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Abstract: TeV gamma rays have been observed from blazars as well as from radio galaxies like M 87 and

Centaurus A. In leptonic models, gamma rays above the pair production threshold can escape from the ultra-

relativistic jet, because large Lorentz factors reduce the background photon densities compared to those

required for isotropic emission. Here we discuss an alternative scenario, where very high energy photons are

generated as secondaries from ultrahigh energy cosmic rays interactions in the cores of active galactic nuclei.

We show that TeV gamma-rays can escape from the core despite large infrared and ultraviolet backgrounds.

For the special case of CentaurusA,we studywhether the various existing observations from the far infrared to

the ultrahigh energy range can be reconciled within this picture.
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1 Introduction

Centaurus A (Cen A or NGC 5128) is the nearest active

galaxy, with a distance of only 3.8Mpc (Rejkuba 2004).

Photon emission from the nucleus of the galaxy has been

detected in the radio, infrared (IR), X-ray, and in the

GeV–TeV range. Additionally, Abraham et al. (2007)

reported two ultrahigh energy cosmic rays (UHECR)

within 3.1 deg around Cen A in the data from the Pierre

Auger Observatory (PAO), thus offering the possibility

for multi-messenger studies of this object. Such an

effort has been undertaken e.g. by the present authors

(Kachelrieß, Ostapchenko & Tom�as 2009a). Assuming

that Cen A accelerates protons to ultrahigh energy (UHE)

and normalizing the obtained UHECR flux to the PAO

observations, we predicted the accompanying gamma-ray

and neutrino fluxes for two models: shock acceleration in

the radio jet and acceleration in regular electromagnetic

fields or shocks close to the core. Recent measurements

of the GeV and TeV photon fluxes from Cen A by the

Fermi-LAT (Cheung et al. 2009) and HESS (Aharonian

et al. 2009) collaborations allowed us to exclude the

former— photons are produced as secondaries in proton–

proton (pp) interactions in the radio jet, they can leave

the source freely, and subsequent interactions with the

extragalactic background light (EBL) result in a very

flat TeV gamma-ray spectrum that is inconsistent with

HESS data (Kachelrieß, Ostapchenko & Tom�as 2009b).
Moreover, the HESS data are consistent with a point

source at the center of CenA, although the relatively large

angular resolution does not allow one to distinguish

between the core and the inner jet as the TeV source.

Note that the low flux of TeV gamma-rays observed from

Cen A does not allow to narrow down the source region

studying the time-variability, as e.g. in the case M 87,

where the strong time-variability observed (Acciari et al.

2009) excludes the outer jet region as the source of TeV

photons, challenging even the knot HST-1 as the source.

Moreover, the large Lorentz factors implied by the sim-

plest self-synchrotron Compton models are often not

supported by radio data (Piner, Pant & Edwards 2008).

While hadronic models for the origin of TeV gamma-rays

have their own problems, they offer an alternative source

of TeV photons that may partly avoid the problems of

leptonic models.

There is a large variety of hadronic models proposed

for Cen A or similar radio galaxies. There are models

where TeV gamma-rays are produced in the immediate

vicinity of the supermassive rotating Kerr black hole

(Neronov &Aharonian 2007; Rieger & Aharonian 2008),

in the inner jet via the proton-synchrotronmodel (Reimer,

Protheroe & Donea 2004; Orellana & Romero 2009), or

in the large-scale jet via proton–proton interactions

(Hardcastle et al. 2008). Only the latter model is dis-

favoured by the HESS data.

