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ABSTRACT 
y-ray emission above 700 keV from the direction of Centaurus A was detected during a balloon flight with 

the MPI Compton telescope. The statistical significance of the source detection is 4.1 a. The location of the 
source, the profile of the derived source image, and the intensity and shape of the derived energy spectrum 
strongly suggest that the detected radiation is related to Cen A. The energy spectrum extends into the MeV 
range at least up to 8 MeV and connects well to the power-law spectrum, which so far has been measured up 
to several hundred keV. If the upper limits from SAS 2 and COS B for y-ray emission above 35 MeV and 50 
MeV respectively were valid also during the balloon flight, the spectrum must steepen rapidly at energies 
around 10 MeV. No y-ray lines have been found in the spectrum. The derived 2 a upper limits on line emis- 
sion are below previously reported line intensities. The hard X-ray/soft y-ray spectrum can be interpreted as a 
thermal Comptonization spectrum with the parameters kTe = 5.1 MeV and tt = 0.15. For the special case of 
pair equilibrium, a lower limit to the source radius of 2.5 x 1014 cm can be derived. The spectrum also fits the 
two-component synchrotron-self-Compton model of Grindlay. 
Subject headings : galaxies : individual — gamma rays : general — radiation mechanisms 

I. INTRODUCTION 
The bright radio galaxy Cen A (NGC 5128) is the nearest 

active galaxy, at a distance of ~ 5 Mpc. It was one of the first 
extragalactic objects to be identified as an X-ray emitter 
(Bowyer et al 1970). During the last 10 years, several observa- 
tions at hard X-ray (Ex > 10 keV) and low y-ray energies have 
shown that the energy spectrum of Cen A is of the power-law 
type up to at least several hundred keV (Mushotzky et al 1976; 
Hall et al 1976; Mushotzky et al 1978; Baity et al. 1981; 
Pietsch et al 1981 ; Gehrels et u/. 1984). At these energies Cen A 
is highly variable on the time scale of months in intensity as 
well as in spectral slope. 

Observations at y-ray energies by SAS 2 above 35 MeV 
(Bignami et al 1979) and COS B about 50 MeV (Pollock et al 
1981) yielded only upper limits on its emission. An observation 
with the balloon-borne telescope of Rice University (Hall et al 
1976) at low y-ray energies resulted in an upper limit to the 
continuum emission above 1 MeV and in the detection of two 
y-ray line features near 1.6 MeV and 4.4 MeV. At ultra-high 
y-ray energies, Grindlay et al (1975) have reported a positive 
detection of Cen A above 100 GeV, which was based on the 
ground-based Cerenkov technique. 

The flat shape of the power-law spectrum of Cen A at X-ray 
energies and the existing limits to its flux at y-ray energies 
above 35 MeV suggest that its maximum of luminosity should 
lie somewhere in the MeV range. Observations at MeV ener- 
gies are therefore expected to contribute significantly to our 
understanding of the primary source mechanism of this active 
galaxy. The observed variability suggests that the source is 
rather small in volume, but its nature is still unclear. 

In this paper an observation of y-ray emission from the 
direction of Cen A in the energy range between 0.7 and 20 MeV 
is described. The observation was made during a balloon flight 
with the MPI Compton telescope (Schönfelder, Graser, and 
Diehl 1982). The balloon flight was performed from Uberaba, 
Brazil, on 1982 October 31 under very difficult conditions. It 
ended after only 4.5 hr at float, due to a balloon failure (3.5-4 g 

cm-2 residual atmosphere). Cen A was within the field of view 
of the telescope, but at large angular distances between 23° and 
more than 50° to the telescope axis. Therefore, no full use of the 
telescope sensitivity could be made. The maximum detection 
efficiency of the telescope is obtained for angles of incidence 
close to the axis. At the end of the flight the galactic center 
came into the field of view. This part of the flight was excluded 
from the present analysis and is investigated separately (von 
Ballmoos, Diehl, and Schönfelder 1986). 

