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Fermi: Gamma-ray Imaging of a Radio Galaxy

The Fermi-LAT Collaboratioh

The Fermi Gamma-ray Space Telescope has detected theray glow ema-
nating from the giant radio lobes of the radio galaxy Centauus A. The re-
solved~-ray image shows the lobes clearly separated from the centractive
source. In contrast to all other active galaxies detected dar in high-energy ~-
rays, the lobe flux constitutes a considerable portion1/2) of the total source
emission. The~v-ray emission from the lobes is interpreted as inverse Comp-
ton scattered relic radiation from the cosmic microwave bakground (CMB),
with additional contribution at higher energies from the infrared-to-optical ex-
tragalactic background light (EBL). These measurements povide y-ray con-
straints on the magnetic field and particle energy content imadio galaxy lobes,

and a promising method to probe the cosmic relic photon fields

Cen A is one of the brightest radio sources in the sky and wamgst the first identified

arXiv:1006.3986v1 [astro-ph.HE] 21 Jun 2010

with a galaxy (NGC 5128) outside of our Milky Way)( Straddling the bright central source
is a pair of extended radio lobes with a total angular extént (2, 3), which makes Cen A
the largest discrete non-thermal extragalactic radiocouisible from the Earth. At a distance
3.7 Mpc @), it is the nearest radio galaxy to us, and the implied ptaysource size is-600
kpc. Such double-lobed radio structures associated witkrafise apparently normal giant

elliptical galaxies have become the defining feature ofagdiaxies in general. The consensus

*All authors with their affiliations appear at the end of thégppr.
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explanation for this phenomenon is that the lobes are fuleyecklativistic jets produced by
accretion activity in a super-massive black hole residinp@galaxy’s center.

With its unprecedented sensitivity and imaging capabilgr-photon resolutionfss ~
0°.8 E5%Y), the Fermi Large Area Telescope (LATH) has detected and imaged the radio lobes
of Cen A in high-energyy-rays. The LAT image resulting from10 months of all-sky survey
data (Fig. 1) clearly shows theray peak coincident with the active galactic nucleus (AGN)
detected by th€ompton/EGRETnstrument 6) and extended emission from the southern giant
lobe. Because the northern lobe is characterized by lowkcibrightness emission (in radio),
it is not immediately apparent from a by-eye inspection efthray counts map. Nevertheless,
from a counts profile extracted along the north-south axtb®fource (Fig. 2)-ray excesses
from both lobes are clearly visible.

Spectra for each of the lobes together with the central soflvereafter, the “core”) were
determined with a binned maximum likelihood analysis imnpéated inGTLI KE (7) using
events from 0.2-30 GeV in equal logarithmically spaced gméins. Background emission
was modeled by including the Galactic diffuse componenisatiopic component, and nearby
~-ray point sources (SOM). We fit the core as a point sourceeaktiown radio position and
the lobe emission was modeled using a 22 GHz WMAP imad®;(Kig. 1) with the core
region within a ® radius excluded as a spatial template. The modeled loberregughly
corresponds to the region 1 & 2 (north), and 4 & 5 (south) defime(9), where region 3 is
the core (Fig. 2). Assuming a power-law for theay spectra, we find a large fraction 1/2)
of the total>100 MeV emission from Cen A to originate from the lobes with flux in each
of the northern ((0.77 (+0.23/-0.19) (£0.39)ss.) x 1077 ph cnm? s7!) and southern ((1.09
(+0.24/-0.21) 41 (£0.32).) x 1077 ph cnm? s7!) lobes smaller than the core flux ((1.50
(+0.25/-0.22) ¢ (£0.37)5yst.) x 1077 ph cnm? s7). Uncertainties in the LAT effective area,

the Galactic diffuse model used, and the core exclusioronegiere considered as sources of



systematic error (SOM). The resultant test statistic (I8})(for the northern and southern giant
lobes are 29 and 69, which corresponds to detection signdfesaofs.00 and8.00, respectively.
The lobe spectra are steep, with photon indi¢es,2.52 (+0.16/-0.19),; (£0.25)s. (north)
and 2.60 (+0.14/-0.18);.(£0.20)s. (south) where photons up t02-3 GeV are currently
detected. These values are consistent with that of the €ote .67 (£0.10)tar. (£0.08)syst.)
which is known to have a steepray spectrum®). For further details pertaining to the analysis
of the lobe emission see the SOM.

