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synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
It has been shown recently by Liu et al. (2004) that acceler-
ation of moderately relativistic electrons (!e "100) by plasma
wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.

2. INTERNAL ABSORPTION OF GAMMA RAYS

The very low bolometric luminosity of Sgr A* makes this
object unique among the majority of Galactic and extragalactic
compact objects containing black holes. One of the interesting
consequences of the faint electromagnetic radiation of Sgr A*
is that the latter appears transparent for gamma rays up to very

Fig. 1.—Broadband spectral energy distribution (SED) of Sgr A*. Radio
data are from Zylka et al. (1995), and the IR data for quiescent state and for
flare are from Genzel et al. (2003). X-ray fluxes measured by Chandra in the
quiescent state and during a flare are from Baganoff et al. (2001, 2003). XMM-
Newton measurements of the X-ray flux in a flaring state is from Porquet et al.
(2003). In the same plot we also show the recent INTEGRAL detection of a
hard X-ray flux; however, because of relatively poor angular resolution, the
relevance of this flux to Sgr A* hard X-ray emission (Bélanger et al. 2004)
is not yet established. The same is true also for the EGRET data (Mayer-
Hasselwander et al. 1998), which do not allow localization of the GeV source
with accuracy better than 1%. The very high energy gamma-ray fluxes are ob-
tained by the CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack et al.
2004), and HESS (Aharonian et al. 2004) groups. Note that the GeV and TeV
gamma-ray fluxes reported from the direction of the Galactic center may orig-
inate in sources different from Sgr A*; therefore, strictly speaking, they should
be considered as upper limits of radiation from Sgr A*. [See the electronic
edition of the Journal for a color version of this figure.]
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synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
It has been shown recently by Liu et al. (2004) that acceler-
ation of moderately relativistic electrons (!e "100) by plasma
wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.

2. INTERNAL ABSORPTION OF GAMMA RAYS

The very low bolometric luminosity of Sgr A* makes this
object unique among the majority of Galactic and extragalactic
compact objects containing black holes. One of the interesting
consequences of the faint electromagnetic radiation of Sgr A*
is that the latter appears transparent for gamma rays up to very

Fig. 1.—Broadband spectral energy distribution (SED) of Sgr A*. Radio
data are from Zylka et al. (1995), and the IR data for quiescent state and for
flare are from Genzel et al. (2003). X-ray fluxes measured by Chandra in the
quiescent state and during a flare are from Baganoff et al. (2001, 2003). XMM-
Newton measurements of the X-ray flux in a flaring state is from Porquet et al.
(2003). In the same plot we also show the recent INTEGRAL detection of a
hard X-ray flux; however, because of relatively poor angular resolution, the
relevance of this flux to Sgr A* hard X-ray emission (Bélanger et al. 2004)
is not yet established. The same is true also for the EGRET data (Mayer-
Hasselwander et al. 1998), which do not allow localization of the GeV source
with accuracy better than 1%. The very high energy gamma-ray fluxes are ob-
tained by the CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack et al.
2004), and HESS (Aharonian et al. 2004) groups. Note that the GeV and TeV
gamma-ray fluxes reported from the direction of the Galactic center may orig-
inate in sources different from Sgr A*; therefore, strictly speaking, they should
be considered as upper limits of radiation from Sgr A*. [See the electronic
edition of the Journal for a color version of this figure.]
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synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
It has been shown recently by Liu et al. (2004) that acceler-
ation of moderately relativistic electrons (!e "100) by plasma
wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.

2. INTERNAL ABSORPTION OF GAMMA RAYS

The very low bolometric luminosity of Sgr A* makes this
object unique among the majority of Galactic and extragalactic
compact objects containing black holes. One of the interesting
consequences of the faint electromagnetic radiation of Sgr A*
is that the latter appears transparent for gamma rays up to very