The telescope and details of the balloon flight are described 
in § II. The data analysis approach (different from the one used 
by Schönfelder, Graser, and Diehl 1982) is described in § III. In 
§ IV the results of the analysis are summarized, including the 
significance of the source detection, the derived y-ray flux and 
the energy spectrum. Arguments for the identification of the 
observed source with Cen A are given. The energy spectrum 
does not yet allow firm conclusions on the radiation mecha- 
nism involved because of too large statistical uncertainties and 
because of the lack of correlated observations in other spectral 
ranges. Possible interpretations of the energy spectrum and 
restrictions derived from the spectrum are described in § V. 

II. OBSERVATIONS 
A detailed description of the telescope and its properties is 

given by Schönfelder, Graser, and Diehl (1982). The telescope 
consists of two large area scintillation detectors, an upper one 
(Dl) of liquid scintillator NE 213 and a lower one (D2) of 
Nal(Tl). Both detectors are entirely surrounded by an anti- 
coincidence shield of plastic scintillator. An incident y-ray is 
identified by two successive interactions: it is Compton- 
scattered in the upper detector system and thereafter absorbed 
in one of the modules of the lower detector. In each detector 
layer the position of the interaction and the energy deposit of 
the event is measured. Additional measurements (in order to 
reduce the number of background events) are the time of flight 
of the scattered y-ray from Dl to D2 and the pulse shape in Dl, 
which allows rejection of neutron induced events. 
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absorbed in D2). The information on the arrival direction of 
the incident y-ray is a function of the six parameters E2, as, 
<5S, 6, <p), where the telescope orientation is translated into the 
projection of the scatter direction onto the sky in equatorial 
coordinates (as, <5S). 

The telescope has a field of view of typically 40o-60° 
FWHM, which is slightly energy-dependent and which can be 
modified in the analysis by certain event selection criteria. The 
telescope angular resolution is a function of the source position 
with respect to the telescope axis. For positions near the axis 
the 1 cr angular profile of a point source is 3?5. At larger off-axis 
angles the profile becomes asymmetric and its width ranges 
from 3?5 to 9°. 

During the balloon flight the telescope was suspended in 
such a way that the telescope axis always pointed toward the 
zenith. The instantaneous azimuthal orientation was derived 
from two magnetometers and a Sun sensor to within ± Io. Two 
inclinometers were used to monitor deviations of the (x, y)- 
telescope plane from the horizontal plane. All flight data were 
electronically transmitted to the ground and stored on mag- 
netic tapes. 

The region of the sky observed during the balloon flight is 
shown in Figure 2 along with the track of the balloon. The 
balloon had reached its float altitude of 3.5 g cm-2 at 14:30 
UT, a few minutes after the transit of Cen A. After 17:00 UT, 
telemetry problems arose which resulted in a loss of ~ 50% of 
the data after that time. At 18:55 UT the flight had to be 
terminated, due to the balloon failure. The data analysis of the 
present paper is based on data from the time interval 13:30 UT 
to 17:08 UT only. 

We summarize the symbols used in this article : 

Ey energy of the infalling y-ray 
Es

y energy of the scattered y-ray 
Di/D2 upper detector/lower detector 

100° 

0 0° 

-10 0° 
c 

% -20 0° 
c 

£ -30 0° 

-U0Q° 

-50 0° 

290° 280° 270° 260° 250° 2¿f0o 230° 220° 210° 200° 190° 
Right ascension 

Fig. 2.—Part of the sky which was observed during the balloon flight. The track of the balloon at ascent (dashed line) and at float (solid line) is shown. The large 
circle indicates the field of view of the telescope (FWHM). Also shown is the track of the mirror point of Cen A between 13:30 UT and 17:08 UT. 

Universal time [ h ] 
19 18 17 16 15 14 13 

Figure 1 shows a schematic view of the instrument. The 
essential event parameters are the time-dependent orientation 
of the telescope with respect to the sky, the direction of the 
scattered y-ray in the detector system (0, </>), and the energy 
deposits E1 and E2 in the two detectors. From the two energy 
deposits a “derived scatter angle” cp can be calculated accord- 
ing to 

mec
2 m^c2 

cos cp = 1 — —— + ■ 
Ex + £2 ’ (i) 

