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2 Brief description

The works done and currently being developed within our group lie in the
field of particle astrophysics including high energy gamma and neutrino as-
trophysics. The detection of these particles gives the opportunity to under-
stand the physical processes that occur in astrophysical sources: they are not
affected by interaction with extragalactic and galactic electromagnetic fields
before they reach the Earth, and therefore point directly to the source of emis-
sion.
Below we present several abstracts from the papers published in 2015.

• On the gamma-ray emission from 3C 120

We report the analysis of Fermi Large Area Telescope data from five years
of observations of the broad line radio galaxy 3C 120. The accumulation
of larger data set results in the detection of high-energy γ-rays up to 10
GeV, with a detection significance of about 8.7σ. A power-law spectrum
with a photon index of 2.72 ± 0.1 and integrated flux of Fγ = (2.35 ± 0.5)×
10−8 photon cm−2s−1 above 100 MeV well describe the data averaged over
five year observations. The variability analysis of the light curve with 180-,
and 365- day bins reveals flux increase (nearly twice from its average level)
during the last year of observation. During this period the short time inter-
val of source detectability (7- days) indicates the compactness of the emitting
region. The γ-ray spectrum can be described as synchrotron self-Compton
(SSC) emission from the electron population producing the radio-to-X-ray
emission in the jet. The required electron energy density exceeds the one of
magnetic field only by a factor of 10 meaning no significant deviation from
equipartition.

• Detection of Persistent Gamma-Ray Emission Toward SS433/W50

The microquasar SS433 features the most energetic jets known in our Galaxy.
A large fraction of the jet kinetic power is delivered to the surrounding W50
nebula at the jet termination shock, from which high-energy emission and
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2 Brief description

cosmic-ray production have been anticipated. Here we report on the detec-
tion of a persistent gamma-ray signal obtained with the Fermi Large Area
Telescope from an unidentified source which we tentatively associate, given
its 99.9 % confidence level position accuracy and the lack of any other high-
energy emitter counterpart in the studied region, with SS433. The obtained
spectral energy distribution displays a distinct maximum at ∼ 250 MeV and
extends only up to ∼ 800 MeV. We discuss the possibility that the observed
gamma-ray emission is produced through proton-proton collisions at the SS433/W50
interaction regions. If the same mechanism is operating in other baryon-
loaded microquasar jets, their collective contribution could represent a sig-
nificant fraction of the total galactic cosmic-ray flux at GeV energies.

• Fermi-LAT observations of the Sagittarius B complex

We use 5 years of Fermi data towards the Galactic-centre giant molecular
cloud complex, Sagittarius B, to test questions of how well-mixed the Galac-
tic component of cosmic rays are and what the level of the cosmic-ray sea in
different parts of the Galaxy is. We use dust-opacity maps from the Planck
satellite to obtain independent methods for background subtraction and an
estimate for the mass of the region. We then present high-quality spectra of
γ-ray emission from 0.3 to 30 GeV and obtain an estimate of the cosmic-ray
spectrum from the region. We obtain an estimate of the mass of the region of
1.5 ± 0.2 × 107 M⊙ using the Planck data, which agrees well with molecular-
line-derived estimates for the same region. We find the the γ-ray flux from
this region is fitted well with a cosmic-ray spectrum that is the same as is
observed locally, with evidence of a small over-density at intermediate (1–
10 GeV) energies. We conclude that the γ-ray and cosmic-ray spectrum in
the region can be well-fitted using a local cosmic-ray spectrum.
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4 On the gamma-ray emission

from 3C 120

4.1 Introduction

The γ-ray detection by Fermi Large Area Telescope (Fermi ) from non blazar
active galactic nuclei (e.g., Cen A, [6]; M87, [1]; NGC 1275, [2]) shows that
these are different and potentially very interesting classes of γ-ray emitters.
This provides an alternative approach for studying high energy emission pro-
cesses compared to blazars where the emission is strongly Doppler boosted.
At the red shift z = 0.033, 3C 120 is a nearby Seyfert 1 radio galaxy that is
an active and powerful emitter of radiation at all the observed wavebands.
With bright continuum and broad optical emission lines 3C 120 is usually
classified as a broad line radio galaxy (BLRG). Hosting a black hole with a
mass 5.5× 107M⊙, well constrained from the reverberation mapping [45], 3C
120 has a radio morphology more similar to the Fanaroff-Riley class I radio
sources [20]. The source has a powerful one-sided radio jet extending from
a sub-pc up to 100 kpc scales [56]. Observations with the Very Long Baseline
Array at frequencies (22, 43, and 86 GHz) reveal a very rich inner jet structure
containing several superluminal components with apparent speed up to 4-6
c [32, 26, 25] that can be investigated with better resolution than most other
extragalactic superluminal sources because of the relatively low redshift. The
jet inclination angle to the line of sight is constrained to be 14◦ by the mea-
sured apparent motion [19]. Recently, using X-ray and radio observations,
[41] found that dips in the X-ray emission are followed by ejections of bright
superluminal knots in the radio jet, which clearly establishes an accretion-
disk-jet connection.
In X-rays, 3C 120 is a bright (≈ 5 × 10−11 erg cm−2s−1 at 2-10 keV) and vari-
able source on time scales from days to months [27]. The ASCA observation
shows a broad iron line Kα that can be fitted by Gaussian with σ = 0.8 keV
and equivalent width of 400 eV. The knots in the jet of 3C 120 observed in ra-
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4 On the gamma-ray emission from 3C 120

dio and optical bands have also been detected later in the X-ray band with the
ROSAT and Chandra [30], which indicates the existence of high energy non-
thermal particles in these knots. The origin of X-ray emission is highly de-
bated especially when the extrapolation of synchrotron emission fails to take
this emission into account. In these cases it can be explained by the inverse-
Compton scattering of cosmic microwave background (CMB) photons or by
proton synchrotron emission; If so, this component can be extended up to
MeV/TeV range [58, 8].
At high energies (HE; > 100 MeV) the source was not detected with the en-
ergetic gamma-ray experiment telescope on board the Compton Gamma Ray
Observatory, despite several pointing observations [38]. The 2σ upper limit
on the source flux above 100 MeV was set to 9 × 10−8 cm−2 s−1. Afterward,
the source was detected with the Fermi using 15 months of all-sky exposures
[5]. The averaged HE spectrum between 100 MeV and 1 GeV can be de-
scribed by the power law with photon index Γ = 2.71 ± 0.35 and an integral
flux F(E > 100 MeV) = (2.9 ± 1.7stat) × 10−8 cm−2 s−1 with the detection
significance of 5.6σ. However the source is not included in the Fermi second
source catalog ([43], 2FGL) since the averaged signal appeared to be below
the required 5σ threshold. This might be evidence of the long-term variabil-
ity of the flux, since for a steady γ-ray signal the accumulation of longer data
set (24 versus 15 months) should result in an increase of the detection signifi-
cance ≈

√
24/15 × 5.6σ.

[5] and [36] investigated the temporal variations of the γ-ray flux (above 100
MeV) over short timescales. The light curve binned in three-month-long pe-
riods shows only a few episodes when the flux increased on a level more than
3σ. One such episode occurred during the 15-month data set [5] and two oc-
curred during the 24-month data set [36]. The rest of the time, the source was
undetectable by Fermi . This was interpreted as a GeV flux variation on 90-
day scales. However considering only two periods out of eight have been de-
tected and taking trials into account, post-trial significance probably is even
lower than 3σ. Therefore, these conclusions were inconclusive considering
the limited statistics of the detected signal.
The peculiar structure of 3C 120 implies different sites (sources) as the ori-
gin of the detected GeV γ-rays . Clearly, analogous with blazars, the non
thermal beamed radiation can be produced in the innermost part of the jet
on scales less than a kilo-parsec (but not strongly boosted because of the
larger jet inclination angle compared to blazars). In fact, a powerful jet ob-
served at an inclination angle θ ≤ 14◦, producing radio to x-ray flux (with
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4.2 Fermi-LAT data analysis

the luminosity ∼ 1045 erg s−1) via synchrotron emission can produce Doppler
boosted γ-ray flux via inverse Compton scattering. This sort of emission
would appear as variable on week timescales or shorter with the luminosity
Lγ ∼ Urad/UB Lsyn, which in principle can be detected by Fermi , depending
on the magnetic field and emitting region size. On the other hand, the non-
variable γ-ray emission from the extended structures (e.g., extended lobes,
large scale jet, and knots) can extend up to the GeV energies and contribute
(at least at some level) the total observed γ-ray flux. For example, a γ-ray
emission from the extended lobes of nearby Centaurus A radio galaxy con-
tributes greater than one-half of the total source emission [3, 57]. Moreover,
steady γ-ray emission from 3C 120 on the level of Fermi sensitivity has al-
ready been predicted from the jet knots within both proton synchrotron [8]
and beamed CMB inverse Compton scenarios [58]. Therefore the compact
and extended structures both remain possible sites for production of the ob-
served γ-rays .
In general the absence of statistically significant indication of variability intro-
duces uncertainties to distinguish between different emission mechanisms.
In particular for 3C 120 , given the presence of many prominent sites for γ-
ray production, the possible variability (or nonvariability) is crucial for un-
derstanding the origin of HE emission. Moreover, the spectrum only extends
only up to 1 GeV that does not provide any possibility to distinguish between
the mechanisms using the predicted different spectral shapes. Now the larger
data set allows us to study the spectrum with better statistics above 1 GeV,
and to investigate the variability in detail. This motivated us to have a new
look at the γ-ray emission based on the five years of Fermi data.
The paper is structured as follows. The results of spectral analysis are pre-
sented in Sect. 5.2. The temporal analysis is presented in Sect. 5.3. Impli-
cations of different emission mechanisms are discussed in the Sect. 5.4, and
conclusions are presented in the Sect. 4.5.