It is well-established that radio galaxy lobes are filledhaitagnetized plasma containing
ultra-relativistic electrons emitting synchrotron rada in the radio band (observed frequen-
cies,v ~ 107" —10'* Hz). These electrons also up-scatter ambient photons behanergies via
the inverse Compton (IC) process. At the observed distaiacéom the parent galaxy<100
kpc-scale), the dominant soft photon field surrounding tttereded lobes is the pervading ra-
diation from the CMB 11). Because IC/CMB scattered emission in the lobes of mortartis
radio galaxies is generally well observed in the X-ray bal@-14, the IC spectrum can be
expected to extend to even higher energ®ed 9, as demonstrated by the LAT detection of the
Cen A giant lobes.

To model the observed loberays as IC emission, detailed radio measurements of tieslob
synchrotron continuum spectra are necessary to infer tteriying electron energy distribution
(EED), n.(v), where the electron energy 5, = ym.c?. In anticipation of theseé’ermi
observations, ground-basetb( 17 and WMAP satellite §) maps of Cen A were previously
analyzed 9). Here, we separately fit the4 — 60 GHz measurements for each region defined
therein for the north (1 and 2) and south (4 and 5) lobes (se2lriwith EEDs in the form of
a broken power-law (with normalization and slopes; ands,) plus an exponential cutoff at
high energiesnc(y) = ke~ for ymin < v < Yo @NA16(Y) = ke iy ™' 72 XP[—7/Vmax]

for v > .., such that the electron energy density/is= | E,n.(y)dy. To a certain extent,



our modeling results depend on the shape of the electrorapeat energies higher than those
probed by the WMAP measurements{ 60 GHz; Fig. 3); we have assumed the spectrum to
decline exponentially.

The IC spectra resulting from the fitted EED (parametergdish Table S1 of the SOM)
were calculated employing precise synchrotrd8) (and IC (9) kernels (including Klein-
Nishina effects) by adjusting the magnetic fielél, In addition to the CMB photons, we in-
cluded IC emission off the isotropic infrared-to-opticd&|Eradiation field 9, 20, 23, utilizing
the data compilation of22). Anisotropic radiation from the host galaxy starlight ahd well-
known dust lane was also included, but was found to have agitggl contribution in compar-
ison to the EBL (Fig. 4, see also the SOM). The resultant i@adpectra of the northern and
southern lobes (Fig. 3) with = 0.89 4G (north) andB = 0.85 uG (south) provide satisfactory
representations of the observeday data. Thes&-field values imply that the high-energy
ray emission detected by the LAT is dominated by the scatt€idB emission, with the EBL
contributing at higher energies( 1 GeV, Fig. 4).

Considering only contributions from ultra-relativistileetrons and magnetic field, the lobe
plasma is found to be close to the minimum energy conditiotm whe ratio of the energy
densities[/,/Ug ~ 4.3 (north) and~ 1.8 (south), wherd/z = B?/8r. The EED was assumed
to extend down to,,;, = 1; adopting larger values can reduce this ratio by a fractiameount
for the south lobe, and up te 2x for the north lobe (SOM). For comparison, IC/CMB X-ray
measurements of extended lobes of more powerful (FRIIpragdiirces have been used to infer
higher B-fields and equipatrtition ratios with a range/Ug ~ 1 — 10 (12-14.

