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ABSTRACT

Both diffuse high energy gamma-rays and an extended
electron-positron annihilation line emission have been
observed in the Galactic Center (GC) region. Although
X-ray observations indicate that the galactic black hole
Sgr A∗ is inactive now, we suggest that Sgr A∗ can be-
come active when a captured star is tidally disrupted and
matter is accreted into the black hole. As a consequence
the galactic black hole could be a powerful source of rel-
ativistic protons. We are able to explain the current ob-
served diffuse gamma-rays and the very detailed 511 keV
annihilation line of secondary positrons byp − p colli-
sions of such protons, with appropriate injection times
and energy. Relativistic protons could have been injected
into the ambient material if the black hole captured a
50M¯ star at several tens million years ago. An alterna-
tive possibility is that the black hole continues to capture
stars with∼1M¯ every hundred thousand years. Sec-
ondary positrons produced byp − p collisions at ener-
gies≥ 30 MeV are cooled down to thermal energies
by Coulomb collisions, and annihilate in the warm neu-
tral and ionized phases of the interstellar medium with
temperatures about several eV, because the annihilation
cross-section reaches its maximum at these temperatures.
It takes about ten million years for the positrons to cool
down to thermal temperatures so they can diffuse into
a very large extended region around the Galactic cen-
ter. A much more recent star capture may be also able
to account for recent TeV observations within 10 pc of
the galactic center as well as for the unidentified GeV
gamma-ray sources found by EGRET at GC. The spec-
tral difference between the GeV flux and the TeV flux
could be explained naturally in this model as well.
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1. INTRODUCTION

The annihilation of cosmic ray positrons produced as a
result of cosmic ray proton collisions with the ambient
plasma was discussed in a number of papers [see, e.g.,
39, 45, 75, 16, etc.]. A typical cosmic ray positron re-
sulting from secondaryπ-meson decay may undergo one
of three fates: 1) escape from the Galaxy, 2) annihilate
with an electron while at relativistic energy (in-flight an-
nihilation), or 3) lose almost all its energy before anni-
hilation. One can consider that annihilation may occur
either between free electrons and positrons (free annihila-
tion), or through the formation of the intermediate bound
state of positronium. Positronium can form in either a
singlet state, which annihilate into two 511 keV photons,
or in a triplet state which decays by three photon anni-
hilation producing a continuum emission below 511 keV
[see 68]. From the ratio between line and continuum in-
tensities near and below 511 keV it was concluded that
positrons annihilate via positronium formation. The frac-
tion of positronium was estimated to be in the region of
92-97% [83, 49]. From the observed width of the anni-
hilation line it was concluded [see 23, 49] that the an-
nihilation of thermal positrons takes place in a relatively
warm (several eV) and lowly ionized (∼ 0.1) interstellar
medium.

The origin of such positrons is still poorly understood.
A large variety of positron sources have been proposed.
Among them novae and supernovae stars [19, 27]. How-
ever, as follows from Weidenspointner et al. [82] the an-
nihilation of positrons appears to be even more concen-
trated in the bulge than are old stellar populations such
as Type Ia supernovae, novae, or low-mass X-ray bina-
ries. New, speculative, physics such as positron produc-
tion from hypernovae stars [17], light dark matter [see
11] etc. has begun to be discussed as a possible solution.
A supermassive black hole of2.45 × 106 M¯ is another
candidate as a source of positrons.

Secondary positrons generated as a result of cosmic ray
collisions with the ambient plasma is another alternative
model. Melia et al. [65], Fatuzzo et al. [34] and Fatuzzo
and Melia [35] suggested a supernova coinciding with
the central radio source Sgr A East as an emitter of pro-
tons which can produce gamma-rays as well as high en-



ergy secondary positrons. However, they showed from
simplified equations that Sgr A East could not be the
source of annihilation radiation from the Galactic center
because, based on their estimates, the thermalization time
was too long. Besides, the annihilation emission appears
to be diffuse. So far, there is no evidence for emission
from point-like sources [54, 12]. On the other hand, the
EGRET telescope found a flux of gamma-rays from the
Galactic center at energies> 500 MeV [64] which was
seen as a strong excess of gamma-rays peaking in an er-
ror circle of0.2o radius surrounded by a strong emission
maximum within∼ 5−8o degrees from the Galactic cen-
ter.

