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Systematic Study of Blazars
¥ What is AGN jet energetics? 

• Fermi allows us systematic study 

• Prad ~ 0.1 Pjet (Ghisellini+’14) 

• but, only luminous blazars 

!  HBLs: MAXI, BAT, LAT, IACTs 

• based on phenomenological 
models: e.g. 12 parameters for Mrk 
421. 

!  physically connected parameters.

Figure 1: Extended Data Figure 1: Jet power vs radiative jet power. We compare
the total jet power and the radiative one for the blazars in our sample. The yellow lines,
as labelled, correspond to equality and toPjet equal to 10Ðfold and 100ÐfoldPrad . Same
symbols as in Fig. 1. The average error bar is indicated.
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Figure 11. SED of Mrk 421 with two one-zone SSC model Þts obtained with
different minimum variability timescales:tvar = 1 day (red curve) andtvar = 1
hr (green curve). The parameter values are reported in Table4. 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 Figure11

Parameter Symbol Red Curve Green Curve

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

Doppler factor ! 21 50
Magnetic Þeld (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 " min 8.0 ! 102 4 ! 102

Break1 electron Lorentz factor " brk1 5.0 ! 104 2.2 ! 104

Break2 electron Lorentz factor " brk2 3.9 ! 105 1.7 ! 105

Maximum electron Lorentz factor " max 1.0 ! 108 1.0 ! 108

Jet power in magnetic Þeld (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 Þt, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantitiesPj,B and Pj,ph are derived quantities; onlyPj,e is a free
parameter in the model.

so that

R =
! ctv,min

1 + z
!

! ctv
1 + z

. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency ßux variations occurring
on timescales larger than one day (Paneque2009), 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 Figure11, with the
parameter values reported in Table4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for thetv,min = 1 hr model,#SSA = 3! 1010 Hz,
at which frequency a break is barely visible in Figure11. 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 # 0.06Ð0.12 mas (as reported in Section5.1.1) or using the
conversion scale 0.61 pc mas" 1 # 1Ð2! 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
(Marscher1983). 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 fortvar = 1 day ($ 5 ! 1016 cm). Therefore,
it is reasonable to consider that the radio ßux density from the
VLBA core is indeed dominated by the radio ßux 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 Þts (assuming" = ! ) are also reported in Table4.
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; B!aúzejowski 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 withtvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are inR, which is an
order of magnitude larger, andB, 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 smallerR and biggerB than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter" min. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio ßux
from the blazar emission. This means that the obtained value for
" min (for a given set of other parametersR, B, and! ) can only be
taken as a lower limit: a higher value of" min is usually possible.
In our modeling we use simultaneousFermi-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 Þt (when usingtvar $ 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
Þt goes through those radio points further constrains the model,
and in particular the parameter" min: a decrease in the value of
" min would overpredict the radio data, while an increase of" min
would underpredict the SMA and VLBA core radio data, as
well as theFermi-LAT spectrum below 1 GeV if the increase in
" min would be large. We explored model Þts with different" min
andp1, and found that, for the SSC model Þt withtvar = 1 day
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Particle Acceleration E!ciency
¥ Are AGN jets e!cient particle 

accelerators? 

¥ primary candidates for UHECR 
acceleration sites. 

¥ But, particle acceleration 
e!ciency is not well understood. 

¥ Past SED "ttings suggested low 
e!ciency ( #~105; Inoue & Takahara 
Õ96, Sato+Õ08, Finke+Õ08). 

¥ But, not simultaneous data and 
no systematic studies.
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be conÞned to
a maximum energy of Emax = 10 20 eV. The most powerful candidate sources are shown with the
uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of conÞning par-

ticles up to Emax , translates into a simple selection criterium for candidate sources with

magnetic Þeld strength B and extension R (Hillas 1984): r L ! R, i.e., E ! Emax "

1 EeV Z (B/ 1 µG)( R/ 1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in aB # R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron conÞnement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su ! cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outßows where the Lorentz factor " $ 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distanceR/ " , which changes

subsequently the Hillas criterion.

