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| outline the basics of a lepto-hadronic inhomogeneous @ehfor the non-thermal broadband
emission of radio galaxies and Active Galactic Nuclei (AGNEcalculate the contribution of
relativistic particles, primary electrons and protons &bl &@s secondary muons, charged pions
and electron-positron pairs, to the electromagnetic specof the sources. The distribution
in energy of all particle species is obtained for an extend@tbmogeneous region. | include
detailed analysis of particle energy losses, injectionagi@nd escape from the acceleration zone
and | also calculate absorption effects due to photon-phatmihilation. As an application, |
consider the well-known FR | radio galaxy Centaurus A, abgaburce detected by high-energy
instruments and suspected to be a cosmic radio source.
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1. Introduction

Active Galactic Nuclei (AGNs) can produce radiation alongstnof the electromagnetic spec-
trum. In the case of blazars and some nearby Faranhof-Rilpg Tradio galaxies, gamma-ray
emission has been detected up to TeV energies. To modehtigsien is a challenge to the current
understanding of the physical mechanisms operating iretbegrces, not only because of the huge
energy budget and the complexities of the spectra, but asause of the very rapid variability
observed in some sources. This latter fact constraintsrttitieg region to be located in a small
region, likely in the relativistic jets present in all radaud sources.

The usual approach to deal with the AGN non-thermal emis&do consider the sudden
injection of a population of primary relativistic partisldeither electron or protons) in a small,
homogeneous region of the jet, close to the central supsiveaklack hole (e.g. Bétcher 2007,
Sikora 2011). The physical conditions in the inner jets hosyever, likely far from homogeneous,
and the acceleration mechanism (e.g. diffusive shock at@n, magnetic reconnection, or shear
accelerations — see Rieger et al. 2007) is likely to operatbath charged leptons and hadrons.
Hence, more complex models should be explored.

Here , | outline an inhomogeneous model that takes into axtdmath primary electrons and
protons, their transport, the production of secondary aniiaty particles, the transport of these
locally generated particles, and all relevant processatirlg to non-thermal radiation and its ab-
sorption and re-emission. The model is developed from ptsvivork done by Romero & Vila
(2008), Reynoso & Romero (2009), and Vila & Romero (2010)is Itliscussed in full detail by
Reynoso et al. (2011). | will show results of the applicatidisuch a model to explain a broadband
set of data from Centaurus A, the nearest radio galaxy, wieéshbeen suggested to be a cosmic
ray accelerator long ago (e.g. Romero et al. 1996), andtheaatected byFermi gamma-ray
satellite and other instruments (Abdo et al. 2009).

2. Jet mode€

The model described here is presented in detail in Reynosdjrid, & Romero (2011). Two
symmetrical jets are injected at a distaage- 50R; from a black hole of maddlgH; Ry = GMBH/02
is the gravitational radius of the black hole. The outflowatbes with a bulk Lorentz factdre,
expanding laterally as a cone of half-opening angde | assume that the radiative part of the jet
terminates at = Z,ng. The angle between the jet axis and the line of sigiét is

The accretion power of the black hole is taken as a fractich@fssociated Eddington lumi-
nosity, Lacer= GacclbEdg- FOllowing the disk-jet coupling hypothesis of Falcke & Bieann (1995),
| assume that a fraction of the accretion energy powers tBe Zjet = Cetlacer With Qjet ~ 0.1.
The factor 2 takes into account the existence of a jet and ateget.

The mean value of the magnetic field at the jet injection pdiagt= B(z), is determined
demanding equipartition between the magnetic and kinetegy densities. For largen parame-
terize the magnetic field as a power |&8(z) = By(z/2)™, with 1 <m< 2.

Part of the jet power is converted into kinetic energy oftreistic particles through a diffusive
shock acceleration mechanism in a region where the magemigy has drop to values such as
the fluid is compressible by internal plasma collisions. pbeer injected in relativistic particles
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iS Lrel = OreiLjet. Both protons and electrons are accelerated, 6= Le + L, wherelL, andL. are
the power injected in relativistic protons and electrorspectively. These two quantities relate as
Lp = ale, with a> 1 a free parameter.

The acceleration region is located zt. > zp. The value ofz, is such that the magnetic
energy density is smaller that the jet kinetic energy dgradithat distance from the black hole (see
Komissarov et al. 2007 for a discussion on this topic). Theition function of relativistic primary
protons and electrons is assumed to be of the form

Q(E,2) = Qo f(2) E‘“exp<— E > [Q=erg tcm3st. (2.1)

max
Here Emax(2) is the maximum energy that particles can achieve at fixéidis determined by the
balance of the total energy loss rate and the acceleratien(see below). The functiofi(z) is
given by a step-like function, that is unity far< znax and becomes negligible for larger

