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ABSTRACT

Recently, HESS and other dlterenkov telescopes have detected a source of~Fed¥s coincident with
the Galactic center. It is not yet clear whether theays are produced via leptonic or hadronic processes,
so it is important to consider possible acceleration sitegte charged particles which produce theays.
One exciting possibility for the origin of these particleglie central black hole, Sgr A*, where the turbulent
magnetic fields close to the event horizon can acceleratenqsdo TeV energies. Using a realistic model of the
density distribution in a 6 pe6 pcx 6 pc cube at the Galactic center, we here calculate the toajes followed
by these TeV protons as they gyrate through the turbulentumesiurrounding Sgr A*. Diffusing out from the
black hole, the protons produce TeMays viar® decay following a collision with a proton in the surrounding
medium. After following over 222,000 such trajectories, fivel that the circumnuclear ring around Sgr A*
can reproduce the observed 0.1-100 TeV HESS spectrum anifltteqrotons are injected into this medium
with an effective power-law index 0.75, significantly harder than the observed photon inde2.8%. The
total energy in the steady-state40 TeV proton population surrounding Sgr A* is inferred to4e5 x 10%°
ergs. Only 31% of the emitted 1-100 TeV protons encountecitttemnuclear torus, leaving a large flux of
protons that diffuse outward to contribute to the Galadtige emission observed by HESS on scaleg df.

Subject headings: acceleration of particles — Galaxy: center — radiation na@i$ms: nonthermal — gamma
rays: theory

1. INTRODUCTION are two reasons for this: first, the EGRET source ex-

The Galactic center is a complex environment, harboring cludes the Galagtic center at t99.9% confidence level
what is believed to be a supermassive black hole, Sagittar-{HHooper & Dingus 2002; Pohl 2005). In contrast, the HESS

ius A* (Sgr A*), surrounded by a blend of new and old SOUrce is coincident within- 30" of Sgr A*, though with

stellar populations, thermal and nonthermal gas compsnent & centroid displaced roughly” (~ 0.4 pc) to the East of

and a wide array of both compact and diffuse high-energythe Galactic center_(Aharonian ef al. 2006b). Second, the
sources (sek Melia & Faldke 2001 [or MElia 2007 for recent EGRET spectrum extrapolated into the HESS energy range

reviews). In an exciting recent development, the Galagicc ~ OVer-predicts (by a factor 20) the TeV y-ray flux of the

ter has been identified as a source of TeVays by the air ~ Salactic center SO_UECS' ﬁ:t?ﬁu%mg g’ P%SS'.b'e ;\hé‘t HOE[E

< — A sources are associated with the agittarius A East, the

@%ﬂ%ngYggL%ickogff‘ g%gf) %ﬁfg}g&; e;[r si‘():?]?v a‘!eotogb)HESS TeV source is probably associated with the black hole
§ all. s § )Y Lo . . . 7. *

2004) and MAGIC [(Albert et al. 2006). While many of the itself, given its angular proximity to Sgr A*.

- 1ai * i
original observations initially measured different spacind rgstehrﬁstgge\rNag;t dc())f (gl%hnea;?e{ircoarr S[J%rzlé-' tr:\?gnthvlvsh at
luminosities for the Galactic center source (Aharoniar.et a P P 9

2004). subsequent reprocessing and analysis has brolight 6\Y]ve understand about Sgr A* and the interactions with its

. . e earby environment, this object should not be directly pro-
the detections into agreement (Katagiri et al. 2005). Heee, : P, .
concentrate exclusively on the HESS data as they provide thlu¢ing @ significant flux of TeV photons. ~Several pos

best constraints on the source properties. sible scenarios for producing theserays have been pro-

: : posed (e.g., Atovan & Dermer 2004; Aharonian & Neronov
The signal from the Galactic center was detected by HESSZOOS;;[.b; Hinton & Aharonian_ 2006), including that of

