
• Radio Quasars 

• Jet power moderately correlates with 
disk luminosity. 

• Jet production efficiency 

• ~2 orders of magnitude lower than 
blazar estimates
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The Role of Supermassive Black Holes in the Universe

• Supermassive black holes co-evolve with galaxies  
(e.g. Kormendy & Gebhardt 2001; Merritt & Ferrarese 2001) 

• Their radiation and/or jets affect the surrounding gas from galactic to cluster 
scales (e.g. Fabian ’12). 

• How disks, jets, and BHs are connected?
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Figure 6
(a) Chandra X-ray image of the Perseus cluster core. Red-green-blue depicts soft to hard X-rays. The blue
features near the center are due to absorption by the infalling high-velocity system, a galaxy that must lie at
least 100 kpc closer to us in the cluster (otherwise the absorption would be filled in with cluster emission).
Note the clear inner and outer bubble pairs as well as the weak shock to the northeast of the inner northern
bubble. (b) Pressure map derived from Chandra imaging X-ray spectroscopy of the Perseus cluster. Note the
thick high-pressure regions containing almost 4PV of energy surrounding each inner bubble, where V is the
volume of the radio-plasma-filled interior (Fabian et al. 2006). (c) Unsharp-masked image showing the
pressure ripples or sound waves.

order of 100 kpc, which is thus in the required range (Fabian et al. 2005). The intracluster gas
is, however, magnetized (as inferred from Faraday rotation measurements; see, e.g., Taylor et al.
2007), in which case the value of the viscosity is not clear (see Kunz et al. 2011, Parrish et al.
2012, Choi & Stone 2012). It is important to realize that for transport purposes, much of the
relevant intracluster gas cannot be classified as either collisional or collisionless but is somewhere
in between.
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Disk Luminosity & Jet Power
• Utilizing SDSS-NVSS radio quasars 

• Jet power moderately correlates 
with disk luminosity. 

• Jet production efficiency  
 

• disk rad. efficiency ε = 0.1 

• from the correlation, 
YI +’17

logPjet = logLdisk + (�0.81± 6.2⇥ 10

�3
)

⌘jet ⌘
Pjet

Ṁinc2
=

Pjet

Ldisk/✏
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Comparison with Blazars
• Blazar spectral studies suggest 

• ηjet = 1~10 (Ghisellini+’14 for FSRQs, YI & Tanaka ‘16 for HBLs) 

• But, assuming minimum electron Lorentz 
factor γmin  ~1. 

• If γmin =mp/me, ηjet will be ~0.01 (YI & Tanaka ’16). 

• More pairs per one proton would also 
reduce the power estimation based on 
blazar spectral fit.  

By setting g¢ = m mp emin (Equation (34)), we have h x =,jet jet( )
´ ´- -3.0 10 , 6.3 102 4( ) and ´ ´- -4.3 10 , 9.2 102 4( ) for

q=10 and 1, respectively. FSRQs are known to have
x ~ 0.1jet –1 (e.g., Celotti & Ghisellini 2008; Ghisellini et al.
2014), assuming cold protons only and q=1. Bolometric
luminosities of HBLs and FSRQs are roughly different for
fiveorders of magnitude. Adopting �rad,jet and xjet for the cold
proton model with q=1 for HBLs, the mass accretion rate of
FSRQs approximately needs to be ~m 0.03 0.3acc˙ – ,which is
consistent with the standard disk accretion. The bolometric
luminosity is proportional to � � xµ µ GL P mbol rad,jet jet rad,jet jet acc˙ .

Figure 15 shows the comparison of hg based on models in
which g¢min is determined by the shocked energy (Equation (13))
or the mass ratio of mp/me (Equation (34)). The expected hg in
both models areconsistent with each other. This is because hg
is determined by high energy X-ray synchrotron emission
component (i.e., the position of the electron cutoff energy).
Therefore, our result on the particle acceleration efficiency will
not change even if we assume g¢ = m mp emin .