Astrophysics of UHECRs 25
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TeV Blazar Sample
¥ Select 36 blazars with z 

from the default TeVcat 
catalog. 

¥ 3FGL SED data. 

¥ Low-state data are 
available for 31/36. 

¥ 13 HBLs have BAT 
data. 

¥ CIB correction by YI
+Õ13.
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Emission Modeling

¥ One-zone synchrotron self Compton (e.g. Finke+Õ08) 

¥ Beaming factor Ò$Ó = bulk Lorentz factor Ò%Ó 

¥ Angular size of the blob Ò&Ó = the jet opening angle Ò&jÓ 

¥ %&j = 1 -> & = 1/$ 

¥ Assume spherical emitting plasma at r = 1000 rs from BH. 

¥ ~1 day variability for MBH = 109 Msun & $ = 10.



¥ Assume di'usive shock acceleration. 

¥ broken-power law plus hyper-exp cuto'!

¥ It should be p2  = p1 + 1. But, photon spectrum steeping can be 
steeper in inhomogeneous (uid (e.g. Reynolds Õ09). 

¥ By setting p2 as a free parameter, we phenomenologically consider 
inhomogeneity of the emission region. 

¥ cooling break : syn. + SSC cooling = dynamical time. 

¥ maximum Lorentz factor : acc. time = syn. + SSC cooling. 

¥ minimum electron Lorentz factor is set by shocked thermal proton 
energy.!
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¥ Free parameters are 

¥ Ke, p1, p2, B, $, #g 

¥ Global "t to low-state data but not including errors. 

¥ Then, perform "t to BAT data including errors setting 
only #g as a free parameter.

How to "nd parameters
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Spectral Fitting Results
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Spectral Fitting Results
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Electron Distribution

¥ Most objects show p1 ~ 2.2 which is expected for relativistic shocks 
(e.g. Kirk+Õ00, Keshet & Waxman Õ05, Sironi+Õ15) 

¥ However, p1 ~1.6 is required for H1426-428. Stochastic acceleration? 

¥ Some are consistent with homogeneous radiative cooling (p2 ~ p1+1), 
but others not. Due to inhomogenity in the source?

Electron Distribution Index Relation

YI &  Tanaka, in prep.
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Jet Energetics of HBLs

¥ All of our samples are near equipartition: PB ~ 0.1 Pe 

¥ Assuming cold protons only, radiative e!ciency is 0.06. 

¥ similar to FSRQ samples (Ghisellini+Õ14)

Pe vs PB Pjet vs P rad

YI & Tanaka, in 
prep.
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Accretion vs Jet

¥ Pjet ~ 10-3 LEdd 

¥ The mass accretion rate of HBLs is about                                  (Wang+Õ02). 

¥ ~0.1% of accreted mass loaded on the jet in HBLs. 

¥ But, ~100% mass loaded in the case of FSRQs (Ghisellini+Õ14) 

¥ RIAFs inevitably generate out"ows ejecting ~30% of mass as a disk wind 
(Blandford & Begelman Õ99; Totani Ô06) 

Pjet vs L Edd

YI & Tanaka in prep.
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TABLE 3
PARAMETERS DERIVED FROM SPECTRAL FITTINGS

Source R! [cm]a ! !
min ! !

b ! !
c PB [erg/s] Pe [erg/s] Pp [erg/s] Prad [erg/s] Pjet [erg/s] LEdd [erg/s] E!

p,max [eV]

Mrk 421 1.8! 1015 1.7! 103 7.1! 104 1.1! 106 4.5! 1042 1.8! 1043 4.8! 1042 2.9! 1042 2.7! 1043 2.5! 1046 2.7! 1013

Mrk 501 3.0! 1016 7.9! 102 4.8! 105 3.4! 106 2.7! 1042 1.2! 1044 7.3! 1043 5.5! 1042 1.9! 1044 2.0! 1047 4.1! 1013