The radiating particles in the Cen A lobes lose energy predantly through the IC chan-
nel, because the ratio of the corresponding cooling timesgjigl to the energy density ratio,
Ucms/Us 2 10. This manifests itself in the-order of magnitude dominance of theray

component over the radio one in the observed SEDs (Fig. 3ueMer, the magnetic field con-



straints (thus the exact ratios Gf.\p/Ug) are sensitive to the shape of the EED at the electron
energiesE. > 0.1 TeV. On one hand, magnetic field strengths greater & .G will un-
derproduce the observed LAT emission for all reasonabhagaf the EED, so the quoted ratio
is formally a lower limit. Conversely, magnetic fields as las~1/3 of our quoted values are
strictly allowed if we invoke a sharper cutoff in the syndnom spectrum atz 60 GHz, as
would be expected in some aging models for extended rades|@dd., 0)). Such models with
lower magnetic fields and EEDs with sharper upper energyffsuitan the exponential form
adopted here (Fig. 3) would result in IC spectra where the EBher than the CMB compo-
nent become dominant in the LAT observing band. These moelgisre large departures from
equipartition (/. /Ug 2 10); even lowerB-fields would violate the observed X-ray limit to the
lobe flux ©, 23.

For a tangled magnetic field, the total non-thermal pressiuréhe lobes arey, = (U, +
Ug)/3 ~5.6 x 10~ ergcn3 (north) and~ 2.7 x 10~ erg cnt® (south). Such estimates can
be compared to the ambient thermal gas pressure to enathlerfunderstanding of the dynam-
ical evolution of such giant structures in general. Unfodiely, the parameters of the thermal
gas at the appropriate distances from the nucleus of Cen Acargell known. Upper limits of
the soft X-ray emission of the lobe8)( as well as Faraday rotation studi€el)indicate that
the thermal gas number densityris,, < 10~*cm™? within the giant lobes. Hence, the upper
limit for the thermal pressur@,.s = nkT < 107'3 (ngs/107* cm™?) (T,.s /107 K) erg cnm?, is
comparable to the evaluated non-thermal pressures.

Our modeling results allow us to estimate the total enerdyoth giant lobesE;,; ~ 1.5 x
10%® erg. This, divided by the lifetime of the lobes derived fropestral aging ), = ~ 3 x
107 yrs, gives the required kinetic power of the jets inflating diant lobes[; ~ E /27 ~
7.7 x 10*2 ergs'!, which is close to the estimates of the total power of the $gaie outflow in

the current epoch of jet activity26). For a black hole mass in Cen Afgy ~ 102 M, (26),



this implies a jet power which is only a small fraction of thedihgton luminosity {; =~

6.1 x 107*Lgqq), and a relatively small jet production efficiendy,,. /Mpuc? ~ 8 x 107°.
Because the dVV work done by the expanding lobes on the ambient medium isakentinto
account, and the relativistic proton content is unconségin our analysis, the obtained values
for £y, and L; are strict lower limits and could plausibly be an order of magde larger
(cf., (27)).

The observed LAT emission implies the presence of 0.1-1 Tevtrens in the> 100’s
kpc-scale lobes. Because their radiative lifetimesl10 Myr) approach plausible electron
transport timescales across the lobes, the particles hiher been accelerated in situ or effi-
ciently transported from regions closer to the nucleus hSugh-energy electrons in the lobes
are in fact required to IC scatter photons into the LAT band &ns presently unclear how

common this is in other radio galaxies.

References and Notes

1. J. G. Bolton, G. J. Stanley, O. B. Slé&¢ature164, 101 (1949).

N

. C. A. ShainAust. J. Phys11, 517 (1958).

w

. K. V. SheridanAust. J. Physl1, 400 (1958).

4. L. Ferrareset al,, Astrophys. J654, 186 (2007).

ol

. W. B. Atwoodet al. (F'ermi-LAT collaboration),Astrophys. J697, 1071 (2009).