Fig. 1.—Broadband spectral energy distribution (SED) of Sgr A*. Radio
data are from Zylka et al. (1995), and the IR data for quiescent state and for
flare are from Genzel et al. (2003). X-ray fluxes measured by Chandra in the
quiescent state and during a flare are from Baganoff et al. (2001, 2003). XMM-
Newton measurements of the X-ray flux in a flaring state is from Porquet et al.
(2003). In the same plot we also show the recent INTEGRAL detection of a
hard X-ray flux; however, because of relatively poor angular resolution, the
relevance of this flux to Sgr A* hard X-ray emission (Bélanger et al. 2004)
is not yet established. The same is true also for the EGRET data (Mayer-
Hasselwander et al. 1998), which do not allow localization of the GeV source
with accuracy better than 1%. The very high energy gamma-ray fluxes are ob-
tained by the CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack et al.
2004), and HESS (Aharonian et al. 2004) groups. Note that the GeV and TeV
gamma-ray fluxes reported from the direction of the Galactic center may orig-
inate in sources different from Sgr A*; therefore, strictly speaking, they should
be considered as upper limits of radiation from Sgr A*. [See the electronic
edition of the Journal for a color version of this figure.]
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synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
It has been shown recently by Liu et al. (2004) that acceler-
ation of moderately relativistic electrons (!e "100) by plasma
wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.
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synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
It has been shown recently by Liu et al. (2004) that acceler-
ation of moderately relativistic electrons (!e "100) by plasma
wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.

2. INTERNAL ABSORPTION OF GAMMA RAYS

The very low bolometric luminosity of Sgr A* makes this
object unique among the majority of Galactic and extragalactic
compact objects containing black holes. One of the interesting
consequences of the faint electromagnetic radiation of Sgr A*
is that the latter appears transparent for gamma rays up to very

Fig. 1.—Broadband spectral energy distribution (SED) of Sgr A*. Radio
data are from Zylka et al. (1995), and the IR data for quiescent state and for
flare are from Genzel et al. (2003). X-ray fluxes measured by Chandra in the
quiescent state and during a flare are from Baganoff et al. (2001, 2003). XMM-
Newton measurements of the X-ray flux in a flaring state is from Porquet et al.
(2003). In the same plot we also show the recent INTEGRAL detection of a
hard X-ray flux; however, because of relatively poor angular resolution, the
relevance of this flux to Sgr A* hard X-ray emission (Bélanger et al. 2004)
is not yet established. The same is true also for the EGRET data (Mayer-
Hasselwander et al. 1998), which do not allow localization of the GeV source
with accuracy better than 1%. The very high energy gamma-ray fluxes are ob-
tained by the CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack et al.
2004), and HESS (Aharonian et al. 2004) groups. Note that the GeV and TeV
gamma-ray fluxes reported from the direction of the Galactic center may orig-
inate in sources different from Sgr A*; therefore, strictly speaking, they should
be considered as upper limits of radiation from Sgr A*. [See the electronic
edition of the Journal for a color version of this figure.]
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Fig. 1a–d Residual smoothed counts maps and profiles in several energy ranges after subtraction of the model-predicted diffuse emission

background. The panels refer to these energy ranges: a > 1GeV, b 300MeV–1GeV, c 100–300MeV, d 30–100MeV.

tions from the linear regression line tend to have larger error bars

and also the observational parameters are less favourable. This

correlation suggests that there are residual uncorrected system-

atic effects. Even with no fine-tuning McLaughlin et al. (1996)

1.1 The Center of our Galaxy

GeV Gamma-Ray Emission?

In 1998, the EGRET instrument on board the Compton Gamma-Ray Observatory

satellite detected an extremely bright peak in the excess of GeV gamma-ray emission

toward the Galactic Center (a source labeled 3EG J1746-2851)(Mayer-Hasselwander

et al., 1998). The emission has a peak energy of 500 MeV, and in this initial detection

was found to be marginally consistent with a point-source located within 0.2◦ of

Sagittarius A*. The measured flux above 100 MeV is (217± 15)× 10−8 ph cm−2 s−1,

with a broken power-law spectrum of:

F (E) =






(2.2± 0.01)× 10−10(E/1900 MeV)−1.30±0.03 (E < 1900 MeV)

(2.2± 0.01)× 10−10(E/1900 MeV)−3.1±0.2 (E > 1900 MeV)

(1.1)

Recent re-analyses of the EGRET data, more heavily weighting the higher-energy

emission (with higher angular resolution) by Hooper and Dingus (2002) and Pohl

(2004) indicate the excess is offset from the position of Sgr A*, and is in fact a

separate, but possibly nearby, object. These analyses exclude the position of Sgr A*

at a > 95% confidence level.

