arXiv:1007.0455v1 [hep-ph] 2 Jul 2010

Very High Energy Cosmic Rays from Centaurus A

Nissim Fraija^∗, Sarira Sahu^∗ and Bing Zhang^† ∗Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Circuito Exterior, C.U., A. Postal 70-543, 04510 Mexico DF, Mexico †Department of Physics and Astronomy, University of Nevada, Las Vegas, NV 89154, USA

Centaurus A is the nearest radio-loud AGN and is detected from radio to very high energy gammarays. Its nuclear spectral energy distribution shows two peaks, one in the far-infrared band and another at about 150 keV. By assuming the second peak is due to the electron synchrotron emission and the power index for the differential spectrum of the very high energy cosmic ray proton to be 2.7 we show that only pp interaction is responsible for the observed GeV-TeV emission from Centaurus A. We also found that indeed many very high energy cosmic ray protons from Centaurus A can arrive on Earth thus supporting the recent observation of two events by Pierre Auger Observatory.

PACS numbers: 98.70.Rz; 98.70.Sa

I. INTRODUCTION

Centaurus A (Cen A or NGC 5128) is the nearest active radio galaxy with a distance of approximately 3.8 Mpc and redshift z = 0.002. Because of its proximity, Cen A is one of the best studied radio galaxies although its bolometric luminosity is not large by an AGN standard. Optically, Cen A is an elliptical galaxy undergoing late stages of a merger event with a small spiral galaxy. From Cen A, sufficiently large amount of photometric data is available to build a well sampled spectral energy distribution (SED). The emission from the nucleus of Cen A has been observed in radio, infrared, X-ray, γ-ray[1–5] and also in the GeV-TeV range[6–12]. Recently the Fermi Large Area Telescope (LAT) has also observed Cen A in the energy range 0.2 to 100 GeV[12]. Observations in different wavelengths show that Cen A has FR I morphology having two radio lobes, non-blazar source with a jet inclination of about 50^0. It has a central supermassive black hole of mass m_{BH} ∼ (0.5 − 1.2) × 10^8 M_⊙. The nuclear SED shows two peaks, one in the far-infrared band (∼ 4 × 10^{−2}eV ) and another at about 150 keV.

High energy γ-Rays are produced due to non-thermal process where the particles are accelerated to ultra relativistic energies. Detection of GeV-TeV photons from Cen A signifies that, Cen A has the potential to produce very high energy cosmic rays. Recently Pierre Auger Collaboration reported a correlation between ultra high energy cosmic rays (UHECRs) and nearby AGN within ∼ 75 Mpc. In particular two of these events fall within 3.1^0 around Cen A, thus strengthening the possibility that this object is a strong candidate for UHECR source. By assuming the two events are from Cen A the expected rate of UHE neutrinos in detectors like IceCube are estimated [13, 14]. By using the same hypothesis the diffuse neutrino flux from Cen A are estimated[15]. Also the flux of high energy cosmic rays as well as the accompanying expected secondary photons and neutrinos are calculated from hadronic models[16].

It is logical to argue that the astrophysical objects which are producing UHECRs also produce high energy γ-rays due to interaction of the UHECRs with the background[16–20]. We have to also keep in mind that apart from the hadronic interaction (pp and pγ) with the background, there are leptonic processes (e.g. electron synchrotron, Inverse Compton (IC) Scattering, etc.) also responsible for the production of high energy γ-rays and efficiencies of both the hadronic and leptonic processes depend on the background particles and/or the magnetic field. By using the currently available GeV-TeV gamma-ray data from Cen A, it has been stressed in the literature that only hadronic interaction is insufficient to explain the two events from Cen A[21].

Our paper is organized as follows: In section 2, we discuss different processes which are responsible for the production of gamma-ray in Cen A and how it is compared with the observed photon spectrum. Section 3 is devoted to estimate the number of events from Pierre Auger Observatory (PAO) and its relation with the CR normalization constant. A summary of the observations of very high energy gamma-rays above 250 GeV by different experiments and calculation of expected events from these experiments are discussed in section 4. We briefly conclude our results in section 5.

II. GAMMA-RAY EMISSION PROCESS

The main mechanisms responsible for production of γ-rays in astrophysical objects are the: synchrotron emission by charge particles (protons and electrons), inverse Compton (IC) scattering of electron by background photons, inelastic scattering of high energy cosmic ray proton with the background protons and the photons, and also the photo-de-excitation of nuclei. Depending on the projectile energy and the nature of the surrounding environment of the astrophysical object some or many of the above processes can be effective. Here we study the case of Cen A where we have to analyze which are the most probable mechanisms to produce the high energy γ-rays[22, 23].

