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Sgr A∗ at 6 cm
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Figure 1 Subarcsec (2 cm) image of Sgr A West and Sgr A∗. The cometary-like

feature to the north of Sgr A∗ (identified as the bright central spot in this image) is

associated with the luminous star IRS 7, seen at the corresponding location in Figure 2.

(From Yusef-Zadeh & Wandle 1993.)

Figure 4 A radio image of ionized gas (Sgr A West) at λ = 1.2 cm, with its three-

arm appearance (orange) superimposed on the distribution of HCN emission (red )

(Wright et al. 1993). Most of the ionized gas is distributed in the molecular cavity. At

the distance to the Galactic Center, this image corresponds to a size of approximately

4 pc on each side. (From Yusef-Zadeh, Melia, & Wandle 2000.)
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Yusef-Zadeh & Wardle (1993)

HCN vs radio

Christopher et al (2005)

HCN Doppler

Christopher et al (2005)

Mass of Sgr A∗

• Mass can be inferred from dynamics of gas or stars

• HCN rotation (100 km/s at 2 pc) =⇒ 4×106M%

2MASS

Optical vs NIR views of the Galactic Centre

SuperCOSMOS 2MASS



Stellar velocity dispersion

Genzel et al 2000

Genzel et al 2000

Stellar orbits

Eisenhauer et al 2003



Ghez et al 2005

The conservative option

Sgr A∗ is a black hole with mass
≈ 4×106M%

Mid Infrared

Morris et al / MIRLIN

Stellar winds near Sgr A∗

• Total stellar mass loss rate Ṁw ≈ 3×10−3M% yr
−1

24 Jul 2001 10:26 AR AR137G-09.tex AR137G-09.SGM ARv2(2001/05/10) P1: GSR
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Figure 12 Location of some of the wind-producing stars relative to the position of

Sgr A∗ indicated by the ∗ symbol. The radius of each circle corresponds (on a lin-

ear scale) to that star’s mass loss rate. Setting the scale is 13E1, with Ṁ = 7.9 ×
10−4

M$ year−1. (From Coker & Melia 1997.)

star. Note that because of clustering, some of the stars are combined into a single

wind source in this figure, and some are outside the field of view.

The gravitational potential of a dark cluster can be represented by an “η-model”

(Haller &Melia 1996). This function mimics an isotropic mass distribution with a

single parameter, and it is scaled so that the total dark cluster mass within 0.01 pc is

2.6× 106 M$. Melia & Coker (1999) used the three-dimensional hydrodynamics
codeZEUS to simulate the flowof theGalacticCenterwind through this distributed

dark matter using the η-potential, and one of the key results of this calculation is

summarized in Figure 13, which shows the angle- and volume-averaged density

and temperature for the whole central 0.′′7 region, using a bin size of 0.′′0025. In
this figure, the density rises gradually to the middle and reaches an average value

of roughly 108 cm−3. In contrast, the central density for a gas falling freely into a
black hole potential with the same central mass approaches ∼1013 cm −3 (Melia
1994). The temperature similarly rises to the middle, but it levels off within about

0.004 pc, and the average is never greater than about 107 K. This is to be compared

with the temperature profile of the gas falling into the black hole, where T attains

values as high as 1010 K or more. This is critical because the electrons begin to

emit significantly via the synchrotron process when they become relativistic above
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Coker & Melia 1997

Accretion

• Sgr A∗ accretion rate Ṁ ∼ 10−4M% yr
−1

Interacting wind simulation: density

7 Aug 2001 16:19 AR AR137-09-COLOR.tex AR137-09-COLOR.SGM ARv2(2001/05/10) P1: GDL

Figure 14 A “snapshot” of the column density (i.e., the gas density integrated along

the line of sight) taken at a point in the calculationwhen the gas distribution had reached

stationary equilibrium. Sgr A∗ is in the middle, and the dimensions are approximately

0.5 light years on each side. Some 15–20 stars surrounding the black hole each produce

an efflux of gas (i.e., “winds”), which collide and form this tessellated pattern of gas

condensations, some of which are captured by the black hole and accrete toward it.