The derived scatter angle cp is identical to the true Compton 
scatter angle <p, if the event parameters are measured without 
systematic errors (e.g., if the scattered y-ray Es

y is totally 
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EJE2 energy loss in the upper/lower detection system 
(p true scatter angle in D1 
cp derived scatter angle (from eq. [1]) 
njfy hidden detector block in DJD2 
0¡(¡) scatter direction in the telescope system (zenith/ 

azimuth angle) 
as/<5s scatter direction in the equatorial system (right 

ascension/declination) 
az/<5z telescope axis in the equatorial system 

III. DATA ANALYSIS 

A Compton telescope has imaging properties within a wide 
field of view. It is at present the only telescope that has proven 
imaging capabilities at MeV energies. An earlier sky map 
method used by Graser and Schönfelder (1982) to derive an 
image of the anticenter region of the galaxy with the same 
telescope was based on the idea that the arrival direction of an 
incident y-ray should lie on an “event circle”—a circle of 
radius cp that is centered at (as, (5S). In this case for each bin of 
the sky which is intersected by such a circle a certain probabil- 
ity can be calculated that the photon originally came from that 
bin. In order to generate a brightness distribution, the event 
circles of all accepted events are projected onto the celestial 
sphere. The brightness within a certain sky bin is then derived 
by adding up the probabilities of all event circles intersecting 
this bin. Background is subtracted by modeling the 
“ exposure ” of each sky bin taking into account the telescope 
efficiency. 

For the present analysis a new method was developed which 
shows advantages in sensitivity, source location, and back- 
ground treatment. This method which we call the 7r-method is 
characterized by three main features: event matrices, the 
mirror method, and likelihood ratio skymaps. 

a) Event Matrices 
The <p-event circle is replaced by a two-dimensional matrix 

which contains the probabilities dpu\a, ô) that the 7th photon 
originally came from the direction of bin (a, ô). For any set of 
event parameters (Eu E2, as, ¿s, 6, 0)—and hence for each 
detected y-ray event—a probability matrix can be constructed. 
Figure 3 shows a typical example together with the corre- 
sponding event circle. The shape of the matrix (looking like a 
doughnut) slightly depends on the energy spectrum of the inci- 
dent y-rays. The probability matrices were determined by 
means of a Monte Carlo program: the detection of iso- 
tropically incident y-rays with an ~E~2 differential photon 
number spectrum was simulated, and for each set of param- 
eters of the detected events the distribution of the actual arrival 
directions was determined. In the special example of Figure 4 
the 4° offset between the ^-circle and the ridge of the distribu- 
tion is typical for a Compton telescope; it is due to the fact that 
the event parameters cannot be measured without systematic 
errors. In some cases the scattered y-ray is only Compton- 
scattered in D2 and not totally absorbed; this results in a 
<p-value larger than the actual scattering angle. For other 
events the calculated <p-value is too small due to the influence 
of energy thresholds. The event probability matrices take into 
account these systematic errors, unlike the previously used 
event circles. 

b) Mirror Method 
The mirror method is a simple and efficient tool for deter- 

mining the background distribution from the flight data them- 
selves. The instrument symmetry allows us to define for each 
source another direction (mirror source) which has the same 
efficiency and atmospheric depth for incident photons. The 
mirror direction of a celestial source has the same zenith angle 

Fig. 3.—Example of probability matrix dpU)(oc, 3) for an event with E1 =0.214 MeV and E2 = 1.097 MeV. Also shown is the event circle (<p = 22?5). 
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üü -40 
o 

270 260 250 240 230 220 210 200 190 
RIGHT ASCENSION [ DEGREE ] 

270 260 250 240 230 220 210 200 190 

RIGHT ASCENSION [ DEGREE ] 
Fig. 4.—Skymap of equidistant likelihood contour lines (in steps of 10% of the maximum value) derived from all events in the range 0.7-20 MeV satisfying 

(p < 37°. {top) Map derived from balloon flight data. The likelihood maximum for the existence of a source is at a = 206°, <5 = —43°. {bottom) Result of a Monte 
Carlo simulation of the balloon flight under the assumption that Cen A is the only y-ray source in the sky. 

as the source, but its azimuthal angle is rotated by 180°. 
During the balloon flight the mirror direction of a source 
moves over the sky due to Earth’s rotation and the movement 
of the balloon. (The track of the mirror point of Cen A during 
our balloon flight is indicated in Fig. 2). This technique of 
background treatment has similarities with the on and off 
technique used in X-ray observations, except that our on and 
off observations are performed simultaneously, due to the 
large field of view of the telescope. 