?Oggser\éatll\?ns r::cgndt:cteg OVZe(SOtXYO Aehpoch_s (‘]:"tnel'A;ggjLiu etal (2006). These last authors show that protons can

20061)?r:/vith gr%(;mﬁ?ng(r;l e3rSU exéess zzrt?g\l/%nt‘ﬁeaback- 'be energized to TeV energies by stochastic acceleration in

ground (Aharonian et &l. 2006b). The spectrum of this source? magnetically dominated funnel close to the black hele (

is a poWer law with phéton indéx 925 + 0.10. and the to- 20 — 30 Schwarzschild radii). The proton acceleration models

tal flux above 1 TeV is(1.87 + 0'30) 9 '1018 m-2 &1 pf Becker et al. (2006) may also be active (or even d(_)mlnant)

(Aharonian et al. 2006b) As arguéd by Crocker et al. (2005) in Sgr A*. In either case, the relativistic protons will then
- i ? RSP ' diffuse along magnetic fields from small scales to largeiradi

this HESS source does not appear to be coincident with_ . L . : ; 29,
: i without experiencing adiabatic loss as is the case foriejest
the EGRET Galactic center source 3EG J1746-2851. ThereOf plasma blobs. As the protons diffuse out through the sur-
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to examine carefully in thietter by carrying out a highly-  can be calculated exactly as it traverses the volume arognd S
detailed analysis of the proton transport and interacttar- A*. The calculation is completed once the proton leaves the
ing at the acceleration site near the black hole and extgndin computational domain. Since the observed-frame time step i
out as far as several parsecs. We assume a distance to thgroportional toy2, computational resources limited the cal-

Galactic center oy = 7.94 kpc (Eisenhauer et al. 2003). culations to proton energies betwekand100 TeV. A total
of 222,617 proton trajectories were calculated with ereergi
2. CALCULATIONS uniformly distributed in this range. Figuré 1 shows a typica

2.1. Outward Proton Diffusion from Sgr A* trajectory calculated in this fashion.

The motion of a relativistic proton moving through the ISM ; . o
is governed solely by the Lorréntz force duge to thg interatell 2.2. The Pion Production Rate a_nd Gamma-ray Emissivity
magnetic field:dv/dt = (v x ) /v, wherey is the Lorentz As the proton random-walks its way toward the edge of the
factor for a proton with velocitw andQ = eB/mc is the calculation domain by scattering off the turbulent magnmeti
gyrofrequency for a particle with chargeand massn under field, it may collide with a low-energy proton in the ambient
the influence of a magnetic fieB. Thus, given a descrip- medium and produce pions via the reactign— ppr’n=,
tion for the magnetic field in the computational volume, the Where a variable number of pions are produced to conserve
trajectory of the proton can be followed exactly. As there is charge. The neutral pion will subsequently decay into two
no net electric field, the magnitude of the veloaityremains ~ photons. In principle, one or more of the two protons in each
constant. scattering event may retain (or gain) sufficient energy t pr

Proton trajectories are calculated in a 68opcx 6 pc cube duce additional pions in subsequent interactions, but vile wi
consisting ofi 0° equally spaced cells centered on the Galactic ignore their contribution to the overall pion productiornera
center. The hydrogen density; within this volume is taken  for this application. In addition, a charge exchange mayiocc
from the results of simulations by Rockefeller et al. (2004) (roughly1/4 of the time), in which a neutron is produced in
These authors computed the density distribution in thisoreg ~ the exit channel. A fitting formula for the cross-section pf p
caused by the interactions of stellar winds from the surdeun ~ scattering is given by Eidelman et al. (2004), and is tyjycal
ing young stars. In addition to the stellar wind gas, the vol- oy, ~ 40 mbarns for proton energies between 1 and 10 TeV.
ume also contains a high-density ‘torus’ with an inner radiu ~ To compute the fraction of relativistic protons that unaerg
of 1.2 pc and a thickness of 1 pc representing the observedp-scattering, we first split the trajectories intbenergy bins
circumnuclear disk containing molecular gas. (log(E/eV) = 12,12.1,...,13.9,14). Each proton path is