Several of the wind-producing stars are visible to the right of the image. The color scale

is logarithmic, with red corresponding to a column density of 1021 g cm−2, then yellow,

blue, and black, which corresponds to 1016 g cm−2. (From Coker & Melia 1997.)
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even before the plasma reaches RA. The implications for the spectral characteristics

of Sgr A∗, and thus its nature, are significant. Coker &Melia (1997) have therefore
undertaken the task of simulating the BH accretion from the spherical winds of

a distribution of 10 individual point sources located at an average distance of a

few RA from the central object. The results of these simulations show that the

accretion rate depends not only on the distance of the mass-losing star cluster

from the accretor, but also on the relative spatial distribution of the sources. In

addition, the coexistence of hot and warm gas components may itself alter the

Bondi-Hoyle capture profile (Baganoff et al. 2001), which is not included in these

simulations. The capture rate inferred by these authors is ≈3× 10−6 M%/yr.

Figure 14 shows a logarithmic color scale image of the density profile for a

slice running through the center of the accretor for one of these simulations taken

2000 years after the winds are “turned on.” Once the stellar winds have cleared

the region of the original low density gas, all such simulations point to an overall

average density (∼103 cm −3) in agreement with observations.
Figure 15 shows the mass accretion rate, Ṁ , and the accreted specific angular

momentum, λ (in units of crs , where rs is the Schwarzschild radius), versus time,

starting two crossing times (∼800 years) after the winds are “turned on.” The
average value for the mass accretion rate once the system has reached equilibrium

is Ṁ = 2.1± 0.3 ṀBH.

Figure 15 (Upper solid curve) The magnitude of the accreted specific angular mo-

mentum λ (in units of crs). The scale for λ is on the left. (Lower dotted curve) The

mass accretion rate Ṁ (10−4 M% yr−1) versus time. The scale for Ṁ is shown on the

right. (From Melia & Coker 1999.)
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Sgr A∗ at 6 and 90 cm

Nord et al (2004)

The radio spectrum

Nord et al (2004)

The radio-NIR spectrum

• Spectrum peaks near 1012 GHz

• Luminosity L = 4πd2
∫

Sνdν ≈ 4πd2νSν (100GHz) ∼ 80L%

Melia & Falcke 2001

Synchrotron Emission

• Size of Sgr A∗ < 1AU =⇒ synchrotron emission by relativistic

electrons

ν =
3eBγ2

4πmc
= 16BmGE2

GeV GHz

NIR flaring

..............................................................

Near-infrared flares from accreting
gas around the supermassive
black hole at the Galactic Centre
R. Genzel1,2, R. Schödel1, T. Ott1, A. Eckart3, T. Alexander4, F. Lacombe5,
D. Rouan5 & B. Aschenbach1
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Recent measurements of stellar orbits1–3 provide compelling
evidence that the compact radio source Sagittarius A* (refs 4,
5) at the Galactic Centre is a 3.6-million-solar-mass black hole.
Sgr A* is remarkably faint in all wavebands other than the radio
region6,7, however, which challenges current theories of matter
accretion and radiation surrounding black holes8. The black
hole’s rotation rate is not known, and therefore neither is the
structure of space-time around it. Here we report high-resolution
infrared observations of Sgr A* that reveal ‘quiescent’ emission
and several flares. The infrared emission originates fromwithin a
few milliarcseconds of the black hole, and traces very energetic
electrons or moderately hot gas within the innermost accretion
region. Two flares exhibit a 17-minute quasi-periodic variability.
If the periodicity arises from relativistic modulation of orbiting
gas, the emission must come from just outside the event horizon,
and the black holemust be rotating at about half of themaximum
possible rate.
During observations of the Galactic Centre with the new Very

Large Telescope adaptive optics (AO) imager NACO9,10 on 9 May
2003, we observed a powerful flaring by a factor of 5 in the H-band
(1.65-mm) emission towards SgrA* (Fig. 1, Table 1). The flare lasted
for 30min. Its rise and decay can be well fitted by an exponential of
timescale 5min. In a second observing run in June 2003, we
observed two more flares on two consecutive days, this time in
the Ks band (2.16 mm). The K-band flares rose to a factor of 3 above

the quiescent level, and each lasted for,85min. Their characteristic
rise/decay times were 2 to 5min. Both flares exhibited significant
and similar temporal substructure (Fig. 2). The 16 June flare showed
five major peaks spaced by 13 to 17min, resembling a 15–40%,
quasi-periodic modulation of the overall flare profile. The 15 June
flare had three major peaks separated by 14 and 17min, followed by
a weaker peak 28min later.