In general for mildly relativistic systems like AGNs, proton synchrotron radiation is an inefficient process in comparison to electron synchrotron radiation and the energy loss rate of proton is (m_p/m_e)^4 ∼ 10^{13} times slower than the electron. Also emitted photon energy from the proton is (m_p/m_e)^3 ∼ 6 × 10^9 times smaller than the photon emitted by the electron of same energy as proton. The above analysis is also true for a relativistic system[24] where proton synchrotron process is suppressed in comparison to the leptonic one. So in this case we neglect the proton synchrotron radiation process as compared to the electron synchrotron one. On the contrary in Gamma-Ray Bursts, where the jet is ultra-relativistic, synchrotron emission by proton can be an efficient process. Also the photo-de-excision contribution to the γ-ray is very small in Cen A environment, so we do not take this into account here. In general, the energetic electrons which are Fermi accelerated in the jet of Cen A can have a power spectrum given by dN_e dE_e = A_e (_{Ee} E_0 )_{−α} E_e < E_{e,b} E_{e,b} E_0 (_{Ee} E_0 )_{−(α+1)} E_e ≥ E_{e,b} . (1)

The constant A_e has the dimension of photon/keV/cm^2/s and E_0 is the energy normalization constant which can vary depending on the range of energy one considers. The above electrons will lose energy through synchrotron emission and the break in the electron energy E_{e,b} is given by E_{e,b} = 6πm^2_e σ_T ξ_B Γ^5 β^2 f_{es} Δt^{obs} L^{obs}_γ , (2)

and correspondingly the break in the photon energy is given by E^{obs}_{γ,b} = 27π^3em_e 2σ^2_T f^2_{es} Γ^8 β^4 ( 1 2ξ_B )_{1/2} Δt^{obs} (L^{obs}_γ )^{3/2}

, (3)

where σ_T ≃ 6.65×10^{−25} cm^2 is the Thompson scattering cross section and β = [(Γ^2 −1)/Γ^2]^{1/2}. Also Γ, ξ_B , Δt^{obs} and f_{es} are respectively the bulk Lorentz factor within the jet, fraction of energy carried by the magnetic field, observed time variability and ratio of shell expansion time to synchrotron emission time which is given by

f_{es}(E_e) = {_{Ee} E_{e,b} Ee < Ee,b 1 E_e ≥ E_{e,b} . (4)

The L^{obs}_γ corresponds to the observed luminosity in the observed range of photon energies.

With the synchrotron self-Compton model, M. Chiaberge et al. have reproduced the whole nuclear emission of Cen A by taking the bulk Lorentz factor Γ ≤ 3 − 5 and these values are consistent with the mildly relativistic[25, 26] or a little more [27] proper motions observed on sub-parsec scales[28]. Also in ref.[29] using SSC model they estimate the Γ < 2.5 in parsec scale. The observation of Cen A during 1973 to 1983 in X-rays below 100 keV has shown greater than an order of magnitude variation on time scales of years [30–32]. Later observations have also shown variability on similar timescales [33, 34] but no high luminosity state was detected since 1985.

In the present work we assume that the second peak at 150 keV in the nuclear SED region is solely due to the electron synchrotron emission in the nuclear region of Cen A and we use the energy normalization E_0 = 100 keV [35]. The free parameters in the electron synchrotron model are Γ, ξ_B , Δt^{obs} and f_{es}. But from the above discussions we know that jet in Cen A is mildly relativistic and around 100 keV range the time variability is of order years. In order to fix the observed photon energy E^{obs}_{γ,b} = 150 keV by synchrotron emission we take the parameters Δt^{obs} ≃ 1 yr, Γ = 4.2, ξ_B = 0.2 and f_{es} = 0.1. The two parameters Γ = 4.2 and Δt^{obs} ≃ 1 yr imply that the jet in Cen A is mildly relativistic and the time variability is order of year in this keV range of the photon energy. Here we further assume that the same time variability also holds around 150 keV. The parameter ξ_B = 0.2 signifies that the equipartition energy in the magnetic field corresponds to 20% of the total luminosity. Using the above values of the parameters, the magnetic field is given by,

B = 1.8 × 10^{−4} √ ξ_B 0.2 ( Γ 4.2 )_{−3}( Δt^{obs} 1yr )_{−1}( L^{obs}_γ 3.78 × 10^{42}erg/s )_{1/2} G. (5) Also the time variability corresponds to a distance scale of r ∼ 2Γ^2Δt^{obs} ≃ 10.8 pc which is in the nuclear region of Cen A.