We shall not consider hadronic models using the jet as

an acceleration site (e.g. Reimer et al. 2004; Hardcastle

et al. 2008; Orellana & Romero 2009), but shall concen-

trate here on the second model discussed by Kachelrieß

et al. (2009a). This model is based on hadronic accelera-

tion near the core of the active galactic nucleus (AGN),

and has the virtue of predicting TeV gamma-ray fluxes

that are in good agreement with the later HESS

observations. Moreover, this kind of model is in a sense

complementary to leptonic models for acceleration

CSIRO PUBLISHING

Publications of the Astronomical Society of Australia, 2010, 27, 482–489 www.publish.csiro.au/journals/pasa

� Astronomical Society of Australia 2010 10.1071/AS09072 1323-3580/10/04482

https://doi.org/10.1071/AS09072 Published online by Cambridge University Press

https://doi.org/10.1071/AS09072


close to the core: while in the latter models TeV photons

can escape only for a low photon background in the

central AGN region (Rieger & Aharonian 2008, 2009),

hadronic models require large ultraviolet (UV) and/or IR

backgrounds for the efficient production of UHECR

secondaries.

The aim of this article is twofold. First, we want to

illustrate why TeV gamma-rays can escape in hadronic

models from an AGN core, although the optical depth tgg
is extremely large, tgg(E,TeV),103. To be more gen-

eral,we consider various modifications of our original

model, examining e.g. the influence of an additional IR

background and a variation of themaximal energyEmax of

the accelerated protons. Second, we apply our results to

the special case of Cen A. In particular, we discuss if and

how the various observations of Cen A from the far IR to

the UHE range can be reconciled.

The outline of the paper is as follows. In Section 2, we

recall our model in its original version that is character-

ized by the dominance of UV photons in pg and gg
interactions. In Section 3, we extend these calculations,

varying the photon background density in the core region

as well as Emax. We summarize in Section 4.

2 Ultraviolet Dominated Background

We start by recalling the general features of our model;

for more details refer to Kachelrieß et al. (2009a).

Acceleration near the core of the AGN can proceed via

shock acceleration in accretion shocks or via accelera-

tion in regular fields. We do not describe the accelera-

tion process microscopically but rather assume that

acceleration to UHE takes place in the AGN core and

produces a power-law flux of UHECRs, dN/dEpE�a.

We performed calculations for different choices of a and
for a broken power-law spectrum, with a1¼ 2.6 for

E4 1018 eV and a2¼ 2 for Eo 1018 eV. In order to

account for the PAO observations we set Emax¼ 1020 eV

in this section.

The spectral energy distribution (SED) of AGNs

partly shows a ‘big blue bump’ that is thought to be

thermal emission in the UV range from an accretion

disk. Because of the obscuring dust lane, the UV emis-

sion of Cen A cannot be observed directly, therefore we

used the emission from an optically thick, geometrically

thin accretion disk as a theoretical model (Shakura &

Syunyaev 1973). More specifically, we used M¼ 1�
108M} for the mass of the black hole, _M ¼ 6�
10�4 M� yr�1 for the accretion rate (Evans et al. 2004)

and chose the radius of the last stable orbit for a

Schwarzschild black hole R0¼ 3Rs¼ 9� 1013 cm as

the smallest radius of the acceleration and emission

region. Since the surface brightness drops fast with the

radius, most of the radiation is emitted close to the core.

To simplify the treatment, we described the emission

region as a sphere of radius R1¼ 15Rs filled with a

homogeneous, isotropic photon field of constant density

nUV(e), as discussed in more detail in Kachelrieß et al.

(2009a). In addition, we assume that a hot corona

produces an X-ray component with nX(e),e�1.7. The

photon densities ni(e) are normalized from the relation:

Li ¼ pR2
1c

Z
de e niðeÞ ¼ Zi _Mc2; ð1Þ

using the measured luminosity LX¼ 4.8 � 1041 erg s�1 in

the 2–10 keV range for X-ray photons (Evans 2004;

Markowitz 2007) and choosing the efficiency ZUV¼ 10%

in the UV range. Finally, we assumed that IR photons are

distributed on a much larger spatial scale such that the

corresponding density nIR(e) can be neglected.

Photons, electrons, and positrons (electromagnetic

[EM] particles) produced in pg interactions further cas-

cade on the UV photon background via pair production,

inverse Compton scattering, and synchrotron emission.