6. R. C. Hartmaret al,, Astrophys. J. Suppl. Sdr23 79 (1999).

\l

. |http://fermi.gsfc.nasa.gov/ssc/data/analysis/dwmntation/Cicerone/

8. G. Hinshawet al,, Astrophys. J. Suppl. S&i80, 225 (2009).


http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

M. J. Hardcastle, C. C. Cheung, I. J. Feain, £. Stawdr). Not. R. Astron. So893 1041
(2009).

J. R. Mattoxet al., Astrophys. J461, 396 (1996).

D. E. Harris, J. E. Grindlayylon. Not. R. Astron. So&88, 25 (1979).

E. D. Feigelsoet al,, Astrophys. J. Let449, L149 (1995).

J. H. Crostomt al.,, Astrophys. J626, 733 (2005).

J. Kataoka, . StawarAstrophys. J622, 797 (2005).

C. C. CheungAIP Conf. Ser921, 325 (2007).

N. Junkes, R. F. Haynes, J. |. Harnett, D. L. Jaungsiron. Astrophy269, 29 (1993).
H. Alvarez, J. Aparici, J. May, P. ReicAstron. Astrophys355 863 (2000).
A. Crusius, R. Schlickeisehstron. Astrophysl64, L16 (1986).

G. R. Blumenthal, R. J. GoulRev. Mod. Phyg12, 237 (1970).

M. G. Hauser, E. Dweldnnu. Rev. Astron. Astrophya9, 249 (2001).

M. Georganopoulost al., Astrophys. J. Let686, L5 (2008).

M. Raue, D. Mazinint. J. Mod. Phys. 17, 1515 (2008).

F. J. Marshall, G. W. Clarldstrophys. J245, 840 (1981).

I. J. Feairet al,, Astrophys. J707, 114 (2009).

J. H. Crostort al, Mon. Not. R. Astron. So895, 1999 (2009).



26. A. Marconiet al,, Astron. Astrophys148 921 (2006).
27. C.D. Dermer, S. Razzaque, J. D. Finke, A. Atoydew J. Physl1, 065016 (2009).

28. TheFermi LAT Collaboration acknowledges support from a number ofnages and in-
stitutes for both development and the operation of the LAWak as scientific data anal-
ysis. These include NASA and DOE in the United States, CEAANd IN2P3/CNRS in
France, ASI and INFN in Italy, MEXT, KEK, and JAXA in Japan,cathe K. A. Wallen-
berg Foundation, the Swedish Research Council and themdBpace Board in Sweden.
Additional support from INAF in Italy and CNES in France farience analysis during
the operations phase is also gratefully acknowledged .CC Was supported by the NASA
Postdoctoral Program at GSFC, administered by ORAU thraugintract with NASA. We
thank N. Odegard for providing the WMAP image.



-39°00'

-39°00'
-40°00' -40°00'
-41°00' -41°00'
8 X b 8 o )
S -42'00 S -42'00
o o
2 2
§ 4300 5 -4300
B B
£ .. £ ..
S -44°00 S -44°00
[ [
o o
-45°00' -45°00'
-46°00' -46°00'
-47°00' -47°00'
-48°00' -48°00'
13'50™  13"40™  13"30™  13"20™  13"10™  13"00" 13'50™  13"40™  13"30™  13"20™  13"10™  13"00"
Right Ascension (J2000) Right Ascension (J2000)
counts deg? I counts deg? I
| E |
100.0 144.0 196.0 256.0 324.0 400.0 0.0 25.0 100.0 225.0 400.0

-39'00
-40°00'
-41°00'
-42°00'
-43°00'

-44°00'

Declination (J2000)

-45°00'
-46°00'

-47°00'

-48°00'
13"50™  13"40™  13"30™  13"20™  13"10™  13"0Q"
Right Ascension (J2000)
counts deg? -
=
0.0 25.0 100.0 225.0 400.0

Fig. 1. Fermi-LAT ~-ray (>200 MeV) counts maps centered on Cen A displayed with square-
root scaling(A, B). In both panels, a model of the Galactic and isotropic emimssomponents
were subtracted (in contrast to the observed counts proéleepted in Fig. 2). The images are
shown befor€A) and and afte(B) additional subtraction of field point sources (SOM), and are
shown adaptively smoothed with a minimum signal-to-nogdmrof 10. In pane(B), the white
circle with a diameter of “Lis approximately the scale of the LAT PSF width. For compmarjs

the 22 GHz radio map from the 5-year WMAP datagg@tith a resolution 0.83 is showrn(C).
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Fig. 2. Observed intensity profiles of Cen A along the north-souil ax~-rays [top panel]
and radio [bottom panel]. In the bottom panel, the lobe negib & 2 (northern lobe), and 4 &

