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vide unigue information on the high-energy processes iediny the the central black hole and
the physical conditions of the emitting region.

We analyse the intensity of nuclear de-excitation lineshia direction of the Galactic center
produced by subrelativistic protons, which are generayestdr capture by the central black hole.
With the metallicity two times higher than the solar one tb&lt flux in gamma-ray lines of
energies below 8 MeV is about 16cm~2 s~1. The most promising lines for detection are those
at 4.44 and~6.2 MeV, with a predicted flux in each line ef10~° photons cm? s~
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1. Introduction

As observations show, there is a supermassive black hole (Sgn fe center of our Galaxy
with a mass 0f4.31+0.06) x 1P M, [7]. ASCA, Chandra and Suzaku found emission of 6.5
keV plasma from the central 1°-radius region which cannot be heated by SNe. The required
energy input is~ 10 erg/s [9, 14]. Suzaku observed a flux of nonthermal X-ray emission from
the Galactic center. The total flux in the range 14-40 keV is4°¢ erg/s [22]. The molecular
gas in the Galactic buldge is much warmer(II00 K) than in other part of the Galactic disk (T
~ 20 K). No evident sources of heating are observed there. This heatigde associated with a
high density of subrelativistic cosmic rays near the Galactic center [23Jwdaio produce also the
observed 6.4 keV flux from molecular clouds. It is likely that all these @sses can be somehow
connected to accretion processes on central black hole.

However, attempts to find a strong X-ray source in the Galactic Center (&@)fhiled. The
Chandra X-ray Observatory resolved only a weak X-ray point source at tisdipa of Sgr A" with
a flux Lx ~ 10 erg s ! [3], though moderate X-ray flares were observeddandra [16]. As
it was mentioned by [9] and [14] this "X-ray quiet" Sgr As in sharp contrast to the high X-ray
activity of the surrounding diffuse hot plasmas. One likely scenario ishlesBalactic nucleus was
brighter in the past, possibly caused by a surge accretion onto the miaaskvbole [19].

Massive black holes (MBH) at galactic centers are sources of higlyeteactivity. X-ray
observations of these sources revealed flares of hard X-ray ghei@asing a maximum power of
10* erg s1. These flares are supposed to be due to processes of accretionahniistigption of
stars by the massive black holes [18].

The capture radius of a black hole - the maximal distance from the MBH whetéal forces
can overwhelm the stellar self-gravity and tear the star apart - is given by

Rr ~ 1.4 x 108MY3m, 3, cm, (1.1)

wherem, =M, /M, Mg = Mpn/10PM,, 1, = R, /R, M, andR, are the star's mass and radii,
the mass of the black hole, aMl, andR are the solar mass and radius. When a star comes within
the capture radius of a black hole, the tidal force produced by the blaekidstrong enough to
capture the star [17, 15]. If the mass of the black hole is higher+Haf M., the star directly falls
into the black hole event horizon and not much interesting phenomena cdrséered. However,
if the mass of the black hole is less thatt0® M., the star is torn apart. Roughly half of the star
is captured by the black hole and the disrupted debris form in a few monthsuacitransient
accretion disk around the black hole [21].

A total tidal disruption of a star occurs when the penetration pararbeter> 1, whereb is
the ratio ofr,, - the periapse distance (distance of closest approach) to the tidal RiuBhe
tidal disruption rate can be approximated to within an order of magnitude fromnalysis of
star dynamics near a black hole via the Fokker-Planck equation. For thegi@rs of the GC it
gives the ratess ~ 104 years* [1], which is in agreement with more detailed calculations of [20]
who obtainedss ~ 5 x 107> years*. Tidal disruption processes were perhaps already observed in
cosmological galaxy surveys [6].

Below we examine a model of de-excitation line emission, assuming nuclearctiesaof
subrelativistic protons generated by processes of star disruption@Che
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2. Production and propagation of subrelativistic protons

Once passing the pericenter, the star is tidally disrupted into a very longlateighs stream.
The outcome of tidal disruption is that some energy is extracted out of tite@tmbind the star
and accelerate the debris. Initially about 50% of the stellar mass becomes tigintlg to the black
hole, while the remainder 50% of the stellar mass is forcefully ejected [2]. Kiftetic energy
carried by the ejected debris is a function of the penetration parafeted can significantly
exceed that released by a normal superneva®* erg) if the orbit is highly penetrating [1],

M.\ 2 R, -1 Mpn/M Y3 /2
2 * ol * il
weead () (2) (Me0) (ox) e @
Thus average kinetic energy per baryon is given by
M.\ /R T/ Mon/M AN/ b\ 2
eon () () () () e e

Here the parameter is the ratio of 50% mass of the star to escaping mass of the star. For the black-
hole mas#pn = 4.31x 10° M, the energy of escaping particlesSis~ 681 (b/0.1)~2 MeV nucleor!
when a one-solar mass star is captured. The paraimetep/Rr wherer is radius of pereastrum
is unknown. Howeveb should be less than unity for star to be disrupted. In our work instead of
choosing right value db we will use the convenient value &ty in range 10-100 MeV.

Below the energy distribution of these erupted nuclei is taken as a simplsi@adsstribution

_(E- Eesc)z}
e

whereN is total amount of particles ejected by one stellar capture. Results of calogldtio
different values otr do not differ much from each other as long@s: Eege

For a single capture of a one-solar mass star the total number of unlibpardiles isN <
10°7 and the total kinetic energy in these particle¥Ms< 10°2 erg. For the star capture frequency
Vs~ 1072 —10*year ! it gives a power inplV < 3x 10* erg s'2.