1.1.2 Other Objects Near the Galactic Center

Sgr A East

Surrounding Sgr A* lies an extended object known as Sgr A East (schematically

shown in Figure 1.1), which is characterized by a shell-like structure with an angular

size of about 3.5 by 2.5 arc-minutes (Ekers et al., 1975). Sgr A East is likely either
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synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
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wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.

2. INTERNAL ABSORPTION OF GAMMA RAYS

The very low bolometric luminosity of Sgr A* makes this
object unique among the majority of Galactic and extragalactic
compact objects containing black holes. One of the interesting
consequences of the faint electromagnetic radiation of Sgr A*
is that the latter appears transparent for gamma rays up to very

Fig. 1.—Broadband spectral energy distribution (SED) of Sgr A*. Radio
data are from Zylka et al. (1995), and the IR data for quiescent state and for
flare are from Genzel et al. (2003). X-ray fluxes measured by Chandra in the
quiescent state and during a flare are from Baganoff et al. (2001, 2003). XMM-
Newton measurements of the X-ray flux in a flaring state is from Porquet et al.
(2003). In the same plot we also show the recent INTEGRAL detection of a
hard X-ray flux; however, because of relatively poor angular resolution, the
relevance of this flux to Sgr A* hard X-ray emission (Bélanger et al. 2004)
is not yet established. The same is true also for the EGRET data (Mayer-
Hasselwander et al. 1998), which do not allow localization of the GeV source
with accuracy better than 1%. The very high energy gamma-ray fluxes are ob-
tained by the CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack et al.
2004), and HESS (Aharonian et al. 2004) groups. Note that the GeV and TeV
gamma-ray fluxes reported from the direction of the Galactic center may orig-
inate in sources different from Sgr A*; therefore, strictly speaking, they should
be considered as upper limits of radiation from Sgr A*. [See the electronic
edition of the Journal for a color version of this figure.]
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Detecting 
Gamma Rays:

Problems?

Can’t use traditional focusing optics 
with gamma rays.

Earth’s atmosphere is opaque to 
gamma rays.

Solution:

Very-High-Energy particles interact 
in the atmosphere, producing 
Extensive Air Showers

Earth’s atmosphere is a particle 
detector: a Cherenkov radiator.

The Atmospheric 
Cherenkov Technique
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Source produces VHE 
gamma ray

Software imaging 
algorithms 

discriminate between 
gamma-ray showers, 
cosmic-ray showers 

and background noise 
for each detected 

“event”

Light is focused by a 
large optical reflector 
into imaging camera, 
digitized with an ADC

Figure and background photo by K. Kosack(2005)
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Čerenkov

angle
(θ

c ) can
be

derived
classically

from
the

sim
ple

interference
diagram

shown
in

Figure
2.5, as:

θ
c =

cos −
1 (

c
m tvt

)
=

cos −
1 (

1
βn

)
,

(2.4)

where c
m
is the speed

of light in
the m

edium
(c/n), and

n
is the index

of refraction
of

the m
edium

. The physical interpretation
of this diagram

is that along
the wavefront,

the
effect of the

retarded
potential is

such
that the

dipoles
created

by
the

polarized

atm
osphere

oscillate
and

radiate
in

phase
at

θ
c (Jelley, 1958).

In
the

atm
osphere,

which
has

an
index-of-refraction

of ∼
1.0003

(at
sea-level),

the
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Galactic Center Analysis Challenges:
Multiple Observing Seasons (≈10 years of data!)

Only visible in May-July, ≈1 hour per night

Instrument upgraded several times

Large Zenith Angle Observations (θ=60°)

Standard Gamma-Ray Selection Criteria Need Modification

Telescope Pointing Error at low elevation 

Unknown Source 

Did not expect emission, no one obvious mechanism. Original 
motivation: Dark Matter, so we chose to look at Sgr A* position

(with the Whipple Telescope)



A Priori 
Assumptions

Problem:  Flux, Position, and 
Emission mechanism 
uncertain.