5 (southern lobe) are indicated following) (wvhere region 3 (not indicated) is the core. The red
curve overlaid onto the LAT data indicates the emission rhmteof all fitted points sources
plus the isotropic and Galactic diffuse (brighter to thetBpemission. The point sources in-
clude the Cen A core (offset20and a LAT source at an offset4.5° (see SOM) which is
clearly outside (1from the southern edge) of the southern lobe. The excesssatemcoinci-
dent with the northern and southern giant lobes.
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Fig. 3. Broad-band spectral energy distributions (SEDs) of théheon(A) and southerriB)
giant lobes of Cen A. The radio measurements (up to 60 GHzadi ébe are separated into
2 regions with blue data points indicating regions (2 andf4;kig. 2) closer to the nucleus
and the farther regions (1 and 5) in light blue. Synchrotrontibuum models for each region
are overlaid (see text). The component at higher energibe itotal IC emission of each lobe
modeled to match the LAT measurements (red points with éacs). The X-ray limit for the
lobe emission derived frorfi AS-3 observationsZ3) is indicated with a red arrow; se8)( The
break and maximum frequencies in the synchrotron spedarng are 4.8 GHz andv,,,,, = 400
GHz, respectively.

104 T 10 T T
IC/CMB IC/CMB
North Soutr
IC/star IC/stat
1018+ IC/dust 1083 IC/dust
¥ 107 ¥ 102
o) =)
g g g gon
7 DR
- NN
100} 100} —-=s RS
- PR \ <
- - S~ \
~ - ~ \
e e AN \
i ~ e 7 SO \
109 109 L L L L
107° 10%° 10 107 102 10% 1%
v [Hz] v [Hz]

Fig. 4. Detail of the IC portion of the norther(A) and southerr{B) giant lobes’ SEDs (cf.,
Fig. 3). The separate contributions from the different phateed sources are indicated with
dashed lines while the total emission is the solid black line
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Supporting Online Material (SOM)

Materials and Methods: LAT Data Selection and Tests of Spa-
tial Modeling

The characteristics and performance of the LAT abdamnani are described in detail by5().
The data used in this work amount to 300 days of continuoussskyey observations over
the period August 4th 2008 — May 31st 2009 (correspondingission elapsed times (MET)
239557420 - 265507200) during which an effective expostire 2.3 x 10! cn? s (at 1 GeV)

is obtained for Cen A. Events satisfying the standard loekbeound event selection (“Pass 6
Diffuse” events) §1), coming from zenith angles 105° and satisfying the rocking angle cut
of 39° are used$%$2. We further restrict the analysis to photon energies ak®@MeV; below
this energy the effective area in the Diffuse class is nedffismall and strongly dependent on
energy.

For the analysis we select all events within a rectangulgioreof-interest (ROI) of size
14° x 14° centered on{az000, 012000) = (13825268, —43°01’12”) and aligned in equatorial
coordinates. A counts map of the ROI is shown in Fig. S1. Adllgsis is performed using the
LAT Science Tools package, which is available from the FeBgience Support Cente$3d,
using P6V3 post-launch instrument response functions (IRFs). &lse into account pile-up
and accidental coincidence effects in the detector subsyssthat were not considered in the
definition of the pre-launch IRFs. At the Galactic latitudeGen A (b ~ +19°), they-ray
background is a combination of extragalactic and Galadtios® emissions and some residual
instrumental background. We model the Galactic backgraamdponent using the LAT stan-
dard diffuse background modgl | _i emv 021 for which we keep the overall normalization

as a free parameter. The extragalactic and residual inetrtalbackgrounds are combined into

1The model can be downloaded from http://fermi.gsfc.nasdsgc/data/access/lat/BackgroundModels html.


http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

a single component which has been taken as being isotrodievith a spectral distribution
determined from all-sky fitting (filé sot r opi c_i emv02. t xt ). The normalization of this
component was left as a free parameter.