The magnetic field is assumed to be generated everywheréhen followed and if the particle enters a volume elemertt wit
in this region with an intensity that is proportionabtg. The ~ nu > 3 x 10 cm™3 (these regions will dominate theray
average density in the model stellar-wind gas (taken to e an emissivity) the incremental optical depth = 7oy, (£)dl
region whereny < 3 x 10% cm™3) is (ng)y = 121 cm—3, to pp-scattering within this grid ceI_I is calculateo!. Ha't_éls
while it is (nit) = 233,222 cm® within the model molecu- the distance the proton traveled since the previous time ste
lar torus. Taking:T = 1.3 keV as the average temperature of (= 1/€) and7y is the average density encountered by the
the stellar-wind gas (Baganoff et al. 2003; Rockefellefkta Proton as it moved a distane#. As long as the particle
2004), 100 K for the temperature of the molecular torus femains in that cell, we continue to suir. If the proton
(Rockefeller et dl 2004 and references therein), and assumscatters out of the volume element and then subsequently re-
ing equipartition, the average field intensy is ~ 3 mG in turns, the new values afr are added to the previous total.
the stellar-wind region ang 0.35 mG within the torus. As  This procedure is followed for each proton trajectory inteac
the proton moves through different densities in the computa Of the 21 energy bins. The fraction of protons at enefjy
tional domain B, is scaled to the appropriate value, indicated that undergo a pp-scattering event in a volume element with
by the local gas density. ng >3 x 103 cm3is f(E) = 1 — e~ (J47)/N whereN is

While the above procedure scales the magnetic field in-the number of calculated trajectories at energy/in
tensity at any position in the grid, we also require a physi- A power-law spectrum of proton energies in the relativis-
cal description of the field direction at each point. A use- tic regime is a natural consequence of many acceleration pro
ful prescription for describing a turbulent magnetic field cesses (e.d..Liu etlal. 2006), but the exact value of thetispec
was developed by Giacalone & JoKipii (1994) to analyze the index depends on the details of how the protons escape. As we
fundamental physics of ionic motion in the ISM (see also shall see below, the rate of diffusion and subsequent seatte
Kowalenko & Melia 2000). This quasi-analytic approach as- ing of the protons is highly energy dependent. Therefore, we
sumes that the magnetic field fluctuations are static analfoll  treat the “injected” spectral index as a variable to be fixed b
a Kolmogorov spectrum (though in principle any type of tur- the fitting procedure. By “injected” we mean the distributio
bulence may be modeled in this way). At every position in of protons leaving Sgr A*'s region of influence and entering
the grid, the three-dimensional magnetic field is writteth@s ~ the wind-shocked region surrounding it.
sum over a given number of transverse waves of random po- The proton spectrum is thus written aB/dE;,; =
larization, with a wavevector oriented in a random dirattio K (FE/Fmin)~ %, whereK « &, the total energy in protons
In contrast ta_Giacalone & Jokipii (1994), we add together in ergs betweenF,,;, = 1 TeV and40 TeV. The spec-
fluctuations from 200 wavelengths, ranging from«®.A, trum of scattered protons in a grid cell is thds/dFE =
to 10vg /€2, wheref), is the proton gyrofrequency &,. In (dn/dEiw;) f(E), wheref(E), defined above, is the fraction
this fashion, we may then generate all three components ofof protons with energy which collide with an ambient pro-
the magnetic field as functions of the position coordindtes,  ton in that volume element. Howevef(F) is only known
each proton released from the origin with initial velocity down tolog E = 12, sodn/dFE is extrapolated td.1 TeV
in a random direction. using the chosen power-law indexand the value off (E)