In our model we assume the black hole is a source of
high energy protons generated by star accretion. They
produce secondary gamma-rays and relativistic positrons
as a result ofp − p collisions. The secondary positrons
requires over 10 million years to cool down before anni-
hilation. Hence they are able to propagate far away from
the central source during their lifetime and to fill a sphere
with the radius about several hundred pc. Therefore the
annihilation emission can be seen as diffuse if these pro-
tons were ejected a relatively long time ago. From kinetic
equations we shall show that processes of Coulomb col-
lisions are effective enough to cool down these relativis-
tic positrons and to thermalize them before their annihi-
lation, which can explain the origin of the annihilation
emission from the Galactic center.

2. ENERGY RELEASE SUPPLIED BY A BLACK
HOLE

The rate at which a massive black hole in a dense star
cluster tidally disrupts and swallows stars has been stud-
ied extensively [e.g. 48, 8, 61]. Basically when a star
trajectory happens to be sufficiently close to a massive
black hole, the star would be captured and eventually dis-
rupted by tidal forces. After a dynamical time-scale (or-
bital time-scale), the debris of a tidally disrupted star will
form a transient accretion disk around the massive black
hole, with a radius typically comparable to the tidal cap-
ture radius [71]. Rees has also argued that most of the
debris material will be swallowed by a black hole with
a mass∼ 106M¯ on a time scale of∼ 1 yr for a thick
hot ring, or∼ 102 yrs for a thin cool disk, respectively.
The capture rate is essentially a problem of loss-cone
diffusion-diffusion in angular momentum rather than en-
ergy. By assuming a Salpeter mass function for the stars,
Syer and Ulmer [78] have estimated the capture rate in
our Galaxy as∼ 4.8×10−5yr−1 for main sequence stars
and∼ 8.5 × 10−6yr−1 for red giant stars, respectively.
However, the actual capture rate depends sensitively on
the assumed mass function of stars, the stellar evolution
model used, the radius and mass of the captured star, the
black hole mass and the internal dispersion velocity of
stars (vs) around the black hole. For example, Cheng and
Lu [20] obtained a longer capture time∼ 106 years, by
takingvs = 102km/s andMbh = 2.45×106M¯. There-
fore the capture time for a main sequence star with mass

∼ 1M¯ could range from several ten thousand years to
several hundred thousand years. The capture time for the
more massive stars is expected to be even longer. For
t> tpeak, the accretion rate evolves as, Rees [71], Phin-
ney [70]

Ṁ ∼ 1
3

M∗
tmin

(
t

tmin

)−5/3

(1)

whereM∗ andR∗ are the mass and the radius of the cap-
tured star, respectively andtpeak ∼ 1.59tmin, where

tmin ≈ 0.2
(

M¯
M∗

)(
R∗
R¯

)3/2 (
Mbh

106M¯

)1/2

yr (2)

is the characteristic time for the debris to return to the
pericenter [63]. The recentChandra observations of
three large amplitude, high-luminosity soft X-ray flares
in AGNs provide strong evidence for the tidal capture
events, and the decrease of X-ray luminosity indeed
follows closely the above theoretical predictions (e.g.
Halpern, Gezari and Komossa 2004).

It is very important to know how much of the accretion
power will be converted into the out-flow of relativis-
tic protons. Processes of particle acceleration near black
holes are not well known though several models of parti-
cle acceleration in accretion disks and jets of black holes
have been developed [see, e.g., 52, 46, 58, 5]. For our
aims we estimate roughly from Eq.(1) the energy of dis-
ruption which can be transferred to protons. In the case
of star capture, it is very natural to assume that the re-
sulting jet contains mainly protons simply because of the
dominance of hydrogen in stars.

Falcke and Biermann [33] have argued that the conver-
sion efficiency (ηp) from accretion power (̇Mc2) into the
the energy of jet motion ranges from10−1 to 10−3. In-
tegrating the Eq.(3) and using typical values of the para-
meters, the energy carried away by relativistic protons is
estimated as

∆Ep ∼ 6× 1052(ηp/10−1)(M∗/M¯)erg. (3)

In addition to the accretion power, Cheng and Lu [20]
have argued that if the transient accretion disk can gener-
ate a sufficiently strong magnetic field, due to the instabil-
ity of the disk, this strong magnetic field can initiate the
Blandford-Znajek process [10] to extract rotation energy
from the black hole. They estimate that the maximum
energy that can be extracted from a black hole is given by

∆Emax ∼ 3× 1052A2f(A)M2
6 erg. (4)

whereA is the dimensionless angular momentum of the
black hole,f(A) is a constant for givenA andM6 is the
black hole mass in units of106 M¯. If the black hole
is rotating in maximum angular velocity,A = 1, then
f(A)=1.14.