The power spectrum analysis for both flares (Fig. 2) exhibits a
significant peak with a time period of 16.8 ^ 2min, thus confirm-
ing the reality of the structure seen directly in the light curves. The
comparison star S1 clearly does not show such a quasi-periodic
structure. However, the question arises whether this periodicity is
truly a fundamental and significant property of all SgrA* flares11, or
whether it is caused by fluctuations in a ‘red noise’ power spectrum.
More datawill tell, but the fact that two events separated by about 93
periods show similar substructure is very suggestive. Because of the
lack of continuous time coverage, we cannot make a statement on
the substructure of the May H-band flare. Finally we found a fourth
flare in re-analysing earlier archival L 0-band (3.76-mm) NACO data
taken on 30 August 2002. This flare rose to 70% above the quiescent
emission (Fig. 2), and had a decay time of ,10min. The infrared
flares all originated from within a few milliarcseconds, or a few
hundred Schwarzschild radii, of the black-hole position (Table 1).
That position was determined from the focus of the best-fitting
Kepler orbit of the star S21,3.

Before and after the strong flares and in further images taken in
H, Ks and L

0 in August 2002 and inMarch, May, June and July 2003,
we also detected a ‘quiescent’ source towards the position of SgrA*
(Table 1; see also Y. Clenet, D.R., D. Gratadour, E. Gendron,
F.L., A. M. Lagrange, G. Rousset, R.G. & R.S., manuscript in
preparation). The source is spatially unresolved, and exhibits
small-amplitude variability (20–60%) on a scale of 20–30min. It
is not clear whether this variability also has some kind of periodicity.
The H-band observations of 16 June may have several peaks spaced
by ,28min. Similar spacings are seen in the off-flare structure on
15 and 16 June (Fig. 2). Hour-to-week-scale variability of the SgrA*
L 0-band emission was also discovered in May and June 2003 at the
Keck telescope12. It might thus also be appropriate to interpret the
SgrA* infrared emission as exhibiting a range of variability ampli-
tudes and timescales of which the observed flares are just the most
extreme at present. Wire-grid K-band polarimetry taken on 14 June
2003 shows that the ‘quiescent’ source is significantly more polar-
ized than the average of stars in its immediate vicinity. More
calibration needs to be carried out before a precise value and
position angle can be quoted. The quiescent source is coincident

Figure 1 Detection of variable near-infrared emission from SgrA*. Raw H-band (1.65-mm)

AO images (40mas full-width at half-maximum, FWHM) of the central,1 00 of the Milky

Way, obtained with the NACO AO imager9,10 on UT4 (Yepun) of the ESO VLT, before and

during the H-band flare on 9 May 2003. The image scale is linear. The integration time for

each image was 60 s, from six 10-s individual exposures. The time (in minutes from the

beginning of the set at 6 h 59min 24 s (UT) on 9 May 2003) is shown in the box in the

upper right of each image. The images were sky-subtracted, flat-fielded and corrected for

bad pixels. North is up and east to the left, scales are for an assumed distance of 7.94 kpc

(25,880 light years)3. The unique infrared wavefront sensor was used to close the loop of

the AO system on the bright supergiant IRS7, ,5.5 00 north of SgrA*. The fraction of the

power in the diffraction-limited core (Strehl ratio) is about 50% (visible seeing 0.45 00

FWHM). The position of the 15-yr-orbit star S21–3 is marked by a cross, and the

astrometric location of the black hole is marked by a circle.
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with the position of the black hole to within 10–20mas, where the
accuracy is limited by its faintness and proximity to S2.

It is highly unlikely that the source is a star projected along the
line of sight towards SgrA*, given that it is variable, polarized and
coincident with SgrA* in four epochs between March and July. For

Poisson statistics and four detected flares over a total period of 25 h
we estimate a rate between 2 and 6 flares per day, at least twice the
rate of X-ray flares from Chandra monitoring in 2002 (1.2 ^ 0.4
flares per day; ref. 13). This high flaring rate, along with the complex
time substructure of the two K-band flares, rules out the possibility

Table 1 Photometry and astrometry of the near-infrared emission from SgrA*

Band Date DRA* (mas) DDec.* (mas) S n† (mJy) Duration‡ (min) Variability§ Period (min)
...................................................................................................................................................................................................................................................................................................................................................................

H quiescent 2002.63 to 2003.53 0 (8) 23 (8) 2.8 (0.6) #0.2 to 0.6 (28)#
Ks quiescent 2002.63 to 2003.45 26 (8) 15 (12) 2.7 (0.6) 0.3 (25–30)#
L 0 quiescent 2002.66 to 2003.45 29 (15) 24 (20) 6.4 (1.9)k .2 between 2002 and 2003 None

2003.21/.35
17.5 (5)k{
2002.63/.66

H flare 2003.353 21.4 (3) 20.2 (3) 13 (3) 30 4.7 ?
Ks flare 2003.455 22.5 (4) 3.4 (4) 10.5 (3) 80 3.1 16.6
Ks flare 2003.457 26.4 (4) 2.5 (4) 7.3 (3) 85 3.2 17.1
L 0 flare 2002.66 0 (30) 0 (30) 12.6 (4)k{ $15 0.7 None
...................................................................................................................................................................................................................................................................................................................................................................