Cen A has a dusty torus within 100 pc of the black hole, with high column density and there can be infrared emission from it. Additionally we also assume that the first peak at around ∼ 4 × 10^{−4} eV in the nuclear SED has contribution from electron synchrotron emission. But for electron synchrotron emission to be operative in this region the time variability is much smaller compared to the one for 150 keV peak and one can consider the minimum variability time scale Δt^{obs} ∼ 1 day [36]. To fix the first peak we keep the bulk Lorentz factor Γ = 4.2 as before but vary ξ_B and f_{es}. In this case both ξ_B and f_{es} are small compared to their corresponding values for 150 keV . This shows that for low energy peak the synchrotron cooling is very very slow and also the equipartition energy in the magnetic field is very small. As discussed in ref.[24], the energy dependence of the differential photon spectrum for electron synchrotron emission is proportional to E^{−2/3}_γ below the break energy ∼ 4 × 10^{−4} eV. In a very recent paper by Araya and Cui[37] it is argued that a diffuse electron population that is uniformly distributed over the entire supernova remnant of Cassiopia A can contribute to radio and infrared fluxes. Also in ref.[38, 39] it is shown that in the infrared region of Cen A the best fitted photon spectral index lies around 0.89 ± 0.25 and 0.84 ± 0.18 which further strengthen the non-thermal synchrotron origin of the infrared emission.

It has been suggested that both radio and X-ray emission in the inner jet of Cen A are produced by relativistic electrons with Lorentz factor γ ≃ 8 × 10^7 in 60 μG magnetic field[40]. With our fitted parameters we found that the magnetic field lies very close to 60 μG as shown in Eq.(5) and at the same time the electron Lorentz factor at the break energy is γ ≃ 2.3 × 10^7. The maximum observed photon energy for the above Cen A parameters is given by E^{obs}_{γ,max} = 9πe^2 8σ_T ηm_e Γ β^2 ≃ 1.65 GeV, (6) where η ∼ 1. If the second peak of nuclear SED is due to electron synchrotron emission, the maximum observed photon energy from this process is 1.65 GeV and the synchrotron photon spectrum is given by ( dN_γ dE_γ ) syn = A_e 2 ( 1 C_eE_0

)^{(−α+2)}_2 (_{Eγ,b} E_0

)_− 1_2 (_{Eγ}

E_0

)_−^{(α+1)}_2 E_γ < E_{γ,b} (_{Eγ} E_0

)_−^{(α+2)}_2 E_γ ≥ E_{γ,b} , (7)

where

C_e = 3πe 8m^3_e 1 Γ^4 ( ξ_B 2 )_{1/2} 1 Δt^{obs} (L^{obs}_γ )^{1/2}, (8)

and E_{γ,b} = 150 keV is the break in photon energy corresponding to the break in electron energy. Inclusion of the first break at far-infrared energy in Eq.(7), the condition E_γ < E_{γ,b} will be replaced by 4 × 10^{−4} eV < E_γ < E_{γ,b}. During the period 1991-1995, the observation of Cen A by Compton Gamma-Ray Observatory (CGRO) revealed the break in the spectral energy distribution νF_ν around 150 keV with a maximum flux of about ∼ 10^{−9} erg/cm^2/s[36]. By considering a mean power law index ∼ 1.85 the observed luminosity in the energy range 40 keV to 1200 keV is L^{obs}_γ = 3.78 × 10^{42}erg/s[30] where the differential photon spectrum can be given by ( dN_γ dE_γ )_{obs} = A_γ ( E_γ E_0 )_{−λ} , (9)

with A_γ ≃ 5.87 × 10^{−5}/keV/cm^2/s. But it is observed that below 150 keV the power index λ ∼ 1.8 − 2.0 and for E_γ ≥ E_{γ,b} it is 2.4 ± 0.28 . The observed spectrum is related to the synchrotron spectrum at the source as ( dN_γ dE_γ )_{obs} ≃ 4Γ^4(Δt^{obs})^2 d^2_z e^{−τint} ( dN_γ dE_γ ) syn , (10)