The maximum energy in relativistic protons can be esti-
mated from Eq.(5) or (4). If a star with the mass about



50 M¯ is captured by a black hole, it gives an energy in
relativistic protons as high as∼ 1054 erg.

Thus, we conclude that when eventually a massive star
is captured, a huge amount of energy can be released
in the form of relativistic protons during a very short
time. Below we assume that such primary protons in-
teract with the medium gas in the region, its intensity de-
rived from the gamma-ray data, and produce there sec-
ondary gamma-rays and positrons.

3. NONSTATIONARY MODEL OF POSITRON
PRODUCTION

If we calculate from the kinetic equation the number
of thermal positrons annihilating in the eV temperature
medium on the assumption that they are produced by the
same relativistic protons which are responsible for the ob-
served gamma-ray flux of2 · 1037 erg s−1 then we obtain
the value2 · 1041e+s−1, which is two orders of magni-
tude less than necessary to explain the annihilation flux
from the Galactic center. Therefore the stationary model
fails to explain the data. One of the solutions to this prob-
lem might be that in the past the positron production rate
was much higher than follows from the current gamma-
ray flux from the GC. Under this condition the production
function of positrons is an essential function of time.
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Figure 1. Time variation of the positron distribution
function f(p) for a gas temperatureT = 2.5 eV. The
dimensionless momentum is defined asp/

√
mekT so

the dimensionless momentum at unity corresponds to a
positron with energy∼ kT.

In Fig.1 the evolution of the positron spectrum is shown
for the parameters of the interstellar medium: the density
n = 1 cm−3, the temperatureT = 2.5 eV, the magnetic
field strengthH = 5× 10−6G and the energy density of
background photonsUcmb = 1 eV cm−3.

The distribution function of the positrons injected at the
initial stage at̄p > p̄0 is shifted to the momentum region
p̄ < p̄0 under the influence of Coulomb collisions that
can be seen in Fig. 1 as a ”bunch” of positrons propa-
gating into the region of small momenta. Later Coulomb

collisions start to form the equilibrium Maxwellian dis-
tribution in the rangeĒ ≤ 10−2 keV . At a subsequent
point of time Coulomb collisions continue to form the
equilibrium distribution and accumulate positrons in the
thermal energy range, as can be seen in Fig. 1 as the in-
creasing Maxwellian distribution. At the final stage when
the source ceases to work the number of thermal positrons
decreases because of annihilation (see Fig. 2).
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Figure 2. Time variation of the amount of thermal
positrons produced by relativistic protons injected4 ×
1015 s ago in the gas with a temperatureT = 2.5 eV and
a densityn = 1 cm−3.

We notice that the positron evolution and the number of
thermal positrons depend on the background gas temper-
ature, e.g. in the plasma with the temperature 100 eV we
can produce a much larger amount of positrons because
the annihilation cross-section in this medium is several
orders of magnitude smaller than in a neutral gas.
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Figure 3. The total annihilation spectrum from a plasma
with a temperatures 2.5 eV, together with the INTEGRAL
data

To fit the INTEGRAL data [23], shown at Fig. 3, we
used the following medium parameters: plasma tempera-
ture 2.5 eV, plasma density 1cm−3, degree of ionization
5% [see, e.g., 51]. The plasma temperature affects the
width of the annihilation line. In order to fit the INTE-
GRAL data for energies at and below 511 keV we need a
temperature in the region 2-5 eV.

The line emission at these temperatures is due to the two
photon decay of the charge-exchange process. The emis-



sion below 511 keV is generated by three photon decay
of positronium. The process of in-flight annihilation in
a low temperature medium is negligible because the time
for thermalization in this medium is smaller than the char-
acteristic time of the in-flight annihilation. This process is
essential in the hot component of the interstellar medium,
about 20% of which is filled by a hot plasma with the pa-
rametersT = 100 eV andn = 3×10−3 cm−3. However
the flux of the annihilation line produced in the hot in-
terstellar plasma by in-flight annihilation is negligible in
comparison with emission in a cold plasma.
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Figure 4. Time variation of the gamma-ray (dashed line)
and annihilation (solid line) fluxes for a gas densityn =
1 cm−3