Easy to bias analysis toward 
detection!

Solution: Don’t look at the 
Galactic Center.

Develop and optimize selection 
criteria and calibrations using Crab 
Nebula data only.

Only in the end apply analysis to 
Galactic Center to prevent biasing
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Whipple 
Telescope 

Observations

Observations

31 Hours (ON-source)

1995-2003

Analysis

Seasonal gain corrections

LZA Camera Geometry Corrections 

2 Nearby stars used to measure 
and correct for pointing offset 
(0.1°) 

Zenith-angle and energy 
independent gamma-ray selection 
cuts



Gamma-Ray Sky Plot



FluxNormalized to Crab Nebula 
at peak energy of 2.8 TeV:

(5.3 ± 1.9)x10-9  m-2 s-1 TeV-1

22% of Crab Flux (at 4x distance)

Consistent with Point 
source within 15 arcmin 
(95% confidence)



Independent Observations
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Fig. 2.—Significance map obtained by the CANGAROO-II telescope (blue
contours). The thin contours are a 12 mm IRAS image. The position of Sgr
A* (the telescope tracking center) is given by the cross. The inset is a 5 GHz
VLA image showing Sgr A* and Sgr A East (Yusef-Zadeh & Morris 1987).
The uncertainty in the position for 3EG J1746!2851 analyzed by Mayer-
Hasselwander et al. (1998) is indicated by the orange dashed contour.

Fig. 3.—Spectral energy distribution of the GC region. The cross-hatched
area is the 1 j allowed region for the TeV observations in the energy range
of Table 1. Here the energy uncertainties in Table 1 were assumed to be
correlated bin by bin. The arrow (W) is the Whipple 2 j upper limit at 2 TeV
(Buckley et al. 1997). The two analyses of the EGRET data are shown by the
black hatched region (Mayer-Hasselwander et al. 1998) and the crosses (Hart-
man et al. 1999). The lines are estimations for gamma rays, the details of0p
which are given in the body of the figure and in the text.

difference in the excess rates for 2001 and 2002 is apparent,
with the (2001/2002) ratio being . We note that a1.60! 0.34
flare was observed at 1.3 mm from Sgr A* in 2001 July (Yuan
& Zhao 2002). However, the shower rate (effectively the energy
threshold) difference described above could affect this ratio at
the 20% level. We are thus unable to infer that the TeV emission
is from a variable source. Nightly signal rates were also checked
during both years, even though these have poorer statistics. The
largest deviation occurred on 2002 August 11, UT, with a rate

times larger than the average for that year, again not1.8! 0.6
statistically significant.
Our Monte Carlo simulations predict, for a point source, that

gamma-ray events with should constitute 73.5% of thosea ! 15"
with . The experimental data yielded ,a ! 30" 80.8%! 6.7%
consistent with the point-source assumption. As a further check
on the spatial distribution of the signal, we derived the “signif-
icance map,” as shown by the thick contours in Figure 2. The
contours were calculated from the distribution of the detection
significance determined at each location from the difference in
the a-plots (on- minus off-source histogram) divided by the
statistical errors. The centroid is consistent with 3EG J1746!
2851, within our possible systematic uncertainty of 0".1, and so
we identify the GeV source as the likely origin of the TeV
emission. Our angular resolution was estimated to be 0".32,
slightly larger than the radius of the 65% contour, consistent with
the point-source assumption. The acceptance of the CANGA-
ROO-II telescope is a smoothly decreasing function with an
offset from the tracking center, falling to 50% at a 0".9 offset
(see Itoh et al. 2003 for details).
After correcting for this acceptance, the differential fluxes

listed in Table 1 were derived. Since both statistical and sys-
tematic errors are included, the energy bins overlap somewhat,
particularly at low energies. The systematic uncertainty for the
energy determination (∼20%), which is an overall factor, dom-
inates the errors in the energies. The spectral energy distribution
is plotted in Figure 3 together with the EGRET data (Mayer-
Hasselwander et al. 1998; Hartman et al. 1999). The cross-

hatched area indicates the CANGAROO-II data reported here.
The derived spectrum has a power-law index of ! ,4.6! 0.5
much softer than that of the Crab Nebula (!2.5). When con-
sidered together with the EGRET data, it is clear the flux falls
off steeply in the TeV region.
Various checks on the signal level and position were carried

out, by varying thresholds, clustering cuts, Hillas parameter
values, etc. These yielded consistent fluxes within the system-
atic errors given in Table 1.

