the SED, especially in the region
of the cutoffs of the synchrotron and IC components of radiation, provide additional, more detailed information about
the distributions of electrons and magnetic fields. For example, the spectral cutoff in the IC component formed in the
the Klein-Nishina regime provides direct, model-independent information about the energy spectrum of highest energy
electrons. This is a critical issue for understanding of particle acceleration mechanisms. Furthermore, combined with
the shape of the synchrotron cut-off, it can allow us to extract information about the distribution of the magnetic
field. This can be demonstrated by the following simple example. Let as assume that we have observed a smooth
synchrotron cut-off which can be interpreted as the result of an electron distribution with an exponential index e.g.
β ≈ 1. This hypothesis can be checked by the shape of the cut-off of the IC component. If the latter is formed in the
Klein-Nishina regime, and exhibits a sharp cut-off behavior indicating to the electron distribution with β > 1, then
one should attribute the smoothness of the synchrotron cut-off to magnetic field inhomogeneities rather than to the
actual shape of the electron distribution.

Table 1
exponential cut-off index for Compton spectrum

electron index β β β → ∞ β → ∞

scattering regime Thomson Klein-Nishina Thomson Klein-Nishina
monochromatic photons β/2 β β → ∞ β → ∞

Planckian photons β/(β + 2) β 1 β → ∞

synchrotron photons β/(β + 4) β 1 β → ∞

5. SUMMARY

In this paper we have examined the asymptotic behavior of the Compton spectrum close to the maximum cut-off.
We assumed that the electron distribution follows the general formula Eα

e exp[−(Ee/Ec)β ] so that our analysis may
account for a relativistic Maxwellian-type distribution, as well as for a power-law distribution with exponential cut-off.
The exponential cut-off of the electron energy spectrum results in an exponential cut-off in the Compton spectrum,
of the form exp[−(Eγ/Eγ,cut)βc ], with βc and Eγ,cut the corresponding cut-off index and energy respectively. We
show that in the Klein-Nishina regime, the cut-off index remains unchanged, βc = β. The shape of the up-scattered
spectrum close to the maximum cut-off basically ”reflects” the electron distribution and does not depend strongly on
the target photon field. The cut-off energy also correspond to the electron distribution cut-off energy, Eγ,cut = Ec.
In the Thomson regime, the resulting spectrum close to the cut-off is very different. First of all it strongly depends on

the up-scattered photon field. Monoenergetic photons lead to a cut-off of index βc = β/2, whereas Planckian photons

Ne / E

�p
exp(�(E/Ec)

�)

�synch =
�

� + 2
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SSC

See also:                Romoli et al. 2017
Zargaryan poster on 3C279
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Pacciani et al. 2014 - flare

3C 454.3 can be easily detectable at VHE  !

HBL-like flare !



LAT Coll. 2016

3C 279    

FSRQ/LBL can become HBL in gamma-rays !
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Figure 9. The hybrid photon – neutrino SED of TXS 0506+056. The red points (OVRO at 15 GHz and ASAS V
mag

) are simultaneous
with neutrinos, grey ones refer to historical data, while the black ones are Fermi data. The red bands for the �-ray flux show the 1�
error bounds on the best fit, while upper limits are given at 95 per cent C.L.. Fermi data points were de-absorbed to correct for the
extragalactic background light following Domı́nguez et al. (2011). Left: the MJD 57908 – 58018 period (June 4 – September 22, 2017).
The neutrino flux has been derived by IceCube Collaboration (2018a) over the 200 TeV – 7.5 PeV range (see text for more details); we
give here the all-flavour flux. The vertical upper limit is drawn at the most probable neutrino energy. The average Fermi-LAT photon
index for E > 2 GeV is 2.16 ± 0.10. Right: the MJD 56949 – 57059 period (October 19, 2014 – February 6, 2015). The neutrino flux has
been derived by IceCube Collaboration (2018b) over the 32 TeV – 3.6 PeV range; the error is the combined error on the spectral index
and the normalization. The average Fermi-LAT photon index for E > 2 GeV is 1.62 ± 0.20.

and �-ray data described in sect 2.3 and 2.4. The animation
is available here: https://youtu.be/lFBciGIT0mE.

