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Figure 8. Spectral energy distribution of Mrk 421 averaged over all the observations taken during the multifrequency campaign from 2009 January 19 (MJD 54850)
to 2009 June 1 (MJD 54983). The legend reports the correspondence between the instruments and the measured fluxes. The host galaxy has been subtracted, and the
optical/X-ray data were corrected for the Galactic extinction. The TeV data from MAGIC were corrected for the absorption in the EBL using the prescription given
in Franceschini et al. (2008).

with previous works. The one-zone homogeneous models are
the most widely used models to describe the SED of high-peaked
BL Lac objects. Furthermore, although the modeled SED is av-
eraged over 4.5 months of observations, the very low observed
multifrequency variability during this campaign, and in particu-
lar the lack of strong keV and GeV variability (see Figures 1 and
2) in these timescales, suggests that the presented data are a good
representation of the average broadband emission of Mrk 421
on timescales of a few days. We therefore feel confident that the
physical parameters required by our modeling to reproduce the
average 4.5 month SED are a good representation of the physical
conditions at the emission region down to timescales of a few
days, which is comparable to the dynamical timescale derived
from the models we discuss. The implications (and caveats) of
the modeling results are discussed in Section 7.

Mrk 421 is at a relatively low redshift (z = 0.031), yet the
attenuation of its VHE MAGIC spectrum by the extragalactic
background light (EBL) is non-negligible for all models and
hence needs to be accounted for using a parameterization for
the EBL density. The EBL absorption at 4 TeV, the highest
energy bin of the MAGIC data (absorption will be less at lower
energies), varies according to the model used from e−τγ γ = 0.29
for the “Fast Evolution” model of Stecker et al. (2006) to
e−τγ γ = 0.58 for the models of Franceschini et al. (2008) and
Gilmore et al. (2009), with most models giving e−τγ γ ∼ 0.5–0.6,
including the model of Finke et al. (2010) and the “best fit”
model of Kneiske et al. (2004). We have de-absorbed the TeV
data from MAGIC with the Franceschini et al. (2008) model,
although most other models give comparable results.

6.1. Hadronic Model

If relativistic protons are present in the jet of Mrk 421,
hadronic interactions, if above the interaction threshold, must

Figure 9. Hadronic model fit components: π0-cascade (black dotted line), π±

cascade (green dash-dotted line), µ-synchrotron and cascade (blue triple-dot-
dashed line), and proton synchrotron and cascade (red dashed line). The black
thick solid line is the sum of all emission components (which also includes the
synchrotron emission of the primary electrons at optical/X-ray frequencies).
The resulting model parameters are reported in Table 3.

be considered for modeling the source emission. For the present
modeling, we use the hadronic Synchrotron-Proton Blazar
(SPB) model of Mücke et al. (2001, 2003). Here, the relativistic
electrons (e) injected in the strongly magnetized (with homoge-
neous magnetic field with strength B) blob lose energy predomi-
nantly through synchrotron emission. The resulting synchrotron
radiation of the primary e component dominates the low energy
bump of the blazar SED, and serves as target photon field for
interactions with the instantaneously injected relativistic pro-
tons (with index αp = αe) and pair (synchrotron-supported)
cascading.

Figures 9 and 10 show a satisfactory (single zone) SPB model
representation of the data from Mrk 421 collected during the
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Figure 11. SED of Mrk 421 with two one-zone SSC model fits obtained with
different minimum variability timescales: tvar = 1 day (red curve) and tvar = 1
hr (green curve). The parameter values are reported in Table 4. See the text for
further details.

Table 4
Parameter Values from the One-zone SSC Model Fits to the SED from

Mrk 421 Shown in Figure 11

Parameter Symbol Red Curve Green Curve

Variability timescale (s)a tv,min 8.64 × 104 3.6 × 103

Doppler factor δ 21 50
Magnetic field (G) B 3.8 × 10−2 8.2 × 10−2

Comoving blob radius (cm) R 5.2 × 1016 5.3 × 1015

Low-energy electron spectral index p1 2.2 2.2
Medium-energy electron spectral index p2 2.7 2.7
High-energy electron spectral index p3 4.7 4.7
Minimum electron Lorentz factor γmin 8.0 × 102 4 × 102

Break1 electron Lorentz factor γbrk1 5.0 × 104 2.2 × 104

Break2 electron Lorentz factor γbrk2 3.9 × 105 1.7 × 105

Maximum electron Lorentz factor γmax 1.0 × 108 1.0 × 108

Jet power in magnetic field (erg s−1)bx Pj,B 1.3 × 1043 3.6 × 1042

Jet power in electrons (erg s−1) Pj,e 1.3 × 1044 1.0 × 1044

Jet power in photons (erg s−1)b Pj,ph 6.3 × 1042 1.1 × 1042

Notes.
a The variability timescale was not derived from the model fit, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantities Pj,B and Pj,ph are derived quantities; only Pj,e is a free
parameter in the model.

so that
R = δctv,min

1 + z
! δctv

1 + z
. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency flux variations occurring
on timescales larger than one day (Paneque 2009), so we used
tv,min = 1 day in our modeling. In addition, given that this
only gives an upper limit on the size scale, and the history of
fast variability detected for this object (e.g., Gaidos et al. 1996;
Giebels et al. 2007), we also performed the SED model using
tv,min = 1 hr. The resulting SED models obtained with these
two variability timescales are shown in Figure 11, with the
parameter values reported in Table 4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for the tv,min = 1 hr model, νSSA = 3×1010 Hz,
at which frequency a break is barely visible in Figure 11. It is
worth stressing the good agreement between the model and the

data: the model describes very satisfactorily the entire measured
broadband SED. The model goes through the SMA (225 GHz)
data point, as well as through the VLBA (43 GHz) data point
for the partially resolved radio core. The size of the VLBA
core of the 2009 data from Mrk 421 at 15 GHz and 43 GHz
is ≃0.06–0.12 mas (as reported in Section 5.1.1) or using the
conversion scale 0.61 pc mas−1 ≃ 1–2 ×1017 cm. The VLBA
size estimation is the FWHM of a Gaussian representing the
brightness distribution of the blob, which could be approximated
as 0.9 times the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA core is
comparable (a factor of about two to four times larger) than that
of the model blob for tvar = 1 day (∼5 × 1016 cm). Therefore,
it is reasonable to consider that the radio flux density from the
VLBA core is indeed dominated by the radio flux density of the
blazar emission. The other radio observations are single dish
measurements and hence integrate over a region that is orders
of magnitude larger than the blazar emission. Consequently, we
treat them as upper limits for the model.

The powers of the different jet components derived from
the model fits (assuming Γ = δ) are also reported in Table 4.
Estimates for the mass of the supermassive black hole in
Mrk 421 range from 2×108 M⊙ to 9×108 M⊙ (Barth et al. 2003;
Wu et al. 2002), and hence the Eddington luminosity should be
between 2.6 × 1046 and 1.2 × 1047 erg s−1, that is, well above
the jet luminosity.

It is important to note that the parameters resulting from
the modeling of our broadband SED differ somewhat from
the parameters obtained for this source of previous works
(Krawczynski et al. 2001; Błażejowski et al. 2005; Revillot
et al. 2006; Albert et al. 2007b; Giebels et al. 2007; Fossati
et al. 2008; Finke et al. 2008; Horan et al. 2009; Acciari et al.
2009). One difference, as already noted, is that an extra break is
required. This could be a feature of Mrk 421 in all states, but we
only now have the simultaneous high quality spectral coverage
to identify it. For the model with tvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are in R, which is an
order of magnitude larger, and B, which is an order of magnitude
smaller. This mostly results from the longer variability time in
this low state. Note that using a shorter variability (tvar = 1 hr;
green curve) gives a smaller R and bigger B than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter γmin. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio flux
from the blazar emission. This means that the obtained value for
γmin (for a given set of other parameters R, B, and δ) can only be
taken as a lower limit: a higher value of γmin is usually possible.
In our modeling we use simultaneous Fermi-LAT data as well as
SMA and VLBA radio data, which we assume are dominated by
the blazar emission. We note that the size of the emission from
our SED model fit (when using tvar ∼1 day) is comparable to
the partially resolved VLBA radio core and hence we think this
assumption is reasonable. The requirement that the model SED
fit goes through those radio points further constrains the model,
and in particular the parameter γmin: a decrease in the value of
γmin would overpredict the radio data, while an increase of γmin
would underpredict the SMA and VLBA core radio data, as
well as the Fermi-LAT spectrum below 1 GeV if the increase in
γmin would be large. We explored model fits with different γmin
and p1, and found that, for the SSC model fit with tvar = 1 day
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Figure 7. Hadronic model fits to the six FSRQs in our sample. See Table 3 for parameters. Dotted: electron-synchrotron; dashed: accretion disk; dot-dashed: SSC;
dot-dot-dashed: proton-synchrotron.
(A color version of this figure is available in the online journal.)

photo-pion production, and uses a new, semianalytical
method for calculating the output from UHE gamma-ray-
induced pair cascades.