With the above ingredients, the trajectory of each proton atlog £ = 12. As v-rays at a given energy are preferen-
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FIG. 1.— (Left) Complete trajectory of lmg(E /eV) = 12.4 proton from ejection at Sgr A* (the origin) until it escapbe tomputational volume at= 3 pc.
The x-y plane is the sky plane. (Right) The magnetic fieldsftle and gas density encountered by this proton on its toajecT he particle traveled for 1,211 yrs
and traversed 371.3 pc on its journey outward from Sgr A*péirg most of its time in the lower-density stellar wind gasdid have numerous encounters with
the high density molecular torus. The dotted line in the wmamel indicates the lowest magnetic field strength forcithe Lorentz equation was solved. For
the extremely low density zones which had magnetic fielchgtles below this limit the particle was moved in a straigheluntil it encountered higher density
gas.

tially produced by protons with- 10x greater energy, this rived value ofa = 0.75 is much harder than the “standard”
extrapolation will not greatly affect the predictions betmn power law with index~ 2 — 2.5 that one might expect from
0.1 and 1 TeV. The fraction of protons that interact with the simple first-order Fermi scattering. Perhaps this may bertak
circumnuclear torus becomes very small at energies greateas an indication that Sgr A* is not the source of energetic
than 100 TeV (se€[3), so it is not necessary to extrapolate hadrons producing the-ray glow in its vicinity. Alterna-
dn/dE beyond 100 TeV. Now armed with thi& /dE profile tively, the intrinsica. ~ 2 proton spectrum may have been
within each cell, we calculate the and~-ray emissivity for altered by interactions much closer to the black hole. Aeoth
different values of anda using the formalism described by possibility is that the required hard proton spectrum migght
Crocker et al..(2005). The emissivities are then converted i an indication that stochastic acceleration continuesepain
fluxes before the values are summed to produce the predicteticles diffuse outwards from the initial injection regiofu-

~-ray spectrum from 0.1-100 TeV. ture work will investigate the origin and viability of the ifth
proton spectrum.
3. RESULTS We find that only about 30% of the computed trajecto-

We compared the model spectra to the observed 2003ries encounter the circumnuclear torus; the rest travehuni

and 2004 HESS data between 0.3 and 30 TeV (taken fromPeded to larger distances. However, this fraction is highly
Aharonian et 8l 2004, 2006b) using® fitting. The low- energy dependent- 73% of the emitted protons encounter
esty2 was found for€ = 5 x 10% ergs anda = 0.75 the torus afog(FE/eV) =12-12.4, but this drops to 47% at

[x?/d.o0.f= 41.7/31 (29.1/31) using the smaller (larger) of log(E/eV) = 13, and finally to 5% atog(E/eV) = 14. As

the observed error bars, and d.o.f. = degrees of freedong. Th a resu_lt, the predicteql-ray spec_tru_m exhibits a roII_-o_ver at
value for the spectral index is very robu%t Wiy 2 ~ +5 frcr)? energiesz 20 TeV (Fig.[2). This is a robust prediction of

a — 0.7 or 0.8. The predicted 0.1-100 TeV spectrum and models where Sgr A* is the source of the relativistic protons

1-10 TeV image of the Galactic center with these parame-and can be tested with future HESS observations.

ters are shown in Figl 2. The expected 1-10 TeV luminosity , | '€ €nergy-dependent proton interaction rate also suggest
from this spectrum is.7 x 103 erg s''. The predicted 1— that a significant flux of TeV protons escapes from the in-
100 TeV flux is1.83 ><. 10-8 m—2 g1 in good agreement ner few pc surrounding Sgr A* to interact with more distant

with the observed value dfi.87 + 0.30) x 10~5 m~2 5! molecular gas. This would be consistent with the observed