3.4.1 The hybrid SED of TXS 0506+056

Fig. 9 shows the hybrid photon – neutrino SED of
TXS0506+056 for the period around the IceCube-170922A
event (left) and the neutrino flare (right), based on the con-
cept introduced by Padovani & Resconi (2014). The red
points are the electromagnetic emission simultaneous with
the neutrinos. The detection of high-energy neutrinos above
⇠ 30 TeV implies the existence of protons up to at least
3 ⇥ 10

14 � 3 ⇥ 10

15 eV, which then collide with other protons
(pp collisions) or photons (p� collisions). High-energy �-rays
with energy and flux about a factor two higher than the neu-
trinos at the source are then expected as secondary products
in both cases (Kelner, Aharonian, & Bugayov 2006; Kelner
& Aharonian 2008). Indeed, in both cases the (linearly ex-
trapolated) �-ray and neutrino fluxes are comparable, con-
sistently with the hypothesis that they are produced by the
same physical process. This is especially true for the neutrino
flare, when the neutrino flux has a relatively small uncer-
tainty being derived from ⇠ 13 events within a well-defined
period of 110+35

�24

days (IceCube Collaboration 2018b).
This is di↵erent for the IceCube-170922A event, given

the large uncertainty on the neutrino flux since we are deal-
ing with a single event over an ill-defined period of time. To
estimate the neutrino flux from one neutrino event IceCube
Collaboration (2018a) had to assume a spectral emission
shape, an emission time ⌧, and an energy emission range.
The corresponding mean number of ⌫µ events N expected in
IceCube is

N = ⌧
π E

max

E
min

Ae↵(E, ✓) ·
1

3

d�
dE

dE, (2)

where Ae↵ is the e↵ective area of the IceCube detector
and 1

3

is the flavour ratio assumed. For a source described
by a single power-law distribution the flux producing one
neutrino event is

�
0

=
3 · N

⌧
Ø E

max

E
min

Ae↵(E, ✓)E��dE
, (3)

where N = 1 and ⌧ is taken as 0.5 years (of the same
order as the duration of the �-ray flare). Interpreting the
observation of one IceCube alert event as an upward Pois-
sonian fluctuation, then the flux value calculated can be un-
derstood as an upper limit on the neutrino flux (see also
IceCube Collaboration 2018a).

4 RESULTS

Following up the IceCube-170922A event observed in coinci-
dence with a �-ray flare of TXS 0506+056 (IceCube Collabo-
ration 2018a), the IceCube collaboration has also detected a
neutrino flare in late 2014 – early 2015 from the same direc-
tion (IceCube Collaboration 2018b). Given the complexity
of the �-ray sky in this area, both spatially and temporally,
we have carefully dissected the region and found the follow-
ing:

(i) out of the 637 radio and X-ray sources within 80 arc-
minutes of the IceCube-170922A event position, only 7 are

MNRAS 000, 1–13 (2018)
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After de-absorbing the VHE spectrum using
the optical depths for a source at a redshift of
0.069 according to the extragalactic background
light model in Domı́nguez et al. (2011), the best-
fit log-parabola model becomes:

dN

dE
= (2.36 ± 0.07) ⇥ 10�5

⇥
✓

E

0.2 TeV

◆[�(2.2±0.1)�(1.4±0.3) log10(
E

0.2 TeV
)]

m�2 s�1 TeV�1,

(3)

with �2/DOF = 1.7. The observed and de-
absorbed TeV gamma-ray spectra are shown to-
gether with the GeV gamma-ray spectra (Sec-
tion 2.2) in Figure 3 in the ⌫F⌫ representation.

2.2. Fermi-LAT

The Large Area Telescope (LAT) on board the
Fermi satellite is a pair-conversion gamma-ray
telescope sensitive to energies from ⇠20 MeV to
>300 GeV (Atwood et al. 2009).