5. DISCUSSION

Due to the complex structure of the GC region, different
scenarios for the origin of the EGRET gamma-ray flux have
been considered (see, e.g., Mayer-Hasselwander et al. 1998 and
references therein). As mentioned in § 1, Fatuzzo & Melia
(2003) have recently attributed the GeV emission to decay0p
resulting from high-energy protons interacting with the ambient
matter in Sgr A East. They argued that due to synchrotron
cooling in the high average magnetic field, primary (acceler-
ated) and secondary leptons would have a steep spectrum, and
their contribution to the high-energy gamma-ray flux via in-
verse Compton emission and bremsstrahlung would be small.
The leptonic contribution to the TeV gamma-ray flux would
be even smaller. Indeed, the synchrotron cooling time can be
estimated as yr. Thus, for leptons of a!2 !1t p 16# B Es mG e, TeV

few TeV, which might contribute to the sub-TeV gamma-ray
flux, the cooling time in a milligauss magnetic field is even
less than those considered by Fatuzzo & Melia (2003). Another
factor that will reduce the amount of secondary TeV leptons,
the key products from pp interactions, is the presence of a
cutoff in the accelerated proton spectrum at a few TeV, sug-

1. Introduction

The Galactic Centre (GC) region (Melia & Falcke 2001) har-

bours a variety of potential sources of high-energy radiation

including the supermassive black hole Sgr A∗ of 2.6 × 106 M#
(see e.g. Schödel et al. 2002), which has been identified as a

faint source of X-rays (Baganoff et al. 2003) and infrared radi-

ation (Genzel et al. 2003). Emission from Sgr A∗ is presumably

powered by the energy released in the accretion of stellar winds

onto the black hole (Melia 1992; Yusef-Zadeh et al. 2000; Yuan

et al. 2003).

High (Mayer-Hasselwander et al. 1998) and very high

(Tsuchiya et al. 2004; Kosack et al. 2004) energy γ-ray emis-

sion have also been detected from the GC region. The γ-

radiation could result from acceleration of electrons or protons

in shocks in these winds, in the accretion flow or in nearby su-

pernova remnants, followed by interactions of accelerated par-

ticles with ambient matter or radiation.Alternativemechanisms

include the annihilation of dark matter particles accumulating

at the GC (Bergström et al. 1998; Ellis et al. 2002; Gnedin &

Primack 2003) or curvature radiation of protons near the black

hole (Levinson 2000).

2. Observations and Results

The observations presented here were obtained in Summer

2003 with the High Energy Stereoscopic System (H.E.S.S.),

consisting of four imaging atmospheric Cherenkov telescopes

(Hofmann 2003; Bernlöhr et al. 2003; Vincent et al. 2003) in

Namibia, at 23◦16′ S 16◦30′ E. At this time, two of the four

telescopes were operational, the other two being under con-

struction. During the first phase of the measurements (June 6

to July 7, 2003), the telescopes were operated independently

and images were combined offline using GPS time stamps

(4.7 h on source, ‘June/July’ data set). In the second phase

(July 22 to August 29, 2003), a hardware coincidence required

shower images simultaneously in both telescopes (11.8 h on

source, ‘July/August’ data set). The resulting background sup-

pression allowed us to lower the telescope trigger thresholds,

yielding a post-cuts energy threshold of 165 GeV (for typical

Sgr A∗ zenith angles of 20◦) as compared to 255 GeV for the

‘June/July’ data set.