(Aharonian et al. 2006b). emission from the Galactic center ridge. _Aharonian et al.
The fact that the best fit correspondsite= 0.75 indicates ~ (20068) report that the inner 200 pc of the Galaxy glows

that the spectrum of injected particles must be signifigantl in TeV ~-rays, with the dominant emission correlated with

harder than the observed Tevray spectrum (for which the ~ the distribution of dense molecular gas. In addition, the
spectral index i€.25 + 0.10). This is simply because the spectrum of the Galactic ridge emission is observed to be

higher energy protons diffuse outward from the Galactic cen close to that of the Galactic center source. The _best-fitting
ter faster than the low energy ones and as a result traversé‘nodel for the Galactic center HESS source predicts an en-

_ 45 H
on average, a much smaller path length. These particles ar&'9Y 0f€ =5 x 10™ ergs in protons between 1 and 40 TeV.
then Iessglikely to encountertﬁe molegular torus aFr)1d uraderg Aharonian et al.| (2006a) estimate that a hadron distributio

. e : .
a pp-scattering event that will produce a Te\fay. A harder W'”& an etrr:erg)l;v 10 deégf (ftr_om_d4—40 Tev) is r(_?_(tq_]wr(_a((jj to
intrinsic spectrum is therefore required to compensatehier ~ Produce the observed Lalaclic ridge emission. The ridge re-

deficit and account for the observed spectral shape. The dedion is much larger than the volume within which the Galac-
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Fic. 2.— (Top) The solid line is the predicted spectrum from the

Galactic center region due to pp-scattering. The total ggneequired in
protons between 1 and 40 TeV fsx 10%° ergs, and the injected spec-
trum is dn/dEin; o« E~0-75. The open data points are the 2003 ob-
served values from HESS taken from Aharonian ef al. (2008jewthe solid
points are from the 2004 HESS observations (Aharonian/ @086h). (Bot-
tom) Contours of 1-10 TeV flux predicted from the same modai fivo-
duced the spectrum in the left-hand panel. The contours tateggf =
—15,—14,—-13,—12,—11, —10, and—9 [s~! m—2]. The oblateness evi-
dent in this image is due to the tilt angle of the moleculansorSgr A* is at
the origin.

Our simulations show that an injected proton indexx
0.75 is required to produce the observeday indexa,ps ~
2.25, a steepening 0$/2. Homogeneous diffusion with a
Kolmogorov or Bohm turbulence spectrum would produce a
steepening ol /3 and1, respectively. Our treatment in this
paper has followed the diffusion of protons taking into ac-
count the variable 3-D gas density and magnetic field sur-
rounding Sgr A*. On the other hand, diffusion calculations
assume a homogeneous medium, which produces misleading
results when applied to regions as complex as that near Sgr
A*. As such, our finding that a steepening of 3/2 is required,
instead of~ 1, may be traceable to our more accurate treat-
ment of inhomogeneity.

4. CONCLUSIONS

The HESS observations suggest that there may be a com-
mon cause for both the Galactic-center point source and the
diffuse emission along the ridge. TeV protons accelerated
near Sgr A* can account for the observed flux and spectrum
of the central source through scattering events with antbien
protons within the circumnuclear ring. The proton spectrum
injected into the gas surrounding Sgr A* must have a hard
power-law index of0.75, implying a non-standard accelera-
tion process or interactions close to the acceleratiororegi
Our simulations have resulted in a predicted 1-10 TeV im-
age of the source for comparison with future high-resofutio
observations. We have found, in particular, that the ptedic
TeV image mirrors closely the structure of the torus, inoigd
an oblateness due to projection effects in the plane of the sk
The total energy required in protons between 1 and 40 TeV
is 5 x 10%> ergs and a significant fraction of the protons do
escape the neighborhood of Sgr A* without undergoing a pp
collision; these presumably diffuse to much larger distanc
where they can interact with other molecular material, poss
bly accounting for the observed Galactic ridge emission. Al
though future calculations are required to confirm this sug-
gestion, and other origins for the observed HESS source are
possible (e.gl, Wang etlal. 2006; Hinton & Aharonian 2006),
this work supports the view that Sgr A* may be an important
site for particle acceleration at the center of the Galaxy.
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