An unbinned likelihood analysis was per-
formed with the LAT ScienceTools v10r0p5

and Pass-8 P8R2 SOURCE V6 v06 instrument re-
sponse functions (Atwood et al. 2013). SOURCE

class events with energy between 100 MeV
and 300 GeV within 10� from the position
of BL Lacertae were selected. For the short
durations of interest to the TeV flare, a sim-
ple model containing BL Lacertae, another
point source 3FGL J2151.6+4154 ⇠ 2� away
from BL Lacertae, and the contributions
from the Galactic (gll iem v06) and isotropic
(iso P8R2 SOURCE V6 v06) di↵use emission
were included. A maximum zenith angle cut
of 90� was applied. We checked in the residual
test-statistics map that no significant excess
was left unaccounted for within the model. For
the short durations, a power law was used to
model BL Lacertae instead of the log-parabola
model used in the 3FGL catalog. We verified
with an analysis using a log-parabola spectral
model and obtained consistent flux values.

For the light curve shown in the second panel
of Figure 5, an unbinned likelihood analysis
was performed on each one-day interval, leav-
ing the normalizations and power-law indices of
BL Lacertae and 3FGL J2151.6+4154 free, as
well as the normalization of the di↵use com-
ponents. The source was in an elevated GeV
gamma-ray state when the TeV flare was ob-
served, although the GeV flux varied on a much
longer timescale. An exponential fit to a 15-day
interval around the TeV gamma-ray flare yields
a rise time of 2.1± 0.2 days and a decay time of
7 ± 2 days.

Figure 3. The gamma-ray SEDs of BL Lacer-
tae measured by Fermi-LAT and VERITAS. The
Fermi-LAT SEDs strictly simultaneous with VER-
ITAS observations on the night of the flare (2016
Oct 5) and from the three days around it are shown
in blue and grey, respectively. The observed and
de-absorbed VERITAS SEDs averaged over all ob-
servations on the night of the flare are shown in
red and green, respectively. Each shaded region
is derived from the 1-� confidence intervals of the
best-fit parameters for the corresponding spectrum.

BL Lac TXS 0506+056

HBL-like spectra in LBL/IBL

Veritas Collab. 2018
Padovani et al. 2018

neutrino flare 2015



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

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

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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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

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

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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Figure 1. The VERITAS TeV gamma-ray light
curves of BL Lacertae above 200 GeV on 2016 Oct
5 (minute zero corresponds to 03:57:36 UTC). The
light blue filled circles and the dark blue squares
show the light curve in 4-min and 30-min bins, re-
spectively. The grey dashed line shows the model
(see Equation 1) with the best-fit parameters and
the shaded region illustrates the 99% confidence in-
terval, both of which are derived from simulations
using Markov chain Monte Carlo sampling.

the 4-minute-binned light curve is (4.2 ± 0.6) ⇥
10�6 photon m�2 s�1, or ⇠ 1.8 C. U.

We first fitted the 4-minute-binned VERITAS
light curve with a constant-flux model, obtain-
ing a �2 value of 170.8 for 45 degrees of freedom
(DOF), corresponding to a p-value of 1.1⇥10�16

and rejecting the constant-flux hypothesis.
To quantify the rise and decay times of the

TeV flare, we then fitted the VHE gamma-ray
light curve with a piecewise exponential func-
tion as follows:

F (t) =

8
<

:
F0e

(t�tpeak)/trise , t 6 tpeak;

F0e
�(t�tpeak)/tdecay , t > tpeak;

(1)

where F0 is the peak flux, tpeak is the time of
the peak flux, and trise and tdecay are the rise

and decay times, respectively, on which the flux
varies by a factor of e.

The optimal values of the parameters and
their uncertainties were determined from the
posterior distributions obtained from Markov
chain Monte Carlo (MCMC) simulations, for
which the Python package emcee (Foreman-
Mackey et al. 2013) was used. The MCMC
chain contains 100 random walkers in the pa-
rameter space initialized with a uniform random
prior. Each random walker walks 4000 steps,
the first 2000 steps of which are discarded as
the “burn-in” samples. This amounts to 2⇥105

e↵ective MCMC simulations. A proposal scale
parameter was chosen so that the mean pro-
posal acceptance fraction is 37%, ensuring an
adequate yet e�cient sampling of the poste-
rior distributions. Note that the parameters are
bounded to be positive, so that they are phys-
ically meaningful, and su�ciently large upper
bounds were also provided for computational ef-
ficiency. After the posterior distributions were
obtained, kernel density estimation with Gaus-
sian kernels of bandwidths equal to 1% of the
range of the corresponding parameter was used
to estimate the most likely value (maximum a
posteriori) and the 68% confidence interval of
each parameter.