The latter contribution to the cascade, due to the regular

and turbulent magnetic fields, requires a separate discus-

sion — electrons move along the regular field lines,

emitting synchrotron and curvature radiation. We

describe these processes by an effective randommagnetic

field. Because of the rather high energies of the electrons

involved, synchrotron emission proceeds in the quantum

regime, i.e. with x� eB>Ee/me
3* 1. Consequently, elec-

trons emit a small number of high-energy photons instead

of producing a semi-continuous spectrum of low energy

photons. Thus, the cascade develops in a very peculiar

way: photons are pair-producing on the background

photons, while electrons contribute mainly to the cascade

via synchrotron radiation. We verified that the resulting

spectrum depends onlyweakly on the assumed strength of

the effective magnetic field strength B. Changing B by

four orders of magnitude from 10�2 up to 102G has only a

minor impact on final photon spectra leaving the source.1

The predicted photon spectra after cascading in the

EBL are compared to recent HESS and preliminary

Fermi-LAT data for three different choices of injection

proton spectra in Figure 1. Remarkably, the obtained

spectral shape in the TeV range depends only weakly on

the proton spectral slope and agrees well with the HESS

data for all the three cases considered. However, the

broken power-law proton spectrum results in a too high

photon flux in the GeV range, in contradiction to the

Fermi data.

Let us now discuss the feature of our numerical results

that may be most interesting from a general point of view.

How can TeV gamma-rays leave the AGN core despite

the large UV density? To illustrate this problem, in

Figure 2 we plot as a red line the optical depth tgg(E) as
a function of energy for a photon propagating through the

distance range [R0, R1] corresponding to the UV emission

‘photosphere’. The optical depth is of order 103 in the TeV

1
For high-energy electrons, the characteristic parameter for the syn-

chrotron emission x remains large over a wide range of magnetic field

strengths, which thus assures that the emission proceeds in the quantum

regime.
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range and one expects that most electromagnetic energy

cascades down in the 10GeV range, forming a character-

istic spectral plateau.

There are two different contributions to the final TeV

photon flux. To understand the first one, it is useful to

consider separately the development of the EM cascade

inside (RoR1) and outside (R4R1) the emission region.

In the former case, the angular distribution of UV photons

is isotropic. The emission photosphere is opaque for

TeV gamma-rays. However, UHE photons (E* 1018 eV)

interact with the background photon fields in the deep

Klein-Nishina regime (Ee44 sthr¼ 4me
2). Since the pair

production cross section decreases as 1/E above the

threshold, the core region appears to be transparent for

them. Outside the emission region UV photons are aniso-

tropic. At large distances r44R1 their density goes down

as nUV,(R1/r)
2 and their momentum vectors obey

cos y ¼ p � rjpjjrj � 1� ðR1=rÞ2: ð2Þ

Thus p becomes more and more collinear with the

momentum vector of the outgoing EM cascade particles.

At large enough distances, UHE photons interact there-

fore with the UV background close to the threshold, s

¼ 2Ee(1� cos y),4me
2, and the produced TeV photons

leave the source vicinity freely. To illustrate this picture,

we also show in Figure 2 the optical depth for a photon

injected at r¼ 4R1 as a blue line.

The second contribution to the final TeV photon flux

are muons created in pg- npþ reactions. Their decay

length forEE 1018 eV becomes comparable to the sizeR1

of the isotropic UV region. Thus most UHE muons decay

outside in the ‘collinear region’, where the cascade stops

above the TeV scale.

In summary, the TeV gamma-ray flux is formed by

decays of UHE muons and by re-shuffling UHE photons

with E* 1017 eV in the anisotropic UV background

surrounding the source region.

It is worth stressing the salient points of this picture.

First, both processes require a sufficiently high flux of

UHE photons or muons. Such particles can only be

generated as secondaries from accelerated hadrons.