We have used both leptonic and hadronic models to fit the
contemporaneous SEDs of 12 Fermi-LAT-detected blazars with
good multiwavelength coverage and additional observational
constraints on model parameters. We find that the SEDs of all

types of blazars can be well represented with leptonic models
with parameters close to equipartition between the magnetic
field and relativistic electrons in the emission region. However,
our leptonic model is unable to provide a good fit to the hard
Fermi-LAT spectrum of AO 0135+164. The problem lies in the
mismatch between the very steep synchrotron (IR–optical–UV)
continuum, as opposed to the very hard γ -ray spectrum, and
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Figure 1. The ratio of the total jet power to (a) the Eddington luminosity
and (b) the accretion luminosity as functions of the Eddington ratio. The
dashed lines show the geometric averages.

ment given the necessary approximate character of those estimates.
However, the exception is W Comae, for which the Lacc estimate
used by B13 is 40 times higher than that given in ZCST14, which
is the upper limit of Ghisellini et al. (2010), hereafter G10. B13
used the estimate of Xie et al. (2008), who refer in turn to two other
papers, which do not seem to give that information. Thus, we use
here the value of G10. B13 quote an estimate of Lacc of Xie et al.
(2008) for OJ 287, which is 7 times higher than the upper limit of
G10; here we use the latter. For two objects (S5 0716+714 and 3C
66A), B13 give no estimates of Lacc, and we use the upper limits
given by G10. In the case of 3C 66A, there is also an uncertainty
of its redshift, and B13 used an estimated redshift of z = 0.3 based
on EBL-corrected SEDmodelling (Abdo et al. 2011), which is also
marginally consistent with the spectroscopically determined lower
limit on the redshift by Furniss et al. (2013). Since we use the esti-
mates of the jet power from B13, we adopt their redshift value and
rescale the upper limit of Lacc of G10, who used z = 0.444, by the
ratio of D2L, where DL is the luminosity distance. We assume the
same cosmological parameters as B13, ΩΛ = 0.7, Ωm = 0.3 and
H0 = 70 km/(s Mpc).

For the objects not in the sample of ZCST14, we find mass es-
timates from the literature, in particular from G10. In some cases,
there is a considerable uncertainty. For OJ 287, we use 6.2×108 M⊙
from Wang, Luo & Ho (2004). However, if the system is indeed a
binary black-hole system, the mass of the less and more massive
component is estimated as 1.4 × 108 M⊙ and 1.8 × 1010 M⊙, re-
spectively (Valtonen, Ciprini & Lehto 2012). Accretion would be
dominated by the more massive black hole. The adopted values of
Lacc and M for all sources studied here are given in Table 1.

B13 give the jet power1 estimated using the energy content and
for one jet only, see their equations (3–5). However, the jet power,
Pj, is the enthalpy flux (e.g., Levinson 2006), and the counterjet
should be included in the energy budget. Thus, we multiply their
values by 8/3, assuming the protons are relativistic (and thus their

1 The entry for Lp (the power in protons) of OJ 287 in B13 is a typo, it
should be 0.083 rather than 8.3.
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Figure 2. The dimensionless magnetic flux φBH as a function of the Ed-
dington ratio. The dashed line show the geometric average of φBH ≃ 1.9.
The model of efficient jet formation via black-hole spin energy extraction
(Blandford & Znajek 1977) predict φBH >∼ 50 (Tchekhovskoy et al. 2011;
McKinney et al. 2012), which is much higher than the obtained values.

equation of state can be described by an adiabatic index of 4/3),
see Table 1. We neglect a possible contribution of cold protons, and
consider only those in the power-law distribution assumed to give
rise to the observed spectrum, following the fits of B13. We then
compare Pj to both LE (calculated for an H fraction of X = 0.7) and
Lacc in Fig. 1. We find ⟨Pj/LE⟩ ≃ 85, ⟨Pj/Lacc⟩ ≃ 2660, with the
standard deviations corresponding to factors of ≃10 and ≃8.4, re-
spectively. (Hereafter the symbol ⟨.⟩ denotes a geometric average,
i.e., average of logarithms, and the given standard deviation corre-
sponds to a multiplicative factor.) Except for W Comae and OJ 287,
the distribution of Pj/LE is relatively uniform. As a consequence,
there is an anti-correlation between Pj/Lacc and Lacc/LE, but all the
obtained values are still very high, spanning Pj/Lacc ∼ 50–105. Fur-
thermore, some of our values of Lacc are upper limits, and the cor-
responding true values of Pj/Lacc can be even higher.

In general, we can write Pj = ϵjṀc2, where Ṁ is
the accretion rate and ϵj <∼ 1.5, the ratio of the jet
power to the available accretion power, which we will call
here the jet formation efficiency. The approximate maxi-
mum corresponds (Tchekhovskoy, Narayan & McKinney 2011;
McKinney, Tchekhovskoy & Blandford 2012) to efficient extrac-
tion of the black-hole spin energy (Blandford & Znajek 1977), in
which case the jet power may exceed Ṁc2. However, attaining
such a high jet formation efficiency requires the accretion flow
to possess a strong poloidal magnetic field (Tchekhovskoy et al.
2011; McKinney et al. 2012), namely to form a magnetically ar-
rested disc (MAD, Narayan, Igumenshchev & Abramowicz 2003;
see also Bisnovatyi-Kogan & Ruzmaikin 1976). The required en-
ergy density corresponds then to the magnetic flux threading a
rapidly spinning black hole ofΦBH = φBH(Ṁc)1/2rg, with φBH ≃ 50,
which corresponds to the magnetic field strength at the horizon of
B2/8π ∼ 100ṁmpc2/(σTrg), where ṁ = Ṁc2/LE, rg = GM/c2 is
the gravitational radius, mp is the proton mass, and σT is the Thom-
son cross section. Since the magnetic flux is conserved in the jet,
it can be measured at large scales, e.g., through the radio-core shift
effect (Lobanov 1998; Hirotani 2005). Values of φBH ∼ 50 were
found for a large sample of blazars and radio galaxies by ZCST14
assuming Ṁc2 = Lacc/ϵr for their adopted accretion radiative effi-
ciency of ϵr = 0.4. However, given that Pj ≫ Lacc in the hadronic
model of B13, we have to estimate Ṁ instead from the jet power,
strongly dominating the energy budget, i.e., Ṁc2 ≃ Pj/ϵj ≫ Lacc/ϵr.

To calculate the values of φBH implied by the hadronic model,
we use the radio core shift, ∆θ, measurements between 8 and 15
GHz for the sources in our sample from Pushkarev et al. (2012),
which we give in Table 1. We apply a correction of Zdziarski et al.
(2015) to the power of the (1+ z) factor in the formula for the mag-
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Testing the BL Lac–IceCube neutrino connection 2417

Table 1. List of the most probable counterparts of selected high-energy IceCube neutrinos used in our modelling.

IceCube ID RA (◦) Dec. (◦) Median angular error (◦) Time (MJD) Counterpart RA (◦) Dec. (◦) Angular offset (◦)

9 151.25 33.6 16.5 55685.6629638 Mrk 421 166.08 38.2 12.8
1ES 1011+496 155.77 49.4 15.9

10 5.00 − 29.4 8.1 55695.2730442 H2356−309 359.78 − 30.6 4.7
17 247.40 14.5 11.6 55800.3755444 PG 1553+113 238.93 11.2 8.9
19 76.90 − 59.7 9.7 55925.7958570 1RXS J054357.3−553206 85.98 − 55.5 6.4
22 293.70 − 22.1 12.1 55941.9757760 1H 1914−194 289.44 − 19.4 4.8

Figure 2. Sky map in equatorial coordinates of the five IceCube neutrino
events (crosses) that have as probable astrophysical counterparts the six
BL Lac sources (stars) mentioned in text. The red circles correspond to the
median angular error (in degrees) for each neutrino event (see Table 1).

4.1 SED modelling

4.1.1 Mrk 421

As already pointed out in the Introduction, the most intriguing re-
sult of the leptohadronic modelling of Mrk 421 was the predicted
muon neutrino flux, which was close to the IC-40 sensitivity limit
calculated for the particular source by Tchernin et al. (2013). This
is shown in Fig. 3 (left-hand panel). We note that in the origi-
nal paper DPM14, whose results we quote here, the Fermi/LAT
data (Abdo et al. 2011) shown as grey open symbols in Fig. 3
were not included in the fit, since they were not simultaneous with
the rest of the observations. The total and muon neutrino spectra
are plotted with dotted and solid red lines, respectively. We use the
same convention in all figures that follow, unless stated otherwise.
The bump that appears two orders of magnitude below the peak of
the neutrino spectrum in energy originates from neutron decay; we
refer the reader to DPM14 for more details.

According to PR14, Mrk 421 is the most probable counterpart
of the corresponding IceCube event (ID 9). This is now included
in the right-hand panel of Fig. 3, where the time-averaged SED
during the MW campaign of 2009 January–2009 June (Abdo et al.
2011) is also shown.6 As we have already pointed out in Section 3,
in order to avoid repetition, we did not attempt to fit the new data
set of Abdo et al. (2011). Thus, the model photon (black line) and
neutrino (red line) spectra depicted in the right-hand panel of Fig. 3
were obtained for the same parameters used in DPM14 (see also
Table 2), except for the Doppler factor which was here chosen to be
δ = 20. The fit to the 2009 SED is surprisingly good, if we consider

6 All data points are taken from fig. 4 in Abdo et al. (2011).

the fact that we used the same parameter set as in DPM14 with only
a small modification in the value of the Doppler factor.

We note that the MW photon spectra shown in both panels have
not been corrected for EBL absorption in order to demonstrate the
relative peak energy and flux of the neutrino and π0 components.
The γ -ray emission from the π0 decay is shown in both panels as
a bump in the photon spectrum, peaking at ∼1030 Hz. Although
the model prediction for the ratio of the π0 γ -ray luminosity to
the total neutrino luminosity is roughly 2 (see e.g. DMPR12), the
π0 component shown in Fig. 3 is suppressed because of inter-
nal photon–photon absorption. To demonstrate better the effect of
the latter, we overplotted the π0 component that is obtained when
photon–photon absorption is omitted (dash–dotted grey lines). In
the figures that follow, we will display, for clarity reasons, the π0

component only before its attenuation by the internal synchrotron
and EBL photons.