4.2 Fermi-LAT data analysis

4.2.1 Data extraction

Fermi on board the Fermi satellite is a pair-conversion telescope, operating
since August 4, 2008, and is designed to detect HE γ-rays in the energy range
20 MeV - 300 GeV [13]. It constantly scans the entire sky every three hours
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4 On the gamma-ray emission from 3C 120

and by default is always in the survey mode. Details about the LAT instru-
ment can be found in [13].
For the present analysis, we use publicly available Fermi ∼ 5.3 yr data from
4th August 2008 to 4th December 2013 (MET 239557417–407808003). We use
the Pass 7 data and analyze them using the Fermi Science Tools v9r33p0 soft-
ware package. We select events with zenith angle < 100◦ and with energy
between 100 MeV and 100 GeV. We only used the data when the rocking an-
gle of the satellite was < 52◦, to reduce the contamination from the Earth limb
γ-rays, which are produced by cosmic rays interacting with the atmosphere.
We downloaded photons from a 10◦ region centered on VLBI radio position
of 3C 120 (RA,dec)= (68.296, 5.354) and worked with a 14◦ × 14◦ square re-
gion of interest (ROI). We bin photons with gtbin tool with a stereographic
projection into pixels of 0.1◦ × 0.1◦ and into 30 equal logarithmically-spaced
energy bins. Then with the help of gtlike tool, we perform a standard binned
maximum likelihood analysis. The fitting model includes diffuse emission
components and γ-ray sources within ROI (the model file is created based
on 2FGL) and since 3C 120 is not included in 2FGL, we added a pointlike
source on the known location of 3C 120 (RA,dec)= (68.296, 5.354), [40]. The
Galactic background component is modeled using the LAT standard diffuse
background model gll iem v05 rev1 and iso source v05 for the isotropic γ-
ray background. The normalization of background models as well as fluxes
and spectral indices of sources within 10◦ are left as free parameters in the
analysis.

4.2.2 Spectral analysis

We assume that the γ-ray emission from 3C 120 is described by the power law
and normalization and power law index are considered free parameters, then
the binned likelihood analysis is performed. From a binned gtlike analysis,
the best-fit power law parameters for 3C 120 are

(

dN

dE

)

P

= (4.06 ± 1.0)× 10−10

(

E

100 MeV

)−2.72±0.1

. (4.2.1)

This corresponds to an integral flux of

Fγ = (2.35 ± 0.5)× 10−8 photon cm−2s−1, (4.2.2)
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4.2 Fermi-LAT data analysis

Figure 4.1: The averaged differential spectrum of 3C 120 (above 100 MeV) red
points as compared with that based on the initial 15 month data set [5]. The
dashed black line shows the power law function determined from the gtlike.

with only statistical errors taken into account. The test statistic (defined as
TS = 2(log L - log L0), where L and L0 are the likelihoods when the source is
included or not) is TS = 76.3 above 100 MeV, corresponding to a ≈ 8.7 σ de-
tection significance. The results are consistent with the parameters found in
[5], namely photon index Γ = 2.71 ± 0.35 and integral flux (2.9 ± 1.7)× 10−8

ph cm−2s−1 above 100 MeV. The value TS = 76.3 is above the threshold value
TS=25 and 3C 120 should be included in the upcoming Fermi source catalogs.
Figure 5.1 shows the spectrum of 3C 120 obtained by separately running gtlike
for 5 energy bands, where the dashed line shows the best-fit power law func-
tion for the data given in Eq. (5.2.1). In comparison, results from the previous
study of 3C 120 [5] are presented as blue data points. The highest energy bin
(10-100 GeV), is shown as an upper limit.
Since we used the exposure almost 2.5 times longer than in 2 FGL, this can re-
sult in additional faint sources in the data that are not properly accounted for
in the model file. In order to check if any additional sources were present, the
gttsmap tool is used with the best-fit model of 0.1- 100 GeV events to create a
TS significance map of the 6◦ × 6◦ region. Nevertheless, no significant excess
hot spots (TS> 25) are found. Therefore, the model file used in the analy-
sis gives a good representation of the data. Next, we obtained the source
localization with gtfindsrc, yielding R.A. = 68.205, decl. = 5.38 with a 95%
confidence error circle radius of r95 = 0.05. These localizations are offset by
0.09◦ from the VLBI radio position of 3C 120 (R.A. = 68.296, decl. = 5.354)
[40].
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4 On the gamma-ray emission from 3C 120

Figure 4.2: Gamma-ray light curve from August 4th 2008 to December 4th
2013. The bin size corresponds to 180- (red) and 365- days (blue). The galac-
tic and extragalactic background emission is fixed to the best-fit parameters
obtained for the overall time fit.

4.3 Temporal variability

The variability of the observed γ-ray flux could provide important constraints
on the emitting region(s). The timescale of the observed flux variation τ
would limit the (intrinsic) size of the γ-ray production region to R′/δ ≤ c τ

1+z
where δ is the Doppler factor and z is the red shift. During the previous
variability study, using the accumulation of 90- day Fermi all-sky survey ex-
posures, the source shows two time intervals when TS > 10 whereas it was
mostly being undetectable by Fermi . This could be interpreted as a possible
variability at GeV energies [36].
More observational data set (increased photon statistics) can provide more

detail in this regard. Accordingly, the total observational time (from Au-
gust 4th, 2008 to December 4th, 2013) is divided into different timescales and
light curves are generated using the unbinned likelihood analysis with gt-
like. To minimize uncertainties in the flux estimation, the photon indices of
all sources are fixed to the values obtained in 100 MeV-100 GeV energy range
for the whole time period. Instead, the normalization of 3C 120 and back-
ground point sources are treated as free parameters. Since no variability is
expected from the underlying background diffuse emission, the normaliza-
tion of both background components is fixed to the values that were obtained
for the whole time period.
Fig. 5.2 illustrates the γ-ray flux variation above 100 MeV for 180- and 365-
days sampling with red and blue data points, respectively. It is noticeable that

16



4.4 Disscusion and interpretation

up to ≈ 55400 MJD, γ-rays from 3C 120 are below Fermi sensitivity (detection
significance TS< 10). Afterward a cycle with faint γ-ray emission changes
and then the produced flux is sufficient to be detected by Fermi . For example,
the averaged flux in a year sampling is more than twice higher than its aver-
age level (see Fig. 5.2) with highest test statistics corresponding to TS = 63.8
(similar to 180- day sampling TS = 38.92). This is probably caused by the
changes in emission states, e.g., the source moves in a state that is charac-
terized by more effective production of γ-rays resulting a flux increase. This
flux increase gives proof of flux variability on month timescales.
In addition to reported month timescale variability, flux variation for shorter
time periods e.g., a month or sub-month time-scales has been performed over
the time interval where the increase of flux was detected. Accordingly, the
unibinned likelihood analysis is performed using shorter time sampling (7
- and 15 - days) for the time period > 56000 MJD. A γ-ray signal from the
source is detected above threshold TS > 10 using a sampling of only seven
days. The required condition was fulfilled only in three time intervals with
the maximum detection significance 4.8σ reached in the last week of Septem-

ber 2013. The corresponding flux is (2.15± 0.6)× 10−7photon cm−2s−1 nearly
an order of magnitude higher than average flux level presented in Eq. 5.2.2.
Because of limited statistics, however, no definite conclusions about shorter
time scale variability can be drawn.

4.4 Disscusion and interpretation

The monthly timescale variability of 3C 120 (tvar ∼ 6 month) denotes the
compactness of the emitting region. Under any reasonable assumption for
Doppler boosting, δ = 3 − 5, the emitting region cannot be larger than R <

δ c tvar ∼ 1018 (δ/4) cm. This immediately allows us to exclude jet knots
as the main sites where the observed γ-rays are produced. Most likely, the
γ-rays are produced in a compact region of the jet, e.g., the blob moving
with relativistic velocities. Generally, the broad band spectrum of blazars,
as well as those from radio galaxies, which have jets oriented at systemati-
cally larger angles to our line of sight, are successfully described by the Syn-
chrotron/Synchrotron self-Compton (SSC) model [23, 16, 14]. In this mod-
eling the low energy emission (radio through optical) is represented as a
synchrotron emission from leptons in the homogeneous, randomly oriented
magnetic field (B) while the HE component (from x-ray to HE γ-ray ) is an
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4 On the gamma-ray emission from 3C 120

Table 4.1: SSC modeling parameters presented in Figure 4.3. The Doppler
boosting is assumed to be δ = 4 and emitting region radius Rb ∼ 1018 cm.