The temporal variations of the gamma-ray and the anni-
hilation fluxes are shown in Fig. 4. The maximum of
the fluxes are taken as unity. We see that the gamma-ray
flux is always decreasing with time, while the annihila-
tion flux reaches its maximum a long time after the proton
eruption (∼ 3×1014 s) and then gradually decreases. We
can estimate the necessary input proton energy without
going into the technical calculation details. The current
observed energy flux of gamma-rays is2 × 1037erg s−1

and the current annihilation rate of thermal positrons is
1043 positron s−1, corresponds to a higher proton colli-
sion rate in the past. From Fig. 4, one can see that this sit-
uation is realized if we are observing these fluxes at a time
t > τp when the current gamma-ray intensity is at least
three order of magnitude less than its maximum, while
the current annihilation flux falls from its maximum value
by less than one order of magnitude (just because of the
delay effect). In this case, the necessary input proton en-
ergy is at least∼ 1055erg. Of course, this estimate sensi-
tively depends on the number density. Even if we take the
average density of the gas in the bulge as high asn = 100
cm−3 we get a value of the energy necessary to produce
the gamma-ray and annihilation fluxes aboutWp ∼ 1053

erg. This amount of energy may be able to be supplied
by a very massive star accreting onto the black hole (see
Eq.(4)) or by extracting the rotation energy of the black
hole (see Eq. 6). However, we may not be able to obtain
a distribution of the annihilation line extending to sev-
eral hundred pc from the GC because the characteristic
length of diffusion propagation is about 100 pc for this
high gas density. Thus, in the framework of this model
we have problems with the conditions 2) or 4) from Sec-

tion 2. Nevertheless, we conclude that this model is mar-
ginally acceptable if a50 M¯ massive star was captured
by the black hole about hundred million years ago.

4. SPATIALLY NON-UNIFORM MODEL

To solve the possible problem of energy excess we take
into account that the background gas is heterogeneously
distributed in the bulge. According to Jean et al. [49] hy-
drogen gas in the nuclear bulge is trapped in small high
density molecular clouds. Penetration of cosmic rays into
molecular clouds was analyzed in a number of papers
[see, e.g., 18, 31, 69]. From the EGRET observations
it is known that GeV cosmic ray protons freely penetrate
into molecular clouds [28] while it is almost unknown
how MeV electrons interact with the clouds. However,
Skilling and Strong [73] showed that the flux of cosmic
rays below a few hundred MeV might be completely ex-
cluded from molecular clouds.

In our case it means that relativistic protons propagate
in the medium with the average gas density about n=30
- 1000 cm−3 (depending on their propagation distance
from the bulge center) while the secondary positrons
ejected from the clouds propagate in the intercloud
medium only, where the average gas density is about
n ' 1− 10 cm−3.

For protons it means that they fill the region of a radius
< 100 pc (if the diffusion coefficient equals the aver-
age in the Disk,D ∼ 1027 cm2s−1) during their lifetime
τp ∼ (1− 5)× 1013 s while electrons can fill a sphere of
radius∼ 400 pc over the period of time of their Coulomb
cooling (∼ 3× 1014 s forn = 1 cm−3).
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Figure 5. Time variation of the gamma-ray (dashed line)
and annihilation (solid line) fluxes for a gas densityn =
30 cm−3 for protons

The time variations of the gamma-ray and annihilation
emission are shown in Fig. 5 for an average density for
protonsn = 30 cm−3. As is to be expected the gamma-
ray flux drops rapidly from its initial value while the an-
nihilation flux reaches its maximum∼ 3 × 1014 s after
the eruption. The energy of relativistic protons necessary
to get the peak production of thermal positrons of about



1043 e+s−1 is about7 · 1053 erg. The energy in relativis-
tic protons changes weakly if we increase further the gas
density. Thus, for a densityn = 100 cm−3 the necessary
energy of the protons is5 · 1053 erg. These injected pro-
ton energies are compatible with the estimates in Eq.5 or
Eq.6 for a massive star capture.

Besides, if the average density of the gas in the medium
traversed by positrons is a little bit higher than 1 cm−3

(e.g, 3 cm−3) than we obtain slightly smaller values for
the thermolization time (∼ 1014s) as well as the neces-
sary energy output of protons (∼ 1053 erg) that makes
our estimates even more acceptable.