Instead of comparing arrival direction probabilities of the 
measured events at a source and its mirror position, it is equiv- 
alent to define for each real event a virtual event whose scatter 
direction is the real event’s scatter direction rotated by 180° in 
azimuth angle. We then compare the arrival direction prob- 

abilities of all real and virtual photons at the celestial source 
position. 

The mirror method compensates for all fluctuations due to 
balloon altitude, cutoff rigidity, and data gaps automatically, 
thus easing background treatment. The method is based on the 
assumption that the background is isotropic and that the tele- 
scope response indeed is symmetrical with respect to the 
instrumental (X, Z)- and (7, Z)-plane. Minor asymmetries of 
the telescope (differences in gains or thresholds) are smeared 
out by the rotation of the balloon during flight. 

c) Likelihood Ratio Skymap 
In order to derive a map of the sky, one can compare arrival 

direction probabilities from all possible directions of the 
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observed sky region with the corresponding probabilities of 
the virtual sky. This comparison is done by means of the n- 
method. 

Whereas the event circle method forms the sum of probabil- 
ities per bin, the 7r-method forms the product of probabilities 
per bin. The probability that N measured events originated 
from a certain direction (a, <5) is 

Pr(a,<5)= (2) 
j=i 

Because of the high background, most events typically contrib- 
ute dpr ä 0; therefore we use the complementary probabilities 

dpr(0L, (5) = 1 - Ô) (3) 

to derive the corresponding product Pr(a, ô). This is the likeli- 
hood that jione of the N detected real events originated from 
bin (a, <5). P^a, <5) is the corresponding likelihood for the back- 
ground: it describes the probability that none of the virtual 
events originated from bin (a, ô). The 7c-skymap brightness 
<2(a, <5) is defined by the ratio of two likelihoods : 

Ö(M) = ^ 
Pr(a, Ô) 

nr=i a - dp^a, ¿)] 
~ rev H - dP

(M ,5)] * w 

where <5) is the probability _that the jth virtual event 
originated from (a, <5). The quantity Q reaches a maximum if an 
assumed source position coincides with a real source. It is 
calculated for each point of the sky, and thus an image of the 
observed sky region is obtained. This skymap does not use any 
hypothetical model of the sky. The extent of a source feature 
on a 7r-skymap does not reflect the instrument angular 
resolution; it depends nonlinearly on the number of counts 
observed from source, background, and other possible sources. 
The map maximum is interpreted as a strong candidate for a 
point source, and therefore a source significance analysis; and 
the determinations of energy spectrum and flux are performed 
at this position, as described in § IV. 

IV. RESULTS 

In the upper panel of Figure 4 the 7r-skymap derived from 
the first 3.5 hr of the flight is shown. Contour lines are plotted 
in 10% steps of the maximum value. The likelihood for the 
existence of a source is maximized at a = 206°, Ö — —43°, 
which is close to Cen A. 

The asymmetry of the profiles around the source is caused 
by large off-axis aspect angles of the source and by the special 
geometrical relation between telescope axis and source during 
the flight. Under these conditions the image of a source is not 
expected to be circular. This can be seen in the lower panel of 
Figure 4, which is the result of a Monte Carlo simulation. In 
this calculation Cen A (a = 201°, <5 = —43°) was assumed to be 
the only y-ray source in the sky. Gamma-ray emission from 
this source and its detection in the telescope were simulated 
under actual balloon flight conditions (atmospheric depth, 
track and azimuthal orientation of the balloon). The differen- 
tial photon number spectrum of the source was assumed to be 
2 x 10-6(£/l MeV)-1-4 cm-2 s-1 keV-1 (in agreement with 
the spectrum derived below). Within statistical uncertainties, 
the simulated and the measured skymaps are identical; both 
have the same source signature. This indicates that the mea- 

sured excess is due to a source at or near the position of Cen A. 
The statistical significance of the source detection was deter- 

mined in the following way: For all events contained in the 
map, the angular residuals pU) were derived; pij) is defined by 
p(j) — ÿU) _ ^t/)} where cp^ is the angle between the source 
(a = 201°, ô = —43°) and the center of the ;th event circle 
(a^, and <p0) the derived scatter angle of the y'th event. 