B(mG) α γmin γc Ue/UB

solid line 30 2.4 700 1.7 × 104 1.9
dashed line 25 2.8 800 9.8 × 103 16

dot dashed line 25 2.0 2500 1.2 × 104 1.3

inverse Compton scattering of the same synchrotron photons. This kind of
interpretation for 3C 120 is the first choice considering the results of the mod-
eling of the other Fermi observed radio galaxies [6, 1, 2]. Here we apply the
SSC mechanism to model the overall SED of 3C 120 , particularly in the 0.1-
100 GeV energy range. The multifrequency data (sub MeV/GeV energies)
are from the simultaneous (quasi-simultaneous) observations of the 3C 120
[24].
We suppose that the emission is coming from a spherical region with the ra-
dius Rb moving with Lorentz factor Γ = (1− β)−1/2. The emission is boosted
by δ = 1/[Γ(1− β cos(θ))] where θ is the angle between the bulk velocity and
the line of sight. The electron distribution follows N(γ) ∝ γ−αExp[−γ/γc]
with γ > γmin naturally expected from the shock acceleration theories and
the electron energy density (Ue) scales with the one of the magnetic fields
(UB). Then, several independent parameters used in the modeling can be
constrained from the observations. In particular, the superluminal speed puts
an upper limit to the jet’s inclination angle at 14◦ [19]. Thus, the flux would
be modestly boosted with the Doppler factor δ = 4 if the emitting region
moves with the bulk Lorentz factor Γ = 8 at the inclination angle of 12.5◦.
Next, the monthly timescale variability (180− days) implies that the emitting
region is confined to a volume whose radius is determined from the relation
Rb/δ < 4.6 × 1017 cm. The Doppler factor of δ ∼ (3 − 4) requires an emitting
region of ∼ 1018 cm.

We assume that HE emission has a pure SSC origin. As a first step, the
radio data are included in the modeling, which means that the same elec-
tron population is responsible for both synchrotron and inverse-Compton
emissions. The best guess values of electron energy distribution, which al-
lows us to properly reproduce the low and HE data, corresponds to α = 2.8,
γmin = 800, and γc = 9.8× 103 (dashed line in Fig. 4.3). Other model parame-

18



4.4 Disscusion and interpretation

Figure 4.3: The SED of 3C 120 modeled with one-zone SSC component. Black
points refers to the simultaneous (quasi-simultaneous) data from [24] and red
points from Fermi data analysis. The solid, dashed, and dot dashed lines cor-
responds to α = 2.4, 2.8, and 2, respectively. The SSC emission is calculated
using a simulator developed by Andrea Tramacere [55, 54, 42] available at
http : //www.isdc.unige.ch/sedtool/.

ters are presented in Table 4.1. The ratio of nonthermal electron and magnetic
field energy densities is equal to Ue/UB ≈ 16 (for magnetic field B = 25 mG).
In this case, the jet power in the form of the magnetic field and electron ki-
netic energy, given by LB = πcR2

bΓ
2UB and Le = πcR2

bΓ
2Ue, respectively, are

LB = 1.49× 1044 erg s−1 and Le = 2.42× 1045 erg s−1. The total jet power Ljet,

defined as Ljet = LB + Le, corresponds to Ljet ≈ 2.57 × 1045 erg s−1, which is
noticeable high. This interpretation is unlikely since the necessary jet power
is of the same order as Eddington accretion power LEdd = 6.8 × 1045erg s−1

for the 5.5 × 107M⊙ black hole mass in 3C 120 . This is not a strong argument
considering that some blazars might operate in the super-Eddington regime
as follows from observations [15].
However, this is not the case since the jet power can be relaxed, assuming
the hard X-ray emission originates from the thermal Comptonization near
the disk. Thus, the predicted flux from the SSC component falls below the
hard X-ray limit in Fig. 4.3 (solid line). Indeed, a reasonable modeling of
both radio and HE data gives an electron distribution with the index α = 2.4
between γmin = 700 and γcut = 1.7 × 104. The jet energy carried out by par-
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4 On the gamma-ray emission from 3C 120

ticles (electrons) and magnetic field corresponds to Lj = 6.27 × 1044erg s−1,
which is still high but not dramatic. Moreover, unlike the other case, the
electron nonthermal and magnetic field energy densities are close to equipar-
tition Ue/UB ≈ 2 (for B = 30 mG). Even though the ratio Ue/UB ≈ 16 cannot
be rejected, recalling other blazars where the jet is massively out of equipar-
tition, the later modeling has an advantage considering the required total jet
power.
In principle, the radio to X-ray and γ-ray emissions can be produced in dif-
ferent sites (blobs). Supposing the radio flux does not exceed that presented
in [24], the electron distribution with a typical power law index α = 2 pre-
dicted from strong shock acceleration theories can reproduce HE γ-ray data
(dot dashed line in Fig. 4.3). The modeling requires a relatively high low
energy cutoff, γmin = 2500, and energy equipartition between nonthermal
electrons and the magnetic field Ue/UB = 1.3 (for B = 25 mG). Moreover,
the total jet kinetic power is Ljet ≈ 3.4 × 1044 erg s−1 approximately half that
in the previous modeling. From the point of view of the necessary lower en-
ergy, this model has an advantage over previous model. Nevertheless, this
modeling is very sensitive to the choice of the γmin, which can be constrained
only with simultaneous data. Although the radio data presented in Fig. 4.3
are not synchronous, they can be treated as an upper limit. Consequently, the
expected luminosity should not be higher than the above obtained value.
In Fig. 4.3, SSC mechanism provides a good fit to all data except those in the
optical/UV band (1015 − 1016) Hz. This UV excess is likely caused by direct
thermal emission from the accretion disk. Indeed, a thermal component with
a blackbody temperature > 15000 K and a luminosity ≥ 2 × 1044 erg s−1 can
explain detected UV flux. This lower limit to the temperature and luminosity
corresponds to minimal UV flux reported in [24] and presented in Fig. 4.3,
but a hotter and luminous disk is expected to explain observed data. Thus,
SSC radiation plus thermal component (contribution of the accretion disk)
can satisfactorily reproduce the entire SED (including UV data). However
detailed modeling of the thermal component goes beyond the scope of this
paper.

4.5 Conclusion

We report on the recent observations of 3C 120 with Fermi . The source
is detected up to 10 GeV with statistically significant 8.7σ significance as
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a result of the accumulation of data from a longer all-sky exposure. The
photon index corresponds to Γ = 2.7, which is similar to the nearby FR1
class radio source Centaurus A with a comparable black hole mass [6] and

Fγ = (2.35± 0.5)× 10−8 photon cm−2s−1 photon flux above 100 MeV. Adapt-
ing the dL = 139.3 Mpc distance, this equals Lγ = 2.1 × 1043erg s−1, which
lies in the typical isotropic γ-ray luminosity range of FR I sources detected
by Fermi [5]. Albeit, the observed γ-ray flux is relatively faint compared with

other Fermi detected radio galaxies (≈ 10−7photon cm−2s−1), the isotropic
γ-ray luminosity is quite impressive when compared with the Eddington lu-
minosity LEdd = 6.8 × 1045erg s−1 .
We also report an interesting modification of the γ-ray flux in time. Initially,
the source described by the γ-ray flux mostly below than the Fermi sensitiv-
ity threshold appears to be frequently detected afterward. The flux is almost
twice more than its average level in the last year of the selected time period
(from 2008 to late 2013, see Fig. 5.2). This increase of flux shows monthly
timescale variability of 3C 120 , indicating that the γ-rays are produced in
sup-parsec regions. A common behavior of the light curves in any day sam-
pling (a month or more) is that the source is mostly undetectable by Fermi
prior to March 2012 then it becomes mostly γ-ray production duty cycles.
Moreover, the long lasting source activity that probably continues after De-
cember 2013 (nearly two years) indicates a change in the γ-ray production
state (from low to high) rather than flaring activity as seen in many blazars
(generally in short timescales). In principle this change can have different
physical origins. First, the change in the central engine, where possible jets
obtain much of their energy from the infall of matter into a supermassive
black hole, can at least have some influence. The change in the jet power,
hence higher intensity γ-ray , is expected in the case when the additional
matter is fueling the accretion disk. In theory, the observations of the region
closer to the black hole with sensitive X-ray instruments (e.g., Chandra, XMM-
Newton) can prove such a possibility. On the other hand, the environmental
influence on the changes in γ-ray emission states cannot be rejected consider-
ing the large scale powerful jet up to 100 kpc (e.g., target interacting with the
jet). Any of the above mentioned possibilities would be supported by multi-
wavelength observations. This is beyond the scope of this paper and will be
investigated in the future works.
One zone SSC model is used to fit broadband emission from 3C 120 . As-
suming γ-rays are produced in a compact region (∼ 1018 cm), this modeling
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gives an adequate fit to the SED with modest Doppler boosting δ ∼ 4 and
no significant bias from equipartition Ue/UB ≈ 2. The necessary jet kinetic
power is ≈ 6 × 1044 erg s−1, which corresponds to 10 % of Eddington power.
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5 On the gamma-ray emission