Then, we can assume that the gamma-ray and the annihi-
lation fluxes from the Galactic center belong to different
accretion events. Gamma-rays were generated relatively
recently (∼ 1013 s ago) when a one solar mass star was
captured by the black hole. Indeed the necessary amount
of energy in injected protons is about≥ 1051 − 1052 erg
(see Section 5). In this respect it is clear why this emis-
sion was observed by EGRET as point-like. The average
length of proton propagation is≤ 100 pc for the diffu-
sion coefficientD = 1027 cm2s−1. If the annihilation
line emission was produced∼ 1014 s ago by a previous
event of a 30 M̄ star capture, with an energy release
of ≥ 1053 erg in protons, then it appears as an extended
source long after the time when the gamma-ray emission
produced by this capture died out. Thus, this model sat-
isfies the conditions formulated in Section 2 though the
annihilation and gamma-ray fluxes observed from the GC
are not connected with each other in this case.

5. CONTINUOUS STELLAR CAPTURES

In the framework of the non-uniform model we can esti-
mate the minimum energy at relativistic protons in order
to produce in the current time the thermal positron rate
of about1043e+s−1 and not contradict the gamma-ray
observations. We remember that the present gamma-ray
flux from GC is about2 · 1037 erg−1 and it is seen as
a point-like object. We remember also that the gas dis-
tribution is unknown but that the main part of the gas is
concentrated inside the central region of the bulge where
the its density is as high as∼ 1000 cm−3 [see 49]. If rel-
ativistic protons freely penetrate into the clouds the aver-
age densityn ∼ 1000 cm−3. We define this density as
npp.

The diffuse gas is distributed in the intercloud medium
with an average density of 10 cm−3 and it may reach at
the central regions the value of30−60 cm−3. If positrons
do not penetrate into the cloud then the gas density of
the medium in which positrons are cooled down by the
Coulomb collisions is determined by these values. Be-
low, we define this gas density asncc. Let us estimate
the minimum energy of primary protons necessary to pro-
duce the annihilation flux as a function ofnpp andncc.

In the framework of the nonuniform model the initial

energy of protons necessary to produce the annihilation
emission depending onnpp andncc is varying in the fol-
lowing way: It is clearly seen that when we increase the

Table 1. Injected Proton Energy

npp(cm−3) ncc(cm−3) W (erg)
1 1 1055

30 1 7 · 1053

100 1 5 · 1053

100 10 2 · 1053

1000 1 2 · 1053

1000 10 1.5 · 1053

1000 30 4.5 · 1052

1000 60 3 · 1052

value ofnpp the output energy of protons decreases be-
cause the production rate of relativistic positrons is pro-
portional to the gas density

Fe+ =
∫

Np(Ep)σppnppdEp (5)

However as follows from Table 1 the proportionality be-
tweenWp andnpp is not linear as it would seem from
Eq.(5). From Eq.(5) one can see that the higher the den-
sity npp the shorter is the injection impulse of positrons
which is determined by the lifetime of protonsτp =
nppσppc. The necessary energy output of protons as a
function of the rationpp/ncc is shown in Fig. 6.

20 40 60 80 100 120 140 160 180 200

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

n
pp

 /  n
cc

W
0 / 

W

Figure 6. Variation of the proton energy output as a func-
tion of the rationpp/ncc. The output energyW0 corre-
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In the figure we take the densityncc = 1 cm−3 andW0

is the proton energy whennpp/ncc = 1. The variation
of the proton injected energyWp can easily be under-
stood from the solution of the diffusion equation. When
npp/ncc = 1 we haveτp ≥ τc and the energyWp at this
density for a fixed flux of thermal positrons at the level
Fe+ ∼ 1043e+s−1 is of the order ofWp ∝ τp · F+

e i.e it
decreases asW ∝ 1/npp. However whennpp À ncc the
impulse of proton injection is very shortτp ¿ τc (almost
delta-function injection) and we obtainWp ∝ τc ·F+

e , i.e
Wp is independent ofnpp as one clearly sees in Fig. 6.