Second, the observed gamma-ray spectrum is essentially

formed in the source vicinity. Subsequent interactions

with the EBL lead only to minor modifications. Third,

the EM cascade in the source vicinity, which re-shuffles

photons of energies E* 1018 eV to the TeV range,

includes a large number of particle generations (emission

steps). As a consequence, the photon spectral shape in the

TeV range depends rather weakly on the proton injection

spectrum; the latter rather defines the normalization of the

spectral ‘plateau’ in the GeV range.

By contrast, photons leave the source freely when they

are produced by protons accelerated over long distances

(, kpc) in the radio jet. The further re-shuffling of UHE

photons in interactions with the EBL results in a very flat

TeV gamma-ray spectrum (Kachelrieß et al. 2009a), in

contradiction to the HESS observations.

3 Varying the Photon Background and Emax

Several of the assumptions underlying our analysis in the

last section were chosen on the basis of weak empirical

evidence. In detail, these assumptions are:

1. A negligible impact of the IR photons on the cascade

development.

2. The large value of Emax¼ 1020 eV.

3. The size of the UV bump, with an efficiency of

ZUV¼ 10%, as defined in Equation (1).
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Figure 2 The optical depth tgg for photon–photon interactions
inside the UV emission region (roR1, red line) and outside in the
quasi-collinear regime (r4 4R1, blue line) only on UV photons.
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Figure 1 Photon (solid lines) and proton (dashed) fluxes from
Cen A, normalized to the PAO results, for different proton injection
spectra (solid): broken power-law (black), power-law with a¼ 2
(red), and power-law with a¼ 1.2 (blue), compared to the data of
HESS and Fermi-LAT.
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The objective of this section is to discuss how the

results obtained in Kachelrieß et al. (2009a), and sum-

marized in Figure 1, aremodified by relaxing the previous

assumptions, i.e., varying the background photon field of

the source as well as Emax. In the following, we shall use

the present estimate M¼ 5� 107M} for the black hole

mass of Centaurus A (Cappellari et al. 2008), which

corresponds to the inner radius of the acceleration/

emission region R0C 4.5� 1013 cm. We shall always

use a dN/dE,E�2 spectrum for the injected protons,

and if not otherwise stated ZUV¼ 5%.

3.1 Infrared Background

We start by investigating the effect of varying the IR

background on the TeV photon spectra. Conventionally,

the dominant contribution to the SED in the IR range is

supposed to be formed by the thermal emission from the

dust torus and is thus distributed on multi-parsec scales.

Nevertheless, recent interferometry measurements by

Meisenheimer et al. (2007) indicate that a significant part

of the near IR emission (from 60% at l¼ 13 mm up to

80% at l¼ 8 mm) is due to a compact unresolved source of

size RIRo 0.2 pc. (Note, however, that those results are

challenged by Radomski et al. 2008.) Moreover, it has

been speculated by Meisenheimer et al. (2007) that the

whole SED from the IR down to the radio range is mainly

generated by a tiny synchrotron source of the size

RIR,0.01 pc. Since the optical depth scales as tpR�1,

interactions with IR photons close to the core should

seriously modify the picture discussed in Section 2.

In order to analyze the phenomenological conse-

quences of an IR background on the TeV photon spectra,

we consider two different parametrizations of the SED

shown in Figure 3: (i) with a cutoff in the far IR, as one

expects if IR photons are due to thermal emission of the

torus (Marconi et al. 2000); (ii) the whole SED from the

IR down to the radio range emitted by the same source

of size RIR as suggested by Meisenheimer et al. (2007).

Additionally, we have varied the spatial size of the IR

source over two orders of magnitude, RIR¼ 1, 0.1 and

0.01 pc.