7.4. Secondary Gamma-ray Photons from Escaped Protons

Internal hadronic processes are known to be inefficient and
requiresuper-Eddington jet powers ~P L100jet Edd to explain
the measured photon spectra (Sikora 2009; Zdziarski &
Böttcher 2015). However, escaped high energy protons
propagating intergalactic space can still generate gamma-rays
through cascade processes (e.g., Essey & Kusenko 2010).
Those protons interact with the CMB and EBL photons via
g pp p 0, p+n , and + -pe e . These interaction channels

generate electromagnetic cascades distributed uniformly along
the line of sight. The high energy gamma-rays are produced
relatively close to the Earth and are not significantly affected by
the EBL attenuation. The gamma-ray signals from those
cascade processes are observed as point sources by current
IACTs as long as the intergalactic magnetic field strength is in
the femtogauss range (Essey et al. 2011).

The required proton power Pp is ~ gP10 to explain the
extreme blazars with secondary gamma-rays, although it
depends on the proton spectrum and the magnetic field
structures (e.g., Essey & Kusenko 2010; Murase et al. 2012).
This proton power can be affordable based on our estimate.

In our paper, it is found that the maximum proton energy is
~ ´ ´ - -E f P3 10 6 10 10 erg sp B,max

14 4 1 2
jet

46 1 1 2( ) ( )
h -10 eVg

4.5 1( ) [ ]. Here, the required primary proton energy for
secondary gamma-rays is 2E 10p

17 eV (e.g., Essey &
Kusenko 2010; Murase et al. 2012; Tavecchio 2014; Yan
et al. 2015a; Zheng et al. 2016). It would be difficult to
generate asignificant amount of secondary gamma-ray photons
to explain the TeV gamma-ray data. Therefore, following the
standard DSA scenario and the one-zone SSC model with the
assumption that protons and electrons have the same accelera-
tion efficiency, it may be difficult to expect secondary gamma-
rays from escaped protons. However, the secondary gamma-ray
photons arrive with delays from ∼0.1–100 years for photons of
>1 TeV for the sources at >z 0.2 assuming proton injection
energy at 1017eV, which can be longer for lower proton
injection energies (Prosekin et al. 2012). Therefore, different
physical parameters need to be considered for the secondary
component. Moreover, as blazars are variable, TeV gamma-ray
spectra can be dominated by the secondary gamma-rays
averaged over past faring activities. Turbulent magnetic fields
can be expected at flaring states, which may accelerate protons
to much higher energies. Furthermore, as we discussed in
Section 6, protons can be accelerated to higher energies by
large-scale turbulences than we estimated.
Essey & Kusenko (2012) also pointed out that sources with

redshifts >z 0.15 are more likely to exhibit the secondary
gamma-ray component. In our paper, however, only four-
sources are at >z 0.15 (Table 1). Further detailed studies of
distant blazars are necessary to probe the secondary gamma-ray
scenario in detail. The next generation TeV gamma-ray
telescope Cherenkov Telescope Array (CTA; Actis et al.
2011) will test the existence of secondary gamma-ray photons
by individual distant sources (e.g., Takami et al. 2013; Essey &
Kusenko 2014) and by statistical samples (Inoue et al. 2014).

8. SUMMARY

In this paper, we study the energetics and particle
acceleration efficiency of 13 nearby TeV gamma-ray detected
HBLs using amulti-wavelength spectral analysis. We use the
MAXI/GSC, Swift/BAT, Fermi/LAT, and low-state IACTs
data. Becauseleptonic SSC models successfully reproduce
HBL SEDs, we consider one-zone SSC models. Assuming
electrons are accelerated by the DSA processes, we are able to

Figure 14. Comparison of Pjet of our 13 HBL samples between the models in
which g ¢min is determined by the shocked energy (Equation (13)) or the mass
ratio of mp/me (Equation (34)). Solid and dashed lines correspondto the (Pjet
[mass ratio])/(Pjet [energy ratio])=0.1 and 0.01, respectively.