In the upper panel of Figure 5 the distribution of all angular 
distances p around Cen A is shown for real events (solid 
histogram) and for virtual events (dashed histogram). The differ- 
ence between the two distributions is also indicated. This 
difference distribution has a maximum at p = 0° and a 
width which corresponds to the angular resolution of the 
telescope for a point source (~10° FWHM). The excess 
( —5° < p < +5°) contains 112 events compared to 329 back- 

-30 0 40 80 

■ ■ —■ angular residuals 9 [ degree ] 
Fig. 5.—Distribution of angular distances around Cen A. {top) Flight data 

(including background); {bottom) Monte Carlo simulation (without 
background). 
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Fig. 6.—Count rate energy spectrum of all source events contained within 
the excess of Fig. 5 defined by — 4?5 < p < +4?5. 

ground events and therefore has a statistical significance of 4.0 
a (chance probability: 4 x 10~5). The signal/background ratio 
of the source detection is 112/329 = 34%. Azimuthal asym- 
metries in the 2-10 MeV y-ray flux at the top of the atmosphere 
are of the order of only 3%-4% (Ryan et al 1979) and there- 
fore do not affect the source detection. 

In the lower panel of Figure 5 the corresponding distribu- 
tions (around Cen A, around its mirror point, and the differ- 
ence between the two) are shown for Monte Carlo simulated 
events originating at Cen A (no background events included). 
The histogram of the simulation fits the flight data quite well, 
as is indicated by the dotted curve in the upper panel. The 
undershoot is caused by the source events, when seen from the 
mirror point. Its existence is a necessary consequence of the 
observed excess around p = 0°. The statistical probability that 
fluctuations generate a source at the position of Cen A is 
derived as follows : a bootstrap method analysis (Diaconis and 
Effron 1983) of the events yields 2.4 x 10“4. This value is also 
confirmed by the following argument: the chance probability 
of the observed excess (4 x 10-5) is to be multiplied by 6, 
because ¿ of all measured events fall into the internal 
— 5°<p< + 

Figure 6 shows the count rate spectrum of the source events 
contained in the interval — 4?5 < p < +4?5. The distribution 
of these events over four coarse energy intervals is listed in 
Table 1. Also listed are the statistical significances for the 
source detection in each of the four energy intervals. From this 

TABLE 1 
Count Rate Spectrum of Centaurus A 

Energy range Significance 
(MeV) (a) 

0.7- 1.5  44 ±15 2.9) 
1.5- 3.0  7 ±14 0.5 j ^ 
3.0- 8.0  36 ± 10 3.6) . 
8.0- 20.0  12 ± 6 2.0 J 
0.7-20.0   99 ± 24 4.1 

table it is clear that the source detection above 3 MeV has the 
same statistical significances as the detection in the entire 
0.7-20 MeV range (4.1 cr). 

The conversion of the count rate spectrum into the differen- 
tial photon number spectrum is done by means of the Monte 
Carlo simulation. Trials with different input power-law spectra 
were made to match the measured count rate spectrum. The 
resulting y-ray spectrum is shown in Figure 7. Also shown are 

Ej [MeV] 

Fig. 7.—Differential photon number spectrum of Cen A at X- and y-ray 
energies. The insert shows the 1 a uncertainties in a and k for a power-law fit to 
our four data points k(E/MeY)~a cm-2 s-1 keV-1. The X-ray measurements 
are from: {OSO 8) Mushotzky et al. (1978); (MPI/AIT balloon) Pietsch et al. 
(1981); (Rice balloon) Hall et al. (1976); {OSO 7) Mushotzky et al. (1976); 
(LEGS balloon) Gehrels et al. (1984); {HEAO 1) Baity et al. (1981). The y-ray 
limits are from: (SAS 2) Bignami et al. (1979); (COS B) Pollock et al. (1981). 
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Fig. 8. Cen A spectrum from radio to y-ray energies (adopted from Baity et al. 1981, with the addition of our results). Also indicated is a fit based on a thermal 
Comptonization model with kTe = 5 MeV, tt = 0.15 (Zdziarski 1985h). 