Before showing the results, let us first discuss how the

presence of the IR background modifies the interaction

depth of photons and protons. The relative size of the

contribution of the (isotropic and anisotropic) UV and the

IR backgrounds to the total optical depth of photons is

illustrated for the two parametrizations of the SED and

two source sizes, RIR¼ 1 and 0.01 pc in Figure 4. Let us

first consider the contribution to the optical depth due to

photon interactions with the IR background in the UV

emission region, i.e., at RoR1E 10�4 pc, which can be

obtained by rescaling the different curves of Figure 4:

tgg
IR(R1)¼ tgg

IR(RIR)R1/RIR. For most of the cases consid-

ered, photon interactions with IR photons at RoR1 are a

small correction compared to interactions with the UV

background. Thus, the situation is analogous to the one

discussed previously: photons created in the UV region

with energies above 1018 eV can escape. Once they enter

the IR region they cascade down to the 10 TeV energy

range, now both due to interactions with quasi-collinear

UV photons and with the IR photons; see Figure 2.

Therefore the reshuffling mechanism still works. This is

true except for the case of an extreme compact IR back-

ground that explains the full SED, i.e. RIR¼ 0.01 pc

without cutoff. In this case, interactions with IR photons

dominate even inside R1 and make the UV region almost

opaque for photons with energies below EE 1020 eV.
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Figure 3 Parametrizations of the IR part of the SED towards
smaller frequencies, (i) cutoff (red), and (ii) no cutoff (blue) in the
far IR, together with observational data points.
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Figure 4 Photon optical depth due to interactions with the UV
(solid black line) and IR backgrounds for different parametrizations
of the infrared part of the SED: cutoff (blue), and no cutoff (red); for
RIR¼ 0.01 (dashed) and 1 pc (solid).
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As far as the proton interactions with the UV and IR

background are concerned, we show in Figure 5 the

interaction lengths for pg pion interactions assuming

RIR¼ 0.01 pc compared to the size of the UV region R1

and the muon decay length. The threshold energy for

pgUV and pgIR is roughly 1016 eV and 1018 eV, respec-

tively. For this choice of parameters, the interaction depth

tpg above the threshold is of order a few for both photon

backgrounds, while rescaling e.g. to RIR¼ 1 pc gives

tpgpR�1,few % in the IR region. Figure 5 also shows

that muons with energies above a few �1017 eV escape

from the UV region before decaying.

Wenowdiscuss our new results for the photon spectrum

fromCenAand, in particular, if our numerical results agree

with our expectations from the tgg and lpg
int plots. In all

cases we normalize the spectra to the HESS results. In

Figure 6, photon fluxes calculated for themaximalUHECR

energy Emax¼ 1020 eV are plotted for three different sizes

of the IR source, with a cutoff in Figure 6a and no cutoff

in Figure 6b. Compared to case of only UV background

shown in Figure 1, the cutoff observed in the gamma ray

flux ismore pronounced and shifted to lower energies. Still

the shape is consistent with the HESS data, except perhaps

for themost drastic case,RIR¼ 0.01 pcwithout a cutoff. For

all the cases considered, the obtained spectra do not contra-

dict the Fermi data in the GeV range.

How could we obtain a substantial TeV photon flux,

although the core region is completely opaque for UHE

photons? There are again two effects that explain the TeV

photon flux. First, the probability for pg interactions on

IR photons is non-negligible, and for some parameters

even comparable to the one on UV, see Figure 5. Since

tpg,max{tgg}/2000, the distribution of the starting

points for these cascades is shifted outwards and the

remaining path length through the photon gas thus

reduced. Second, the muon mechanism already encoun-

tered in the ‘UV only’ case is again operative. The relative

importance of these two effects depends on the chosen

parameters, in particular the size of the IR and UV

regions, the shape of the IR cutoff as well as Emax.