Figure 15. Same as Figure 14 but for há ñg .
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Assuming that g 5 0.3, appropriate for rapidly rotating black holes,
we have _Mc2~Ldisk=g. Figure 2 shows Pjet versus _Mc2 for all our sources.
The white stripe indicates Pjet 5 _Mc2, and the black line is the best-fit
correlation (log(Pjet) 5 0.92log( _Mc2) 1 4.09) and always lies above the
equality line. This finding is fully consistent with recent general relativ-
istic magnetohydrodynamic numerical simulations9 in which the average
outflowing power in jets and winds reaches 140% of _Mc2 for dimension-
less spin values a 5 0.99. The presence of the jet implies that the gravita-
tional potential energy of the falling matter can not only be transformed
into heat and radiation, but can also amplify the magnetic field, allowing
the field to access the large store of black hole rotational energy and
transform part of it into mechanical power in the jet. This jet power is
somewhat larger than the entire gravitational power ( _Mc2) of the accret-
ing matter. This is not a coincidence, but is the result of the catalysing
effect of the magnetic field amplified by the disk. When the magnetic
energy density exceeds the energy density (,rc2) of the accreting matter
in the vicinity of the last stable orbit, the accretion is halted and the
magnetic energy decreases, as shown by numerical simulations9,22 and
confirmed by recent observational evidence10.

The mass of the black holes of the FSRQs in our sample has been
calculated12 assuming that the size of the broad line region scales with
the square root of the ionizing disk luminosity as indicated by rever-
beration mapping23,24, and by assuming that the clouds producing the
broad emission lines are virialized. The uncertainties associated with
this method are large (dispersion of s 5 0.5 dex for the black hole mass
values25), but if there is no systematic error (Methods) then the average
Eddington ratio for FSRQs is reliable: ÆLdisk/LEddæ 5 0.1 (LEdd; Eddington
luminosity; Extended Data Fig. 2). This implies that all FSRQs should
have standard, geometrically thin, optically thick accretion disks26. There-
fore, the more powerful jets (the ones associated with FSRQs) can be
produced by standard disks with presumably no central funnel, con-
trary to some expectations27,28.

A related issue is the possible change of accretion regime at low accre-
tion rate (in Eddington units), or, equivalently, when Ldisk=10{2LEdd.

In this case, the disk is expected to become radiatively inefficient, hotter
and geometrically thick. How the jet responds to such changes is still an
open issue. An extension of our study to lower luminosities could pro-
vide some hints. Another open issue is how the jet power depends on
the black hole spin29. Our source sample consists by construction of lumi-
nous c-ray sources that presumably have the most powerful jets, and
thus have the most rapidly spinning holes. It will be interesting to explore
less luminous jetted sources, to gain insight into the possible depen-
dence of the jet power on the black hole spin and the possible existence
of a minimum spin value for the jet to exist. In turn, this should shed
light on the longstanding problem of the radio-loud/radio-quiet quasar
dichotomy30.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 1 | Radiative jet power versus disk luminosity. The radiative jet power
versus the disk luminosity, calculated as ten times the luminosity of the broad
line region. Different symbols correspond to the different emission lines
used to estimate the disk luminosity, as labelled. All objects were detected using
Fermi/LAT and have been spectroscopically observed in the optical12,13. Shaded
areas correspond to 1s, 2s and 3s (vertical) dispersion, where s 5 0.5 dex.
The black line is the least-squares best fit (log(Prad) 5 0.98log(Ldisk) 1 0.639).
The average error bar corresponds to uncertainties of a factor of 2 in Ldisk

(ref. 16) and 1.7 in Prad (corresponding to the uncertainty in C2).
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Figure 2 | Jet power versus accretion power. The total jet power estimated
using a simple one-zone leptonic model17, assuming one cold proton per
emitting electron, versus _Mc2 calculated assuming an efficiency g 5 0.3,
which is appropriate for a maximally rotating Kerr black hole. Different
symbols correspond to the different emission lines used to estimate the disk
luminosity, as in Fig. 1. Shaded areas correspond to 1s, 2s and 3s (vertical)
dispersion, where s 5 0.5 dex. The black line is the least-squares best fit
(log(Pjet) 5 0.92log( _Mc2) 1 4.09). The white stripe is the equality line. The
average error bar is indicated ( _Mc2 has the same average uncertainty of Ldisk; the
average uncertainty in Pjet is a factor of 3).
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