Abdo et al. (2011), whose data we use here, have also presented a
hadronic fit to the SED. Thus, a qualitative comparison between the
two models is worthwhile. Both models are similar in that they re-
quire a compact emitting region and hard injection energy spectra of
protons and primary electrons. Moreover, the γ -ray emission from
MeV to TeV energies, in both models, has a significant contribution
from the hadronic component. However, the models differ in several
aspects because of (i) the differences in the adopted values for the
magnetic field strength and maximum proton energy; (ii) the Bethe–
Heitler process, which acts as an injection mechanism of relativistic
pairs. Because of the strong magnetic field and large γ p,max used
in Abdo et al. (2011), the γ -ray emission from Mrk 421 is mainly
explained as proton and muon synchrotron radiation. In our model,
however, these contributions are not important, and the γ -rays in
the Fermi/LAT and MAGIC energy ranges are explained mainly by
synchrotron emission from pπ pairs (see DPM14). Moreover, the
emission from hard X-rays up to sub-MeV energies is attributed
to different processes. In our model, it is the result of synchrotron
emission from Bethe–Heitler pairs, whereas in the hadronic model
of Abdo et al. (2011), this is explained as synchrotron emis-
sion from pion-induced cascades. It is important to note that the
Bethe–Heitler process was not included in the hadronic model of
Abdo et al. (2011).

As far as the neutrino emission is concerned, we find that the
model-predicted neutrino flux is below but close to the 1σ error bar
of the derived value for the associated neutrino 9 (PR14). This prox-
imity is noteworthy and suggests that the proposed leptohadronic
model for Mrk 421 can be confirmed or disputed in the near future,
as IceCube collects more data. Even in the case of a future rejection
of the proposed model for Mrk 421, there will still be room for lepto-
hadronic models that operate in a different regime of the parameter
space. For example, in the LHs model, the neutrino spectrum is
expected to peak at higher energies and to be less luminous than
the one derived here, because of the higher values of γ p,max and B
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Table 2. Parameter values for the SED modelling of blazars shown in table 4 in PR14. The ordering of presentation is the same as in
Section 4. The parenthesis below the name of each source encloses the ID of the associated neutrino event. The double horizontal line
separates parameters used as an input to the numerical code (upper table) from those that are derived from it (lower table).

Parameter Mrk 421 PG 1553+113 1ES 1011+496 H2356−309 1H 1914−194 1RXS J054357.3−553206
(ID 9) (ID 17) (ID 9) (ID 10) (ID 22) (ID 19)

z 0.031 0.4 0.212 0.165 0.137 0.374
B (G) 5 0.05 0.1 5 5 0.1
R (cm) 3 × 1015 2 × 1017 3 × 1016 3 × 1015 3 × 1015 3 × 1016

δ 26.5 30 33 30 18 31

γe,min 1 1 1 1.2 × 103 1.2 × 10 1
γe,max 8 × 104 2 × 106 105a 105 105 1.2 × 105a

γ e, br – 2.5 × 105 – 2 × 104 103 –
se, l 1.2 1.7 2.0 1.7 2.0 1.7
se,h – 3.7 – 2.0 3.0 –
ℓe,inj 3.2 × 10−5 2.5 × 10−5 4 × 10−5 8 × 10−6 6 × 10−5 2.5 × 10−5

γp,min 1 103 1 1 1 1
γp,max 3.2 × 106 6 × 106 1.2 × 107 107 2 × 106 1.2 × 107

sp 1.3 2.0 2.0 2.0 1.7 2.0
ℓp,inj 2 × 10−3 3 × 10−4 4 × 10−3 2.5 × 10−3 10−2 8 × 10−4

L′
e,inj (erg s−1)b 4.4 × 1040 2.3 × 1042 5.6 × 1041 1.1 × 1040 8.3 × 1040 3.5 × 1041

L′
p,inj (erg s−1)b 5.1 × 1045 5.1 × 1046 1047 6.4 × 1045 2.5 × 1046 2 × 1046

Lγ ,TeV (erg s−1)c 1.7 × 1045 7.9 × 1046 5 × 1045 5 × 1044 1045 6.3 × 1045

Lν (erg s−1)d 2.5 × 1045 8.1 × 1045 2.5 × 1045 4 × 1044 2 × 1045 6.3 × 1044

Yνγ
e 1.5 0.1 0.5f 0.8 2.0 0.1

fpπ
g 2 × 10−5 6 × 10−6 1.3 × 10−6 3.1 × 10−6 1.2 × 10−5 1.1 × 10−5

Notes. aAn exponential cut-off of the form e−γ /γe,max was used.
bProton and electron injection luminosities are given in the comoving frame.
cIntegrated 0.01–1 TeV γ -ray luminosity of the model SED. Basically, this coincides with the observed value.
dObserved total neutrino luminosity, i.e. (νµ + νµ) + (νe + νe).
eYνγ is defined in equation (13).
fThis is the value derived without including in our modelling the upper limit in hard X-rays (see Section 4.1.3). For this reason, it should
be considered only as an upper limit.
gEstimate of the pπoptical depth (or efficiency). We define it as fpπ ≃ 8L′

γ ,TeV/L′
p,inj, where L′

γ ,TeV is the integrated 0.01–1 TeV γ -ray
luminosity as measured in the comoving frame. The values are only an upper limit because of the assumption that the observed γ -ray
luminosity is totally explained by pπ interactions.

Figure 3. Left-hand panel: SED of blazar Mrk 421 as modelled in DPM14. The Fermi/LAT points are shown only for illustrative reasons, as they were not
included in the fit of the original paper DPM14. Right-hand panel: SED of Mrk 421 averaged over the period 2009 January 19–2009 June 1 (Abdo et al. 2011);
all data points are from fig. 4 in Abdo et al. (2011). The model SED (black line) and neutrino spectra (red lines) are obtained for the same parameters as in
DPM14, except for the Doppler factor, i.e. δ = 20. The neutrino event ID 9 is also shown. In both panels, the model spectra are not corrected for absorption on
the EBL. For comparison reasons, the unattenuated γ -ray emission from the π0 decay is overplotted with dash–dotted grey lines.
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representing the onset of the hard inverse Compton component, is
summed to this curved synchrotron component. The normalization
of this second X-ray component is kept fixed relative to the radio
one. Based on our findings (see Fig. 7a), we then assume that the
peak frequency of the synchrotron spectral component is (inversely)
related to radio luminosity. The simplest hypothesis of a straight
unique relationship between npeak;sync and L5GHz does not give a
good result when compared with the average SEDs. We then allow
for a different SED-shape/luminosity dependence for high and low

luminosity objects, a distinction that turns out to roughly corre-
spond to that between objects with and without prominent emission
lines. We adopted a ‘two-branch’ relationship between npeak;sync and
L5GHz in the form of two power laws npeak;sync! L

¹h
5GHz, with h ¼ 0:6

or h ¼ 1:8 for log(L5GHz) higher or lower than 42.5, respectively.
The shape of the analytic SEDs is parabolic with a smooth
connection to a fixed power law in the radio and the loci of the
maxima as defined above. A full description of the parametrization
can be found in Fossati et al. (1997), in which a similar scheme was
proposed to account for the source number densities of BL Lacs
with different spectral properties (LBL and HBL).

The analytic representation of the second spectral component
(X-ray to g-rays) is a parabola of the same width as the synchrotron
one, and has been obtained assuming that (a) the ratio of the
frequencies of the high and low energy peaks is constant
(npeak;Compt=npeak;sync ! 5 × 108) and (b) the high energy (g-ray)
peak and radio luminosities have a fixed ratio, ngLpeak;gamma=

n5GHzL5GHz ! 3 × 103. Given the extreme simplicity of the latter
assumptions, it is remarkable that the phenomenological analytic
model describes the run of the average SEDs reasonably well. The
worse case refers to the second luminosity bin: the analytic model
predicts a g-ray luminosity larger than the computed bin average by
a factor of 10 (but predicts the correct spectral shape). We note that
only five g-ray detected objects fall in this bin.

The results derived from the above analysis (see in particular
Figs 10–12) can then be summarized as follows.

(i) Two peaks are present in all the SEDs. The first one (synchro-
tron) is anticorrelated with the source luminosity (see Figs 7 and
Table 4), moving from "1016–1017 Hz for less luminous sources to
"1013 ¹ 1014 Hz for the most luminous ones.

(ii) The X-ray spectrum becomes harder while the g-ray spec-

trum softens with increasing luminosity, indicating that the second
(Compton) peak of the SEDs also moves to lower frequencies from
"1024–1025 Hz for less luminous sources to "1021 –1022 Hz for the
most luminous ones.

(iii) Therefore, the frequencies of the two peaks are correlated:
the smaller the npeak;sync, the smaller the peak frequency of the high
energy component. A comparison with the analytic curves shows
that the data are consistent with a constant ratio between the two
peak frequencies.

(iv) Increasing L5GHz increases the g-ray dominance, i.e. the
ratio of the power emitted in the inverse Compton and synchrotron
components, estimated with the ratio of their respective peak
luminosities (see also Fig. 9).

The fact that the trends present when comparing the different
samples (e.g. Fig. 10) persist when the total blazar sample is
considered and binned according to radio luminosity only, suggests
that we are dealing with a continuous spectral sequence within the
blazar family, rather than with separate spectral classes. In parti-
cular the ‘continuity’ clearly applies also to the HBL–LBL sub-
groups: HBL have the lowest luminosities and the highest peak
frequencies.