Details of the proton spatial distribution in the GC region, as well as the mechanigroton
propagation are inessential for calculations of the total gamma-ray line flaxusé&/, nevertheless,
kinetic equations in which processes of propagation are included, andniegrate the obtained
solution over the volume of emission. The effect of propagation reductssirtase to a proper
estimate of the proton flux leaving the emission region.

Propagation of cosmic rays in the Galaxy is described as a diffusion ptean, with a
phenomenological diffusion coefficient whose value and energymdigmee is derived from ob-
servational data, e.g. from the chemical composition of cosmic rays measeae Earth. This
method leads to a diffusion coefficient of about16n? s1 [4]. Processes of particle propagation
in the GC region are questionable since we do not know much about theahgsnditions of
the ambient medium. Below we provide our calculations for the diffusion cieffiD = 10?7
cn? s1, though, in principle, its value may be a function of particle energy (as \seif apatial
coordinates and even time). We suppose, however, that this simplificationdptable because
the energy range of relevance for gamma-ray line production is quitewarr

QSSC —

(2.3)
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Another important parameter of the model is the mean density of the medium intb thleic
fast nuclei propagate. Recent observations with the satefl8€#\, Chandra and Suzaku showed
that the 1- 2° radius central region is filled with a hot gas of temperaturel® keV and density
n~0.1—0.4 cm 23[9, 14, 10]. In our calculations we use the average vala€0.2 cnm 2.

The time-dependent spectrum of subrelativistic protons erupted frooetiieal region can be
calculated from the equation

g @myyaCEQ Q(E,1), (2.4)

JE \ dt

wheredE /dt = b(E) is the rate of proton energy losses. Subrelativistic protons lose thegyener
by Coulomb collisions. The rate of losses for these protons can be pedgerhe form

2mme’ a

b(E) =~y M=% (2.5)

The injection of protons by processes of star capture can be desbsibed

E,r,t sz t—tk ( ) (2.6)

wherety, = k x T is the injection time and the functioi@(E) are given by Eq. (2.3). The mean
time of star capture by the massive black hole in the Galaxy is takenTob&0* years.

3. Gamma-ray line emission from the Galactic center region

Collisions of subrelativistic nuclei with ambient matter can lead to nuclear excitatid result
in emission of de-excitation gamma-ray lines. These lines may be a good aseibfelativistic
cosmic rays, because the line brightness can give us information abaumthent of subrelativistic
particles.

According to the present model the origin of subrelativistic cosmic raysthe&C is different
than in other part of the galactic disk, a positive detection of de-excitatiomgaray lines would
provide important information about star accretion processes at the GC.

We calculate the gamma-ray flux emitted at time T after a star capture in a given nuclear
de-excitation line from

Flt) = 45 Y

N e B (BN AR
}ﬂéﬁﬁ@wmwmma, 3.1)

wherei and j range over the accelerated and ambient particle species that contribugepimth
duction of the gamma-ray line considereg,= 0.2 cm 3 is the adopted mean density of H atoms
in the Galactic center region; is the density of the ambient constitugnt (E;,t) is the energy
spectrum at time of the fast particles in the interaction region (Eq. db)s the velocity of these
particles,o;; is the cross section for the reaction of interest between spearekj, andD = 8 kpc

is the distance to the Galactic center [8]. To take into account the measuradcement of the
metal abundances in the Galactic center region [5], we assume the abesddmmbient C and
heavier elements to be twice solar [13]. This is consistent with the recent &sfiroe Suzaku
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Figure 1: Predicted fluxes in (a) the 4.44 MeV line and (b) th6.2 MeV line complex as a function of

EESC-

observations of [11], who found the Fe abundance to be between d.8.arimes solar. In the
case of a low-mass star capture, we expect the line emission to be mainly dueaio anda-
particle reactions with ambient heavy nuclei. We took intodhgarticles assuming, for simplicity,
Fo(E,t) = XaFp(E,t), where the energf is expressed in MeV nucleoh and X, = 0.1 is the
acceleratedr / p abundance ratio.

Figure 1 shows calculated fluxes in the 4.44 an@.2 MeV lines as a function oEgse
These two lines are mainly produced by proton angarticle reactions with ambiertC and
160 (see below). We see that the predicted fluxes reach va#8 > cm 2 s 1 for Eggc >
100 MeV nucleon?,

The lines produced in a gaseous ambient medium are broadened bydheetxity of the
excited nucleus. The full width at half maximum (FWHM) of the 4.44 MeV fr&@* is 160 keV
and for the~6.2 MeV from*®0* is 180 keV.

4. Conclusion

Our predicted fluxes are below currently available sensitivity limits of INTBGRAfter ~3
Ms of exposure of the GC region, the SPI sensitivity for detection of eomaline at energy~5
MeV was 32 x 10~° cm~2s~1. But for a broad line ok~ 200 keV FWHM the sensitivity limit
increases by a factor ef 8. Thus it is unlikely that nuclear lines mentioned above can be detected
with SPI. But future gamma-ray missions may be able to test our predictionss, Tiie GRIPS
mission proposed for ESA's "Cosmic Vision” program could achieve dtgears in orbit more
than an order of magnitude sensitivity improvement over COMPTEL (in 9syeaihich would
allow a clear detection of the predicted gamma-ray line emission at 4.44 MeV.2mde/ from
the GC region.

We note that nuclear interactions of subrelativistic ions with ambient matenadisa syn-
thesize nuclear radioisotopes, whose decay can inject positrons intoGhed®n. From the
radioisotope production yields [12], we estimate thatHgr ~ 100 MeV the number of positrons
produced by this mechanism is < 5 times the number of gamma-rays emitted in thend.82a
MeV lines. This limit is more than an order of magnitude lower than the positroimi¢ation rate
measured with INTEGRAL/SPI.
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