from the core and radio lobes of

the radio galaxy Centaurus A

5.1 Introduction

The bright, nearby radio galaxy Cen A is the best-studied extragalactic ob-
jects over a wide range of frequencies [34]. Its unique proximity (d∼3.7 Mpc)
and peculiar morphology allow a detailed investigation of the non-thermal
acceleration and radiation processes occurring in its active nucleus and its
relativistic outflows.
At MeV energies, Cen A has been observed with both OSSE (0.05-4 MeV) and
COMPTEL (0.75-30 MeV) onboard the Compton Gamma-Ray Observatory
(CGRO) in the period 1991-1995 [52]. An agreement of the OSSE spectrum
with the COMPTEL one in the transition region around 1 MeV, and corre-
lated variability has been found [52]. At higher energies, a marginal (3σ)
detection of gamma-rays from the core of Cen A was reported with EGRET
(0.1-1.0 GeV), but due its large angular resolution the association with the
core remained rather uncertain [31]. Unlike the initial variability (month-
type?) seen at lower energies, the flux detected by EGRET appeared stable
during the whole period of CGRO observation [50]. At high-energy (HE; 200
MeV< E < 100 GeV) Fermi-LAT has recently detected γ-ray emission from
the core (i.e., within ∼ 0.1◦) and the giant radio lobes of Cen A ([4, 7]): An
analysis of the available ten-month data set reveals a point-like emission re-
gion coincident with the position of the radio core of Cen A, and two large
extended emission regions detected with a significance of 5 and 8σ for the
northern and the southern lobe, respectively. The HE emission from the core
extends up to ∼ 10 GeV and is well described by a power-law function with
photon index ∼ 2.7. At VHE (> 100 GeV) energies, Cen A has also been de-
tected (with a significance of 5σ) by the H.E.S.S. array based on observations
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in 2004-2008. The results show an average VHE spectrum compatible with a
power law of photon index Γ = 2.73 ± 0.45stat ± 0.2syst and an integral flux

F(E > 250 GeV) = (1.56 ± 0.67stat) × 10−12 cm−2 s−1[9]. No evidence for
variability has been found in the H.E.S.S. data set, but given the weak signal
no certain conclusions can be drawn.
i) In the case of the core the apparent lack of significant variability features at
GeV and TeV energies has so far precluded robust inferences as to the phys-
ical origin of the core emission in Cen A. Unfortunately, the resolutions of
current gamma-ray instruments is not sufficient to localize the gamma-ray
emitting region(s) either: The angular resolutions of both the H.E.S.S. array (
∼ 0.1◦) and Fermi (0.1◦ -1◦, depending on energy) correspond to linear sizes
of the gamma-ray emitting region(s) of about 5 kpc or larger. This ∼ 5-kpc-
region contains several potential gamma-ray emitting sites such as the central
black hole, the sub-pc- or the kpc-scale jet etc. Based on the reported results,
one thus cannot distinguish whether the gamma-rays observed from the core
in Cen A originate in compact or extended regions. This motivated us to have
a new look on the core emission based on four year of Fermi data.
ii) If the extended HE emission from Cen A is generated by indeed inverse-
Compton up-scattering of CMB and EBL (extragalactic background light)
photons, this could offer a unique possibility to spatially map the underly-
ing relativistic electron distribution in this source. The detection of GeV γ-
rays from the radio lobes implies magnetic field strengths <∼ 1 µG (e.g., [4]).
This estimate can be obtained quite straightforwardly from the comparison
of radio and γ-rays, assuming that these radiation components are produced
in the same region by the same population of electrons through synchrotron
and inverse-Compton processes. In general, however, the radio and the γ-ray
region do not need to coincide. While the radio luminosity depends on the
product of the relativistic electron density Ne and the magnetic-field square
B2, the inverse-Compton γ-ray luminosity only depends on Ne. This implies
that γ-rays can give us model-independent information about both the en-
ergy and the spatial distribution of electrons, while the radio image of syn-
chrotron radiation strongly depends on the magnetic field. As a consequence,
the γ-ray image can be larger than the radio image if the magnetic field drops
at the periphery of the region occupied by electrons. This provides one of the
motivations for a deeper study of the extended HE (lobe) emission region
in Cen A. We analyze 3 yr of Fermi LAT data, increasing the available ob-
servation time by more than a factor of three with respect to the previously
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reported results. The larger data set allows a detailed investigation of the
spectrum and morphology of the lobes with better statistics, especially above
1 GeV, where the spectral shape may reflect cooling effects and/or maximum
energy constraints on the parent population of particles generating the HE
γ-ray emission.

5.2 The core of Cen A

For the study of HE emission from the core of Cen A we use publicly available
Fermi ∼ 4 yr data from 4th August 2008 to 1st October 2012 (MET 239557417–
370742403). Fermi on board the Fermi satellite is a pair-conversion telescope
designed to detect high-energy γ-rays in the energy range 20 MeV - 300 GeV
[13]. It constantly scans the entire sky every three hours and is always in
survey mode although in the past some dedicated pointing observation were
done. We use the Pass 7 data and analyze them using the Fermi Science Tools
v9r27p1 software package. The entire data set was filtered with gtselect and
gtmktime tools and retained only events belonging to the class 2, as is recom-
mended by the Fermi/LAT science team1. To reject atmospheric gamma-rays
from the Earth’s limb, events with zenith angle < 100 deg are selected. The
standard binned maximum likelihood analysis is performed using events in
the energy range 0.1–100 GeV extracted from a 10◦ region centered on the
location of Cen A, which is referred to as ’region of interest’ (ROI). The fitting
model includes diffuse emission components and gamma-ray sources within
ROI which are not associated with Cen A (the model file is created based on
Fermi second catalog [43] and the fluxes and spectral indices are left as free
parameters in the analysis. In the model file, the giant radio lobes were mod-
eled using templates from WMAP-k band observation of the source which is
extracted from NASA’s SkyView. The background was parameterized with
the files gal 2yearp7v6 v0.fits and iso p7v6source.txt and the normalizations
of both components were allowed to vary freely during the spectral point
fitting.

1http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
Cicerone/Cicerone Data Exploration/Data preparation.html
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5.2.1 Spectral Analysis

Initially the continuum gamma-ray emission of the core of Cen A is modeled
with a single power law. The normalization and power-law index are con-
sidered as free parameters then the binned likelihood analysis is performed.
From a binned gtlike analysis, the best-fit power-law parameters for the core
of Cen A are

(

dN

dE

)

P

= (2.73 ± 0.12)× 10−9

(

E

100 MeV

)−2.69±0.03

. (5.2.1)

This corresponds to an integral flux of

Fγ = (1.61 ± 0.06)× 10−7 photon cm−2s−1, (5.2.2)

with only statistical errors taken into account. The test statistic (defined as
TS = 2(log L - log L0), where L and L0 are the likelihoods when the source
is included or not) is TS = 1978 above 100 MeV, corresponding to a ≈ 44 σ
detection significance. The results are consistent with the parameters found
in [7], namely photon index Γ = 2.67 ± 0.08 (between 200 MeV and 30 GeV)
and integral flux (1.50 ± 0.37) × 10−7 ph cm−2s−1 above 100 MeV (model
B). Figure 5.1 shows the spectrum of the core of Cen A obtained by sepa-
rately running gtlike for 12 energy bands, where the dashed line shows the
best-fit power-law function for the data given in Eq. (5.2.1). For the highest
energy bin (56.2-100 GeV), an upper limit is shown. The spectrum shows a
tendency for a deviation from a single power-law model with respect to the
data above several GeV. Indeed, a χ2 fit of the power-law model to the data
gives a relatively poor fit with χ2 = 39.7 for 9 degrees of freedom (dof), and
its probability is P(χ2) < 2 × 10−5. In order to investigate this in more detail,
the core spectrum is modeled with a broken power-law model and gtlike tool
is retried. The best-fit broken power-law parameters are

(

dN

dE

)

BP

= (1.19 ± 0.08)× 10−13

(

E

Eb

)−Γ1,2

, (5.2.3)

and
Fγ = (1.67 ± 0.06)× 10−7 photon cm−2s−1, (5.2.4)
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Figure 5.1: Average high-energy gamma-ray (>100 MeV) spectrum of the
core of Cen A (black points - this work) as compared to the one based on
the initial 10 month data set [blue squares - 7]. The dashed black line shows
the power-law function determined from the gtlike. The blue and the red
line show power-law fits to the energy bands below and above Eb ≃ 4 GeV,
respectively.