An interesting result apparent from the average SEDs is the
variety and complexity of behaviour shown in the X-ray band. As
expected, the crossing between the synchrotron and inverse Comp-
ton components can occur below or above the X-ray band, affecting
the relation between the X-ray luminosity and that in other bands. A
source can be brighter than another at 1 keV while simultaneously
being dimmer in the rest of the radio–g-ray spectrum (except
probably in the TeV range). This effect narrows the range of
values spanned by L1keV and explains why g-ray detected sources
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! 1998 RAS, MNRAS 299, 433–448

Figure 11. X-ray and g-ray spectral indices plotted against radio luminosity.

Figure 12. Average SEDs for the ‘total blazar sample’ binned according

to radio luminosity irrespective of the original classification. The overlaid

curves are analytic approximations obtained according to the one-

parameter-family definition described in the text.
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measurements of the three principal quantities (νpeak, Lpeak, and
Lkin) and could lead to incorrect conclusions. See Section 4.2
for a discussion of the selection effects of our master sample,
the nature of the rejected sources, and the possible impact on
our conclusions.

2.5. Radio Galaxies

As the jets isolated in radio galaxies are understood to be
the less-beamed counterparts to blazars, one way to understand
the relationship of the synchrotron peak and beaming in the
envelope is to see where the synchrotron peak falls for these jets.
In the context of the presumed blazar sequence, these “hidden
blazars” should indicate whether the sequence is preserved in
misaligned jets. We take advantage of recent work to isolate
the radio, IR, optical, and X-ray core emission from the jet
in radio galaxies using high-resolution mapping to place as
many radio galaxies as possible on the νpeak − Lpeak plane
(Chiaberge et al. 1999; Capetti et al. 2000; Chiaberge et al.
2002; Capetti et al. 2002; Hardcastle et al. 2003; Trussoni et al.
2003; Balmaverde et al. 2006; Massaro et al. 2010; Buttiglione
et al. 2011). We examine the 45 radio galaxies with extended
radio flux measurements and at least one radio, optical, and
X-ray measurement of the nuclear emission available in the
literature. The L300 for all radio galaxies was found from a
parabolic fit6 to the steep, low-frequency radio emission and
subsequently converted to Lkin as in Equation (1). In all cases
where available, VLA map-derived estimates at 1.4 GHz were
in agreement with the spectral fits.

Fourteen radio galaxies are nearby, well-known sources, with
core measurements at multiple frequencies which allow fitting
of the synchrotron SED with the same parameterization as
for the blazars. This set includes seven of the Fermi-detected
misaligned AGNs (Abdo et al. 2010c).

For the remaining 31 with sparser SED sampling, the syn-
chrotron νpeak was estimated using a non-parametric likelihood
estimator. The joint distribution of RCE, νpeak, and the SED
colors7 αro, αox was calculated for all the sources in our TEX,
UEX, and fitted radio galaxy samples. From this, a conditional,
one-dimensional density on νpeak can be found by supplying the
other three observables. The value of the peak was taken as the
maximum of this distribution, and we also report the 20% and
80% quartiles as the sampling error.

It is straightforward to estimate the peak luminosity from the
radio luminosity at 5 GHz, with which it has a linear correlation
(correlation coefficient r = 0.85). The linear fit (with 1σ error)
is

log Lpeak = 0.61 (±0.01) (log L5 GHz − 43)

+ 45.68 ± (0.02) (erg s−1) (2)

The 90% confidence interval, assuming a normal error distribu-
tion, corresponds to an uncertainty of ∆(log Lpeak) ≃ 0.8.

The most likely peak frequency found by our statistical
model for all radio galaxies is at or below 1014 Hz, with
the exception of four FR II sources with moderate jet pow-
ers (Lkin ∼ 1044.5 erg s−1) which display extreme X-ray lumi-
nosities. These sources include the broad-lined radio galaxies
(BLRG) 3C 390.3 (which has been previously reported to have

6 For fitting the steep component in radio galaxies, a log-parabolic model is
more appropriate than a power law due to the much greater range of the
spectrum visible, which usually has some curvature in νFν .
7 Spectral indices are defined at 1.4 GHz, 5000 Å, and 1 keV.
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Figure 4. The blazar sequence, which originally showed an anti-correlation
between synchrotron Lpeak and νpeak has been expanded into an “envelope”
with the addition of new observations and radio galaxies. BL Lacs are shown as
filled circles, FSRQs as filled triangles, and radio galaxies as squares (FR I) and
inverted triangles (FR II). Color indicates the jet kinetic power (Lkin in erg s−1),
as estimated from extended radio flux measurements. Track (A) shows the path
of a synchrotron peak for a single-component jet and (B) for a decelerating jet
of the type hypothesized to exist in FR I sources. The fully aligned limit for
each (0◦) is shown as marked, with the arrow direction indicating the movement
of the model source as it is misaligned.
(A color version of this figure is available in the online journal.)

an LBL-like SED by Ghosh & Soundararajaperumal 1995) and
3C 332 as well as two lesser-studied narrow line radio galaxies,
3C 197.1 and 3C 184.1. The two BLRG have been detected
with Swift and BeppoSAX in the hard X-ray (Grandi et al. 2006;
Cusumano et al. 2010). All four sources were excluded from the
final sample, as the X-ray is likely either thermal or from a strong
IC component, and without knowledge of the synchrotron X-ray
emission, any peak estimate would be practically arbitrary.

The final list of 41 radio galaxies is given in Table 3. Column
descriptions are as in Table 2.

3. RESULTS

3.1. The Blazar Envelope

The TEX sample of 216 blazars and the 41 radio galaxies are
shown in the plane of Lpeak versus νpeak in Figure 4. Blazars
are represented as circles (BL Lacs) and triangles (FSRQs). The
power of the source (Lkin) is shown by color in bins of one
decade. Examining the location of blazars, there is an obvious
lack of sources with both high jet powers and synchrotron
peak frequencies above 1015 Hz, though a few of the ISP/HSP
sources have quasar-like spectra. The population at low peak
frequencies, alternately, is highly mixed in terms of kinetic
power (with many low-power sources coincident with high-
power sources), spectral type (with both BL Lac and quasar
spectra present), and the spread of peak luminosities, which
ranges from 1044 to 1047.5 erg s−1.

The 41 radio galaxies are shown in Figure 4 as squares (FR I)
and inverted triangles (FR II). Those detected by Fermi (Abdo
et al. 2010c) are circled in red. For our radio galaxy sample, we
note that the jet power does not apparently exert much influence
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Figure 4. Histogram of observer-frame Gaussian core brightness temperatures
of TeV HBLs from Table 7, for sources whose best-fit core size is not zero.
New sources with VLBI data from this paper are shown in yellow (16 sources).
Sources with data taken from elsewhere are shown in blue (19 sources). The
outlier is HESS J1943+213 (see text).
(A color version of this figure is available in the online journal.)

As the TeV gamma-ray telescopes have become more sensitive
and begun to detect fainter objects, these sources have also
tended to be fainter in the radio, a potential correlation that is
explored in Section 4.4.

A histogram of the VLBI core brightness temperatures from
Table 7 is shown in Figure 4. New sources with VLBI data
from this paper are shown in yellow, and sources with data taken
from elsewhere are shown in blue. A brightness temperature
value has been plotted in Figure 4 unless the best-fit value for
the core size is zero (indicated by “ur” in Table 7). However,
as indicated by the brightness temperature error analysis done
for the 20 sources observed for this paper in Section 3.3, some
of these brightness temperature values are probably actually
lower limits. The median brightness temperature in Figure 4
is 2 × 1010 K, which is the same as the typical brightness
temperature obtained from the brightness temperature error
analysis in Section 3.3. See Section 3.3 for a discussion of
the physical interpretation of such brightness temperatures in
terms of intrinsic brightness temperature limits and relativistic
beaming.

Some outliers are notable in Figure 4. The only two TeV
HBLs with brightness temperatures over 1011 K are the well-
studied sources Mrk 421 and Mrk 501. The low brightness
temperature outlier, with a measured brightness temperature of
only 6 × 107 K, is the source HESS J1943+213, which lies
close to the Galactic plane. This source was observed with the
European VLBI Network at 1.6 GHz by Gabányi et al. (2013),
who measured it to have a flux density of 31 mJy and an angular
size of 16 mas, giving it a brightness temperature two orders of
magnitude lower than all other TeV HBLs in Figure 4. The
distribution in Figure 4 casts significant doubt on the HBL
classification of this object (unless it is affected by an unusually
large amount of interstellar scattering; see the discussion in
Gabányi et al. 2013), and Gabányi et al. (2013) suggest instead
a galactic origin for this source, in the form of a remote pulsar
wind nebula. This interpretation may be strengthened by the
lack of detection of any significant variability from this object
from radio to TeV gamma-rays (Abramowski et al. 2011).