1ES 2344+514 2.4! 1016 2.6! 102 3.7! 105 4.1! 106 7.0! 1041 4.4! 1043 5.0! 1043 5.1! 1042 9.4! 1043 7.9! 1046 7.8! 1013

1ES 1959+650 1.2! 1015 2.1! 103 1.9! 105 6.1! 105 1.1! 1042 1.8! 1043 4.8! 1042 1.4! 1042 2.4! 1043 1.6! 1046 3.4! 1012

PKS 0548-322 8.3! 1014 3.3! 103 2.6! 105 1.1! 106 1.4! 1042 5.5! 1042 1.1! 1042 3.0! 1041 8.0! 1042 1.8! 1046 7.3! 1012

PKS 2005-489 1.3! 1016 2.1! 103 2.4! 105 1.8! 106 5.8! 1042 6.5! 1043 2.4! 1043 2.4! 1042 9.5! 1043 1.4! 1047 2.4! 1013

RGB J0710+591 1.7! 1015 1.3! 103 3.7! 105 1.4! 106 8.1! 1041 2.7! 1043 7.3! 1042 2.5! 1042 3.6! 1043 2.3! 1046 9.4! 1012

H 1426+428 3.2! 1016 9.1! 100 4.6! 105 3.7! 106 1.9! 1042 1.1! 1044 8.9! 1043 3.3! 1043 2.0! 1044 1.7! 1047 5.0! 1013

1ES 0229+200 3.2! 1016 1.9! 102 4.2! 106 6.6! 106 3.3! 1041 1.4! 1044 9.2! 1043 8.4! 1042 2.3! 1044 2.2! 1047 1.7! 1013

H 2356-309 5.9! 1015 1.3! 103 6.2! 104 1.8! 106 6.5! 1042 3.4! 1043 1.6! 1043 9.4! 1042 5.6! 1043 5.0! 1046 8.7! 1013

1ES 1218+304 3.6! 1015 2.0! 103 3.0! 105 1.3! 106 2.1! 1042 9.8! 1043 2.9! 1043 8.8! 1042 1.3! 1044 4.8! 1046 9.2! 1012

1ES 1101-232 7.4! 1015 1.7! 103 2.4! 105 1.0! 106 8.5! 1042 5.5! 1043 1.2! 1043 4.4! 1042 7.5! 1043 1.3! 1047 7.5! 1012

1ES 0347-121 4.2! 1015 1.0! 103 4.3! 105 1.6! 106 1.7! 1042 5.3! 1043 1.6! 1043 4.7! 1042 7.1! 1043 5.6! 1046 1.0! 1013

NOTE. Ñ Parameters derived from best-Þt parameters (Table 2). Quantities in the jet comoving frame of the emitting region are primed. Others are in the SMBH
frame. See the text for the detail how the parameters are derived.
a We assumeR! = 1000rs/ " .

from equipartition is consistent with previous studies (e.g.
Tavecchio et al.1998; Celotti & Ghisellini 2008; Tavecchio
et al.2010; Ghisellini et al.2010; Zhang et al.2012; Tavec-
chio & Ghisellini 2015), the value inferred from our self-
consistent SED studies is about a factor of 10 higher than the
values reported byTavecchio & Ghisellini(2015) for the one-
zone SSC model which reportedPB/ Pe ! 0.01 for 45 gamma-
ray detected BL Lac samples. On the contrary, FSRQs are
known to be in equipartitionPB ! Pe (Celotti & Ghisellini
2008; Ghisellini et al.2010). This discrepancy between two
blazar classes is mainly due to the difference of the Compton
dominance.Tavecchio & Ghisellini(2015) have recently pro-
posed that structured jets (a fast spine surrounded by a slow
sheath) may ease the equipartition problem of BL Lacs be-
cause of radiative interaction between two layers. However,
it is beyond the scope to Þt the data with the structured jet
model (Ghisellini et al.2005) in this paper.

The total radiating power is given by

Prad =
4! dL(z)2

2! 2

! !