the spectra obtained from some hard X-ray measurements and 
the upper limits derived from SAS 2 and COS B above 35 MeV 
and 50 MeV. As can be seen our data points lie exactly on the 
extrapolation of the X-ray spectrum of Cen A. This fact and the 
position of the observed excess in Figure 4 and the non- 
existence of any other known hard X-ray source within 10° of 
the position of Cen A (see Levine et al. 1984) strongly suggests 
Cen A as the source of the observed y-ray emission. If our four 
data points are fitted by a power law of the type kE^y cm“2 

s“1 keV“1, we obtain k = (2.2Í};3) x 10“6 and a = 1.4 ± 0.4 
(see insert of Fig. 7). Somewhere around 10 MeV, the y-ray 
spectrum of Cen A must steepen rapidly in order to meet the 
limits set by SAS 2 and COS B. 

v. DISCUSSION 

The main conclusion derived from our measurements is that 
the energy spectrum of Cen A extends into the MeV region and 
connects well to the power-law spectrum, which so far has been 
measured up to several hundred keV. The luminosity of Cen A 
even peaks at MeV energies, as can be seen from Figure 8, 
where the luminosity spectrum per decade is plotted over the 
entire spectral range from radio to y-ray energies. If the validity 
of the upper limits derived by SAS 2 above 35 MeV (Bignami et 
al. 1979) and COS B above 50 MeV (Pollock et al. 1981) is 
assumed also for the time of our balloon flight, then the lumin- 
osity spectrum must rapidly drop somewhere around 10 MeV. 

As the overall source detection is at the 4 a confidence level 
only, considerable uncertainties in the single spectral points 
have to be taken into account when deriving conclusions from 
the energy spectrum. Three different possible explanations of 
the spectrum are now discussed: unresolved line emission on 
top of a continuum spectrum, thermal Comptonization, and 
synchrotron self-Compton models. 

a) Unresolved Line Emission 
In principle, the four data points of the derived energy spec- 

trum between 0.7 and 20 MeV are consistent with a spectrum 
composed of a continuum spectrum, which drops off beyond 
1.5 MeV, and of an additional component of unresolved y-ray 
lines between 3 and 8 MeV. The detection of two y-ray lines 
from Cen A has been reported by Hall et al. (1976). The lines 
are located at 1.6 MeV and 4.5 MeV and have tentatively been 
identified as excited 20Ne and 12C emission. The existence of 
these lines is not confirmed by our present data. Our derived 2 
a upper limits are listed in Table 2 together with the line 
strengths measured by Hall et al. (1976) and further upper 
limits derived by Gehrels et al. (1984) and Baity et al. (1981). 

At present we cannot exclude the possibility that the total 
observed 3-8 MeV flux is due to a larger number of unresolved 
lines (of corresponding lower intensity). In this case, however, 
the luminosity of the lines would be comparable to the total 
luminosity of the continuum. A much larger continuum lumin- 
osity as compared to the line luminosity would be expected, 
because in the radiating plasma only a small fraction of the 
total energy loss of the ions is converted into nuclear excitation 
energy, whereas most of this energy appears as thermal energy 
of electrons. Though possible ways out of this difficulty have 
been proposed by Lingenfelter, Higdon, and Ramaty (1978), we 
prefer the view that the continuum spectrum follows the single 
power-law shape at least up to ~ 8 MeV. The next two models 
are based on this view. 

b) Thermal Comptonization Models 
One natural explanation for the observed luminosity 

maximum of Cen A at ~ 10 MeV and its rapid decrease toward 
higher photon energies is that the central nucleus of Cen A is 
powered by infall of matter. As a result of this accretion, the 

TABLE 2 
7-Ray Line Emission from Centaurus A 

Year of 1.6 MeV 4.5 MeV 
Reference Observation (cm-2 s_1) (cm-2 s-1) 

Hall et al. 1976  1974 3.4 ± 1 x 10"3 9.9 ± 3.0 x 10'4 

Baity etal. 1981a  1978 <4.1 x 10"3 

Gehrelseia/. 1984b  1981 <6.7 x 10-3 4.1 x 10-3 

This experiment   1982 <3.4 x 10-4 8.0 x 10-4 

3 Corrected in Gehrels et al. 1984. 
b For same line width as measured by Hall et al. 1976. 
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radiating plasma of the nucleus would have to be heated to a 
temperature corresponding to kTe & 5 MeV. It has been shown 
that power-law X-ray spectra of active galactic nuclei can be 
produced by Compton collisions of hot plasma electrons with 
low-energy photons (e.g., infrared photons). The power-law 
shape is obtained if the number of scattering processes of each 
photon is sufficiently large. The photon power law drops off at 
photon energies of a few kTe, where Te is the temperature of 
the electron plasma (for a more recent review of thermal 
Comptonization models see, e.g., Brinkmann and Triimper 
1984). 