with Γ1 = 2.74 ± 0.02 and Γ2 = 2.12 ± 0.14 below and above Eb = (4.00 ±
0.09) GeV, respectively. In order to compare the power-law and the broken-
power-law model, a log likelihood ratio test between the models is applied.
The test statistic is twice the difference in these log-likelihoods, which gives 9
for this case. Note that the probability distribution of the test statistic can be
approximated by a χ2 distribution with 2 dof, corresponding to different de-
grees of freedom between the two functions. The results give P(χ2) = 0.011,
which again indicates a deviation from a simple power-law function. The
results of the data analysis with a broken power-law model reveal a hard-
ening of the (average) gamma-ray core spectrum towards higher energies.
The ”unusual” break at 4 GeV could most naturally be explained by a super-
position of different spectral components. In order to study this deeper, we
divide the data set into two parts, i.e., (0.1- 4) GeV and (4-100) GeV. (Note
that the 4 GeV-value is obtained from binned maximum likelihood analyses).
The core spectrum of Cen A in both energy ranges is then modeled with a
power-law function and the gtlike tool is separately applied to these two en-
ergy bands. The photon index and flux between 100 MeV and 4 GeV are
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Γ1 = 2.74± 0.02 and Fγ = (1.68± 0.04)× 10−7 photon cm−2s−1, respectively,
and the test statistics gives TS=1944. The result is shown with a blue line in
Figure 5.1. On the other hand, for the energy range (4-100) GeV we obtain
Γ2 = 2.09 ± 0.2 and Fγ = (4.20 ± 0.64)× 10−10 photon cm−2s−1, respectively,
and a TS value of 124.4, corresponding to a ≈ 11 σ detection significance. This
component is depicted with a red line in Figure 5.1. Moreover, to derive the
most likely coordinates of the observed gamma-ray emission gtfindsrc tool
is applied, yielding RA = 201.387◦, Dec = −43.028◦ with a 95% confidence
error circle radius of r95 = 0.04◦and RA = 201.387◦, Dec = −43.028◦ with
r95 = 0.04◦for energy ranges (0.1- 4) GeV and (4-100) GeV, respectively. This
coordinates are offset by 0.04◦and 0.018◦from the VLBI radio position of Cen
A (RA =201.365◦, Dec = −43.019◦ [39]).

5.3 Temporal Variability

Variability, if present, could provide important constraints on the emitting re-
gion(s). An observed HE flux variation on time scale tvar, for example, would

limit the (intrinsic) size of the gamma-ray production region to R′ ≤ δD
1+z ctvar

where δD is Doppler factor and z is the red-shift. However, previous HE
and VHE gamma-ray observations of the core of Cen A with Fermi [7] and
H.E.S.S. [9] did not find evidence for significant variability. Here we investi-
gate whether the longer (4 yr) data set employed changes this situation. We
thus divide the whole data set (from August 4th 2008 to October 1st 2012) into
different time bins and generate light curves using the unbinned likelihood
analysis with gtlike. Due to limited photon statistics the shortest time scale
that one can probe is 15 days. In our analysis we generate light curves in 15,
30, 45 and 60 day bins. The normalization of the core and background point
sources are treated as free parameters, but the photon indices of all sources
and the normalization of the lobes are fixed to the values obtained in 100
MeV-100 GeV energy range for the whole time period. Since no variability is
expected for the underlying background diffuse emission, the normalization
of both background components is fixed to the values obtained for the whole
time period. To search for variability, a χ2 test was performed. The result
for the light curve with 15 day bins is χ2/d.o. f . = 1.22 and the probability
is P(χ2) = 0.07. For the light curves with 30 day and 60 day bins we find
χ2/d.o. f . = 1.37 and χ2/d.o. f . = 1.32, corresponding to P(χ2) = 0.04 and
P(χ2) = 0.127, respectively. These results are consistent with no variability.
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Figure 5.2: Gamma-ray light curve from August 4th 2008 to October 1st 2012.
The bin size is 45 day. The background diffuse emission (both galactic and
extragalactic) is fixed to the best-fit parameters obtained for the overall time
fit. While some variability may be present, limited statistics do not yet allow
to make definite conclusions.

Interestingly however, a similar test for the light curve with 45 day bins gives
in χ2/d.o. f . ≈ 1.61 and P(χ2) = 0.015, indicating a possible variability on 45-
day time scale. Unfortunately, because of limited statistics, we cannot make a
definite conclusion in this regard. The light curve with 45 day bins is shown
in Figure 5.2, with the dot-dashed line indicating the flux from the source for
the whole time period (result of likelihood analysis).
In addition, the variability of observed flux above and below 4 GeV is per-
formed. Low detection significance of the component above 4 GeV (TS=124.4)
does not allow us to investigate possible variability timescale, whereas for the
other component search of variability is performed for 15, 30, 45 and 60 day
bins under the same screening conditions described above. So significant
variability have been found in any time scale, however still the hints for the
variability are present in the lightcurve of 45 day bins χ2/d.o. f . = 1.75.

5.4 Discussion and Conclusion-1

In the case of high-frequency-peaked BL Lac objects, homogeneous leptonic
synchrotron-self-Compton (SSC) jet models often provide reasonable descrip-
tions of their overall spectral energy distributions (SEDs). For Cen A, how-
ever, classical one-zone SSC models (under the proviso of modest Doppler

29



5 On the gamma-ray emission from the core and radio lobes of the radio
galaxy Centaurus A

beaming) are unable to satisfactorily account for its core SED up to the high-
est energies [cf. 17, 37, 7]. It seems thus well possible, that an additional com-
ponent contributes to the observed emission at these energies [e.g., 37, 47].
The results presented here indeed provides support for such a consideration.
Our analysis of the 4 yr-data set reveals that the HE core spectrum of Cen A
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Figure 5.3: Gamma-ray spectrum for the core of Cen A from high (Fermi ,
this work) to very high (H.E.S.S., blue squares) energies. The blue bowtie
represents a power-law with photon index 2.74, and the red bowtie a power-
law with photon index 2.09. The dashed lines show extrapolations of these
models to higher energies. The power-law extrapolation of the low-energy
component (blue lines) would under-predict the fluxes observed at TeV ener-
gies.

shows a ”break” with photon index changing from ≃ 2.7 to ≃ 2.1 at an en-
ergy of Eb ≃ 4 GeV. This break is unusual in that the spectrum gets harder
instead of softer, while typically the opposite occurs. For a distance of 3.8
Mpc, the detected photon flux Fγ = (1.68 ± 0.04) × 10−7 photon cm−2s−1

for the component below 4 GeV corresponds to an apparent (isotropic) γ-
ray luminosity of Lγ(0.1 − 4 GeV) ≃ 1041 erg s−1. The component above
4 GeV, on the other hand, is characterized by an isotropic HE luminosity of
Lγ(> 4GeV) ≃ 1.4 × 1040 erg s−1. This is an order of magnitude less when
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compared with the first component, but still larger than the VHE luminosity
reported by H.E.S.S. Lγ(> 250 GeV) = 2.6× 1039 erg s−1 [9]. All luminosities
are below the Eddington luminosity corresponding to the black hole mass in
Cen A; nevertheless, they are still quite impressive when compared with the
other nearby radio galaxy M87 containing a much more massive black hole.

Figure 5.3 shows the gamma-ray spectrum for the core of Cen A up to TeV
energies. As one can see, the flux expected based on a power-law extrap-
olation of the low-energy component (below the break) clearly falls below
the TeV flux reported by H.E.S.S.. Although the uncertainties in the photon
index are large, it is clear that the spectrum becomes harder above 4 GeV. Re-
markably, a simple extrapolation of the second (above the break) high-energy
component to TeV energies could potentially allow one to match the average
H.E.S.S. spectrum. These spectral considerations support the conclusion that
we may actually be dealing with two (or perhaps even more) components
contributing to the HE gamma-ray core spectrum of Cen A. Our analysis of
the HE light curves provides some weak indication for a possible variability
on 45 day time scale, but the statistics are not sufficient to draw clear infer-
ences.