Shower images are parametrised by their centres of grav-

ity and second moments, followed by the stereoscopic recon-

struction of shower geometry, providing an angular resolution

of ≈ 0.1◦ for individual γ-rays. γ-ray candidates are selected

based on the shape of shower images, allowing effective sup-

pression of cosmic-ray showers. The γ-ray energy is estimated
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Fig. 1. Angular distribution of γ-ray candidates for a 3◦ field

of view centred on Sgr A∗. Both data sets (’June/July’ and

’July/August’) are combined, employing tight cuts to reduce

the level of background. The significance of the feature extend-

ing along the Galactic Plane is under investigation.

from the image intensity and the reconstructed shower geome-

try, with a typical resolution of 15-20%.

The GC region is characterised by high night-sky bright-

ness (NSB), varying across the field of view and potentially

interfering with image reconstruction. Simulations of a range

of NSB levels show, however, that the stereoscopic reconstruc-

tion is insensitive to this feature, resulting in variations of the

measured flux and spectrum that are well within the systematic

errors quoted here.

The performance and stability of H.E.S.S. have been con-

firmed by observations of the Crab Nebula (a standard candle

in γ-ray astronomy). The absolute calibration of the instrument

has been verified using muon images (Leroy et al. 2003) which

provide a measurement of the absolute photon detection effi-

ciency, and by the measured cosmic ray detection rates (Funk

et al. 2004), which are in excellent agreement with simulations.

Fig. 1 shows the distribution of γ-ray candidates for a 3◦

window around Sgr A∗. A clear excess of events in the Sgr A∗

region is observed. Here, tight γ-ray selection cuts are applied

to minimise background at the expense of γ-ray efficiency. For

the analysis of the flux and spectrum of the central point source,

looser cuts are used which reject 96% of the cosmic-ray back-

ground and retain 50% of the γ-rays. Using a ring around the

assumed source location to estimate background, we find –

with loose cuts – a 6.1 σ excess in the ‘June/July’ data set and

a 9.2 σ excess in the ‘July/August’ data set, both centred on

Sgr A∗. The γ-ray excess is located at RA 17h45m41.3s ± 2.0s

, Dec −29◦0′22′′ ± 32′′, or l = 359◦56′53′′ , b = −0◦2′57′′,

within 14±30′′ in b and 12±30′′ in l from Sgr A∗ (Fig. 2). There

is no evidence in our data for an energy dependence of this po-

sition. A conservative pointing error of less than 20′′ in RA and

Dec has been estimated using stars (Gillessen et al. 2003), and

Cangaroo HESS

Fig. 1. Position of the TeV emitting region overlaid on a 21 cm radio map [16] tracing
mostly non-thermal (synchrotron) emission features. The bright spot inside the
H.E.S.S. confidence region (marked as a white circle) is Sgr A*whereas the extended
ring like feature to the east of it is Sgr A*East. Note the difference in the accuracy
of the different instruments.

Fitting a generic π0 decay spectrum to the data results in a 90 % c.l. lower
limit on the mass mχ to be larger than 12 TeV.

In most models that attempt to explain non-baryonic Dark Matter in the
Universe, the relic particles are WIMPs produced thermally during the early
phase of cosmological expansion. A very reasonable candidate for this particle
is provided by SuSy models which naturally predict the existence of a stable (if
R-parity is conserved) Majorana particle that can self-annihilate. Generically,
this SuSy particle is referred to as the lightest stable particle (LSP).

The detection of gamma-rays with energies up to 10 TeV as seen with the
H.E.S.S. telescopes implies that the WIMP mass has to be sufficienly large
to explain the observed spectrum. The surprisingly large mass inferred from
the observations appears at first glance to be inconsistent with cosmology and
the general conception that the mass of LSP in SuSy models should be close
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Fig. 5.— Flux of Sgr A* as a function of time. Each data point represents a single 28 minute run.

Time gaps in the data have been removed where indicated. The dashed line is a least squares fit

of a constant function to the data.

taking the average significance, giving a conservative estimate of 3.7σ for the detection significance.