where d_z = 3.8 Mpc is the distance of Cen A from us, and τ_{int} is the optical depth of photon in the jet. The term e^{−τint} in the above equation corresponds to the decrease in observed spectrum due to γγ interaction in the photon background of the jet. In this energy range we have observed that τ_{int} ≤ 10^{−8} and does not reduce the observed photon spectrum[41] which is shown in Figure 1 for different observed luminosities. So for low energy, one can neglect the contributions due to γγ interactions. Here we use α = 2.7 as seen in the diffuse UHECR flux just before the Greisen-Zatsepin-Kuzmin cut off assuming that like proton, electron also follows the same power spectrum. So in Eq.(7), α = 2.7 is consistent with the observed with the observed photon spectrum as described in Eq.(9). Comparison of Eq.(9) with Eq.(10) gives A_e ∼ 5.4 × 10^{12}/keV/cm^2/s.

In the Inverse Compton (IC) scattering process, the energy of an IC photon is very high and for 40 keV minimum observed photon energy the electron Lorentz factor is γ ∼ 6.2×10^7. So for IC to be operative in this region, the photon

FIG. 1: We have shown the internal photon optical depth τγγ as a function of photon energy Eγ in the nuclear region of the jet for three different luminosities. These are (a) continuous line is for L^{obs}_γ = 3.78 × 10^{42} erg/s, (b) Dashed line is for L^{obs}_γ = 1.18 × 10^{41} erg/s and (c) Dot-dashed line is for L^{obs}_γ = 2.0 × 10^{39} erg/s.

energy has to be really very small and for this reason we do not consider the contribution from IC process[32, 42]. The combined OSSE (0.05 - 4 MeV) [36], COMPTEL[43] and EGRET (0.1 - 1GeV) [6] data is fitted by doubly broken power law with two break energies (∼ 150 keV and 16.7^{+27.3}_{−16.3} MeV). The spectral indices are λ ≃ 1.74 for E_γ < 150 keV, λ ≃ 2.3 for 150keV ≤ E_γ < 16.7^{+27.3}_{−16.3} MeV, otherwise λ ≃ 3.3 for E_γ > 16.7^{+27.3}_{−16.3} MeV. But the second break at E_γ > 16.7^{+27.3}_{−16.3} has large uncertainty and also the spectrum is almost smooth around and beyond this energy. So in the present analysis we do not take into account for this break and assume that the power index is 2.35 well fitted.

We have shown in Eq.(6) that the electron synchrotron process contributes up to maximum observed photon energy ∼ 1.65 GeV . Also in the nuclear region r ∼ 10.8 pc, the inelastic collision of Fermi accelerated protons with the background protons will produce γ-rays due to decay of neutral pions[13]. In this case the minimum observed energy of proton is E^{obs}_p ≃ 5.2 GeV of which about 18% goes to a photon[44, 45] which corresponds to E^{obs}_γ ≃ 0.93 GeV . So for E^{obs}_γ ≥ 0.93 GeV , pp collision will also produce γ-rays and the projectile high energy protons (due to Fermi acceleration) do not have a break energy (the only break in proton energy will come from the proton synchrotron emission which is given by E_{p,b} ≃ 2.8 × 10^{27} eV ). In the nuclear region the same Fermi accelerated protons colliding with the background photon should also produce photons through delta resonance and its flux can also compete with the one from pp process. By considering the highest detected energy bin found by the Energetic Gamma-Ray Experiment telescope (EGRET) at a break energy ≃ 200 MeV [6, 14], we observed that the pγ process starts to contribute at energy E_{γ,min} ≃ 1.4 GeV. But the flux ratio of pp to pγ is about ∼ 3.13 × 10^{14} at 1.4 GeV photon energy which increases by a very small amount for higher energies which shows that pγ process is negligible and does contribute to the very high energy gamma rays.