The limited angular resolution (∼ 5 kpc) and the lack of significant vari-
ability introduces substantial uncertainties as to the production site of the HE
gamma-ray emission. In principle, the hard HE component could originate
from both a very compact (sub-pc) and/or extended (multi-kpc) region(s).
The double-peaked nuclear SED of Cen A has been reasonably well-modeled
up to a few GeV in terms of SSC processes occurring in its inner jet [e.g.,
17, 7]. In this context, the hardening on the HE spectrum above 4 GeV would
indeed mark the appearance of a physically different component. This addi-
tional component could in principle be related to a number of different (not
mutually exclusive) scenarios, such as (i) non-thermal processes in its black
hole magnetosphere [47], (ii) multiple SSC-emitting components (i.e., differ-
ential beaming)[37] or (iii) photo-meson interactions of protons in the inner
jet [35, 49], (iv) γ-ray induced pair-cascades in a torus-like region (at ∼ 103rs)
[e.g. 48] (v) secondary Compton up-scattering of host galaxy starlight [51]
or (vi) inverse-Compton (IC) processes in the kpc-scale jet [e.g. 29]. What
concerns the more compact scenarios (i)-(iv) just mentioned: Opacity consid-
erations do not a priori exclude a near-BH-origin, but could potentially affect
the spectrum towards highest energies [e.g. 46]. A SSC multi-blob VHE con-
tribution, on the other hand, requires the soft gamma-rays to be due to syn-
chrotron instead of IC processes, in which case correlated variability might
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be expected. Photo-meson (pγ) interactions with, e.g., UV or IR background
photons (nγ) require the presence of UHECR protons, which seems feasible
for Cen A. However, as the mean free paths λ ∼ 1/(σpγnγKp) of protons
through the relevant photon fields are comparatively large, usually only a
modest fraction of the proton energy can be converted into secondary parti-
cles. Models of this type thus tend to need an injection power in high-energy
protons exceeding the average jet power of ∼ 1043−44 erg/s [e.g. 57]. The ef-
ficiency of IC-supported pair cascades in Cen A, on the other hand, appears
constrained by low accretion modes and the possible absence of a dust torus.
Considering the more extended scenarios (v)-(vi): Partial absorption (∼ 1%)
of nuclear gamma-rays by starlight in the inner part of the host galaxy, and
subsequent up-scattering of starlight photons could potentially introduce an-
other HE contribution. However, the efficiency for this process is low, so that
a high VHE injection power into the ambient medium is required, and the
predicted spectral shape does not seem to match well. Compton-upscattering
of starlight photon by energetic electrons in the kpc-scale jet also seems to
have difficulties in reproducing the noted HE characteristics.

Finally, let us mention that gamma-ray production may perhaps also be re-
lated to relativistic protons interacting with the ambient gas in the large (kpc)
scale regions, e.g., the overall elliptical galaxy NGC 5128 or the densest part
of its dust lane. Note that the γ-ray luminosity ≈ 1041 erg/s above 100 MeV
is larger by two orders of magnitude than the γ-ray luminosity of the Milky
Way, which could be related to a higher rate of cosmic-ray production and
a more effective confinement in the case of NGC 5128. Moreover, gamma-
rays might also be produced in a diluted Rhalo ∼ 30 kpc (halo) region of this
galaxy. Despite the low density of gas, gamma-ray production on character-
istic timescale tpp ≈ 3 × 109(n/10−2cm−3)−1 yr can be effective, even for a
relatively fast diffusion of cosmic rays in this region. More specifically, the
efficiency could be close to one, if the diffusion coefficient at multi-GeV ener-
gies does not exceed D ∼ R2

halo/tpp ∼ 1029 cm2/s. This seems an interesting
possibility, especially for the second (hard) HE component with photon in-
dex close to 2.1, in the context of its similarity to the gamma-ray spectrum
of the so-called ’Fermi Bubbles’ around the center of our Galaxy [53]. The
much higher luminosity (by ∼ 2− 3 orders of magnitude) of the second com-
ponent compared to the gamma-ray luminosity of the Fermi Bubbles seems
quite natural, given the much larger energy available in Cen A, in particular
in the form of kinetic energy of its jet.

The results presented here provide observational evidence for an addi-

32



5.5 The lobes of Cen A

tional contribution at the highest energies and a more complex spectral gamma-
ray behavior than previously anticipated. While considerations like those
mentioned above may lead one to favor one production scenario over the
other, none of them cannot be easily discarded. In fact, it is well conceivable
that several of them contribute to the observed gamma-ray emission. Definite
progress in this regard could be achieved in case of a significant detection of
gamma-ray time variability.

5.5 The lobes of Cen A

The data used for the study of γ-ray emission from the lobes of CenA are from
the beginning of the operation until November 14, 2011, amounting to ∼ 3
yr of data (MET 239557417– 342956687). We used the standard LAT analysis
software (v9r23p1)2. To avoid systematic errors due to poor determination of
the effective area at low energies, we selected only events with energies above
200 MeV. The region-of-interest (ROI) was selected to be a rectangular region
of size 14◦ × 14◦ centered on the position of Cen A (RA = 201◦21′54′′, DEC =
−43◦1′9′′). To reduce the effect of Earth albedo backgrounds, time intervals
when the Earth was appreciably in the FoV (specifically, when the center of
the FoV was more than 52◦ from zenith) as well as time intervals when parts
of the ROI were observed at zenith angles > 105◦ were also excluded from
the analysis. The spectral analysis was performed based on the P7v6 ver-
sion of the post-launch instrument response functions (IRFs). We modeled
the Galactic background component using the LAT standard diffuse back-
ground model gal 2yearp7v6 v0 and we left the overall normalization and in-
dex as free parameters. We also used iso p7v6source as the isotropic γ-ray
background.
The resulting Fermi-LAT counts map for the 3 yr data set is shown in Figure
5.4(a). The (green) crosses show the position of the point-like sources from
the 2FGL catalog ([43]) within the ROI. Extended emission to the north and
south of Cen A is detected with significances of TS > 100 (10 σ) and TS > 400
(20 σ), respectively.

2http://fermi.gsfc.nasa.gov/ssc
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5.5.1 Spatial analysis

Events with energies between 200 MeV and 30 GeV were selected. The resid-
ual image after subtracting the diffuse background and point-like sources
including the core of Cen A is shown in Figure 5.4(b). The fluxes and spec-
tral indices of 11 other point-like sources generated from the 2FGL catalog
within the ROI are also left as free parameters in the analysis. The 2FGL cat-
alog source positions are shown in Figure 5.4(a), where 2FGL J1324.0-4330e
accounts for the lobes (both north and south). A new point-like source (2FGL
J1335.3-4058), located at RA = 203◦49′30′′, DEC = −40◦34′48′′ accounts for
some residual emission from the north lobe, although no known source at
other wavelengths is found to be associated. We treat it as part of the north
lobe here. The core of Cen A is modeled as a point-like source. Then the fol-
lowing steps were performed:

(1) To evaluate the total (extended) HE γ-ray emission we first used a tem-
plate based on the residual map (T1; corresponding to the blue contours in
Figure 5.5). The TS values for the south and the north lobe in this template are
411 and 155, respectively. The residual map was also compared with radio
(WMAP, 22 GHz) lobe contours (green contours overlaid on Figure 5.4(b)).
While lower-frequency radio maps exist, we expect the higher-frequency 22
GHz map to better represent the GeV-emitting particles. We find that the
south lobe of the HE γ-ray image is similar to the south lobe of the radio one,
whereas the HE emission in the north extends beyond the radio lobe emis-
sion region.
(2) To understand this feature better, we re-fitted the excess using an ad-
ditional template (T2; red contours in Figure 5.6) generated from the radio
(WMAP) image. The two templates are shown in Figure 5.5, and the corre-
sponding residual maps are shown in Figure 5.4. While there is some resid-
ual emission to the north of Cen A for template T2, this residual emission is
obviously absent from template T1. The qualitative features of the different
residual maps are confirmed by the corresponding TS values, which are listed
in Table 5.1. Accordingly, the HE south lobe seems to agree reasonably well
with the radio south lobe, whereas for the north lobe, the template generated
from the radio lobe (T2) fits the HE excess substantially worse than T1 (110
vs 155).

(3) To further investigate a possible extension (or contribution of a back-
ground source) of the north lobe, we evaluated the projection of a rectangular
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(b) Excess map after background subtrac-
tion.
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(c) Residual map for template T1.
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(d) Residual map for template T2.

Figure 5.4: The different maps for the Cen A region: (a) LAT counts map
of the 14◦ × 14◦ region of interest (ROI) around the position of Cen A. The
counts map is smoothed with a Gaussian of kernel 0.8◦. The green crosses
mark the position of the 2FGL point-like sources. (b) Excess map after sub-
traction of diffuse background, point-like sources and Cen A core. The con-
tours are WMAP radio lobe contours, while the white boxes represent the
projection regions discussed in Sec. 5.5.1. (c) Residual map using template T1
for the lobes. (d) Residual map using the radio template T2 for the lobes.

Table 5.1: TS value for the two templates used.