In the case of Cen A, the thermal electrons (/cTe « 5 MeV) 
would have relativistic energies. It has been shown by Pozdny- 
akov, Sobol’, and Sunyaev (1977) and Górecki and Wilozewski 
(1984) that the Comptonized spectrum in the relativistic case is 
slightly bumpy because of the superposition of only a few scat- 
tering processes, as is schematically illustrated in Figure 9. The 
photon number spectral index a of a power-law fit to this 
bumpy spectrum depends on the optical thickness tt of the 
plasma for Thompson scattering. If tx <0, then a is approx- 
imated by 

log tt 

log (1602) ’ 
(5) 

where 9 = kTJmec
2. 

An acceptable fit to the hard X-ray and low-energy y-ray 
spectrum of Cen A, which also meets the upper limits set by 
SAS 2 and COS B and which is shown in Figure 8, is obtained 
with kTe = 5A MeV and tx = 0.15 (Zdziarski 1985¿>). In case of 
pair equilibrium (pair production = pair annihilation plus pair 
escape), these two values ofTe and tx constrain the dimension- 
less luminosity /, which is defined by 

i ¿(>511 keV)ax ^ 
n 2 ’ Rme c 

and which corresponds to the compactness parameter L/R. 
Here L (>511 keV) is the continuum luminosity above 511 
keV, <7X the cross section for Thompson scattering, and R the 
radius of the radiating plasma sphere. The exact value of / 
under which pair equilibrium is realized depends on the two 

Fig. 9.—Illustration of a typical energy spectrum from multiple Compton 
scattering of relativistic electrons {Ee |> me c2) with low-energy photons at tem- 
perature Tr (according to Pozdnyakov, Sobol’, and Sunyaev 1977). 

model parameters u = 2n+/(n+ + n_) and ß = (Æ/c)/Tesc: 
u is 

the pair abundance ratio and ß is the ratio between light travel 
time across the source and the pair escape time scale. The 
maximum value of / is obtained for m = 1 and ß = 1 and is of 
the order of 10 for the parameters of our Cen A spectrum (see 
Zdziarski 1985«, eq. [32]). The value / = 10 results in a lower 
limit to the source radius of 2.5 x 1014cm. 

The dip in the measured spectrum between 1.5 and 3 MeV 
might be explained by a valley between peaks of the thermal 
Comptonization spectrum. The present measurements are 
insufficient to derive this conclusion, because of the limited 
statistical significance of the data points. If, however, the 
bumpiness of the spectrum is confirmed in an observation with 
higher sensitivity, the thermal Comptonization model would 
be proven. 

c) Synchrotron Self-Compton Models 
In these models the existence of nonthermal relativistic elec- 

trons in the nuclei of active galaxies is postulated. The elec- 
trons produce infrared and radio photons via synchrotron 
radiation in magnetic fields; the synchrotron photons are then 
scattered by the same electrons into the X- and y-ray range. In 
contrast to the thermal Comptonization models, nonthermal 
acceleration processes are needed. A possible scenario has been 
suggested by Protheroe and Kazanas (1983), in which protons 
undergo first order-Fermi acceleration during infall of matter 
onto a massive black hole. The required electrons are then 
produced as secondary particles by nuclear interactions of the 
protons. A specific synchrotron self-Compton model for Cen A 
has been suggested by Grindlay (1975). In his two-component 
model a sharp turnover of the hard X-ray/soft y-ray spectrum 
was predicted at ~5 MeV in reasonable agreement with the 
shape derived from our measurements and the SAS 2 and COS 
B limits. In this model the break at 5 MeV would reflect the 
observed turnover of the infrared spectrum at frequencies 
around 1014 Hz. The IR turnover would be explained by the 
high-energy fall-off of the electron spectrum at 1.5 GeV in this 
specific case. 