The joint posterior distributions of the param-
eters from the MCMC sampling are shown in
Figure 2. The diagonal plots show the poste-
rior probability distributions of each parameter,
some of which (e.g., tpeak) appear non-Gaussian.
Correlations between tpeak and trise, as well as
between tpeak and tdecay, are also apparent in
the o↵-diagonal joint distributions. The best-fit
model and the 99% confidence intervals from the
MCMC sampling are shown in Figure 1. The
rise and decay times of the flare are determined
to be 140+25

�11 min and 36+8
�7 min, respectively.

The best-fit peak time and flux are 130+5
�3 min

(after MJD 57666.165) and 3.4+0.2
�0.2 ⇥ 10�6 pho-

ton m�2 s�1, respectively.
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Radio Galaxies

Aharonian et al. (HESS coll) 2007

Aleksic et al. (MAGIC coll) 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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Fig. 4. Light curve of IC 310 observed with the MAGIC telescopes on the night of 12/13 November
2012, above 300GeV.Asa flux reference, the twogray lines indicate levels of 1 and5 times the flux level of the
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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Intrinsic  ΓVHE < 2 (typically 1.5-1.7), with any EBL intensity (even lowest one). 

 ⇒ “Compton” peak  ≥ 3-10 TeV

    Extreme-TeV BL Lacs   

Numbers are 9/34 (TeVCAT)  ~  1/4 of all HBL
Costamante et al. 2018



NuSTAR-Swift observations
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SSC can work but:  1) dropping one zone (no fit below UV)
                             2) strongly out of equipartition (by 103 to 106)
                             3) extremely low radiative efficiency

10 L. Costamante et al.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

different parts of the synchrotron hump, but their SSC emission

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

SSC flux is suppressed by assuming high magnetic fields in their

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

extreme fine-tuning and ad-hoc conditions required.

We conclude that, though some contribution from secondary

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

ponent of the observed gamma-ray flux.

5 DISCUSSION AND CONCLUSIONS

The combined NuSTAR and Swift observations provide for the first

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

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

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

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

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

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

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

Their emission is constrained to be well below the observed flux

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

above 100 keV.

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

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

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

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

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

low radiative efficiency, with conditions heavily out of equipartition

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

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

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

far-IR (WISE) data.

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

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

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

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

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

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

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

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

The discrepancy between particle and magnetic energy den-

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

ber density of synchrotron photons inside a region of homogeneous

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

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

ders of magnitude. Remarkably, this discrepancy would not widen

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

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

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

ton.

Conditions so far away from equipartition are even more puz-

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

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

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

tions in the dissipation region persistently out of equipartition. The

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

could possibly switch closer to equipartition after some years.

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

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

These values can accomodate variability on a daily timescale like

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

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

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

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

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

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

Ue/UB ∼ 1.2× 105).

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

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

zone models imply particle energy and jet kinetic power largely

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

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

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

does not help in reaching equipartition. If the layer synchrotron

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

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

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

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

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

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

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

not for these hard-TeV BL Lacs.

MNRAS 000, 1–13 (2017)

Costamante et al. 2018,  models by F. Tavecchio



MOJAVE. XVII. KINEMATICS & PARENT POPULATION 9

Figure 6. Maximum apparent jet speed versus synchrotron peak frequency for jets in the MOJAVE survey, as well as those in the survey of Piner & Edwards
(2018). Upper limit values are denoted by downward arrows. Quasars are indicated by black circles, radio galaxies by green stars, narrow-line Seyfert 1 galaxies
by violet stars, high synchrotron peaked BL Lac objects by red triangles, and other BL Lac objects by blue squares. Filled symbols indicate detections by
ground-based TeV gamma-ray observatories. The cross symbols indicate BL Lacs for which only upper and lower limits on the redshift are known.