Neutral and charged pions are created through the interact relativistic protons with
photons and non-relativistic protons. Whereas neutraipidecay into photons, charged pions
yield neutrinos, muons and electrons/positrons; muonaiin tlecay into neutrinos and elec-
trons/positrons. Electron/positron pairs are also diyéojected in proton-photon collisions. For a
complete list of expressions regarding the injection fioms of secondary particles, see Reynoso
& Romero (2009), Romero & Vila (2008) and references therein

The isotropic steady-state energy distribution of relstie primary and secondary particles
in the jet co-moving reference framal(E,z) (erg~tcm~3), is calculated solving the transport
equation (Khangulyan et al. 2008)

JON ON 0 <dEN> N

W"’Vconvg‘i‘a_E a E:Q(E,Z) (22)

This equation takes into account particle injection, cotiea, energy losses and removal of parti-
cles due to decay. The convective terggdN/dz, whereveon, ~ Viet is the particle convection ve-
locity, allows to incorporate the effect of the variatiorthvz of the parameters that characterize the
acceleration region. This is not accounted for in one-zoondets where the acceleration/emission
region is assumed to be homogeneous, or at least thin enougtygtect all spatial dependence.
The decay term is non-zero only for pions and muons. In casemryfrelativistic bulk motions
corrections are necessary and the equation can be writi@heddb 1985):

N
+E:Q(E>Z)' (2.3)

S TP g€ \dt
| include both adiabatic and radiative energy losses. Inctse of leptons (primary electrons,
secondary electron/positron pairs and muons) | considsekdue to synchrotron radiation, rela-
tivistic Bremsstrahlung and inverse Compton scatterirgg.@rotons and pions, | take into account
cooling due to synchrotron radiation and inelastic callis with photons and thermal protons. The
synchrotron field of primary electrons is used as targetgrhbeld for inverse Compton scattering,
proton-photon and pion-photon collisions. External phet@ields from the disk and ambient gas

are also included in calculations for specific sources witilable observational data. Convenient
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expressions for the energy loss rates for all these prosessebe found in Reynoso et al. (2011),
Reynoso & Romero (2009), and Romero & Vila (2008).

The maximum energy of primary protons and electrons at fedsddetermined equating the
total energy loss rate with the acceleration rdi/dt|,..= necBz). The acceleration efficiency
n < 1 depends on the physical details of the acceleration mezhahsimply regard it as a free
parameter of the model.

For a given set of values of the model parameters, radiatieud due to all the interaction
processes mentioned above can be calculated. The cordespgdarmulas for the photon emissiv-
ities and other details about the calculations are predant®omero & Vila (2008), Reynoso &
Romero (2009) and references therein.

Finally, the correction to the primary emission spectrune ¢lu internal photon absorption
through pair creatioryy — e*e, is estimated. The opacity,, for this process is calculated as in
Gould & Schréder (1966).

3. Application to CentaurusA.

Centaurus A (Cen A) is the nearest active galaxy, located &b Mpc. A full but not up-
date description can be found in Israel (1998). In order fayathe model to the inner jet of this
source | consider the the set of parameters listed on TablEnh#. cooling rates for high energy
electrons and protons for this configuration are shown inEigvhile the obtained electron and
proton distributions\e(E,z) andNp(E, z) are presented in Fig. 2.

It can be seen in Fig. 1 that the relevant energy looses ardodggnchrotron cooling for
electrons angby interactions for protons. Since the plot corresponds tinjeetion zone £ = z,¢),
py interactions are favored by a large density of target protamresponding to the synchrotron
emission of electrons. These photo-hadronic interactimasot so important for protons outside
the injection zone.

It is important to notice that the maximum energy achievdbtethe protons in this context
is of 2x 10’ GeV. These protons can not account for the UHE cosmic raystiet by the Pierre
Auger Observatory in the direction of Cen A but it gives a himbther explanations. If neutrons
of the same energy are produced by pion photo-productiaddrike jet, these could been beamed
along the jet and decay into protons near the outer radics|okieere they would be re-accelerated
up to the observed energies by Auger.

Fig. 2 shows that the electron distribution drops quicklyhvwad at the end of the injection
zone, while the proton distribution is also important ferttalong the jet. This is a consequence
of the different energy loss rates of the particles: eleroool very rapidly emitting synchrotron
radiation, and protons lose energy at a much lower rate gptiopagate along the jet.

The SED of CenA (see Fig. 3) includes the HESS spectrum in tH&E Yange together
with data fromFermV/LAT, CGROCOMPTEL,RXTEand INTEGRAL | also include data from
HSTNICMOS and WFPC2, SCUBA at 800m, ISO and SCUBA (45m and 850um), XMM-
Newton,Chandrg andSuzaku See Reynoso et al. (2011) for full references. The datesgwiti
from a single epoch.