In the observed photon energy range 0.93 GeV to 1.65 GeV both electron synchrotron and pp interaction will contribute and the pp contribution can be given by ( dN_γ dE_γ ) π^0pp = f_{π0pp} ( 2 δ )_{2−α} A_p Γ^{−α} ( E_γ E_0 )_{−α} , (11) where f_{π0pp} = ΓΔt^{obs}n_pσ_{pp}, (12) δ = 0.18 and n_p is the proton density in the jet and σ_{pp} ≃ 4.5 × 10^{−26} cm^2. The energy normalization we have used here is E_0 = 1 GeV . Around r ∼ 10.8 pc from the central black hole the proton density can be in the range of 10^4/cm^3 to 10^6/cm^3 ref.[13, 32]. Here we consider an intermediate value of n_p ∼ 10^5/cm^3 and the optical depth of the process is τ_{pp} = rn_pσ_{pp} ≃ 0.15, which shows that about 15% of the protons will interact to produce photons. In this energy range the photon power spectrum from both electron synchrotron and pp are proportional to E^{−(α+2)/2}_γ and E^{−α}_γ respectively. Also it is important to note that we have not observed any break in photon energy around 0.93 GeV and beyond and on top of that the photon power spectrum is well fitted with the index 2.4 ± 0.28 in the energy range 30 MeV to 10 GeV [6]. The EGRET has measured the average flux above 100 MeV (100 MeV to 10 GeV) from Cen A which is N_γ = (13.6±2.5)×10^{−8} photons/cm^2/s and for λ = 2.35 the luminosity obtained is L^{obs}_γ = 1.19×10^{41} erg/s. As we have discussed earlier, from 100 MeV to 0.93 GeV, the luminosity is only due to the electron synchrotron radiation which is given as L_γ ≃ 9.24 × 10^{40} erg/s. On the other hand in the energy range 0.93 GeV to 1.65 GeV, the luminosity from electron synchrotron is L_γ ≃ 1.85 × 10^{40} erg/s and from pp is L_γ ≃ 3.23 × 10^{39} erg/s. Finally the luminosity in the range 1.65 GeV to 10 GeV from pp process is L_γ ≃ 4.69 × 10^{39} erg/s. So we have to adjust the parameters n_p and A_p so that photon spectrum from pp interaction will overlap with the one from electron synchrotron. But once we fix the value of the parameter n_p in the nuclear region (we take n_p ≃ 10^5/cm^3), only A_p has to be adjusted. The observed photon spectrum in the energy range 0.93 GeV to 1.65 GeV is ( dN_γ dE_γ )_{obs} ≃ 4Γ^4(Δt^{obs})^2 d^2_z e^{−τint} [( dN_γ dE_γ ) syn + ( dN_γ dE_γ ) π^0pp ] . (13)

The fitted value of A_p is given by A_p = 1.8 × 10^3/GeV/cm^2/s. Now we shall turn to the high energy range i.e. above 250 GeV in which many collaborations have measured the photon flux and also the spectral index. As we have discussed pγ process is negligible compared to the pp process, so only pp process will contribute to the very high energy gamma-ray production in Cen A. For E_γ ≥ 250 GeV only pp process will contribute. But before that we would like to estimate the number of events from PAO which is shown in the next section.

III. COSMIC RAY EVENTS FROM PIERRE AUGER OBSERVATORY

The Pierre Auger Observatory (PAO) had reported a correlation between ultra high energy cosmic rays (UHECR) and nearby AGN within ∼75 Mpc[46, 47]. Roughly 10 cosmic ray events are concentrated around the Centaurus direction, a region with a high density of AGNs and two of these events fall within 3 degrees from Cen A suggesting that it could be the first evidence of the UHECR source. Although the composition of these CR events are unknown, we assume them to be protons[16, 21].

In general the intergalactic magnetic field plays a major role in deflecting the CR protons from their original direction. But the deflection angle Δθ is inversely proprotional to the CR proton energy and for a 57 EeV proton it is less than a degree, if we take the intergalactic magnetic field to be of order 10^{−8} G and for higher energy CR protons, the deflection will be still smaller. So the propagation of CR protons from Cen A with energy ≥ 57 EeV are almost ballistic and one can neglect the effect of magnetic field on it.