The timeτc cannot be too short otherwise the gamma-ray
flux would not drop down below the observed gamma-ray
flux from the GC (see Fig. 5). Variations of the gamma-
ray flux for a fixed annihilation flux of thermal positrons
of 1043 ph s−1 as a function of the rationpp/ncc is shown
in Fig. 7. From this figure we see that this ratio cannot be
belownpp/ncc = 17 otherwise the peaks of gamma-rays
and the annihilation emission are so close to each other
that the flux of gamma-rays does not have enough time to
drop below the observed limit.
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Figure 7. The expected gamma-ray flux at the moment
when the production of thermal positrons reaches a value
of 1043 e+s−1 as a function of the rationpp/ncc

From this restriction we conclude that the injected pro-
ton energy cannot be less than∼ 3 × 1052 erg even for
npp = 1000 cm−3 while ncc = 60 cm−3. This gives the
average distance of proton propagation by diffusion of
about 20 pc and about 100 pc for positrons during their
lifetime, which is less than necessary, but the diffusion
coefficient may be spatially dependent such that it gives
a more extended positron spatial distribution. Under this
assumption even the capture of 1M¯ star can give the
necessary energy in protons as follows from Eq.(5) or
Eq.(4), and the process of annihilation emission is not an
exceptional event as we had in the previous models when
a massive star capture was needed to supply the necessary
energy in relativistic protons.

Since there are so many stars at the GC, there is very
good reason to believe that the capture of stars can con-
tinuously take place from time to time. If there are several
successive eruptions near the black hole then the annihi-
lation flux is fluctuating near a certain level of emission as
is shown in Fig. 8. In the calculations we takencc = 60
cm−3 andnpp = 1000 cm−3 which giveτc ∼ 5× 1012 s
andτp ∼ 7× 1011 s respectively. The time between two
successive eruption equals∼ 8×1012 s. When the varia-
tions of the energy fluxes of gamma-rays and the photon
flux of the annihilation emission are normalized relative
to their maximum their values, which for gamma-rays is
3 × 1039 erg s−1 and for the annihilation flux is1043 ph
s−1, the average injected proton energy is∼ 8×1052 erg.
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Figure 8. Gamma-ray and annihilation emission from
several successive eruption of protons by the black hole.
The parameters are presented in the text

6. DISCUSSION

We suggest that the capture of stars by the Galactic black
hole is a natural energy mechanism for providing rela-
tivistic protons with a typical energy of∼ 1052−53erg.
An essential point of our analysis is the non-stationary
processes and the non-uniform density conditions of
emission regions.

Our calculations show that it is marginally possible that
the gamma-rays coming from the GC and the annihila-
tion emission belong to the same eruption process pro-
vided the injected proton energy is∼ 1054 erg, this might
be possible theoretically if we take model parameters to
their extreme values. An alternative assumption that the
currently observed gamma-rays from the GC and the cur-
rently observed annihilation emission belong to at least
two different injections seems to be more attractive. The
first one belong to a recent capture of a one solar mass
star with the injected energy of about3× 1051 erg while
the second one is a consequence of a previous capture of a
much more massive star with an energy release as high as
1053 erg. This does not contradict estimations from theo-
retical models if we assume capture of a massive star.

Furthermore, if processes of secondary particle produc-
tion occur very close to the GC where the gas density is
about 1000 cm−3 then even a 1M¯ star capture can pro-
vide the necessary energy of protons, which is in this case
∼ 3 · 1052 erg. The GC is a region with a high concentra-
tion of stars, the capture of a star should continue to take
place from time to time. Although the characteristic cap-
ture time scale is not known, TeV emission from the GC
suggests that it should be> 105yr. If this is true, assum-
ing the positrons cannot penetrate the cloud, so that the
cooling time is longer than thep − p collision time, our
calculations indicate that the positron annihilation rate
is more or less constant whereas the current gamma-ray
flux is measured somewhere between two proton injec-
tion events. This naturally explains why the annihilation
rate is about two orders of magnitude higher than follows
from the current emission rate of gamma-ray photons.



ACKNOWLEDGMENTS

The authors are grateful A.Aharonyan, E.Churazov, Y.F.
Huang , Y. Lu and the anonymous referee for very useful
discussions and comments. We also thank P.K. MacKe-
own for this critical reading of the manuscript. VAD is
also grateful to T. Harko and Anisia Tang for their con-
sultations in carrying out the numerical calculations. This
work is supported by a RGC grant of Hong Kong Govern-
ment and by the grant of a President of the Russian Feder-
ation ”Scientific School of Academician V.L.Ginzburg”.