The FermVLAT analysis revealed that the high-energy spectrum isvariable over the first
ten months of scientific operation of the instrument. Thésdy behavior is also supported by the
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Figure 1. Accelerating and cooling rates for electrotesfty and for protonsri{ght) at a distance = zycc
from the central engine of Cen A. In the case of electrons ii#-grey dashed line correspond to the
first calculation of the IC cooling rate taken into accounlyosynchrotron cooling to obtain the electron
distribution. A second approximation to the electron disttion leads to the IC cooling rate indicated in
white circles.
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Figure 2: Distributions of primary particles as function of the eneand the distance to the core inside the
Cen A jetLeft electronsright: protons.
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Table 1: Model parameters for Cen A

Parameter Value

Mph: black hole mass 10°M,,

Ry: gravitational radius 1.47 x 10%%cm
Jekt'” jet kinetic power atg 6.28x 10*erg st

Qjet: ratio 21_1(';'” /LEqd 0.1

[et(20): bulk Lorentz factor of the jet a 3

0: viewing angle 30

éjet: jet’s half-opening angle B°

Orel: jet’s content of relativistic particles .05

a: hadron-to-lepton power ratio .@e5

Zo. jet’s launching point S50Ry

Om: Magnetic to kinetic energy ratio at.c 0.38

Zace Injection point 132Ry

Az size of injection zone 2Zxcctanéjer = 11.5 Ry

B(zacc): magnetic field atacc 3065G

m: index for magnetic field dependence on 15

S. injection spectral index 18

n: acceleration efficiency 102

ES™: minimum proton energy 3GeV
(m'”) : minimum electron energy .DGeV

Eé,max) maximum primary proton energy 210” GeV

Eé 2. maximum primary electron energy 200GeV

Ny: column dust density 10?3 cm 2

Ne(Zaco): cold matter density inside the jet &g 3x10fcm3

HESS experiment, which also reported a constant flux fromACeven thoughCGROdata shows
some variability with at least two emission states durireypikriod 1991-2000.

Since the set of measurements composing the SED of Cen Atesighbmogeneous in time
and angular resolution, so one should be very careful inmgtieg to interpret any fit of all the
spectrum simultaneously. In particular, the data that detfire bump in the hard-X-rays-Q.1
MeV) have been taken more than 10 years ago with a poor anggalution and long integration
times. The lack of a good spatial resolution makes impaosgibdistinguish the emission compo-
nents (jet, nucleus or other radiation sources). Furthezmamote a discrepancy between the flux
normalization ofFermiLAT and HESS, which is not yet fully understood.

Nevertheless, the application of the model yields a spleetrargy distribution which is basi-
cally consistent with the multi-wavelength emission fromn.

An important role is played by absorption due to photoiotiiza interactions in the sur-
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rounding dust. This arises due to the large value of the coldensity of neutral hydrogen,
Ny = 10?%cm™2. A drastic modulation is then imprinted in the electron syotron spectrum,
which is responsible for the whole emission in the broadbange 10° — 10’eV. Such situation
is possible if electrons can be efficiently accelerated=(0.01) to high energies with a rather flat
spectral indexg= 1.8). The internalyy absorption does not modify significantly tipa contri-
bution of gamma-rays, since it is only important within tingettion zone, which is a negligible
region of the jet compared to the one in whigh collisions occur (see Fig. 2).
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Figure 3: Model output for the SED of Cen A. The different emission @sses are indicated, together with
the total output. The recent observational data is alsoaded:FermiLAT (black filled diamons) and HESS
spectra (black filled triangles). The rest of the data paintsespond to instruments mentioned in the text.

| evaluate the accompanying neutrino output using the satnef parameters. The obtained
differential flux, weighted by the squared energy is plotitedrig. 3 together with the estimated
sensitivity of KM3Net for one year of operation. It can bersée this figure that the neutrino
signal produced by p and py interactions would not be observable by KM3NeT detectoust |
one year of observation. It is to be noticed, however, thatsinsitivity level shown in the plot
actually corresponds to a neutrino spectrum wittEgr dependence, which is a bit steeper than
in the present case. Hence, it can be expected that the aetusitivity for the flux will be better
than what is shown here, so with two or three years of datagakiwould be possible to achieve
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Figure 4: Differential neutrino flux weighted by the squared energpieslicted by the model for Cen A.
Dotted line Approximate KM3Net sensitivity for 1 year operation.

detection.

4. Conclusions

I have presented a model for the broadband spectrum of tlee jers of AGNSs that includes
the radiative contribution of electrons, protons and sdaonparticles generated by several interac-
tion processes. The energy distributions of all speciegwbtained solving the transport equation
in an inhomogeneous region, taking into account coolingction, convection and decay. | also
assessed the effect of photon absorption in the jet. The Inn@seapplied to fit the observed spec-
trum of the FR | radio galaxy Cenaturus A. Rapid variabilignde introduced in the model through
shock interactions with small inhomogeneous regions geeerby Kelvin-Helmholtz instabilities
(Romero 1995). This will be developed in detail in a forthégoegnpaper.
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