4.3. TeV Loudness

In this section, we quantify the distribution of the ratio of
TeV gamma-ray to radio luminosity present in the TeV HBL
population. Lister et al. (2011) performed a similar analysis for
Fermi-detected blazars by defining a quantity that they called the
gamma-ray loudness, Gr. This quantity was defined by Lister
et al. (2011) as the ratio of the gamma-ray luminosity between
0.1 GeV and 100 GeV, divided by the radio luminosity over
a 15 GHz wide bandwidth, calculated from the VLBA flux
density at 15 GHz (see Equations (2)–(4) of Lister et al. 2011).
We make straightforward modifications to Equations (2)–(4) of
Lister et al. (2011) to adapt their gamma-ray loudness statistic
to the TeV energy range and main VLBA observing frequency
considered in this paper. We calculate the TeV loudness,
GTeV = LTeV/LR, using the gamma-ray luminosity between 0.3
and 30 TeV, accounting for the different lower energy thresholds
for the different measurements given in Table 7. The modified
versions of Equations (2)–(4) from Lister et al. (2011) are

STeV = (Γ − 1)C1E0F0

(Γ − 2)

(
E0

E1

)Γ−2[

1−
(
E1

E2

)Γ−2]

erg cm−2 s−1,

(2)
where F0 is the measured photon flux above the cutoff energy
E0, Γ is the photon spectral index, E1 = 0.3 TeV, E2 = 30 TeV,
and C1 = 1.602 erg TeV−1,

LTeV = 4πD2
LSTeV

(1 + z)2−Γ erg s−1, (3)

where DL is the luminosity distance in cm, and

LR = 4πD2
LνSν

(1 + z)
erg s−1, (4)

where Sν is the total VLBA flux density in erg cm−2 s−1 GHz−1,
and ν = 8 GHz. The quantities F0, E0, Γ, Sν , and z are tabulated
in Table 7. If a photon spectral index was not measured for
a source, then we used the median measured photon spectral
index of Γ = 3.2. We assume a flat radio spectral index (α = 0)
for the radio k correction and luminosity calculation.

The TeV loudness is tabulated in Table 7, and a histogram
of this statistic is shown in Figure 5. As can be seen from
Figure 5, the distribution spans about two orders of magnitude,
from about 102 to 104, but the distribution is peaked around
the median value of about 103. A similar range of about two
orders of magnitude in gamma-ray loudness is spanned by the
BL Lac objects studied by Lister et al. (2011), although much of
the range in gamma-ray loudness observed by those authors is
due to a mix of HBLs, IBLs, and low-frequency peaked BL Lac
objects (LBLs) in the MOJAVE sample. The fact that a similar
range is observed here among just the TeV HBLs is mostly due
to the inclusion of the radio-faintest TeV HBLs at flux-density
levels of a few millijanskys. For example, the single source with
TeV loudness greater than 104 in Figure 5 is the extreme blazar
H 1426+428, which is among the brighter TeV sources, but
it has a VLBA flux density of only about 20 mJy. Conversely,
the two sources with TeV loudness less than 102 in Figure 5
are the relatively radio-bright HBLs PKS 0301−243 and 1ES
1741+196.

We might expect there to be a significant anticorrelation
between TeV loudness and redshift because of EBL absorption
of TeV gamma-rays from distant sources. However, a correlation
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754 F. Aharonian et al.: Simultaneous γ-ray/X-ray/optical observations of PKS 2155–304 during an exceptional flare.

Fig. 2. Overall light curves of PKS 2155–304 in the night of July 29–
30 2006, as seen by HESS (T700, upper panel), Chandra (lower
panel, blue circles), and the Bronberg Observatory (optical V band, red
squares). Time bins of 4 min (3 for the V band). The segments on the
upper x-axis also show the two intervals corresponding to the RXTE
exposure (R label), and the two intervals of the Swift pointing (S la-
bel) reported in Foschini et al. (2007). The vertical scales differ in each
panel, and have been adjusted to highlight the specific variability pat-
terns. Lower panel: the left axis gives the integrated 0.5–5 keV flux, the
right axis gives the V-band νFν flux at the effective frequency 5500 Å;
both are in units of erg cm−2 s−1. The vertical line marks a visual refer-
ence time for the start of both the optical and VHE flares. The shaded
bands mark the time interval where the T300-Xmax and T400-Xmin
dataset are extracted (highest and lowest X-ray/VHE state; see Table 1).

above 400 GeV (T400 covers both the highest and lowest flux
epochs), similar to the flux variation observed in the night of
July 27–28 (∼23×).

The main flare seems to occur with similar rise and de-
cay timescales, of the order of 1 h (half-to-maximum ampli-
tudes, measured using a “generalized Gaussian” function as
in Aharonian et al. 2007a). After the peak, the VHE flux de-
creased overall during the night reaching its minimum around
MJD⋆ 46.12, but with two other smaller-amplitude flares super-
imposed: a short burst around MJD⋆ 45.96 of duration ∼20 min,
and a longer flare or plateau between MJD⋆ 46.0 and 46.1, with
a duration of 2–3 h.

In addition, two further sub-flares are evident in all covered
energy bands, around MJD⋆ 45.885 and MJD⋆ 45.920 (dotted
lines in Fig. 1). These structures have a duration of ∼10 min,
similar to the flares of the night of July 27–28. Although there
are hints of even shorter variability (few minutes), the signifi-
cance is limited.

3.2. Comparison with X-ray and optical light curves

The combined VHE, X-ray and optical light curves are shown
in Figs. 2 and 3. Significant flaring activity is visible in all three
bands, but with different amplitudes. To emphasize the specific
variability patterns, the vertical scales in Fig. 2 were adjusted

Fig. 3. Light curves of the νFν flux at 0.3 TeV, 0.3 keV, and 5500 Å in
4-min bins, plotted on the same flux scale. The right axis reports the
corresponding luminosity scale. Note the remarkable difference of the
amplitudes and the dramatic evolution in the VHE/X-ray flux ratio.
HESS data (black): filled circles are fluxes calculated from the T300
light curve (integrated above threshold); empty circles from the T500
light curve (see text). The 0.3 TeV fluxes are corrected for intergalactic
γ-γ absorption with a low-density EBL model, while both X-ray and
optical fluxes are corrected for Galactic extinction (AV = 0.071).

differently for each band. Fig. 3 shows instead the light curves
on the same flux scale, but with a νFν representation. They cor-
respond to slices of the SED at the three energies of 0.3 TeV,
0.3 keV, and 2.25 eV (i.e. 5500 Å). In this way, it is possible to
highlight the overall changes and time evolution SED-wise.

The 0.3 TeV fluxes were calculated from the integrated
>300 GeV light curve (T300 window) using the average power-
law spectrum measured in the respective epochs (namely, the
T300-High spectral index in the high state, and the T300-Low
index elsewhere, see Sect. 4.1). The same procedure was used
to calculate the 0.3 TeV fluxes from the >500 GeV light curve
(T500 window), during the epoch not covered by T300 (empty
circles in Fig. 3). A comparison with the results of the >300 GeV
light curve in the overlapping window shows that the extrap-
olation from 500 GeV does not introduce differences of more
than ∼2%. The 0.3 TeV fluxes were then corrected for the ab-
sorption effect caused by γ-γ interactions with the Extragalactic
Background Light (EBL), using the model by Franceschini et al.
(2008) (discussed in Sect. 4.1.1). This corresponds to a low den-
sity of the EBL, close to the lower limits obtained by galaxy
counts. The plotted fluxes therefore can be considered as lower
limits to the intrinsic VHE emission of the source. The X-ray
fluxes at 0.3 keV were calculated with the same procedure, us-
ing the power-law spectrum fitted in each of the individual bins.
Anticipating the result that both the VHE and X-ray spectra are
steep (Γ > 2; see Sect. 4), the plotted νFν fluxes – at the low-
energy end of the respective passbands – provide an estimate of
the emission closer to the respective SED peaks than the νFν
fluxes in the hard band.

Several remarkable features can be noted. The first is the
huge difference in amplitude between the variations in the three
energy bands. In few hours, the VHE flux changed by more than
an order of magnitude, whereas the X-ray flux varied by only a
factor ∼2 and the optical flux by less than 15% (the contribution
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Multi-wavelength SED of AP Librae 3235

Table 4. Parameters of the SSC model presented in this work and from
Tavecchio et al. (2010). For both models, γ min = 1 was used.

Model γ b γ max S1 S2 Ne, tot B R δ

104 104 1053 10−2 (G) 1016(cm)
This work 1.1 2.3 2 4.9 5.4 0.9 3.5 20
Tavecchio et al. 2.0 5 2 4.9 0.4 1.2 1 40

Figure 4. Same as Fig. 3. The red line is the results of the SSC model from
the compact component and the blue line is the flux originating from the
extended jet; parameters are given in Table 5. Purple line is the sum of both.

[together with the model parameters and curves derived by Tavec-
chio et al. (2010) for comparison], obey the constraints found in
Section 3.2. Not surprisingly, the broad IC component of the SED
is difficult to reconcile with the synchrotron distribution using such
a simple model, for which strong indications were already presented
in Section 3.1.

The SSC calculation reproduces well the lower energy part of
the SED, up to the X-rays, but the spectral prediction in the Fermi-
LAT energy range is much softer, as well as about one order of
magnitude above the observed HE flux. The direct consequence of
the broadness of the IC component is that the HESS flux is largely
underestimated. Directly linked to the electron distribution and to
the well-measured synchrotron component, this shape can only be
affected by the KN effects, which tend to soften the spectrum,
leading inevitably to even larger disagreements.

3.4 VHE γ -rays from the extended jet?

As seen in the previous sections, one-zone SSC models cannot
reproduce the broad-band SED of AP Librae. However, Böttcher,
Dermer & Finke (2008) proposed that the Compton-scattering of the
cosmic microwave background (CMB) by electrons in an extended
kpc-scale jet could make VHE γ -rays. This model was suggested to
explain the hard VHE spectrum from 1ES 1101−232 as observed
by HESS (Aharonian et al. 2006, 2007), when EBL attenuation
was taken into account with the models available at the time. AP
Librae has an extended kpc-scale jet resolved in radio (see Figs 3
and 4) and X-rays (see section 2.2), and it has long been thought
that the Compton-scattering of CMB photons could produce the
X-rays observed from these extended jets (e.g. Tavecchio et al. 2000;
Celotti, Ghisellini & Chiaberge 2001). Therefore, it seems natural
to apply this model to AP Librae to see if the extended jet emission

could plausibly make up the VHE γ -rays. Thus, the broad-band SED
of AP Librae has been modelled with a compact, synchrotron/SSC
model based on Finke et al. (2008), and an additional component
from the extended jet, emitting synchrotron and inverse Compton-
scattering of CMB photons (hereafter ICCMB).