We estimate the expected number of events from Auger array. For a point source, the integrated exposure of PAO is Ξ = 9000/πkm^2 yr and the integral flux of UHECR from PAO can be expressed as N(> E_{min}) = # Events Exposure , (14)

where E_{min} = 57 EeV. One has to also consider the relative exposure ω(δ) for angle of declination δ. For Cen A, δ = 47^∘ and the corresponding value of ω(δ) ≃ 0.64[14]. The time duration for the collection of data by PAO is about 15/4 yr between 1st January 2004 and August 2007. So from the above equation we obtain # Events = 9 × 10^3 km^2 yr π N(> E_{min}) ω(δ) 15 4 e^{−τpp} , (15) where e^{−τpp} is the survival probability of proton due to interaction with the protons in the jet background. Also the integral flux is related to the proton normalization constant A_p as N(> E_{min}) = A_p α − 1 ( E_{min} E_0 )_{−α} E_{min}. (16)

Putting Eq.(16) in Eq.(15) and simplifying we obtain

# Events = 5.75 × 10^2 × A_{p0}, (17)

where we have defined A_p = A_{p0} GeV^{−1} cm^{−2} s^{−1}. We can obtain the value of A_{p0} from different observations/Experiments which are discussed in the next section and using these values we can calculate the expected number of events in these observations.

IV. OBSERVATION OF CEN A ABOVE 250 GEV

As discussed in the introduction, Cen A has been observed in almost all wavelengths. Following are the observations of Cen A in Very High Energy γ-rays (≥ 250 GeV) [48–50]. From each observations we have used their given integral flux and calculate the photon normalization constant A_γ as given in Eq.(9) and after that comparing with the observed spectrum of pp process calculate A_p.

1. The H.E.S.S. Collaboration operates an array of four large imaging Cherenkov telescopes to detect Very High Energy (VHE) γ-rays in located in Southern hemisphere in Namibia. Cen A was observed between April 2004 and July 2008 with total live time of 115.0 hours. The measured integral flux above 250 GeV energy threshold was (1.56 ± 0.67) × 10^{−12} cm^{−2} s^{−1} which was around the central region of the galaxy. Also the measured differential photon spectrum is well described by a power-law with the index ∼ 2.73 and the normalization constant A_γ ∼ 2.45×10^{−13} /T eV/cm^2/s[7]. This gives the luminosity L_γ ∼ 2.58×10^{39} erg/s and A_{p0} = 0.18×10^{−3}.

2. In March 1997, with the Durham Mk6 telescope, Cen A was observed for 6.75 hours with a 3σ flux upper limit above 300 GeV of 5.2 × 10^{−11} cm^{−2} s^{−1}[8]. This gives A_γ ∼ 1.14 × 10^{−11} /T eV/cm^2/s.

3. The JANZOS group observed Cen A from New Zealand during April 1988 and June 1989 for 56.9 hours and reported a 95% confidence level upper limit on the flux above 1 TeV of 3.74 × 10^{−11} cm^{−2} s^{−1} [10] which gives A_γ ∼ 1.14 × 10^{−11} /T eV/cm^2/s. 4. In March and April 1999, Cen A was observed by the CONGAROO 3.8 m telescope for 45 hours with a 3σ flux upper limit above 1.5 TeV of 5.5 × 10^{−12} cm^{−2} s^{−1} for a point source at the core of the galaxy [11] and this gave A_γ ∼ 1.86 × 10^{−11} /T eV/cm^2/s.

5. In March and April of 2004 further observations were made to Cen A with three 10 m telescopes of the CONGAROO-III array for 10.6 hours. For the core region of Cen A with a 2σ flux upper limit above 424 GeV was 4.9 × 10^{−12} cm^{−2} s^{−1} [9] and we obtain A_γ ∼ 1.94 × 10^{−12} /T eV/cm^2/s.

In all of the above VHE γ-ray observations we have fitted the differential photon spectrum with the power index α = 2.7[7, 51, 52] and calculated their normalization constant A_γ . Comparison of A_γ with the observed photon spectrum from the respective process gives the values of A_p which are given in table 1. Using this A_p we calculate the number of events from these different observations.

It is observed that the H.E.S.S. collaboration results give less than one event during the observation period of 15/4 years. On the other hand during the same observation period the Durham Mk6 telescope, CANGAROO-III, JANZOS and CANGAROO observations could have given respectively 5.06, 0.86, 16.61 and 8.26 events in PAO due to pp interaction in Cen A. So our analysis shows that many UHECR protons from Cen A can be observed by PAO.

V. CONCLUSIONS

The Cen A is observed in almost all the energy band and its nuclear SED shows two peaks of which one is around 150 keV and another is in the far-infrared band. In this work we assumed that the peak around 150 keV is due to the electron synchrotron radiation and adjust the parameters Γ, ξ_B , Δt^{obs} and f_{es} so that the observed photon energy E^{obs}_γ is 150 keV. In this fitting we have Γ = 4.2 and Δt^{obs} = 1 yr correspond to the fact that the jet is in the nuclear region r ∼ 10.8 pc and it is mildly relativistic which is being observed in Cen A. The magnetic field obtained around

TABLE I: Observation of Cen A by different Experiments with their respective lower observed photon energy limits are shown here. We also show their corresponding proton normalization constant and the expected number of CR proton events.