The lack of significant variability in our data makes it difficult to uniquely identify the source

with a compact point source such as Sgr A*, but inspires some confidence in the stability of our

observations at large zenith angle. Note that the analysis procedure was designed to mitigate

against changes in the count rate due to variations in the instrument. The same ISU simulation

package was used here to analyze Whipple observations of the Crab Nebula giving a spectrum in

good agreement which that measured a small zenith angle (Krennrich et al. 1999). In the past, our

group reported a positive excess of 2.4σ for 1995-1997 observations (Buckley et. al. 1997) and

2.4σ for 1999-2003 observations (Kosack et. al. 2003) at the position of Sgr A*. The combined

significance for our refined results is consistent with these earlier analyses. The large error circles

for both EGRET (7.2 arcmin) and Whipple (15 arcmin) observations make identification with a

particular source difficult, but given the dearth of TeV sources, an accidental angular coincidence

of a new source along the line of sight is unlikely, and it is probable that the emission comes from

a non-thermal source physically near the Galactic Center.

The high level of emission ≈ 0.4 Crab at a distance of roughly four times that of the Crab

Nebula, qualifies this as an unusually luminous galactic source. Previous TeV observations of

Variability

χ2 (dof) Prob 
no variability

Fit Count rate 
(ph/min)

Galactic 
Center:

1.13 (54) 25% 0.22 ± 0.05

Mrk421: 3.03 (6) 1.2% 0.25 ± 0.05



The Full Spectrum

synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
It has been shown recently by Liu et al. (2004) that acceler-
ation of moderately relativistic electrons (!e "100) by plasma
wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.

2. INTERNAL ABSORPTION OF GAMMA RAYS

The very low bolometric luminosity of Sgr A* makes this
object unique among the majority of Galactic and extragalactic
compact objects containing black holes. One of the interesting
consequences of the faint electromagnetic radiation of Sgr A*
is that the latter appears transparent for gamma rays up to very

Fig. 1.—Broadband spectral energy distribution (SED) of Sgr A*. Radio
data are from Zylka et al. (1995), and the IR data for quiescent state and for
flare are from Genzel et al. (2003). X-ray fluxes measured by Chandra in the
quiescent state and during a flare are from Baganoff et al. (2001, 2003). XMM-
Newton measurements of the X-ray flux in a flaring state is from Porquet et al.
(2003). In the same plot we also show the recent INTEGRAL detection of a
hard X-ray flux; however, because of relatively poor angular resolution, the
relevance of this flux to Sgr A* hard X-ray emission (Bélanger et al. 2004)
is not yet established. The same is true also for the EGRET data (Mayer-
Hasselwander et al. 1998), which do not allow localization of the GeV source
with accuracy better than 1%. The very high energy gamma-ray fluxes are ob-
tained by the CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack et al.
2004), and HESS (Aharonian et al. 2004) groups. Note that the GeV and TeV
gamma-ray fluxes reported from the direction of the Galactic center may orig-
inate in sources different from Sgr A*; therefore, strictly speaking, they should
be considered as upper limits of radiation from Sgr A*. [See the electronic
edition of the Journal for a color version of this figure.]
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Dark MatterWeakly Interacting Massive 
Particle (WIMP) 

Creation/Annihilation determine 
density

Early Universe: in equilibrium

Later: Universe expands, 
annihilation rate drops, fall out of 
equilibrium: Freeze-Out 
(Tf ≈ mx/20)

Relic abundance of WIMP consistent 
with Dark Matter density 
measurements. 

Galaxy Rotation: DM exists (in halo)

CMBR + BB 
nucleosynthesis: It’s non-baryonic
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Maybe!

1.2 VHE Gamma-Ray Emission Mechanisms

(Navarro et al., 1996), giving a profile of

ρ(r) =
ρc

(r/rs) (1 + r/rs)
2 (1.12)

where ρc is calculated from the knowledge that ρ(r0) (the density at the Solar System’s

distance from the Galactic Center) is 0.3 GeV cm−3 and the scale-radius rs ∼ 10 −

20kpc. The interesting feature of this profile is that there is a power-law cusp (ρ(r) ∝

r−1 (Navarro et al., 1996) to r−1.4 (Moore et al., 1998)) that may continue down to

distances very close to the GC (r → 0) (Navarro et al., 1996). If this model is correct,

the number density of neutralinos near the galactic center may be high enough that

the annihilation emission is detectable.