The first Fermi-LAT source catalog %4 contains 14 point sources within the ROI. One
of these sources (1FGL J1325.4300) corresponds to the core of Cen A while two sources
(1FGL J1322.6-4515, 1FGL J1333:44036) are likely local maxima of the Cen A lobes. This
leaves 11 point sources within the ROI that are not assattat€en A. To correctly account
for these 11 field sources in our analysis, we include pointes at the positions quoted in
Table S2 in our background model for which we left the fluxed spectral power-law indices
as free parameters. The locations of the point sources diated by boxes in Fig. S1.

We model the core emission from Cen A with a point source kxtait the known radio
position of (avjo000, 32000) = (13225275, —43°01'09”) for which we keep the flux and power-
law spectral index as free parameters. The giant radio lob&€en A are modeled using a
spatial template that is based on the WMAP 22 GHz im&j$ ¢f Cen A (see main text and
Fig. S1). To exclude the core emission from this template @t pixels within a radius of
1° around the core of Cen A to zero. We further split the tempébemg an east-west axis
running through the core of Cen A to obtained separate mddethe northern and southern
radio lobes. We model the spectrum of both lobes using poswes for which we keep the
fluxes and spectral indices as free parameters.

We fit the core and radio lobes in addition to the backgroundehto the data using a
binned maximum likelihood optimization. The test statigfi'S) (S6 of the core amounts to
219, corresponding to a detection significancéo6o. For the northern and southern lobes we
obtain TS values of 29 and 69, which corresponds to detestgmificances 0f.0c and8.00,
respectively. As a test, fake WMAP image templates weretedelay rotating the map b§0°,

180°, and270°, bringing the lobes out of the alignment with respect to tdio emission. As



expected, when fitting the data with these fake maps instetiteariginal WMAP template
the TS is reduced by a large facter (), indicating that the/-ray emission indeed matches the
radio morphology.

As Cen A is relatively close to the Galactic plane, an aceurabdeling of the diffuse
Galactic emission is important. We tested the stabilitywf @sults by replacing the standard
model of diffuse Galactic emission by the modgll _.i emvO01, i.e., from the GALPROP
code §2 and this is considered as a source of systematic uncsrtdihe effect of different
core exclusion radii was also tested, considering valuek®fand 1.25 in addition to the
1° results quoted. The lower end of this range is defined by dikajuenough of the core
to sufficiently model its emission, and the upper end is tlggusain which the lobe emission
begins to be excluded. Lastly, systematic uncertaintie® walculated considering the effect
of the uncertainty in the IRFs (i.e., the LAT effective arehy). These are summarized in
Table S3.

To investigate whether theray emission seen towards the giant radio lobes of Cen Adcoul
also be attributed to background blazars in the area, wedtaxen in the right panel of Fig. S1
the distribution of blazar candidates in the CRATES cataloiiat-spectrum radio sourceST)
within the ROI. We found a total of 14-ray blazar candidates that spatially overlap with the
radio lobes of Cen A. From Fig. S1 we can already notice thaterad them coincides with a
local maximum ofy-ray emission in the counts map. Fitting point sources aptsitions of the
11 CRATES sources with flux and spectral power law index set iin addition to the core and
lobe model of Cen A does not result in a significant detectosrahy of them, and does not lead
to a significant reduction of the flux from the WMAP templatattinodels the/-ray emission
from the lobes. We thus conclude that the emission seen dswiae Cen A radio lobes cannot
be attributed to known blazars in the field. Extended emmsmm the giant radio lobes of Cen

A seems thus as the most plausible explanation of the oligersa



Theoretical Modeling

Following (S8, we used a template elliptical galaxy spectri88 formalized to thé -band ap-
parent magnitudeyn,, = 7.0 (S10 to derive a luminosity of the host df,, ~ 7.8 x 103 ergs!