Despite many studies on the radio luminosity functions (LFs)
of AGNs, there is still no consensus on whether radio-loud
AGN LFs evolve with lookback time in a manner consis-
tent with increasing number density, increasing luminosity,
or a mixture of both (Best et al. 2014; Smolčić et al. 2017;
Yuan et al. 2018). There are also indications that lower power
(i.e., FR I) AGNs may evolve differently than the high power
(FR II) population (Rigby et al. 2008). Given these uncer-
tainties, we have adopted a simple pure luminosity evolu-
tion parameterization for flat spectrum radio quasars used by
Ajello et al. (2012) and Mao et al. (2017):

Φ(L,z) ∝ Φ(L/e(z)), (5)

where

e(z) = (1 + z)kez/η, (6)

and

Φ(L/e(z = 0)) ∝ Lγ . (7)

Our approach is to find the best fit values of γ, η and k using
the MOJAVE data. We restrict our comparisons to quasars
in the 1.5JyQC sample only, given the possibility that the
BL Lac objects may be drawn from a different (i.e., lower
power, or FR I) parent population (Urry & Padovani 1995).
We set the lower limit on the parent LF at 1024 W Hz−1

based on the least powerful known FR II radio galaxies (e.g.,
Antognini et al. 2012).

4.2.2. Redshift Distribution

By adopting a pure luminosity evolution model, we assume
that the parent jet population has a constant co-moving den-
sity with redshift. All of the 1.5JyQC quasars have red-
shifts greater than 0.15, with the exception of TXS 0241+622
(z = 0.045). In order to avoid small number statistics in this
nearby volume of space, we drop this AGN from our data
comparisons and set the lower redshift limit of our simula-
tion to z = 0.15. Because the form of LF evolution is not well
known at very high redshift, we set the upper redshift limit in
our simulations to that of the highest redshift 1.5JyQC quasar:
OH 471 (z = 3.4).

4.2.3. Bulk Lorentz Factor Distribution and Doppler Boosting
Index

Due to the strong selection biases associated with Doppler
boosting, any large flux density-limited jet sample should con-
tain some jets with the maximum Lorentz factor in the popu-
lation (viewed at small θ). In the MOJAVE sample the fastest
instantaneous measured jet speed is approximately 50 c for an
accelerating feature in the jet of PKS 0805−07 (Lister et al.
2016), which corresponds to a Γmax ≃ 50 . In light of our
discussion of the observed apparent velocity distributions in
§ 3.2.2, we adopt a power law Lorentz factor distribution for
our simulated jets of the form N(Γ) ∝ Γb, where b is a free
parameter with values less than zero and Γ ranges from 1.25

Lister+19

Super-Luminal Motion
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Figure 2. Left: Temporal evolution of knot-core distances of Mrk 421 observed by MOJAVE. Four quasi-stationary knots
are firmly detected within 5 mas of the radio core between 2006 and 2014. Grey dots are considered as non-robust features to
measure the jet kinematics. Right: Mean core distance and radius of radio knots with standard deviation, fitted by a linear
function. The red point is the radio core. Adapted from Lister et al. (2016).
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Figure 3. 43 GHz radio map contour with color image
representing the intensity after removing the core emission,
observed the 2008 Dec. 8 (Piner et al. 2010). Blue circles are
15.3 GHz components fitted by 2D Gaussian, from 2011 Jan.
14 (Lico et al. 2012). The various knot IDs follow the refer-
ences: MOJAVE, 1; Piner et al. (2010), 2; Lico et al. (2012),
3. We can note that the 15.3 GHz knots presented here
slightly di↵er in size and position from the 7-year-average
values we are using in our study.

the first radio knot can be divided as 2 distinct compo-
nents named C4a and C4b. Piner et al. (2010) noticed
that these 43.2 GHz knots C7 and C8 (or C4a C4b from
Lico et al. (2012)) can be associated with the eastern
and western limb-brightened jet structure of the jet (see
Figure 3).

Table 1. Projected distance from the radio core of the 4
VLBI quasi-stationary radio knots referenced by MOJAVE
with their di↵erent associated names.

knot # knot # knot # core distance radius

(1) (2) (3) [mas] (1) [mas] (1)

Core - - - 4.24± 1.62⇥ 10�2

8 C7 C4 0.38± 0.07 1.20± 0.22⇥ 10�1

11 C6 C3 1.03± 0.16 2.04± 0.63⇥ 10�1

9 C5 C2 1.76± 0.29 3.66± 0.66⇥ 10�1

6 C1 3.96± 0.28 9.44± 0.21⇥ 10�1

1: MOJAVE, 2: Piner et al. (2010), 3: Lico et al. (2012)

The limb-brightened emission is likely an indication
of a spine-sheath jet where the outer jet is either more
Doppler boosted (due to a smaller angle with the line of
sight), or presents a larger intrinsic synchrotron emis-
sivity. Throughout this study, we consider this local
limb-brightened emission at high frequencies as a single
shock in the inner jet, associated with the position of
the knot 8. For more clarity we reference the studied
knot positions given by MOJAVE in Table 1 with their
associated names from previous studies.