0
d" f! / " , (20)

wheredL is the luminosity distance to the source at a redshift
z, 1/ 2! 2 is due to the twin jet,f! is the observed ßux, and"
is the photon frequency. We present the comparison between
Pe andPrad of our TeV HBL samples inFigure 6. The average
ratio is< Prad/ Pe > = 0.093 with a standard deviation of 0.084.
Therefore, relativistic electrons can be the energy carrier of
jets. Pe andPrad are tightly correlated because of negligible
external photon contribution and lower magnetic Þeld power.

The total jet power is given by

Pjet = Pe+PB +Pp, (21)

wherePp is the proton power.Pjet here is the lower limit of
the jet power. Although the total proton energy can not be es-
timated in leptonic SSC models, the minimum proton energy
is estimated as

W"
p = mpc2

! " !
max

" !
min

d#"N"
e(#

"
e), (22)

where we assume cold protons only and one proton per radi-
ating electron.

1041

1042

1043

1044

1043 1044 1045 1046

P
ra

d 
[e

rg
/s

]

Pjet = PB + Pe + Pp [erg/s]

Our Sample
Prad = 10-1 Pjet
Prad = 10-2 Pjet

FIG. 7.Ñ Radiation powerPrad as a function of total jet powerPjet = PB +
Pe + Pp for our TeV HBL samples. Diamonds are for our samples. Solid
and dashed line corresponds to thePrad/ Pjet = 0.1 and 0.01, respectively.Pp
includes cold protons only. Jet composition is assumed to be one proton per
one electron.

Figure 7shows the ratio betweenPrad andPjet of TeV HBLs.
The average ratio is< Prad/ Pjet > = 0.059 with a standard de-
viation of 0.046.Prad ! 0.1Pjet is known for luminous blazars
and gamma-ray bursts (Nemmen et al.2012; Ghisellini et al.
2014). Therefore, our results on low-luminosity blazars are
marginally consistent with those studies. However, the de-
rived jet power here andNemmen et al.(2012); Ghisellini
et al. (2014) is a lower limit because the proton power can
not be constrained currently without assuming hadronic mod-
els (e.g.Aharonian2000; MŸcke & Protheroe2001). Thus,
the ratio can be smaller than we estimated because hadronic
processes are inefÞcient radiation mechanism (Sikora et al.
2009; Zdziarski & Bšttcher2015).

Figure 8shows the ratio betweenPjet andLEdd. The average
ratio is< Pjet/ LEdd > = 1.4" 10−3 with a standard deviation of
6.5" 10−4. Accretion rate in BL Lacs is known to be as low
as in the radiative-inefÞcient accretion ßow (RIAF) regime
which is sometimes called as advection dominated accretion
ßow (ADAF). The mass accretion rate of HBLs is about an
order of úm! 1.2" 10−2 of the Eddington mass accretion rate
with radiative efÞciency of$= 0.1 (Wang et al.2002) which



Acceleration E!ciency

¥ HBLs are not e!cient accelerators having #g ~ 104.  

¥ We have PB ~ 0.06 Pjet. Then, the maximum proton energy 
can be

YI & Tanaka, in prep.
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1ES 0229+200
¥ Very hard HBL 

¥ 3FGL data shows a soft 
spectrum at GeV band. 

¥ this comes from 
Synchrotron emission? 

¥ A possible contamination: 

¥ Sun & moon occultation? 

1ES 0229+200
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Summary
¥ Systematic spectral study of 13 TeV HBLs using MAXI, BAT, 

LAT, & IACTs data under the DSA scenario. 

¥ PB ~ 0.1 Pe 

¥ Prad ~ 0.06 Pjet  similar to FSRQs assuming cold protons 
only. 

¥ 0.1 % of accreted mass is loaded on to the jet. 

¥ acceleration e!ciency is #g ~ 104. 

¥ But 1ES 0229+200 can have #g ~ 1. Caused by Sun & 
moon occultations?