Observability

By assuming a value for Ωχ ∼ Ωdm, it is possible to calculate the flux of the dark

matter annihilation photons at Earth. The relic density has been calculated for a

number of super-symmetric particle theories (see e.g. Ullio and Bergström, 1998) and

has been constrained to be in the range 0.025 < Ωχh2 < 1. From this we can calculate

〈σA|v|〉.

The intensity will be proportional to the square of the density, so the total intensity

at angle θ will be given by the line-of-sight integral:

I(θ) ∝
∫ ∞

0

ρ(r)2ds (1.13)

r =
√

R2 + s2 − 2Rs cos(θ)
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5.3 The Future

some constraints on Neutralino models, and pushes the limits for an acceptable neu-

tralino mass. Since the emission extends up to 10 TeV, the mass of the neutralino

would have to be quite large. In Figure 5.1 I have overlaid our spectral results for the

Galactic Center with a model of the expected continuum emission flux from neutralino

annihilation, f(E) = N0(E/mχ)−1.5e−7.8(E/mχ) (Bergström et al., 1998), for several

values of the neutralino mass mχ. This model combined with our data predicts a

mass between 20 TeV and 100 TeV. Horns (2004) argues that the HESS spectrum

places a lower-limit of mχ ≥ 12TeV at 90% confidence based on a fit to the theoretical

π0 spectrum. Though the theoretical maximum WIMP mass is as high as 340 TeV

from unitarity considerations (Griest and Kamionkowski, 1990) , cosmological con-

straints can be placed which limit mχ ≤ 32 TeV (Griest et al., 1990), and by some

interpretations ! 600 GeV (Ellis et al., 2003).

5.3 The Future

Now that the existence of a TeV gamma-ray source at the Galactic Center has

been established, there are three primary open questions: How high in energy does

the spectrum extend? Is there any evidence of variability? And, finally: Is Sgr A*

the source of the emission? To answer these, further observations by next-generation

gamma-ray telescopes such as HESS, VERITAS, and MAGIC, combined with GeV

observations by the soon-to-be-launched GLAST satellite will be extremely impor-

tant.
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An AGN? Galactic Center isn’t very 
active, but may share 
some characteristics/
processes

Black Hole + evidence for 
Accretion + flaring at lower  
energies

Radiatively-inefficient 
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Plerion Model (see C. Dermer 
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Active Galactic Nuclei: 
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How do AGN 
produce TeV 

Photons?

Synchroton-Self-Compton (SSC)

Fermi Shock Acceleration produces VHE 
electrons

Emit lower energy photons by 
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Proton-induced cascades 
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Fig. 1. Position of the TeV emitting region overlaid on a 21 cm radio map [16] tracing
mostly non-thermal (synchrotron) emission features. The bright spot inside the
H.E.S.S. confidence region (marked as a white circle) is Sgr A*whereas the extended
ring like feature to the east of it is Sgr A*East. Note the difference in the accuracy
of the different instruments.

Fitting a generic π0 decay spectrum to the data results in a 90 % c.l. lower
limit on the mass mχ to be larger than 12 TeV.

In most models that attempt to explain non-baryonic Dark Matter in the
Universe, the relic particles are WIMPs produced thermally during the early
phase of cosmological expansion. A very reasonable candidate for this particle
is provided by SuSy models which naturally predict the existence of a stable (if
R-parity is conserved) Majorana particle that can self-annihilate. Generically,
this SuSy particle is referred to as the lightest stable particle (LSP).

The detection of gamma-rays with energies up to 10 TeV as seen with the
H.E.S.S. telescopes implies that the WIMP mass has to be sufficienly large
to explain the observed spectrum. The surprisingly large mass inferred from
the observations appears at first glance to be inconsistent with cosmology and
the general conception that the mass of LSP in SuSy models should be close
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The Future

How high does spectrum 
extend? Evidence for line 
emission?

Variability? (multi-
wavelength correlations)

Single TeV flare would eliminate 
possibility of DM annihilation!

Source(s)? 

Resolve difference between: Whipple/
HESS, CANGAROO, EGRET

Next-Gen Telescopes:

TEV: VERITAS, HESS, MAGIC 

GEV: GLAST 