The high-energy emission zone location(s) of radio-
loud AGN is still an unresolved question. Multiple stud-
ies have highlighted the likely presence of multiple high-
energy zones within the jets from broadband emission
models and variability studies (e.g. Raiteri et al. 2010;
Tavecchio et al. 2011; Nalewajko et al. 2012; Hervet et al.
2015). When comparing the high- and very high-energy
flares with radio VLBI measurements, it appears that
flares can be either associated with the radio core or a
radio knot outside the core (e.g. Abramowski et al. 2012;
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Figure 2. Left: Temporal evolution of knot-core distances of Mrk 421 observed by MOJAVE. Four quasi-stationary knots
are firmly detected within 5 mas of the radio core between 2006 and 2014. Grey dots are considered as non-robust features to
measure the jet kinematics. Right: Mean core distance and radius of radio knots with standard deviation, fitted by a linear
function. The red point is the radio core. Adapted from Lister et al. (2016).
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Figure 3. 43 GHz radio map contour with color image
representing the intensity after removing the core emission,
observed the 2008 Dec. 8 (Piner et al. 2010). Blue circles are
15.3 GHz components fitted by 2D Gaussian, from 2011 Jan.
14 (Lico et al. 2012). The various knot IDs follow the refer-
ences: MOJAVE, 1; Piner et al. (2010), 2; Lico et al. (2012),
3. We can note that the 15.3 GHz knots presented here
slightly di↵er in size and position from the 7-year-average
values we are using in our study.

the first radio knot can be divided as 2 distinct compo-
nents named C4a and C4b. Piner et al. (2010) noticed
that these 43.2 GHz knots C7 and C8 (or C4a C4b from
Lico et al. (2012)) can be associated with the eastern
and western limb-brightened jet structure of the jet (see
Figure 3).

Table 1. Projected distance from the radio core of the 4
VLBI quasi-stationary radio knots referenced by MOJAVE
with their di↵erent associated names.

knot # knot # knot # core distance radius

(1) (2) (3) [mas] (1) [mas] (1)

Core - - - 4.24± 1.62⇥ 10�2

8 C7 C4 0.38± 0.07 1.20± 0.22⇥ 10�1

11 C6 C3 1.03± 0.16 2.04± 0.63⇥ 10�1

9 C5 C2 1.76± 0.29 3.66± 0.66⇥ 10�1

6 C1 3.96± 0.28 9.44± 0.21⇥ 10�1

1: MOJAVE, 2: Piner et al. (2010), 3: Lico et al. (2012)

The limb-brightened emission is likely an indication
of a spine-sheath jet where the outer jet is either more
Doppler boosted (due to a smaller angle with the line of
sight), or presents a larger intrinsic synchrotron emis-
sivity. Throughout this study, we consider this local
limb-brightened emission at high frequencies as a single
shock in the inner jet, associated with the position of
the knot 8. For more clarity we reference the studied
knot positions given by MOJAVE in Table 1 with their
associated names from previous studies.

The high-energy emission zone location(s) of radio-
loud AGN is still an unresolved question. Multiple stud-
ies have highlighted the likely presence of multiple high-
energy zones within the jets from broadband emission
models and variability studies (e.g. Raiteri et al. 2010;
Tavecchio et al. 2011; Nalewajko et al. 2012; Hervet et al.
2015). When comparing the high- and very high-energy
flares with radio VLBI measurements, it appears that
flares can be either associated with the radio core or a
radio knot outside the core (e.g. Abramowski et al. 2012;

Hervet+ 19
Lister+ 16
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linking the inter-knot distance �x1 with the delay between two consecutive flares �t1.