In order to understand this better, we show in Figure 6b

for the case RIR¼ 0.01 pc not only the total photon flux,

but separately by a dashed red line those photons that were

generated by electromagnetic cascades initiated outside

the UV emission region, i.e., at R4R1. Note that this

includes EM cascades initiated by decaying muons as

lint, UV

lint, IR cutofflint, IR no cutoff

ldec,μ
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Figure 5 Comparison of the size of the UV source R1 (black solid
line) with the interaction length for pg scattering on UV (blue solid)
and IR photons with cutoff (solid magenta) and no cutoff (solid red),
together with the muon decay length (black dashed line), for
ZUV¼ 5% and RIR¼ 0.01 pc.
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Figure 6 Photon fluxes from Cen A normalized to the HESS observations for different sizes of the IR source and for
different parametrizations of the SED: (a) cutoff in the far IR, (b) no cutoff in the far IR (right); Emax¼ 1020 eV.
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well as protons interacting at R4R1. Clearly, the flux

above 1 TeV is dominated by photons that are created as

final products of EM cascades initiated outside the UV

photosphere.

It is remarkable how similar the results presented in

Figure 6 are, being practically independent on the spectral

shape and the spatial extension of the IR background. The

amount of TeV photons produced depends on the flux

of photons generated in the UV region at energies above

1018 eV and being reshuffled in the source vicinity (at

R4R1), of photons originating from proton–gamma

interactions at R4R1, which come mainly from the

decays of produced neutral pions, and of high energy

muons created in the UV emission region and decaying

outside it. Whereas the latter contribution is only deter-

mined by ZUV and R1, the two former ones explicitly

depend on the properties of the IR background. However,

EM cascades stop around 10 TeV for all the IR back-

grounds considered, see Figure 4. This value corresponds

roughly to the cutoff visible in Figure 6.

3.2 Maximum Energy

Deriving the previous results, a maximum energy of

1020 eV for the protons was assumed. Acceleration of

protons to these energies requiresmagnetic field strengths

of order B,kG. This is an order of magnitude higher than

what one would expect from equipartition arguments,

B2/(8p),L/(4pR1
2c), and two orders above the estimate

developed by Bicknell & Li (2007) using a Poynting flux

dominated jet. An enhancement of the field strength

may, in principle, be expected due to the back-reaction of

accelerated (Bell & Lucek 2001). However, alternative

pictures—where the core region acts as a pre-accelerator,

producing protons up to Emax,1018 eV, while accelera-

tion to UHE takes place in the lobes (Hardcastle et al.

2008) or Cen A produces no UHECRs at all — are cer-

tainly also possible.

In this subsection we analyze the consequences of

lowering the maximal energy. In Figure 7, we show the

photon fluxes for three different values of the maximal

UHECR energy, Emax¼ 1018, 1019 and 1020 eV, and for

two different scenarios for the IR background. Reducing

Emax leads to a smaller number of UHECR above the

threshold for interactions on the IR and a smaller number

of muons decaying outside, reducing in turn the TeV

photon flux. Thus keeping the TeV flux fixed, the GeV

flux increases, exceeding the Fermi data for Emax¼
1018 eV and marginally for Emax¼ 1019 eV.

3.3 Ultraviolet Background

The presence of a blue/UV bump in the SED spectrum is a

general characteristic of AGNs. In the analysis reported

in Kachelrieß et al. (2009a), the luminosity of the UV

bump was set to 10% of the accretion rate. Because no

observational data for Cen A exist in this range, the UV

emission could be considerably smaller than we assumed.

This is also suggested by the low accretion rate of Cen A,

that indicates that the accretion is advection-dominated.

Therefore, we analyze in the following the conse-

quences of modifying the UV background. Reducing

the relative importance of the UV background should

lead to a larger fraction of pg interactions on the IR,

thereby enhancing the TeV and reducing the GeV flux.