Model north Lobe south Lobe
T1 155 411
T2 110 406
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Figure 5.5: Two templates used in the analysis. The blue contours correspond
to T1 and the red to T2.

region on the excess image (in white in Figure 5.4(b)). Figure 5.6 shows the
projection for the north and south regions for Fermi-LAT image (in black) and
the radio one (in red). The south projection for the radio map is well-fitted by
a single Gaussian centered at ∼ 0.05 (0 is defined as the center of the rectan-
gle on RA = 201◦21′54′′, DEC = −43◦1′9′′) with an extension of σ = 0.99◦.
For the Fermi-LAT map the Gaussian is centered at ∼ 0.5 and has σ = 1.01◦,
compatible with the radio map projection. In contrast, the north projection
for the Fermi-LAT map has a Gaussian profile with σ = 1.68◦, while for the
radio map σ is 0.97◦. The extension in the north projections for the Fermi-LAT
map indicates that the γ-ray north lobe is more extended than the radio one
or that an (otherwise unknown) source in the background may be contribut-
ing to the total emission.
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Figure 5.6: Projection of the rectangular region shown in Figure 5.4(b) for both
lobes. The curves are Gaussian fits, with WMAP data in red and Fermi-LAT
data in black. Units for the positional (x) axis are degrees.

5.5.2 Spectral analysis

Our morphological analysis indicates some incongruity between the mor-
phology of the radio lobe and γ-ray lobe in the north. Hence, to model the γ-
ray lobe as self-consistently as possible, we used the template generated with
the residual map (T1). Integrating the whole γ-ray emission observed, we
then derived the total flux and index in the 100 MeV to 30 GeV energy range.
For the north lobe the integral HE flux is (0.93± 0.09)× 10−7ph cm−2s−1 and
the photon index is 2.24 ± 0.08, while for the south lobe we find (1.4 ± 0.2)×
10−7ph cm−2s−1 and 2.57 ± 0.07, respectively. The results are summarized in
Table 5.2, where the subscripts 3a and 10m refer to the three-year data (ana-
lyzed here) and the ten-month data ( reported in [4]), respectively. We find
that the flux and photon indices in the T2 templates are similar to the ten-
month data. On the other hand, the analysis using the T1 template results in
a harder spectrum for the north lobe.
To derive the spectral energy distribution (SED) we divided the energy range
into logarithmically spaced bands and applied gtlike in each of these bands.
Only the energy bins for which a signal was detected with a significance of
at least 2σ were considered, while an upper limit was calculated for those be-
low. As a result, there are seven bins in the SED for the south lobe.
To clarify the origin of the γ-ray emission, we evaluated the spectrum in dif-
ferent parts of each lobe. To this end, we divided each lobe into two parts and
used gtlike to evaluate the spectrum. In the south lobe the resulting photon
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index is 2.8 ± 0.2 near the Cen A core and 2.3 ± 0.1 far away from the core.
Unfortunately, the statistics are still not high enough to claim a clear harden-
ing of the spectrum. For the northern lobe, both parts appear to be consistent
with values of 2.2 ± 0.2.

Table 5.2: Fluxes and spectra of the lobes

Source Name Φ3a(T1) Γ3a(T1) Φ10m Γ10m Φ3a(T2) Γ3a(T2)
South Lobe 1.43 ± 0.15 2.57 ± 0.07 1.09 ± 0.24 2.60 ± 0.15 1.40 ± 0.15 2.56 ± 0.08
North Lobe 0.93 ± 0.09 2.24 ± 0.08 0.77 ± 0.20 2.52 ± 0.16 0.64 ± 0.15 2.56 ± 0.08

Φ is the integral flux (100 MeV to 30 GeV) in units of 10−7ph · cm−2s−1 and
Γ is the photon index. The subscripts ”3a” and ”10m” refer to the three-year
data analyzed here and to the ten-month results (based on a WMAP template)
reported in [4], respectively.

5.6 The origin of the non-thermal lobe emission

Using the WMAP and Fermi-LAT results reported here, we can characterize
the spectral energy distributions for the north and the south lobe. While the
radio emission is usually taken to be caused by electron synchrotron emis-
sion, the origin of the HE γ-ray emission could in principle be related to both
leptonic (inverse-Compton scattering) and hadronic (e.g., pp-interaction) pro-
cesses. In the following we discuss possible constraints for the underlying
radiation mechanism as imposed by the observed SEDs.

5.6.1 Inverse-Compton origin of γ-rays

Both the HE γ-ray and the radio emission could be accounted for in a leptonic
scenario. In the simplest version, a single population of electrons N(γ, t) is
used to model the SED through synchrotron and inverse-Compton emission,
with particle acceleration being implicitly treated by an effective injection
term Q = Q(γ, t). The latter allows us to distinguish acceleration caused
by, e.g., multiple shocks or stochastic processes (e.g., [44]) from emission, and
enables a straightforward interpretation. The kinetic equation describing the
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energetic and temporal evolution of the radiating electrons can then be writ-
ten as

∂N

∂t
=

∂

∂γ
(P N)− N

τesc
+ Q , (5.6.1)

where P = P(γ) = − dγ
dt is the (time-independent) energy loss rate and τesc

is the characteristic escape time. For negligible escape (as appropriate here,
given the large size of the γ-ray emitting region) and quasi continuous injec-
tion (considered as a suitable first-order approximation given the short life-
time of TeV electrons and the scales of the lobes) Q(γ, t) = Q(γ), the solution
of the kinetic equation becomes

N(γ, t) =
1

P(γ)

∫ γ0

γ
Q(γ)dγ , (5.6.2)

where γ0 is found by solving the characteristic equation for a given epoch t,

t =
∫ γ0

γ
dγ

P(γ)
(e.g., [12]). If synchrotron or inverse-Compton (Thomson) losses

(P(γ) = a γ2) provide the dominant loss channel, then γ0 = γ/(1 − aγt),
so that at the energy γbr = 1

a t the stationary power-law electron injection
spectrum steepens by a factor of 1 (cooling break) due to radiative losses,
naturally generating a broken power-law.
We used the above particle distribution described in eq. (5.6.2) for a rep-
resentation of the observed lobe SEDs. The magnetic field strength B, the
maximum electron energy γmax and the epoch time t were left as free param-
eters to model the data. Klein-Nishina (KN) effects on the inverse-Compton-
scattered HE spectrum were taken into account (following [10]).
Figure 5.7 shows the SED results obtained for the north and south lobes. The
HE part of both spectra can be described by a power-law with photon index
Γγ ≃ 2.2 and 2.6 for the north and the south lobe, respectively. At low en-
ergies, the south lobe spectrum shows a synchrotron peak at about 5 GHz,
while the north lobe is well described by a power-law with an index > 2.
Note that if one would use a simple power-law electron injection spectrum
Q(γ) ∝ γ−α, evolving in time with a cooling break, to describe the HE γ-
ray spectrum, a power index α = 3.2 would be required for the south lobe.
Yet, assuming that the same electron population is responsible for both the
radio-synchrotron and HE inverse-Compton emission, such a value would
be in conflict with the results obtained from the WMAP data analysis, in-
dicating an electron population with power-law index α ≃ 2 based on the
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detected synchrotron emission. As it turns out, however, this problem could
be accommodated by considering a more natural spectral input shape, e.g.,
an electron injection spectrum with an exponential cut-off

Q(γ) = Q0 γ−α exp

(

− γ

γmax

)

, (5.6.3)

where the constant Q0 can be obtained from the normalization to the injection
power L = mec

2
∫

Q(γ) γ dγ.
The age of the giant lobe emission, and associated with this, the duration of
particle acceleration activity, is somewhat uncertain. Dynamical arguments
suggest a lower limit > 107 yr for the giant radio lobes, while synchrotron
spectral aging arguments indicate an age <∼ 3 × 107 yr (e.g., [34, 11, 28]). The
observed GeV extension in itself would already imply an extreme lower limit
of R/c > 106 yr. In the following we therefore discuss the SED implications
for an epoch time t between 107 yr and 108 yr. As it turns out, the modeling
of the GeV data provides support for a maximum lobe age of ∼ 8 × 107 yr.
For the south lobe, the radio data suggest a break frequency νbr = 5 GHz
above which the spectrum drops abruptly. The break in the synchrotron spec-
trum is related to the break in the electron spectrum via νbr = 1.3 γ2