rarefaction waves locally decreasing the pressure. The
speed should then decrease after the shock. The real-
istic speed profile would be an oscillation, likely with a
slower acceleration due to global conical opening of the
jet (Komissarov & Falle 1997; Gómez et al. 1997; Mizuno
et al. 2015; Hervet et al. 2017). Throughout this paper
we consider the approximation of an average constant
speed of the underlying flow valid, with the main moti-
vation keeping the lightcurve model developed in Section
5 as simple as possible. This approximation can be sup-
ported with the observed motions in radio jets, which
in the majority are well fitted by a constant-speed mo-
tion (Lister et al. 2016). As further discussed in Section
5, the theoretical model developed also considers the
width of the peaks from the size of the radio knots and
a damping factor between successive flares.

2.2. Mrk 421: the ideal candidate

Mrk 421 is the brightest X-ray and gamma-ray HBL
in the sky in its flaring and average state (Stroh & Fal-
cone 2013). It is one of the most monitored blazars in all
wavelengths and shows frequent giant flares (e.g. Aleksić
et al. 2015; Abeysekara et al. 2017; Fraija et al. 2017).
Mrk 421 is perfectly adapted for this study by also
presenting 4 well-defined VLBI quasi-stationary knots
within 5 mas of the radio core at 15.3 GHz, as shown
in Figure 2 (Left) from the MOJAVE collaboration.1

All the observed knots show either non-radial or down-
ward motions. Such motions would be very challenging
to be described with a ballistic model, but can natu-
rally match low amplitude shifts/oscillations of quasi-
stationary recollimation shocks. The fastest measured
knot measured in VLBI (#6) displays an apparent speed
of 0.217 ± 0.026 c, roughly perpendicular to the jet di-
rection (Lister et al. 2016), and the usual Doppler factor
deduced from broadband spectral energy distribution

1 http://www.physics.purdue.edu/MOJAVE

(SED) modeling is about 20-25 (B lażejowski et al. 2005;
Baloković et al. 2016; Carnerero et al. 2017; Kapanadze
et al. 2018a,b), which can be seen as a lower limit, since
the Doppler factor is usually constrained from the short-
est variability timescale observed and from the maxi-
mum possible photon-photon opacity within the emit-
ting region. For a canonical blazar angle with the line
of sight of 2 deg, the SED models lead to a Lorentz factor
�model & 14, which should be related to apparent down-
stream speed of �app & 11 c. Mrk 421 is then strongly
a↵ected by the bulk Lorentz factor crisis, which is ideal
for our study.

For this study we consider these 4 knots as stationary
recollimation shocks with their distance to the radio core
given by the mean value of the measured distances from
the MOJAVE Collaboration. The uncertainty on their
distance to the core and radius are given by the stan-
dard deviation of the dataset. The Mrk 421 knot string
follows a conical expansion well, as shown in Figure 2
(Right). The knots’ radius is fitted by a linear function
f(x) = (0.195±0.015)x+(3.94±0.76)⇥10�2 mas, with a
reduced �

2 of 0.28. The radio knot positions of Mrk 421
were measured in several other studies for di↵erent fre-
quencies and epochs. Although the MOJAVE dataset
is the one the most simultaneous with the lightcurve in
our study, it remains relevant to check the consistency
of these measurements with the previous observations
described in Piner et al. (2010) (with extended dataset
from Piner et al. (1999); Piner & Edwards (2005)), and
Lico et al. (2012).

Piner et al. (2010) reported VLBA observations at
22 GHz and 43 GHz of Mrk 421 between 1994 and
2009. They observed knots consistent with the ones de-
tected by MOJAVE, they however detect a supplemen-
tary component between 2008-2009 at 43.2 GHz, C8,
at ⇠ 0.2 mas from the core. Lico et al. (2012), who
performed VLBA observations in 2011, have similar ob-
servations. While their 15.36 GHz analysis is consistent
with the one presented by MOJAVE, at 23.804 GHz

MacDonald, CTA symposium
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Figure 6. Comparison of the di↵erent flares models; EMG, multi-Gaussian from a main flare in the radio core, and multi-
Gaussian from a main flare in the upstream radio knot. The models are represented on top of the stacked lightcurves. For clarity
we show a binned dataset, with 18 data points per bin. The grey band is the RMS range associated with the flux dispersion of
stacked lightcurves.