Numbers in parentheses are (^) 1j errors in all cases. Dates include fractions of the year.
*Relative to the best fit focus position of S2 orbit3.
†Dereddened flux density, corrected for A(H) ¼ 4.3, A(K) ¼ 2.8 and A(L 0 ) ¼ 1.8. In the case of flares, the quiescent emission is subtracted. Errors contain statistical, systematic uncertainties and
variability.
‡Full-width zero power (FWZP).
§Excess of variable emission relative to steady emission.
kSee Y. Clenet, D.R., D. Gratadour, E. Gendron, F.L., A. M. Lagrange, G. Rousset, R.G. & R.S. (manuscript in preparation) for details and calibration of L 0 -data.
{ In 2002.6 S2 and SgrA* could not be resolved in L 0 ; for this reason the L 0 flux densities given are after subtraction of 8.8mJy for S2.
#Very uncertain.

 

Figure 2 Light curves of the SgrA* infrared flares and quiescent emission in 2002–03.
Flux densities were extracted from the Lucy deconvolved and beam restored images

with two aperture sizes. Error bars (^1j) indicate the combined statistical and

systematic uncertainties. SgrA* data are shown as filled blue circles (connected with a

solid curve). For comparison, the light curves of the nearby star S1 are shown as light red

crosses (0.2 00 southwest of SgrA*, left panel of Fig. 1). S1 has flux densities comparable to

the SgrA* flare state. In all cases the times are relative to the UT time listed above

each graph. Arrows in d and e mark the substructure peaks discussed in the text.
a, Light curve of the 30 August L 0 -band flare. As S2 and SgrA* cannot be spatially

separated in this epoch, we have subtracted 8.8mJy to account for the contribution of S2.

b, Light curve of the 9 May H-band flare. The gap in the data between t 2 t 0 ¼ 23 and

37min was due to sky observations during that time. c, Power spectra of the flares in
panels d and e, and S1, normalized by their high frequency noise. d, Ks-band light curve
on 15 June 2003. Between t 2 t 0 ¼ 37 and 46min, the AO system was not operational.

Because of our choice of the dichroic for the AO system, the signal-to-noise ratio of this

flare is not as good as in the 16 June flare. For better presentation, the flux densities of S1

were multiplied by a factor of 2. e, Ks-band light curve on 16 June 2003. The time
structure of this flare may have the tendency to chirp (periods decrease with time).
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Disk movies. . .

Hawley, Balbus & Stone (2001)

Synchrotron from a turbulent disk

Goldston, Quartaert & Igumenshchev (2005)
Goldston et al (2005)

X rays

1994), ASCA (Koyama et al. 1996), and BeppoSAX (Sidoli
et al. 1999b). This ridge is most sharply defined in the 3–6
keV band, with clumps of bright emission visible in the 6–7
keV band. Spectral analysis of the ASCA data by Koyama
et al. indicated that this emission is from a thermal plasma
with kT ! 10 keV, but our preliminary analysis of the
Chandra data suggests the emission is from a much cooler
gas, kT ! 3 keV, once emission from point sources is
removed. Wang, Gotthelf, & Lang (2002) report a similar
result from a Chandra/ACIS-I survey of the central
2" # 0=8 of the Galaxy.

On the eastern side of the Sgr A complex lies the nonther-
mal radio shell source Sgr A East, the origin of which has
been a topic of debate since its discovery. It has been inter-
preted by some as a supernova remnant (SNR; Jones 1974;
Ekers et al. 1983), but alternative origins have been pro-
posed as well (e.g., Yusef-Zadeh & Morris 1987; Mezger et
al. 1989; Kundt 1990; Khokhlov & Melia 1996). Our
detailed study of the X-ray counterpart (Maeda et al. 2002)
argues strongly that Sgr A East is a rare type of metal-rich,
‘‘mixed-morphology ’’ supernova remnant that may have
been produced about 10,000 yr ago by the Type II explosion
of a 13–20 M$ progenitor. The X-ray emission from Sgr A
East is concentrated in the central 2–3 pc within the
6 pc# 9 pc radio shell and offset about 2 pc from Sgr A*.
The spectrum is produced by an optically thin thermal
plasma with kT ’ 2 keV, strongly enhanced metal
abundances, and elemental stratification.