in this band. The far-infrared (FIR) emission of the dusel@modeled as a modified black-
body, v1,(Ty) x v*(1 — exp|—(v/vy)~?])/(exp|hv/kTy] — 1), where3 = 1.5 is the dust
emissivity power-lawly ~ 60K is the assumed dust temperature (corresponding to the peak
frequenciesyy = 3kTy/h ~ 3.75 x 102Hz), andy, = 3 x 102 Hz is the frequency below
which the thermal dust emission becomes optically thinsTtribution is normalized to the
total 100 m Cen A flux of400 Jy (511, amounting to a luminosity of.;oo0 ~ 2 x 10 ergs!

at this wavelength. The spectra generated in this way arsistent with the monochromatic
flux density measurements compiled I810.

In Fig. S2, the relevant photon fields as seen by the lobedattegh. These include the CMB
(black) and the solid green line denotes the EBL model fr8d(adopted in our calculations
(see main text); green dashed lines are the other EBL modelsdered (see Fig. S3). The
volume averaged energy density of the starlight (blue) arst (ted) emission as seen at the
locations of regions 1 and 2 (lower and upper solid, respelgli and 4 and 5 (upper and lower
dashed, respectively) are indicated. For all EBL choides,EBL energy density dominates
over that of the host galaxy starlight and dust emissionpy—-100x. Here, the lobes are
assumed to lie in the plane of the sky. This assumption maeisithe possible contribution of
the galactic emission as smaller angles to the line of segglt in larger de-projected distances
for the radio lobes and would make the galactic photon fields éess relevant. In terms of our
modeling results, smaller angles would also imply largerse volumes which would affect
only the jet powers evaluated (making them larger), so theeglestimate should further be

considered as a lower limit.



As mentioned in the main text, we parameterize the electnengy distribution (EED) of
each lobe region with a broken power-law in the form{(vy) = ko7 ~°* for ymim < 7 < Yir
andne(y) = keyp2 * 72 exp[—7/Ymax) fOr v > 7, We initially considered a wide range
of magnetic field strengthd? = 0.1 — 10uG, and adjusted the parameters of the EED £,

S2, Ybr» @NAYmax) t0 Match the radio measurements. The IC fluxes were evdlsajgarately

for each defined region (1, 2, 4, and 5) and the summed compeutégsion from each lobe
was compared to the observed LAT spectra. The models fouregb represent the radio
and~-ray measurements are reported (Table S1). Using difféE&ht models/compilations

(Fig. S3), we found the resultant IC SEDs are insensitivéaéoparticular EBL models within

the measurement uncertainties.

The low-energy ultrarelativistic electron energy distitibns in the south lobe are relatively
flat, with indicess; < 2. We note in this context that since the synchrotron contfiouahis
lobe are significantly curved, the precise synchrotron éehas to be used in evaluating the
synchrotron emission for a given form of the electron spawtr That is, no standard approx-
imation relating the synchrotron spectral index(defined asS, « v~?), with the electron
energy indexs = 2a + 1, can be made. Such an approximation holds when the eleatsergye
distribution is of the form of a single (and steep) power;lawt not if the electron spectrum
has a sharp break, which — in the considered case — affec¢yicarotron spectra in the GHz
range for the Cen A south lobe. If we increasefor the southern lobe up to 2, we would
not be able to reproduce the radio data well. We also notewtlats; < 2, the derived total
electron energy density/{) of the southern lobe is relatively insensitive to our asgtiom of
the minimum electron energy.(;, = 1) with a decrease by only a few percent if we increase
~Ymin 10 100 for example. For the north lobe however, increasing to 100 would result in a
non-negligible ¢ 2x) decrease i/, because this lobe is characterized by a steeper low-energy

electron spectrum.