Experiment [ref.] Eγ Ap0 # Events H.E.S.S.[7] ≥ 250 GeV 0.18 × 10^{−3} 0.1 Durham[8] ≥ 300 GeV 8.81 × 10^{−3} 5.06 CANGAROO-III [9] ≥ 424 GeV 1.5 × 10^{−3} 0.86 JANZOS [10] ≥ 1 TeV 28.9 × 10^{−3} 16.61 CANGAROO [11] ≥ 1.5TeV 14.38 × 10^{−3} 8.26

the nuclear region is about 180 μ G[40]. We found that the IC process does not contribute to the observed photons in the GeV-TeV range. In our model the maximum energy up to which the electron synchrotron contributes is 1.65 GeV and the other process which contributes to high energy (1 to 10 GeV) to very high energy (≥ 250 GeV) is the pp process. Unfortunately the pγ process is very small compared to the pp process.

We compared the observed photon spectrum from different observations by taking the spectral index α = 2.7 with the calculated one from the pp process, which determines the normalization constant A_p for the cosmic ray (CR) protons. We use the A_p from these observations to calculate the number of events from PAO and found that indeed many CR protons above 57 EeV can arrive on Earth from Cen A. In a recent paper in the context of Cassiopia A, a young supernova remnant, Araya and Cui[37] have also independently come to the same conclusion that synchrotron emission from the electron can account for the radio to X-ray emissions and additional hadronic component is needed to explain the GeV emission thus providing evidence for the production of cosmic rays.

We are grateful to S. Nagataki and Y. Y. Keum for many useful discussions. This work is partially supported by DGAPA-UNAM (Mexico) Project No. IN101409 and Conacyt Project No. 103520 (SS) and by NASA NNX09AO94G and NSF AST-0908362 (BZ).

[1] F.P. Winkler and A.E. White, Astrophys. J. 199, L139 (1975) [2] R.F. Mushotzky, W.A. Baity, W.A. Wheaton and L.E. Peterson, Astrophys. J. 206, L45 (1976) [3] C.S. Bowyer, M. Lampton, J. Mack and F. de Mendonca, Astrophys. J. 161, L1 (1970) [4] W.A. Baity et al., Astrophys. J. 244, 429 (1981) [5] M. J. Hardcastle, D. M. Worrall, R. P. Kraft, W. R. Forman, C. Jones and S. S. Murray, Astrophys. J. 593, 169 (2003) [arXiv:astro-ph/0304443].

[6] P. Sreekumar, D. L. Bertsch, R. C. Hartman, P. L. Nolan and D. J. Thompson, Astropart. Phys. 11, 221 (1999) [arXiv:astro-ph/9901277].

[7] F. Aharonian [HESS Collaboration], arXiv:0903.1582 [astro-ph.CO]. [8] P. M. Chadwick et al., arXiv:astro-ph/9903346. [9] S. Kabuki et al., arXiv:0706.0367 [astro-ph].

[10] W. H. Allen et al. [JANZOS Collaboration.], Astrophys. J. 405 (1993) 554. [11] G. P. Rowell et al., Astropart. Phys. 11, 217 (1999) [arXiv:astro-ph/9901316].

[12] A. A. Abdo et al. [Fermi LAT Collaboration], Astrophys. J. 700, 597 (2009), arXiv:0902.1559 [astro-ph.HE]. [13] F. Halzen and A. O’Murchadha, arXiv:0802.0887 [astro-ph].

[14] A. Cuoco and S. Hannestad, Phys. Rev. A D 78, 023007 (2008), arXiv:0712.1830 [astro-ph]. [15] H. B. J. Koers and P. Tinyakov, Phys. Rev. D 78, 083009 (2008), arXiv:0802.2403 [astro-ph]. [16] M. Kachelriess, S. Ostapchenko and R. Tomas, New J. Phys. 11, 065017 (2009), arXiv:0805.2608 [astro-ph]. [17] G. E. Romero, J. A. Combi, L. A. Anchordoqui and S. E. Perez Bergliaffa, Astropart. Phys. 5, 279 (1996), [arXiv:gr-qc/9511031].