A curious linear feature %0<5 long (yellow) projects from
the northeast toward the center of Sgr A East. It appears
as a plume of emission extending north from Sgr A East.
The brightest part of the Sgr A Plume is located at
R:A: ¼ 17h45m44 94, decl: ¼ '28"5903600 (J2000.0). It is
clearly present in narrowband count maps in the 1.5–3 and
3–6 keV bands, but it is not visible in the 6–7 keV band. This
is in contrast to the core X-ray emission from Sgr A East,
which dominates the 6–7 keV band because of its strong
Fe-K! line emission.

Emission (green and blue) extending perpendicular to the
Galactic plane through the position of Sgr A* on a scale of
%10 pc is clearly visible. This emission lies within the radio
structure known as the Sgr A Halo that surrounds Sgr A
East, Sgr A West, and Sgr A* in projection. A BeppoSAX
observation in 1998 with 10 resolution discovered soft X-ray
emission (2–5 keV) that was spatially correlated with the
triangular-shaped radio halo (Sidoli & Mereghetti 1999a).
Sidoli & Mereghetti fitted the data with an absorbed thin
thermal plasma model and obtained a best-fit temperature of
%0.6 keV. They concluded that the soft X-ray emission was
consistent with thermal emission from an evolved supernova
remnant associated with the Sgr A East shell.

The Chandra data, however, reveal a much more complex
picture. The emission perpendicular to the Galactic plane is
resolved for the first time into bright clumps on either side
of the plane along a line passing through the position of
Sgr A* and not the center of Sgr A East. These clumps are

Fig. 2.—0.5–7 keV image with logarithmic scaling of the central 170 # 170 of the Galaxy (x 4). The image has been adaptively smoothed and flat-fielded to
bring out the low surface brightness emission and to remove the effects of the mirror vignetting and the gaps between the CCDs. The red region at the center is
X-ray emission from the Sgr A complex. This emission fills the center of the nonthermal radio shell source Sgr A East and sits on a ridge of X-ray emission
(green and blue) extending north and east parallel to the Galactic plane (white line).

No. 2, 2003 CHANDRA IMAGING OF SGR A* AND THE GALACTIC CENTER 897

Baganoff et al (2003)

full-resolution image. Sgr A West is an H ii region seen in
absorption against the nonthermal emission from Sgr A
East; consequently, Sgr A West must lie in front of Sgr A
East (Yusef-Zadeh & Morris 1987; Pedlar et al. 1989). The
absorption is not total, however, so Sgr AWest may lie near
the front edge of the Sgr A East shell (Pedlar et al. 1989).

The western boundary of the brightest diffuse X-ray emis-
sion (green) coincides precisely with the shape of the West-
ern Arc of the thermal radio source Sgr A West. On the
eastern side, the emission continues smoothly into the heart
of Sgr A East (see Fig. 2, red region). In addition, the inden-
tation seen in the X-ray intensity !2500 southeast of Sgr A*
coincides with a molecular emission peak in the circumnu-
clear disk (CND; Wright et al. 1987; Marr, Wright, &
Backer 1993; Yusef-Zadeh, Melia, & Wardle 2000; Wright
et al. 2001). Since the Western Arc is believed to be the ion-
ized inner edge of the CND, the morphological similarities
between the X-ray and the radio structures strongly suggest
that the brightest X-ray–emitting plasma may be confined
by the western side of the CND. This may be evidence that
Sgr A West and Sgr A* physically lie within the hot cavity
inside the Sgr A East shell; if this is true, and if Sgr A East is
a supernova remnant, then Sgr A* may have been brighter a
few hundred years ago (Koyama et al. 1996; Murakami et
al. 2000, 2001) as the supernova shock wave swept through

the position of the SMBH. We discuss this possibility fur-
ther in our paper on the X-ray emission from Sgr A East
(Maeda et al. 2002). The alternative possibility, that Sgr A
East and Sgr A West occupy physically separate regions of
space, requires a chance alignment of the CND along our
line of sight to the western edge of Sgr A East. The morpho-
logical similarities would then be simply the result of obscu-
ration by the molecular gas and dust in the CND. In this
case, the blast wave would be free to expand past the west-
ern edge of the CND (in projection) and would eventually
show up as increased surface brightness to the west of
the CND. This explanation therefore requires a chance
alignment in both space and time.