br B1µG Hz.
In principle, a change in the spectral shape of the electron population might
be caused by cooling effects or/and the existence of a maximum energy for
the electron population. For a minimum epoch time tmin = 107 yr, cooling
would affect the synchrotron spectrum at frequency ≈ 80B1µG GHz, much
higher than inferred from the radio data. Therefore, to obtain a break at 5
GHz in the south lobe, a maximum energy in the electron population (γmax),
lower than γbr defined by t = tmin would be needed. On the other hand,
for a maximum epoch time tmax = 8 × 107 yr, the power-law spectral index
changes at frequency ≃ 1B1µG GHz, providing a satisfactory agreement with
the radio data. In this case the maximum electron energy is obtained from
the radio data above the break frequency 5 GHz. Results for the considered
minimum and maximum epoch time, and for a fixed power-law electron in-
dex α = 2 are illustrated in Figures 5.7 and 5.8. Note that for B ≤ 3µG, the
energy loss rate P(γ) is dominated by the IC channel only, so that the results
of the calculations are quite robust.
Figure 5.7 shows a representation of the SED for the north and the south
lobe, respectively, using the parameters tmin = 107 yr and γmax = 1.5 × 105.
The dashed line shows the HE contribution produced by inverse-Compton
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scattering of cosmic microwave background photons by relativistic electrons
within the lobes. In this case the resulting γ-ray flux can only describe the first
two data points and then drops rapidly. Consequently, to be able to account
for the observed HE spectrum, extragalactic background light photons need
to be included in addition to CMB photons (see dot-dashed line in Figure
5.7). Upscattering of infrared-to-optical EBL photons was already required in
the stationary leptonic model reported in the original Fermi paper ([4]). In
our approach we adopt the model by [22] to evaluate this EBL contribution.
The solid line in Figure 5.7 represents the total (CMB+EBL) inverse-Compton
contribution. The maximum total energy of electrons in both lobes is found
to be ∼ 2 × 1058 erg and the energy in the magnetic fields is roughly 25% of
this. Dividing the total energy by the epoch time 107 yr would imply a mean
kinetic power of the jets inflating the lobes of ≃ 7 × 1043 erg/s, roughly two
orders of magnitude lower than the Eddington power inferred for the black
hole mass in Cen A, yet somewhat above the estimated power of the kpc-scale
jet in the current epoch of jet activity ([18]). This could indicate that the jet
was more powerful in the past. Obviously, the requirement on the mean jet
power can be significantly reduced if one assumes an older age of the lobes.
Figure 5.8 shows a representation of the SED for an epoch time tmax = 8× 107

yr, with a maximum electron Lorentz factor γmax = 2.5× 106 and 1.5× 106 for
the north lobe and the south lobe, respectively. Note that in this case the con-
tribution by inverse-Compton scattering of CMB photons alone is sufficient
to account for the observed HE spectrum (see the solid line in Figure 5.8).
The inverse-Compton contribution of EBL photons only becomes important
at higher energies (see the dot-dashed line in Figure 5.8). On the other hand,
for an epoch time t exceeding tmax = 8 × 107 yr, the high-energy part of the
SED would no longer be consistent with the data (see the dashed line in Fig-
ure 5.8 for t = 108 yr). This could be interpreted as additional evidence for
a finite age < 108 yr of the lobes. The maximum total energy of electrons in
both lobes is found to be ≈ 6× 1057 erg, with the total energy in particles and
fields comparable to the 107yr-case, thus requiring only a relatively modest
mean kinetic jet power of ∼ 1043 erg/s.

5.6.2 Hadronic γ-rays?

Once protons are efficiently injected, they are likely to remain energetic since
the cooling time for pp-interactions is tpp ≈ 1015(n/1 cm−3)−1 s. High-
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Figure 5.7: Synchrotron and inverse-Compton fluxes for t = 107 yr. The radio
data for the south lobe are from [28] (sum of region 4 and region 5 in their Ta-
ble 1), while the radio data for the north region are from the WMAP analysis
in this paper. The mean magnetic field value B used for the north and the
south lobe is 0.39 µG and 0.43 µG, respectively. The dot-dashed line refers to
the IC contribution due to EBL upscattering.

energy protons interacting with the ambient low-density plasma can then
produce daughter mesons and the π0 component decays into two γ-rays. The
data reported here allow us to derive an upper limit on the energetic protons
contained in the lobes of Cen A. As before, we use a power-law proton distri-
bution with an exponential cut-off, i.e.,

N(γp) = N0 γ−α
p exp

(

−
γp

γmax

)

where the constant N0 can be expressed in terms of the total proton energy
Wp = mpc2

∫

γp N(γp) dγp. Current estimates for the thermal plasma den-
sity in the giant radio lobes of Cen A suggest a value in the range n ≃
(10−5 − 10−4) cm−3 (e.g., [33, 21]). We used n = 10−4 cm−3 for the model
representation shown in dotted line in Figure 5.8. In both lobes, the power-
law index of the proton population is α = 2.1, and the high-energy cut-off
is Emax ≃ 55 GeV. The maximum total energy Wp is proportional to the gas

number density n, so that Wp ≃ 1061(n/10−4 cm−3)−1 erg, obtained here,
should be considered as an upper limit. In principle, protons could be ac-
cumulated over the whole evolutionary timescale of the lobes. For a long
timescale of ≥ 109 yr, an average injection power ≤ 3 × 1044 erg/s and a
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mean cosmic-ray diffusion coefficient of D ∼ R2/t <∼ 3 × 1030(R/100 kpc)2

cm2/s would be needed.
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Figure 5.8: Synchrotron and inverse-Compton fluxes for t = 8 × 107 yr. The
mean magnetic field value B for the south lobe and the γ-ray excess region in
the north lobe is 0.91 µG and 1.17 µG, respectively. The dot-dashed line refers
to the IC contribution due to EBL upscattering. The dashed line (a) shows the
result for t = 108 yr. The possible γ-ray flux expected from pp-interactions
for a thermal gas density n = 10−4 cm−3 are also shown (dotted line).

5.7 Discussion and conclusion-2

Results based on an detailed analysis of 3 yr of Fermi-LAT data on the gi-
ant radio lobes of Cen A shows that they are detected with a significance
more than twice as high as reported before (i.e., with more than 10 and 20σ
for the northern and the southern lobe, respectively) which allows a better
determination of their spectral features and morphology. A comparison of
the Fermi-LAT data with WMAP data indicates that the HE γ-ray emission
regions do not fully coincide with the radio lobes. There is of course no a
priori reason for them to coincide. The results reported here particularly sup-
port a substantial HE γ-ray extension beyond the WMAP radio image for
the northern lobe of Cen A. We have reconstructed the SED based on data
from the same emission region. A satisfactory representation is possible in a
time-dependent leptonic scenario with radiative cooling taken into account
self-consistently and injection described by a single power-law with expo-
nential cut-off. The results imply a finite age < 108 yr of the lobes and a
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mean magnetic field strength B <∼ 1µG. While for lobe lifetimes on the order
of 8 × 107 yr, inverse-Compton up-scattering of CMB photons alone would
be sufficient to account for the observed HE spectrum, up-scattering of EBL
photons is needed for shorter lobe lifetimes. In a leptonic framework, the HE
emission directly traces (via inverse-Compton scattering) the underlying rel-
ativistic electron distribution and thereby provides a spatial diagnostic tool.
The radio emission, arising from synchrotron radiation, on the other hand
also traces the magnetic field distribution. Together, the HE γ-ray and the ra-
dio emission thus offer important insights into the physical conditions of the
source. That the HE emission seems extended beyond the radio image could
then be interpreted as caused by a change in the magnetic field characteriz-
ing the region. This would imply that our quasi-homogeneous SED model
for the HE lobes can only serve as a first-order approximation and that more
detailed scenarios need to be constructed to fully describe the data. This also
applies to the need of incorporating electron re-acceleration self-consistently.
Extended HE emission could in principle also be related to a contribution
from hadronic processes. The cooling timescales for protons appear much
more favorable. On the other hand, both the spectral shape of the lobes and
the required energetics seem to disfavor pp-interaction processes as sole con-
tributor.
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M. L. Lister, and A. M. Stirling.

Observational evidence for the accretion-disk origin for a radio jet in an
active galaxy.

Nature, 417:625–627, June 2002.

[42] E. Massaro, A. Tramacere, M. Perri, P. Giommi, and G. Tosti.
Log-parabolic spectra and particle acceleration in blazars. III. SSC emis-

sion in the TeV band from Mkn501.
A&A, 448:861–871, March 2006.

[43] P. L. Nolan, A. A. Abdo, M. Ackermann, M. Ajello, A. Allafort, E. An-
tolini, W. B. Atwood, M. Axelsson, L. Baldini, J. Ballet, and et al.

Fermi Large Area Telescope Second Source Catalog.
ApJSS, 199:31, April 2012.

[44] S. O’Sullivan, B. Reville, and A. M. Taylor.
Stochastic particle acceleration in the lobes of giant radio galaxies.
MNRAS, 400:248–257, November 2009.

[45] B. M. Peterson, L. Ferrarese, K. M. Gilbert, S. Kaspi, M. A. Malkan,
D. Maoz, D. Merritt, H. Netzer, C. A. Onken, R. W. Pogge, M. Vester-
gaard, and A. Wandel.

Central Masses and Broad-Line Region Sizes of Active Galactic Nu-
clei. II. A Homogeneous Analysis of a Large Reverberation-Mapping
Database.

ApJ, 613:682–699, October 2004.

[46] F. M. Rieger.
Nonthermal Processes in Black Hole-Jet Magnetospheres.
International Journal of Modern Physics D, 20:1547–1596, 2011.

[47] F. M. Rieger and F. Aharonian.
Centaurus A as TeV γ-ray and possible UHE cosmic-ray source.

50



Bibliography

A&A, 506:L41–L44, November 2009.

[48] P. Roustazadeh and M. Böttcher.
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