[18] C. Isola, M. Lemoine and G. Sigl, Phys. Rev. D 65, 023004 (2002), [arXiv:astro-ph/0104289]. [19] M. Honda, Astrophys. J. 706, 1517 (2009), arXiv:0911.0921 [astro-ph.HE].

[20] M. Kachelriess, S. Ostapchenko and R. Tomas, Int. J. Mod. Phys. D 18, 1591 (2009) [arXiv:0904.0590 [astro-ph.CO]]. [21] N. Gupta, JCAP 0806, 022 (2008) [arXiv:0804.3017 [astro-ph]].

[22] G. B.Ribicki and A. P.Lightman, Radiative Processes in Astrophysics, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2004, Germany.

[23] F. A. Aharonian, Very High Energy Cosmic Gamma Radiation, World Scientific Publishing Co. Pte. Ltd., 2004, Singapore. [24] N. Gupta and B. Zhang, Mon. Not. Roy. Astron. Soc. 380, 78 (2007) [arXiv:0704.1329 [astro-ph]]. [25] M. Orellana and G. E. Romero, AIP Conf. Proc. 1123, 242 (2009) [arXiv:0902.0731 [astro-ph.HE]]. [26] M. Chiaberge, A. Capetti and A. Celotti, Mon. Not. Roy. Astron. Soc. 324, L33 (2001) [arXiv:astro-ph/0105159].

[27] J. P. Lenain, C. Boisson and H. Sol, arXiv:0807.2733 [astro-ph]. [28] D. L. Jones et al., Astrophys. J. 466 (1996) L63 [arXiv:astro-ph/9606023]. [29] K. Meisenheimer et al., arXiv:0707.0177 [astro-ph]. [30] I. A. Bond et al. A&A307, 708 (1996) [31] T.J. Turneret al Astroph. Journal 475, 118 (1997) [32] F. P. Israel, arXiv:astro-ph/9811051.

[33] P. Grandi et al., Astrophys. J. 593, 160 (2003), [arXiv:astro-ph/0304244]. [34] R. E. Rothschild et al., Astrophys. J. 641, 801 (2006), [arXiv:astro-ph/0512451]. [35] E. Jourdain et al., Astrophys. J. 412, 586 (1993) [36] R.L. Kinzeret al, Astrophys. J. 449, 105 (1995) [37] M. Araya and W. Cui, [arXiv:1006.5962 [astro-ph.HE]]. [38] A. Capetti et al., arXiv:astro-ph/0007435.

[39] M. J. Hardcastle, R. P. Kraft and D. M. Worrall, Mon. Not. Roy. Astron. Soc. Lett. 368, L15 (2006) [arXiv:astro-ph/0601421].

[40] E. J. Schreier et al., Astrophys. J. 251, 523 (1981) [41] P. Bhattacharjee and N. Gupta, Astropart. Phys. 20, 169 (2003) [arXiv:astro-ph/0211165]. [42] E. D. Feigelson et al., Astrophys. J. 251, 31 (1981) [43] H. Steinle et al., Astronomy & Astrophysics 330, 97 (1998) [44] V. Cavasinni, D. Grasso and L. Maccione, Astropart. Phys. 26, 41 (2006) [arXiv:astro-ph/0604004]. [45] R. M. Crocker, M. Fatuzzo, R. Jokipii, F. Melia and R. R. Volkas, Astrophys. J. 622, 892 (2005), [arXiv:astro-ph/0408183]. [46] J. Abraham et al. [Pierre Auger Collaboration], Astropart. Phys. 29, 188 (2008) [Erratum-ibid. 30, 45 (2008)], [arXiv:0712.2843 [astro-ph]].

[47] M. Lemoine, Nucl. Phys. Proc. Suppl. 190 (2009) 174.

[48] R. W. Clay, B. R. Dawson and R. Meyhandan, Astropart. Phys. 2 (1994) 347. [49] R. W. Clay, B. J. Whelan and P. G. Edwards, arXiv:1001.0813 [astro-ph.HE]. [50] W. H. Allen et al. [JANZOS Collaboration], Astropart. Phys. 1, 269 (1993). [51] M. Raue et al., arXiv:0904.2654 [astro-ph.CO].

[52] J.E. Grindlay, R. Hanbury, J. Davis and L.R. Allen, Astrophys. J. 197, L9 (1975).