We are using the narrowband images described above to
study the distribution of hard and soft point sources in the
field and to study the morphology of the bright Fe K! line
emission first observed by Ginga (Koyama et al. 1989).
These results will be presented elsewhere.

5. X-RAY EMISSION FROM THE POSITION
OF SGR A*

5.1. Position

Figure 5 shows a 10 " 10 field centered on the position of
Sgr A* and made from the counts in the 0.5–7 keV band.

Fig. 4.—0.5–7 keV image with logarithmic scaling of the central 1<3" 1<5 of the Galaxy (x 4). The image has been adaptively smoothed and flat-fielded.
Overlaid on the image are VLA 6 cm contours of Sgr A* and Sgr A West from F. Yusef-Zadeh (1999, private communication). X-ray emission from the
vicinity of Sgr A* appears as a red dot at R:A: ¼ 17h45m40 90, decl: ¼ $29%0002800. X-ray emission coincident with IRS 13 (yellow) is evident just southwest of
Sgr A*.
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This image has not been smoothed or flat-fielded. The black
cross marks the radio interferometric position of Sgr A* as
determined by Reid et al. (1999). Clearly visible at the
center of the image is the X-ray source, CXOGC
J174540.0!290027, that we associate with Sgr A* based on
the extremely close positional coincidence. The measured
position of CXOGC J174540.0!290027 differs from the
radio position of Sgr A* by 0>27, corresponding to a maxi-
mum projected distance of 12 lt-days (see Table 1). The
uncertainty in the position of CXOGC J174540.0!290027
is 0>18; this is the combination of the uncertainty reported
by the source detection algorithm and the uncertainty in the
field registration (x 3.2). Thus, the positions of CXOGC
J174540.0!290027 and Sgr A* are completely consistent.

We estimated the probability of detecting a random
source that is highly absorbed, as bright or brighter than
CXOGC J174540.0!290027, and coincident with Sgr A*
within 0>27 as follows. As we reported in x 3.2, we have
detected 157 sources in the 0.5–7 keV band and 71 sources
in the 0.5–1.5 keV band within the ACIS-I field of view.
Selecting only those sources that lay within a radius of 80 of
Sgr A* left us with 143 sources in the 0.5–7 keV band and 62
sources in the 0.5–1.5 keV band, with 24 matches between
the two source lists using a correlation radius of 200. After re-
moving the foreground sources, the resultant 0.5–7 keV

source list contained 119 absorbed sources within 80 of Sgr
A*. Of these 119 sources, only CXOGC J174538.0!290022
was brighter than CXOGC J174540.0!290027 during the
observation.

To determine the radial distribution of the sources on the
sky, we counted up the number of sources in concentric
annuli centered on Sgr A*, using 10 wide annuli, and fitted
the distribution with a power-law model. The best-fit radial
surface density profile was given by the equation
!Xð!Þ ¼ ð2:6% 0:6Þð!=10Þ!1:2%0:2 sources arcmin!2, where h
is the offset angle from Sgr A* in arcminutes. Integrating
the profile from 000 to 0>27 and multiplying by 2/119, we
found that the probability of detecting a random, absorbed
source as bright or brighter than CXOGC
J174540.0!290027 and coincident with Sgr A* within 0>27
was 4:6& 10!3. The radial profile given above, however,
overpredicts the density of sources at small radii, because
the source detection efficiency of the combined HRMA/
ACIS instrument drops off with increasing off-axis angle
due to the combined effects of the increasing PSF size and
the decreasing effective area. The integration required an
extrapolation of over an order of magnitude toward smaller
radii, so even a small flattening of the slope would have
caused a significant decrease in the predicted number of
sources in the central arcsecond. The probability given

Fig. 5.—0.5–7 keV image with logarithmic scaling of the central 10 & 10 of the Galaxy (x 5.1). This image has not been smoothed or flat-fielded. Each pixel
subtends a solid angle of 0>492& 0>492 on the sky. The black cross marks the radio position of Sgr A* (Reid et al. 1999). The cross lies superposed on the
X-ray source that we associate with Sgr A* based on the extremely close positional coincidence. A relatively strong X-ray source is associated with the complex
of stars in the luminous IR source IRS 13 (x 6). A weaker X-ray source is coincident within 0>52 with the IR source AF NW, but the uncertainty in the X-ray
position is '0>2 so the identification is tentative. We have marked the possible detection of an X-ray source that would coincide with IRS 16SW within '100.
There appears to be a significant excess of counts at this location, but the wavelet algorithm did not identify a source there, possibly because of its proximity to
the brighter source at the position of Sgr A*. The sources labeled with their CXOGC names have no corresponding IR source in Ott et al. (1999). The brighter
of these sources are likely candidates for newX-ray binaries. Bright diffuse emission from hot gas and a population of faint point sources are visible throughout
the region.
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Radio–X-ray spectrum