Another possibility for explaining the break in synchrotron 
self-Compton models would be photon/photon absorption for 
sufficiently small sources. Following Herterich (1974), the 
optical depth TYy(E) for photons of energy E is Tyy(E) ~ F“-1, 
where a again is the photon number spectral index of the pro- 
duction spectrum. If the X- and y-radiation is uniformly pro- 
duced within a sphere, then the photon/photon absorption 
would cause the power-law spectrum to break at some energy 
Ehr (defined by Tyy = 1) from proportional to E~a to pro- 
portional to E~<z/Tyy(E) oc e~2<x+1 (Svensson 1984). For Cen A, 
a % 1.5, and hence the y-ray spectrum at F > Fbr would 
steepen by only half a power-law index. This is in contrast to 
the observations, if the SAS 2 and COS B limits are valid 
during our balloon flight. 

For an inhomogenous source, where the y-rays are produced 
in deeper layers than the X-rays, the steepening would be 
larger, and the spectrum would change from proportional to 
F_a to proportional to exp [ —Tyy(F)]F“a. This case was dis- 
cussed in von Ballmoos, Diehl, and Schönfelder (1985). Prob- 
ably even such a steepening is insufficient to explain the 
measurements. 

The spectral break could also be the consequence of burst- 
like production of relativistic electrons in the nucleus of Cen A, 
as was suggested by Pinkau (1980) for the Seyfert galaxy NGC 
4151. Because the energy loss time of electrons in Compton 
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collisions is smaller for high-energy electrons than for low- 
energy electrons, it produces a time-dependent break in the 
electron spectrum, resulting in a corresponding break in the 
y-ray spectrum. The test of this model requires long-term 
observations of Cen A, because the break should gradually 
shift toward lower energies with time. 

In general, synchrotron self-Compton models are testable, 
because they predict correlated intensity changes in the infra- 
red and X-/y-ray range. Due to the above mentioned energy 
dependence of the electron lifetime, the delay in the intensity 
changes should be smaller at y-ray energies than at X-ray ener- 
gies. 

VI. SUMMARY 

y-ray emission above 700 keV from the direction of Cen A 
was detected during a balloon flight with the MPI Compton 
telescope on 1982 October 31. The results were obtained with a 
new analysis method which provides an efficient means of sub- 
tracting instrumental, atmospheric, and cosmic background 
from the data. The method has similarities with the on and off 
technique used in X-ray observations, except that our on and 
off observations are performed simultaneously due to the 
large field of view of the telescope. The statistical significance of 
the source detection is 4.1 a. The location of the source, the 
profile of the source image in comparison to the one expected 
from a Monte Carlo simulation of a source at the same posi- 
tion in the sky, and the intensity and shape of the derived 
energy spectrum strongly indicate that the detected radiation is 
related to Cen A. 

The energy spectrum extends into the MeV range at least up 
to ~8 MeV and connects well to the power-law spectrum, 
which so far has been measured up to several hundred keV. 
Due to statistical limitations, the uncertainties in our single 
spectral points are quite large. If the upper limits from SAS 2 

and COS B above 35 MeV and 50 MeV respectively are 
assumed to be valid during the time of our observations, then 
the luminosity maximum of Cen A is at energies around 10 
MeV. No y-ray lines have been found in the spectrum. Our 2 <7 
upper limits on line emission are below the fluxes reported by 
Hall et al (1976). 

The hard X-ray/soft y-ray spectrum can be interpreted as a 
thermal Comptonization spectrum with the parameters kTe = 
5.1 MeV and tx = 0.15. For the special case of pair equi- 
librium, a lower limit to the source radius of 2.5 x 1014 cm can 
be derived from these two values. Our measured spectrum also 
fits the two-component synchrotron self-Compton model of 
Grindlay (1975). 

The statistical accuracy of the present data is not sufficient 
to discriminate among the models discussed. Firm conclusions 
on the radiation mechanism from the energy spectrum require 
measurements with much better statistics and correlated 
observation in other spectral ranges. Still, at present it looks 
very much like the y-ray photons measured by our telescope 
were generated by the same process in which they finally 
ended : Compton collisions. It is certain that Cen A will be one 
of the very interesting objects to be studied by the Gamma Ray 
Observatory GRO of NASA, which will allow simultaneous 
observations of the source over five decades in energy from 100 
keV to 10 GeV. 
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