Table 3. Fitting results for the di↵erent proposed models.
The first column is for the time range presented in Figure 6
while the second column considers the range where at least
one model is above 1% of the baseline.

�

2
/dof �

2
/dof

t 2 [�20,+100] t 2 [�7,+70]

EMG 7.86⇥ 105/325 6.05⇥ 105/233

G

m

, core 7.16⇥ 105/324 5.26⇥ 105/232

G

m

, knot 6.74⇥ 105/324 4.83⇥ 105/232

Considering only the range where at least one model is
above 1% of the baseline, [tflare � 7, tflare + 70], the
fit qualities improve, as well as the relative di↵erence
between models (see Table 3).

The EMG function has the worst �

2. Although hav-
ing a visually good representation of the main flare, it
does not describe the excesses above the baseline after
the flare, contrary to the multi-Gaussian. Both multi-
Gaussian functions, core and knot, are pointing toward a
second and third peaks located at ⇠ 9�11 and ⇠ 22�26
days respectively after the main flare. However the knot
scenario is favored with the lowest �

2 and each of its ex-
pected peaks matches the observed flux excesses well.
Thus, in the following we focus on the theoretical model
of a main flare from the upstream radio knot.

5.4. Statistical and systematic uncertainties

The statistical uncertainties on the fitted model pa-
rameters are estimated from the covariance matrix cal-
culation done with the python scipy.optimize.curve fit

method.3 The data dispersion being much larger than
the error associated to each point, the original covari-
ance matrix is scaled to the reduced �

2 of the best fit
to avoid an obvious underestimation of the statistic un-
certainties. This process scales the original error bars
to match the sample variance of the residuals after the
fit.

While being a reasonable method, we raise a warning
that the statistical uncertainties estimated this way are
likely close to, but not exactly the true ones (e.g. by
assuming a normal distribution of the fit residuals).

The way flares are selected in the X-ray lightcurve
plays a role in the fitting results, leading to associated
systematic uncertainties. We determine the systematic
uncertainties of the models parameters by applying dif-
ferent cuts in the flare selection. As defined in Section
4.1 , three cuts are applied to select flares: the flux
threshold FT , the minimum time gap between two se-
lected flares �Flares, and the time range around a given
flare where we want a minimum amount of data taken
�tdata. In order to estimate systematic uncertainties,
we consider the e↵ects of applying a much looser and
much harder set of cuts. The loose cuts select many
more flares (13), while the hard ones select fewer (5)
but better defined flares. The di↵erent cuts are summa-
rized in Table 4.

The systematic loose cuts uncertainties for each pa-
rameter are calculated as �sys,loose = loose � default.
The same is applied for hard cuts. If loose and hard
cuts values are not bracketing a default parameter value,
only the larger �sys is taken into account. The default

3 https://docs.scipy.org/doc/scipy/reference/generated/scipy.
optimize.curve fit.html

X-Ray SWIFT stacked 
lightcurves of 6 flares
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Take-home messages:

1) EC as we know it (BLR) does not work !  (IR ok)

        ⇒  FSRQ gamma-ray spectrum mostly intrinsic (particle distribution)

        ⇒  new diagnostic possibilities (e.g. Lefa et al 2014) 
        ⇒  CTA sky should be much richer of FSRQ


2) SSC unrealistic for Extreme-TeV BL Lacs ?

        ⇒  unrealistic parameters ? (B~mG, low eff., no equipartition, no SED)

        ⇒  still not extreme accelerators (like Crab etc), missing ?


3) Ultra-fast variability is characteristics of AGN jets

                                            (all types of RG/blazar)


4) In gamma-rays,  lot of HSP-LSP interchanges 

                           




back-up slides



Ghisellini et al 2013
Sbarrato et al 2011, 2014

What about the Gamma-BLR connection then ?



Ghisellini et al 2013
Sbarrato et al 2011, 2014

radiatively 
efficient

radiatively 
inefficient

What about the Jet-Accretion connection then ?
BLR acts as proxy of the disk, does not affect Jet radiation



NOTE:  Fermi does NOT see all type of Blazars 
misses at the two ends of SED sequence

MeV-peaked (high-z) Blazars  TeV-peaked BL Lacs
eRosita survey CTA survey