that the flares are due to gravitational microlensing of cusp stars by
the black hole. The lensing rate is predicted to be several orders of
magnitude smaller than the observed flaring rate14. It is unclear
whether our high flare rate is consistent with the previous limits on
the infrared activity of SgrA*7.Most of the previous studies relied on
speckle imaging, for which integration times of $10min (a signi-
ficant fraction of the flare duration) were required to confidently
detect a source at the measured flux densities. A retroactive analysis
of some of our best data in the mid-1990s gives an inconclusive
answer as to whether such variability was or was not present. SgrA*
may be more active at present than in the past decade.
Figure 3 summarizes the radio to X-ray spectral energy distri-

bution (SED) of the emission from SgrA*, for both states. The
quiescent infrared SED is red, with flux densities decreasing with
frequency. Taking into account the variation in ‘quiescent’ L 0-band
flux from 2002 to 2003 (Table 1), the inferred 1.6–3.8 mm SED has a
power-law spectral index of22.1 (^1.4). As predicted by a number
of models15–18, the ‘quiescent’ infrared flux densities lie approxi-
mately on the extrapolation of the millimetre/submillimetre syn-
chrotron emission to high energies, in accordance with a standard
power-law synchrotron SED. Our detection of polarization is also
consistent with the synchrotron model. Models with only a thermal
population of electrons15,16 underpredict the infrared emission,
whereas models with an additional non-thermal, power-law com-

ponent of energetic electrons (g e ¼ E e /mec
2 $ 102.5, where E e and

m e are the energy and mass of the electron; ref. 17) come closer to,
but are still below, the observed emission.

The observed infrared and X-ray flare durations, rise/decay times
and band luminosities are similar (Fig. 3; refs 13, 19, 20). The higher
fractional flare amplitudes in X-rays are probably just a reflection of
the much fainter quiescent emission. Although the millimetre/
submillimetre emission of SgrA* is also variable, almost all of
these variations are on timescales of several days to a few hundred
days21,22. One exception is a one-hour-duration, 30% amplitude
event seen in March 2000 at a wavelength of 2mm (ref. 22).
Although we do not have a simultaneous SED of the infrared flares,
our data suggest that they may be bluer than the quiescent emission
with a flux density that is approximately constant as a function of
frequency (Fig. 3). The infrared flares may be synchrotron emission
as well, if turbulence, magnetic reconnection or shocks are effective
in accelerating for short periods a significant fraction of the
energetic electrons to g e $ 103 (Fig. 3; ref. 17). In that case, the
increased emission is due to an acceleration event, similar to a solar
flare, rather than enhanced accretion17,18. Models with suitably up-
scaled fractions of very energetic electrons may account for the
luminosities/fluxes of the infrared flares (as well as the ‘quiescent’
emission).

However, if the observed flare fluxes do represent the intrinsic
SED of the flare, an alternative emission mechanism is required. In
that case, the infrared flares may be thermal bremsstrahlung or
black-body radiation from a second component of moderately hot
gas (temperature in excess of a few times 103 K) associated with
individual accretion events of very dense gas, of total energy release
$1039.5 erg (for an assumed radiation efficiency of ,10%, this
energy requires an accreted mass of a few times 1019 g, comparable
to that of a comet or a small asteroid), while the observed radio/
submillimetre emission in that case would come from a jet or be
optically very thick. A key future test of the two alternatives will be
measurements of the simultaneous infrared flare SED and polariza-
tion. The flares’ location close to the central black hole, as well as the
temporal substructure, poses a serious challenge to models in which
the flares originate from rapid shock cooling of a large-scale jet, or
are due to passages of stars through a central accretion disk23.