The result of this model is shown in Fig. 4, with the model pa-
rameters in Table 5. The model parameters are fully described in
Finke et al. (2008). The compact component can explain the radio,
optical (not including emission that is clearly from the host galaxy),
X-ray, and the lower-energy Fermi-LAT γ -ray data. The extended
component can explain the extended radio and X-ray data, as well
as the highest γ -ray emission detected by the LAT and HESS. A
double-broken power law was used to describe the electron distri-
bution in the compact component, while only a single broken power
law was needed for the electron distribution in the extended compo-
nent. Parameters in the compact component are broadly comparable
to synchrotron/SSC modelling results for other BL Lac objects, in-
cluding the jet power in electrons being several orders of magnitude
greater than that in the magnetic field (e.g. Finke et al. 2008; Abdo
et al. 2011a,b,d,c; Aliu et al. 2013, 2014a,b). The extended jet is
much closer to equipartition between electron and magnetic field
density by design; a model out of equipartition would still be able
to reproduce the data. These parameters are also close to previous
results for modelling extended jets, although the magnetic field is a
bit lower than usual (typically found >1 µG; e.g. Tavecchio et al.
2007). This may be because previous ICCMB models of extended
jets are for FSRQs rather than BL Lac objects. One hypothesis can
be that the magnetic fields in extended jets of BL Lac objects are
lower than those in the extended jets of FSRQs.

It should be noted that the ICCMB model for explaining the
X-ray emission from extended jets is controversial. It could be that
X-rays are instead produced by synchrotron emission from another
population of electrons in the extended jet (e.g. Atoyan & Dermer
2004; Hardcastle 2006). In this alternative framework, HE and VHE
emission is unlikely. Recently, Meyer & Georganopoulos (2014)
used Fermi-LAT observations to rule out the ICCMB model for the
X-ray emission from the extended jet in the FSRQ 3C 273.

3.5 Comparison with other LBL objects

The SEDs of LBL objects detected in VHE γ -rays challenge single-
zone homogeneous SSC radiative models, which usually reproduce
reasonably well the time-averaged SEDs of the HBL class.

The most complete simultaneous coverage of the BL Lac was
established by Abdo et al. (2011d) during a multi-wavelength cam-
paign including the Fermi-LAT and the X-ray observatories men-
tioned in this study for the HE part. The X-ray spectrum during
that campaign was soft, indicating that its origin was synchrotron
radiation rather than Comptonized photons, making for a wider
synchrotron νFν distribution than is reported here for AP Librae.
The difficulty in this case for modelling BL Lac was that the simu-
lated SED required the energy densities to be far from equipartition.
However, a 1997 Beppo-SAX observation (Ravasio et al. 2002) of
BL Lac showed a clear IC origin for the X-ray radiation, yielding a
narrower synchrotron distribution, for which the SSC model failed
to reproduce a reasonable (non-simultaneous) HE spectrum, and an
external contribution was added.

The broad Compton distribution of S5 0716+714, with emission
up to ≃700 GeV, is either an order of magnitude below the best
SSC model prediction from Anderhub et al. (2009), or is too wide
if the Fermi-LAT spectrum constrains the flux at Eic, peak (see fig. 6
in Tavecchio et al. 2010; see also the similar situation for BL Lac
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Figure 1. Parameter space of distance scale r and Lorentz factor Γ of the emitting region responsible for the major gamma-ray flare of 3C 454.3 that peaked at MJD
55520. Five classes of constraints are indicated: the collimation constraint (solid red lines; Equation (1)), the SSC constraint (dashed blue lines; Equation (5)), the
cooling constraint (dotted magenta lines; Equation (9)), the synchrotron self-absorption constraint (dot-dashed orange lines; Equation (18)), and the intrinsic gamma-ray
opacity constraint (denoted by the maximum escaping photon energy labeled along the right-hand vertical axis; Equation (14)). We also show predictions for the jet
energetics: the equipartition parameter (u′

γ /u′
B, shown together with the SSC constraint; Equation (21)), and the minimum required jet power (double-dot-dashed

green lines; Equations (22) and (23)). On the upper horizontal axis, we show the distance scale in terms of the gravitational radius of the supermassive black hole,
and the characteristic radii for main external radiation components (BLR and IR). The yellow area marks the parameter space allowed by the conditions Γθ < 1,
LSSC < LX, and Ecool,obs < 100 MeV.
(A color version of this figure is available in the online journal.)

ratios are used to derive the simultaneous soft X-ray luminosity
LX ≃ 1.6×1047 erg s−1. We can also estimate the spectral index
of the X-ray part of the spectrum as α ≃ 0.65. The bolometric
accretion disk luminosity is taken as Ld ≃ 6.75 × 1046 erg s−1

(Bonnoli et al. 2011), from which we find the characteristic
radii of external radiation components rBLR ≃ 0.26 pc and
rIR ≃ 6.5 pc. The black hole mass of 3C 454.3 is uncertain;
here we adopt the value of MBH ∼ 5 × 108 M⊙ after Bonnoli
et al. (2011).

In Figure 1, we plot the constraints on r and Γ corresponding
to fixed values of Γθ , LSSC, Ecool,obs, λSSA,obs and Emax,obs, as
well as the energetics parameters u′

γ /u′
B and Lj,min. We assumed

here that ξBLR ≃ ξIR ≃ 0.1. The yellow area is defined by
the following three conditions: Γθ < 1, LSSC < LX, and
Ecool,obs < 100 MeV. The intersection of the first two of
these constraints gives the marginal solution—the minimum
Lorentz factor Γmin ≃ 30 and the minimum distance scale
rmin ≃ 0.16 pc. For (rmin, Γmin), other constraints yield the
following predictions: λSSA,obs ≃ 125 µm, Emax,obs ! 10 TeV,
u′

γ /u′
B ≃ 3.3, and Lj,min ≃ 1.7 × 1046 erg s−1 ≃ 0.25 Ld.

On the other hand, in the IR region (r ∼ rIR), the SSC
constraint is much stronger and hence there are no solutions
with Γ < 50. Therefore, in this case, the dissipation region
is clearly constrained to be located not far from rBLR. The
minimum required jet power is one order of magnitude higher
than the kinetic jet power estimated by Meyer et al. (2011).

VLBI measurements of the jet of 3C 454.3 yield Γj ≃ 20,
D ≃ 33 (Hovatta et al. 2009), and Γjθj ≃ 0.3 (Pushkarev et al.
2009). Adopting D/Γj ≃ 1.67 would shift the marginal solution
to rmin ≃ 0.09 pc and Γmin ≃ 18. The VLBI-derived solution of

r ≃ 0.34 pc and Γ ≃ 20 would be consistent with our Ecool,obs
constraint, and marginally consistent with our LSSC constraint.
On the other hand, for D/Γ = 1, the SSC constraint also implies
that jet collimation parameter is Γθ > 0.5.

Abdo et al. (2011) estimated the minimum Doppler factor of
the emitting region responsible for this flare as Dmin ≃ 16, using
the gamma-ray opacity constraint for the maximum observed
photon energy of Emax,obs = 31 GeV. Our opacity constraint
for the same Emax,obs yields Γmin = Dmin ≃ 13. The main
reason for this discrepancy is that we use the 3.6 factor in
Equation (10), which is neglected in numerous studies. We point
out that the SSC constraint is stronger than the opacity constraint
(see Ackermann et al. 2010). We also note that our minimum
distance scale is compatible with the estimate of rmin ≃ 0.14 pc
obtained by calculating gamma-ray opacity due to the broad-line
photons (Abdo et al. 2011).

The SSA break is predicted to fall in the far-IR range, both
at the BLR and IR distance scales. 3C 454.3 was observed by
Herschel PACS and SPIRE instruments during and after the peak
of this gamma-ray flare (Wehrle et al. 2012). While the period of
the highest gamma-ray state was sparsely covered in the far-IR
band, a very good correlation between the 160 µm data and the
Fermi/LAT gamma rays was found. Such a correlation implies
that the gamma-ray producing region is transparent to SSA,
i.e., that λSSA,obs ! 160 µm. Such a condition can be easily
satisfied, together with our collimation and SSC constraints,
even at BLR distance scales. However, Wehrle et al. (2012) also
showed that 1.3 mm data from SMA, of much better sampling
rate, correlate well with the gamma rays. This is very difficult
to explain in a one-zone model—the 1.3 mm SSA line satisfies
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response functions, Stern & Poutanen [130] found instead that the absorption features were at∼ 10
GeV, with they interpreted as being from aa absorption by H Lyman continuum photons (13.6 eV).
An absorption feature at this energy was actually predicted before the launch of Fermi by Reimer
[124]. The aa absorption optical depths implied by the fits to the LAT data by Stern & Poutanen
[130] were quite a bit lower than expected, oaa ∼ 2−5, compared to oaa ≈ 100 that one would ex-
pect if the a rays were produced deep inside the BLR. They proposed several possible explanations
for this: the size of the Lyman continuum BLR is larger than expected; a flattened geometry for the
BLR, leading to much of the BLR photons being at an unfavorable geometry for aa absorption; and
finally, there may be several places along the jet where a rays are emitted, some inside and some
outside the BLR, and all of these flares contribute to the a-ray spectrum integrated over several

years. The a rays from inside could be “diluted” by photons from outside, creating the illusion of
less absorption.