REFERENCES

[1] Aharonian, F.A. and Atoyan, A.M. 1981, Physics
Letters B, 99, 301

[2] Aharonyan, F.A., and Atoyan, A. M. 2000, A&A,
362, 937

[3] Aharonian, F.A., et al. 2004, A&A, 425, L13

[4] Aharonian, F., and Neronov, A. 2005a, astro-
ph/0503354

[5] Aharonian, F., and Neronov, A. 2005b, ApJ, 619, 306

[6] Aharonian, F.A., et al. 2006, Nature, 439, 695

[7] Atoyan, A. M. 1992, A&A, 257, 476

[8] Bahcall, J. N., and Wolf, R. A. 1976, ApJ, 209, 214

[9] Berezinskii, V. S., Bulanov, S. V., Dogiel, V. A.,
Ginzburg, V. L., and Ptuskin, V. S. 1990,Astrophysics
of Cosmic Rays, ed. V.L.Ginzburg, (North-Holland,
Amsterdam)

[10] Blandford, R.D., and Znajek, R.L. 1977, MNRAS,
179, 433

[11] Boehm, C., Hooper, D., Silk, J., Casse, M., and
Paul, J. 2004, PhRvL, 92, 1301

[12] Bouchet, L., Roques, J. P., Mandrou, P., Strong, A.,
Diehl, R., Lebrun, F., and Terrier, R. 2005, ApJ, 635,
1103

[13] Breitschwerdt, D.; McKenzie, J. F.; Voelk, H. J.
1993, A&A, 269, 54

[14] Brunetti, G., and Blasi, P. 2005, MNRAS, 363,1173

[15] Buckley, J.H., et al. 1997, Proc. 25th Int. Cosmic
Ray Conf. (Durban), 237

[16] Bussard, R.W., Ramaty, R., and Drachman, R.J.
1979, ApJ, 228, 928

[17] Casse, M., Cordier, B., Paul, J., and Schanne, S.
2004, ApJ, 602, L17

[18] Cesarsky, C. J., and Voelk, H. J. 1978, A&A, 70,
367

[19] Chan, K.-W., and Lingenfelter, R. E. 1993, ApJ,
405, 614

[20] Cheng, K.S., and Lu, Y. 2001, MNRAS, 320, 235

[21] Cheng, L.X., Leventhal, M., Smith, D.M., Purcell,
W. R.; Tueller, J.; Connors, A.; Dixon, D.; Kinzer, R.
L.; and Skibo, J. G. 1997, ApJ, 481, L43

[22] Churazov, E.; Gilfanov, M.; Sunyaev, R.; Khaven-
son, N.; Novikov, B.; Dyachkov, A.; Kremnev, R.;
Sukhanov, K.; Cordier, B.; Paul, P.; Laurent, P.; Claret,
A.; Bouchet, L.; Roques, J. P.; Mandrou, P.; and Ve-
drenne, G. 1994, ApJS, 92, 381

[23] Churazov, E., Sunyaev, R., Sazonov, S., Revnivtsev,
M., and Varshalovich, D. 2005, MNRAS, 1377, 1386

[24] Crannell, C.J., Joyce, G., Ramaty, R., and Werntz,
C. 1976, ApJ, 210, 582

[25] Daniel, R.R. and Stephens, S.A., 1975, Space Sci-
ence Reviews, 45, 158

[26] Dermer, C.D. 1986 A&A, 157, 223

[27] Dermer, C.D., and Murphy R. J. 2001, In: Explor-
ing the gamma-ray universe. Proceedings of the Fourth
INTEGRAL Workshop, Alicante, Spain. Editor: B.
Battrick, Scientific editors: A. Gimenez, V. Reglero
& C. Winkler. ESA SP-459, Noordwijk: ESA Publi-
cations Division, ISBN 92-9092-677-5, p. 115

[28] Digel, S. W., Aprile, E., Hunter, S. D., Mukherjee,
R., and Xu, F. 1999, ApJ, 520, 196

[29] Dirac, P. A. M. 1930, Proc.Camb.Phil.Soc. 26, 361

[30] Dogiel, V. A. 2000, A&A, 357, 66

[31] Dogiel, V. A., and Sharov, G. S. 1985, Soviet As-
tronomy Letters, 11, 346

[32] Dogiel, V.A., and Sharov, G.S. 1990, A&A, 229,
259

[33] Falcke, H., and Biermann, P.L. 1999, A&A, 342, 49

[34] Fatuzzo, M., Melia, F., and Rafelski, J. 2001, ApJ,
549, 293

[35] Fatuzzo, M., and Melia, F. 2003, ApJ, 596, 1035
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