This effect is demonstrated in Figure 8, where the photon

fluxes for ZUV¼ 0.1% are shown for two IR backgrounds

and RIR¼ 1 pc. The GeV photon flux is now, as expected,

suppressed and even for Emax¼ 1018 eV more or less

consistent with Fermi data, apart from a flatter than

observed spectral shape. This shape coincides with the

flat contribution from the R4R1 expected in the case
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Figure 7 Photon fluxes fromCenA calculated for differentEmax and (a) for a cutoff in the far IR andRIR¼ 1 pc, (b) without cutoff
and RIR¼ 0.01 pc.
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with important UV component; see dashed lines in

Figure 6b. Both with and without cutoffs, one would

expect from the criterion tgg¼ 1 that no photons with

E* few TeV should be observed from Cen A, while

the actual flux for these parameters extends up to few

hundreds of TeV. The extension to high energies is most

prominent for a cutoff in the IR and large Emax. Both

conditions lead to a larger fraction of UHE protons with

energy above the pion production threshold interacting

with the IR photons, and thus to the generation of EM

cascades at relatively large distances from the core.

However, there is a price to be paid for the suppression

of the GeV photon flux: since tpg is now only of order

5% above the threshold, a larger cosmic ray (CR) flux is

required to fit the HESS data. In particular, the CR

luminosity required for the parameters used in Figure 8a

is LCR,tot¼ 2� 1043 erg s�1 using Emin¼ 109 eV. This

value should be compared to the total bolometric lumin-

osity of Cen A, Lbol¼ 1044 erg s�1. Hence such a scenario

requires an uncomfortably large fraction of the total

energy output of the AGN core channeled into CRs.

This problem can be ameliorated reducing the size

of the IR source. Choosing RIR¼ 0.01 pc, the interaction

depth tpg in the IR region increases to tpg,few above the

threshold and as a result the CR luminosity is reduced. In

the particular case of an IR background without cutoff in

the far IR, the required CR luminosity is a factor of five

smaller, LCR,tot¼ 4� 1042 erg s�1 for Emin¼ 109 eV, but

the cutoff is in the 10 TeV range. Thus we predict an

extension of the very high energy (VHE) photon flux from

Cen A into the 100 TeV range, only if the UV background

in Cen A is sufficiently large, ZUV* 1%.

4 Summary

We have investigated the hypothesis that the TeV photons

observedbyHESS fromCenAare produced as secondaries

in hadronic interactions. Varying the parameters of the

photon background in the IR and UV, we have identified

cases for which the predicted VHE photon spectrum

extends beyond the energy cutoff predicted naively from

the condition tgg(Ecut)¼ 1. Such cases can be as diverse as

(i) a dominant UV background with a sufficiently diffuse

IRbackground or (ii) a lowUVbackgroundwith a compact

IR background on a (sub-)pc scale. Applied to Cen A, both

cases predict photon spectra that are compatiblewithHESS

and Fermi data, although for the second option the obtained

spectral shape in the TeV range is significantly flatter than

observed experimentally.Additionally, the first case is also

consistent with the possibility ofCenA as anAuger source.

Within our scenario, the cutoff in the VHE photon flux

from Cen A could be in the 10C 100TeV range, if

(i) Emax* 1019 eV and (ii) either the UV background in

Cen A is sufficiently large, ZUV* 1%, or the source of the

IR background is extremely compact, RIR,0.01 pc.

Depending on the parameters, different mechanisms

contribute to the photon flux in the multi-TeV region:

UHE muons created pg-pþn reactions can carry EM

energy efficiently outwards befor UHE photons interact

in the inner part of the AGN core in the Klein-Nishina

regime, therefore also efficiently channeling EM energy

before they interact in the collinear regime. Finally, pg
interactions on IR photons additionally enhance the high-

energy tail of the photon flux. All three mechanisms

are based on hadronic primaries and require a flux of

UHECRs extending at least to 1018 eV.

Viable combinations of IR and UV backgrounds are

those that allow a sufficiently large fraction of UHE

photons or muons to traverse the UV region and/or that

lead to an adequate number of pg interactions on the IR,

while satisfying luminosity constraints.

Finally, we stress that our findings are not only valid

for Cen A, but could be applied more generally to other
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Figure 8 Photon fluxes from Cen A for RIR¼ 1 pc and ZUV¼ 0.1%: (a) cutoff in the far IR; and (b) without the cutoff in the
far IR.
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AGN as sources of VHE energy photons and in particular

to blazars.
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