3.5 Conversion to Axion-Like Particles

Axion-like particles (ALPs) have been proposed in several predictions of standard model ex-

tensions (e.g., [125]). It may be possible for photons to transform into ALPs and back again in the

presence of a magnetic field. It has been shown that this could fit the spectral curvature seen in the
a-ray spectrum of 3C 454.3 [100], as well as allow photons to escape the BLR that otherwise might
not be able to do so [134, 100].

4. Location of Gamma-Ray Emitting Region

In recent years, there has been an intense debate as to the location of the a-ray emitting region
in FSRQs, with no consensus yet reached. There are two main options: inside the BLR, within

∼ 0.1 pc from the black hole, where BLR photons are the likely seed photon source for Compton
scattering, and ! 1 pc, where the dust torus is the likely source of seed photons. These possi-

bilities are explored below, with some ways to distinguish them based on a-ray light curves and
gravitational lensing.

4.1 Gamma Rays Produced Inside the BLR

Rapid variability in FSRQs such as 3C 454.3 (tv ∼ 3 hours; [132]), and PKS 1510−089 (tv ∼ 1
hour; [33, 127]) limits the size of the emitting region by Equation (1.2). If the emitting region takes

up the entire cross section of a conical jet with half-opening angle _ , then it should be at a distance

r ≤ 0.1 b1 tv,4 _−1
−2 (1+ z)−1 pc (4.1)

from the base of the jet. Based on scaling relations found from reverberation mapping, the typical

BLR region for FSRQs is rBLR ∼ 0.1 pc ≈ 1017 cm (e.g., [28, 27]), so that the emitting region

would likely be within the BLR. An emitting blob inside the BLR would move outside of a BLR

with radius RBLR in a time period (assuming e ≪ 1)

6t = 3.3×104 RBLR,17 b
−2
1 (b/K) (1+ z) s (4.2)

in the observer’s frame. So if a a-ray flare is found to last longer than 9 hours or so, it must
have moved out of the BLR, or be made up of many smaller flares from several different blobs.

9
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The cooling timescale in the observer’s frame for electrons producing photons observed at Eobs = 1
GeV, assuming a high Compton dominance and scattering of Lyman _ BLR photons (E0/(mec2) =
2×10−5) , is

tcool = 4400 u−1ext,−2 b
−2
1 (b/K)2 E1/20,Ly_ E

−1/2
obs,GeV (1+ z)1/2 s (4.3)

which implies the electrons can completely cool before the blob moves out of the BLR.

4.2 Gamma Rays Produced Outside the BLR

Optical and a-ray flares in FSRQs are often associated with a slow increase in radio flux which
peaks after the a-ray flare [87, 90], and the ejection of superluminal components from the 43 GHz
core (e.g., [83, 97, 98]). According to Marscher [99], 2/3 of a-ray flares are associated with the
ejection of a superluminal component, from which the conclusion is drawn that the a-ray flares are
coincident with the 43 GHz core, located at a few pc from the black hole, outside the BLR (e.g.,

[98, 121]). There are two arguments that the 43 GHz core, and thus the a-ray flares occur, at r > 1

pc from the black hole, outside the BLR.

1. The 43 GHz core has observed radius Rcore and the jet has known half-opening angle _
from VLBI observations (e.g.,[82]). This gives the distance of the core from the black hole,

r = Rcore/_ , which for AO 0235+164, gives a distance of r ! 12 pc [16].

2. The time scales for the radio outbursts are 6t ∼ 10s of days. During this time blobs will have
had to travel distances

r ≈ 1.0 6t6 b 21 (K/b ) (1+ z)−1 pc (4.4)

before the a-ray flares and ejections of the superluminal components. Nalewajko et al. [109]
found a possible way to explain the delay with a light-travel time effect that could allow a-ray
flares to occur at much smaller distances than the location of the 43 GHz core.

Additionally, a-ray flares with emission up to 100s of GeV have been detected with imaging atmo-
spheric Cherenkov telescopes from several FSRQs, including 3C279 [20], PKS 1510−089 [10, 21],
4C 21.35 [22, 12], B0218+357 [103], and PKS 1441+25 [104, 107]. If these flares occurred inside
the BLR, they would suffer extreme aa absorption (see Section 3.4), and these a rays would not
have been observed. Flares detected out to several 10s of GeV by the LAT [114] are also not likely

to originate from inside the BLR for the same reason. Several ways have been suggested to avoid

aa attenuation, such as through transport by neutron beams [46] or axions [134]. If rapid variabil-
ity (tv ∼ 104 s) does occur at ! pc scale distances from the black hole, it would mean the emitting

region makes up a small fraction of the jet cross section, which might be a problem for a standard

“shock in jet” model.

Outside the BLR, a likely source of seed photons is the dust torus. The region where scattering

of dust photons is geometrically likely is r < Rdust where

Rdust = 1.1 L1/2disk,45 T
−2.6
3 pc (4.5)

is the inner radius of the dust torus (the sublimation radius), Ldisk is the disk temperature, and T is
the temperature at dust here [110, 111]. This constrains the energy density from the dust torus to

be

udust = 2.3×10−5 j−1T 5.23 erg cm−3 (4.6)
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where j ≤ 1 is the fraction of the disk emission reprocessed by the dust torus. An emitting blob
with r < Rdust moves outside in a time period

6t = 13 b−2
1 (b/a) L1/2disk,45 T

−2.6
3 (1+ z) day . (4.7)

The cooling timescale for the electrons making LAT-energy a rays by scattering dust torus photons
is

tcool = 3.5 j−1
−1 T

−4.7
3 b−2

1 (b/K)2 E−1/2
obs,GeV(1+ z)1/2 day . (4.8)

Thus the electrons will have enough time to cool before leaving the dust torus. Note that the

energy density and cooling timescale are strongly dependent on the dust temperature, which cannot

exceed T3 ≈ 2 or else it will sublimate. The dust torus can only act as the seed photon source if

r < Rdust ∼ 1 pc. However, as described above, there is evidence that it can exceed this distance, in
which case another seed photon source is needed. Another possibility is the scattering of photons

from other parts of the jet [71, 96, 92]. Zacharias & Schlickeiser [139] fit several FSRQs with a
synchrotron/SSC model without an EC component, offering another possibility.

4.3 Gamma Ray Light Curves

One possible way to determine the seed photon source for EC has been suggested by Dotson

et al. [55]. This would effectively resolve the question of the location of the a-ray emitting region
(Section 4), since if the region is withing the BLR, the seed photons will be at a much higher energy

(≈ 10 eV for Ly_) than if they are from a≈ 1000 K blackbody. This involves exploiting the Klein-
Nishina cross section. Due to the turnover in the Compton-scattering cross section at high energies,

the relative cooling of electrons producing a rays at different energies will be different for different
seed photon energies, which could be used to constrain the seed photon energy. This requires using

at least two LAT light curves with two different energy ranges. The approximate timescales of the

flares needed can be found from Equations (4.3) and (4.8). Application of this technique to several
bright flares from PKS 1510−089 observed in 2009 indicates that some flares are produced inside
the BLR, while some are produced outside [54].

4.4 Gravitational Lensing

Gravitational lensing of a blazar by an intervening galaxy can produce multiple images of

the blazar. The images will have different brightnesses and the light curve of one will be delayed

with respect to the other. Although the images can often be resolved with radio telescopes, this is

not possible with the larger PSF of a-ray telescopes. However, the differing brightness and time
delay allow for the possibility that one can distinguish the a-ray light curves of two lensed images,
particularly during bright flares. Barnacka et al. [26] claimed the first detection of a gravitationally
lensed time delay in a-rays in the LAT light curve of the FSRQ PKS 1830−211 (although see [9])
and another a-ray gravitational lens-induced delay was found from the blazar B0218+357 [41]. For
some of the bright a-ray flares reported in the literature thus far, either the magnification ratio (the
ratio of the brightness of two lensed images), or the time delay, or both, are not consistent with the

ones measured from the radio images. This has been interpreted in two ways.

One interpretation is that the location of the emitting region is different for a-ray flares than
most of the radio emission [24]. In this case, carefully modeling the lens system can constrain the
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where j ≤ 1 is the fraction of the disk emission reprocessed by the dust torus. An emitting blob
with r < Rdust moves outside in a time period
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Thus the electrons will have enough time to cool before leaving the dust torus. Note that the

energy density and cooling timescale are strongly dependent on the dust temperature, which cannot

exceed T3 ≈ 2 or else it will sublimate. The dust torus can only act as the seed photon source if

r < Rdust ∼ 1 pc. However, as described above, there is evidence that it can exceed this distance, in
which case another seed photon source is needed. Another possibility is the scattering of photons

from other parts of the jet [71, 96, 92]. Zacharias & Schlickeiser [139] fit several FSRQs with a
synchrotron/SSC model without an EC component, offering another possibility.
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(Section 4), since if the region is withing the BLR, the seed photons will be at a much higher energy

(≈ 10 eV for Ly_) than if they are from a≈ 1000 K blackbody. This involves exploiting the Klein-
Nishina cross section. Due to the turnover in the Compton-scattering cross section at high energies,

the relative cooling of electrons producing a rays at different energies will be different for different
seed photon energies, which could be used to constrain the seed photon energy. This requires using

at least two LAT light curves with two different energy ranges. The approximate timescales of the

flares needed can be found from Equations (4.3) and (4.8). Application of this technique to several
bright flares from PKS 1510−089 observed in 2009 indicates that some flares are produced inside
the BLR, while some are produced outside [54].