In addition to the galactic emission, one can expect thamnthethermal emission from
the active nucleus also illuminates the giant lobes, thasiging another possible seed photon
source. For Cen A, the energy density of the nuclear emisgiadistance ~ 100 kpc from the
nucleus (corresponding to regions 2 and 4) can be estimatethly as//,,,. < 10~'* erg cn1?®
(see 619). Thisis comparable at best to the EBL level at near-iefl&optical wavelengths but
as the precise level is dependent on the unknown relatisiaming parameters of the inner

jet and uncertainty in the jet duty cycle, this is omitted ur estimates for simplicity.
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Fig. S1. Gaussian kernelo( = 0.3°) smoothed counts maps of the region-of-interest (ROI)
around Cen A in a true local projection before (left) and raftiebtraction of the background
model (right) for the energy range 200 MeV — 30 GeV and for &isxze of0.1° x 0.1°. The
boxes show the locations of the 11 LAT point sources that baea included in the background
model. The stars in the right panel show the locations of tRATES radio sources in the ROI.

North South
Region 1 2 4 5
Distance from core [kpc] 226 125 131 217
Cylindrical dimensionsK, r) [kpc] | (122,81) | (73,70.5) | (86,78) | (87,69.5)
F(>100MeV) [10-"phcm?2s7'] | 0.77 (+0.23/-0.19)| 1.09 (+0.24/-0.21)
Photon index 2.52 (+0.16/-0.19) | 2.60 (+0.14/-0.15)
ke [10719 cm—9] 86 | 161 0.016 1.7
s1 2.1 1.1 1.6
“Ymin 1 1
Yor 3.6 x 10* 3.6 x 10*
Vmax 3.3 x 10° 3.3 x 10°
B 1G] 0.89 0.85
U./Ug 4.3 1.8
p[10~* erg cnT?] 5.6 2.7

Table S1. Measured & model parameters for the Cen A giant lobes. Théequdistances are
from the core to the centroid of the different regions. Esrorthe flux and photon indices are
statistical only — see Table S3 for a summary of the systereators.
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Name Q32000 032000

1FGL J1300.9-3745 13"00m54s —37°45'36”
1FGL J1304.6-4622 13"04™05° —46°22'06”
1FGL J1304.3-4352 13h04m21° —43°52/07”
1FGL J1305.4-4928 13"05m28% —49°28'15”
1FGL J1307.6-4030 13"07™06° —40°30'37”
1FGL J1307.6-4259 13h07m38% —42°59'58”
1FGL J1320.14007 13"20m10° —40°07'36”
1FGL J1328.24729 13h28™12% —47°29'56”
1FGL J1334.24448 13"34™15°% —44°48'48”
1FGL J1347.8-3751 13"47™52% —37°51'18”
1FGL J1400.1-3743 14"00™08% —37°43/04”

Table S2.Positions of point sources detected by fhe-mi-LAT within the ROI that have been
included in the background model.

Parameter Value Stat. Syslg)  Sys. (diff.) Sys. (radius) Sys. (total)
Core flux 1.50 +0.25/-0.22 +0.12/-0.11 +0.02/-0.03 +0@3®6  +0.37
Core index 2.67 +0.10/-0.10 +0.06/-0.06 +0.02/-0.00 +6mM05  40.08

North lobe flux 0.77 +0.23/-0.19 +0.23/-0.16 +0.30/-0.14 .0866-0.09  +0.39
North lobe index 2.52 +0.16/-0.19 +0.18/-0.20 +0.11/-0.%0.06/-0.00 +0.25
South lobe flux 1.09 +0.24/-0.21 +0.25/-0.21 +0.14/-0.16.06/60.11  +0.32
South lobe index 2.60 +0.14/-0.15 +0.17/-0.15 +0.10/-0.68.00/-0.01  +0.20

Table S3.Summary of statistical and systematic errors. The fluxesph cnt?2 s~!] quoted
are in the> 100 MeV band. In addition to the statistical (Stat.) errors, soarces of sys-
tematic (Sys.) uncertainties are due to limited knowledgeuathe LAT effective areaA.y),
variations of the diffuse model components (diff.), andecouit-out radius. Quoted are the min-
imum/maximum parameter differences from the values ddrilidne maximum values of each
source of systematic error are added in quadrature to geveothl systematic error.

10