4.4 Gravitational Lensing

Gravitational lensing of a blazar by an intervening galaxy can produce multiple images of

the blazar. The images will have different brightnesses and the light curve of one will be delayed

with respect to the other. Although the images can often be resolved with radio telescopes, this is

not possible with the larger PSF of a-ray telescopes. However, the differing brightness and time
delay allow for the possibility that one can distinguish the a-ray light curves of two lensed images,
particularly during bright flares. Barnacka et al. [26] claimed the first detection of a gravitationally
lensed time delay in a-rays in the LAT light curve of the FSRQ PKS 1830−211 (although see [9])
and another a-ray gravitational lens-induced delay was found from the blazar B0218+357 [41]. For
some of the bright a-ray flares reported in the literature thus far, either the magnification ratio (the
ratio of the brightness of two lensed images), or the time delay, or both, are not consistent with the

ones measured from the radio images. This has been interpreted in two ways.

One interpretation is that the location of the emitting region is different for a-ray flares than
most of the radio emission [24]. In this case, carefully modeling the lens system can constrain the
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to a direction that is indistinguishable from its initial position
due to the 180° ambiguity of the PA.

5. DISCUSSIONS

Polarization signatures are known to be highly variable, and
n⩾180 polarization angle swings are frequently observed (e.g.,

Larionov et al. 2013; Morozova et al. 2014). Generally, the
observed n⩾180 PA swings are accompanied by one or several
sequential apparently symmetric PD patterns which drop from
an initial value to zero then revert back. In addition, both the
PD and PA patterns appear to be smooth. Several mechanisms
have been proposed to interpret the PA rotations, such as an
emission region moving along a curved trajectory or a bending

Figure 8. Data and model fits to multi-wavelength SEDs, light curves and polarization signatures during the second flare of 3C279 in 2009. Data are from Abdo et al.
(2010a) and Hayashida et al. (2012). Hollow (filled) data points refer to the first (second) flare. (a) SED, black squares are from Period E in Hayashida et al. (2012;
MJD 54897-54900), corresponding to the end of the second flare. The black curve is the model SED from the simulation at the same period; the red curve is the
simulated SED at the peak of the flare. Hollow magenta circles are from Period D (MJD 54880-54885), corresponding to the end of the first flare. (b) and (c) J- and R-
band flux: black squares are from the period of the second flare, hollow magenta circles are from the first flare; the black curves are the simulated light curves. (d)
Gamma-ray photon flux light curve: black squares and hollow magenta circles are three day averaged data from the second and first flares, respectively, while green
squares and hollow blue circles are the seven day averaged data, respectively. (e) and (f) PD and PA vs. time: black squares and hollow magenta circles are from the
second and first flares, respectively; curves are the simulated polarization signatures.

9

The Astrophysical Journal, 804:58 (11pp), 2015 May 1 Zhang et al.

Zhang	
  et	
  al.	
  (2015),	
  ApJ,	
  804,	
  58	
  
See	
  also	
  talk	
  by	
  Ioannis	
  Myserlis	
  	
  

Can	
  it	
  tell	
  us	
  something	
  about	
  
Jet	
  structure?	
  

Important	
  polarizaGon	
  instruments:	
  
RoboPol	
  (talk	
  by	
  Angelakis)	
  
Kanata	
  (talk	
  by	
  Itoh)	
  
Astro-­‐H	
  



FSRQ	
  Flare	
  types	
  

•  Type I:  Only change in electron distribution needed to 
explain SED 

 
•  Type II:  Change in electron distribution not sufficient to 

explain SED 

•  Is this a useful classification? 

Dutka	
  et	
  al.	
  (2013),	
  ApJ,	
  779,	
  174	
  
Dutka	
  et	
  al.	
  (2016),	
  ApJ,	
  in	
  preparaGon	
  

17 



FSRQ	
  Flare	
  types	
  

Modeling Multiwavelength Data from Blazars Justin D. Finke

3.2 Compton Scattering of BLR Ly_ Photons

For the scattering of Ly_ photons (E∗ = 10.2 eV), the KN regime will emerge at energies

above

EKN ≈ 1.2 (E∗/10.2 eV)−1 GeV , (3.1)

approximately in agreement with the observed break energy [15]. Fits with this model using power-

law electron distributions failed to reproduce the observed LAT spectra [15]; however, fits using a

log-parabola electron distribution were able to reproduce the a-rays [36]. This model would also

require the a-ray emitting region to be within the BLR.

3.3 Curvature in the electron distribution

Abdo et al. [2] suggested that if there is curvature in the electron distribution that produces

the a-rays, presumably from Compton scattering, this would naturally be reflected in the LAT

spectrum as well. In this scenario, one would expect the curvature in the electron distribution to

cause a curvature in the synchrotron emission from the same electrons, which would appear in the

IR/optical. Indeed, observations of PKS 0537−441 do show this curvature (see Fig. 3; [45]). This

explanation would not require scattering to take place in the BLR, as dust torus photons could be

the seed photon source for scattering.
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Figure 3: SED of the FSRQ PKS 0537−441 [45]. The spectral curvature in the IR/optical in the high state

could indicate the cause of the a-ray curvature is the result of curvature in the electron distribution.

3.4 Photoabsorption in the Broad Line Region

Poutanen & Stern [120] modeled the breaks at a few GeV with aa absorption features from

interactions of the a rays with He II Ly_ and recombination photons (54.4 eV and 40.8 eV, respec-

tively) from the BLR. The existence of these breaks was disputed by Harris et al. [79]. A few years

later, with an updated analysis including more LAT data (almost 5 years) and updated instrument
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Fig. 5.— Quasi simultaneous spectral energy distributions of PKS 2142�758 measured dur-

ing active �-ray periods in 2010 April (flare A), 2011 August (flare B) and a quiescent �-ray

period in 2011 December. The data are fit with a leptonic model of blazar emission. The low

energy component is primarily modeled by synchrotron emission and thermal emission from

the accretion disk. The smaller dashed blue curve represents emission from the dust torus

and the larger dashed blue curve is accretion disk emission. The high energy component is

explained by inverse Compton scattering of dust torus photons by electrons within the jet.
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•  Type I:  Only change in electron distribution needed to explain SED 

•  Type Ia:  optical and γ-ray flare.  Optical dominated by non-
thermal jet emission. 

•  Type Ib:  weak or absent optical flare with γ-ray flare.  Optical 
dominated by disk emission during flare.  Could be “hidden” 
type II flares. 

•  Type II:  Change in electron distribution not sufficient to explain 
SED 
•  Type IIa:  weak or absent X-ray flare with γ-ray and optical flare.  

Change in B-field and size of emitting region? 
•  Type IIb:  strong X-ray flare with γ-ray and optical flare.  

Change in B-field only?  Do these types of flares exist? 
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Figure 5. Equipartition blazar model fits to the SEDs of 3C 279 (Hayashida et al.
2012) for Epochs A (upper panel) and B (lower panel), with input parameters
given in Table 4 and implied properties from the model in Table 5. Two spectral
fits corresponding to warm-dust and hot-dust IR radiation fields are considered.
Separate components are shown, with the EC-IR and EC-BLR components
shown for the warm-dust solution. Insets show detail of fits at X-ray energies.
(A color version of this figure is available in the online journal.)

blazars have a very tenuous BLR environment, for example, by
their formation history (Böttcher & Dermer 2002). By contrast,
FSRQs can have very large Lyα luminosities. In the case of 3C
454.3, it reached ≈(2–4) × 1045 erg s−1 (Bonnoli et al. 2011).

5. MODELING THE SEDs OF 3C 279

Hayashida et al. (2012) have organized 3C 279 campaigns
around Fermi LAT with great results. The data in Figures 5 and 6
show SEDs from quasi-simultaneous observing campaigns for
four periods of Fermi LAT observation, namely, Epochs A
(MJD 54,682−54,729; 2008 August 4–2008 September 19),
B (MJD 54,789−54,809; 2008 November 19–2008 December
9), C (MJD 54,827−54,877; 2008 December 27–2009 February
15), and D (MJD 54,880−54,885; 2009 February 18–23). The

Figure 6. Equipartition blazar model fits to the SEDs of 3C 279 (Hayashida
et al. 2012) for Epochs C (upper panel) and D (lower panel), with spectral
components and inset graphs as described in Figure 5. The upper panel shows
a warm dust, hot dust, and long variability time, tvar = 105 s, solution. The
lower panel for the Epoch D fit shows both warm-dust and hot-dust Compton
scattering components. Non-simultaneous VHE MAGIC data for 3C 279 are
shown in the lower panel for comparison with the Epoch D Fermi LAT γ -ray
data.
(A color version of this figure is available in the online journal.)

SEDs comprise X-ray data from Suzaku,8 Swift XRT, XMM
Newton, and RXTE; optical/UV data from Kanata, GROND,
and Swift UVOT (170–650 nm); IR data from Spitzer; and radio
data from CARMA and OVRO. For comparison, also shown in
the lower panel of Figure 6 are data from the nonsimultaneous
VHE MAGIC detection of the flare from 3C 279 in 2007 January
(MAGIC Collaboration 2008; Aleksić et al. 2011b; Şentürk et al.
2013).

5.1. Accretion Disk and Thermal Dust Radiation Spectrum

A complete model of the blazar SED requires, for consistency,
the emission spectrum from the accretion disk and from the

8 Suzaku consists of the XIS (0.3–12 keV), HXD/PIN (10–700 keV), and
HXD/GSO (40–600 keV).
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