The few-minute rise and decay times, as well as the quasi-
periodicity, strongly suggest that the infrared flares originate in
the innermost accretion zone, on a scale less than ten Schwarzschild
radii (the light travel time across the Schwarzschild radius of a
3.6-million-solar-mass black hole (1.06 £ 1012 cm) is 35 s). If the
substructure is a fundamental property of the flow, the most likely
interpretation of the periodicity is the relativistic modulation of the
emission of gas orbiting in a prograde disk just outside the last stable
orbit (LSO)24. If the 17-min period can be identified with this
fundamental orbital frequency, the inevitable conclusion is that the
Galactic Centre black hole must have significant spin. The LSO
frequency of a 3.6-million-solar-mass, non-rotating (Schwarzs-
child) black hole is 27min. Because the prograde LSO is closer in
for a rotating (Kerr) black hole, the observed period can be matched
if the spin parameter is J/(GMBH/c) ¼ 0.52 (^0.1, ^0.08, ^0.08,
where J is the angular momentum of the black hole); this is half the
maximum value for a Kerr black hole25,26. (The error estimates here
reflect the uncertainties in the period, black-hole mass (MBH) and
distance to the Galactic Centre3, respectively; G is the gravitational
constant.) For that spin parameter, the last stable orbit is at a radius
of 2.2 £ 1012 cm. Recent numerical simulations of Kerr accretion
disks indicate that the in-spiralling gas radiates most efficiently just
outside the innermost stable orbit27. Our estimate of the spin
parameter is thus a lower bound.

Other possible periodicities, such as acoustic waves in a thin
disk28, Lense-Thirring or orbital node precession are too slow for
explaining the observed frequencies for any spin parameter25. (The
28-min timescale of the quiescent emission corresponds to a radius

Figure 3 Spectral energy distribution emission from SgrA*. Plotted are the extinction

and absorption corrected, band luminosities nLn (energy emitted per logarithmic

energy interval) as a function of frequency, or energy. The observed flux density is

S n ¼ L n/4pD
2, where D ¼ 7.94 kpc is the Galactic Centre distance. All error bars are

^1j. Black triangles denote the quiescent radio spectrum of SgrA*18,21. Open grey circles

denote various infrared upper limits from the literature18. The three X-ray data ranges are

(from bottom to top) the quiescent state as determined with Chandra6 (black), the autumn

2000 Chandra flare19 (red) and the autumn 2002 XMM flare20 (light blue). Open red

squares with crosses mark the peak emission (minus quiescent emission) observed in the

four flares (Table 1; note that the measurements were taken at different times). Open blue

circles denote the dereddened H, Ks and L
0 luminosities of the quiescent state, derived

from the local background subtracted flux density of the point source at the position of

SgrA*, thus eliminating the contribution from any extended diffuse light from the stellar

cusp around the black hole. Values plotted are from Table 1 (average of 2002–03 in the

case of L 0 band). The thick green solid curve is the jet-starved disk model15. The red long

dash-short dash curve is a radiatively inefficient accretion flow (RIAF) model of the

quiescent emission, where in addition to the thermal electron population of ref. 15, 1.5%

of the electrons are in a non-thermal power-law energy spectrum of exponent p ¼ 23.5

(ref. 17). The black thin solid curve is a RIAF model of the flares with 5.5% of the electrons

in a power law of p ¼ 21 (ref. 17). The long-dash blue curve is a RIAF flare model of the

flares with a synchrotron-self Compton component17.
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Correlated flaring in NIR and X-rays

• NIR is synchrotron from ∼GeV electrons in ∼10G magnetic field

ν = 16BmGE2
GeV GHz

• electrons inverse compton scatter mm photons to X-ray energies

Eγ = 4
3γ2hν = 2.1ν100GHzE2

GeV keV

TeV gamma rays (maybe)

Cangaroo II – Tsuchiya et al (2004)

Whipple – Kosack et al (2004)

L14 F. Aharonian et al.: Very high energy gamma rays from the direction of Sagittarius A∗

Abstract. We report the detection of a point-like source of very high energy (VHE) γ-rays coincident within 1′ of Sgr A∗, obtained with the
HESS array of Cherenkov telescopes. The γ-rays exhibit a power-law energy spectrum with a spectral index of −2.2 ± 0.09 ± 0.15 and a flux
above the 165 GeV threshold of (1.82 ± 0.22) × 10−7 m−2 s−1. The measured flux and spectrum differ substantially from recent results reported
in particular by the CANGAROO collaboration.

Key words. gamma-rays: observations – Galaxy: centre

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
emission have also been detected from the GC region. The
γ-radiation could result from acceleration of electrons or pro-
tons in shocks in these winds, in the accretion flow or in nearby
supernova remnants, followed by interactions of accelerated
particles with ambient matter or radiation. Alternative mech-
anisms include the annihilation of dark matter particles accu-
mulating 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 (HESS),
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 gravity
and second moments, followed by the stereoscopic reconstruc-
tion 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 suppression
of cosmic-ray showers. The γ-ray energy is estimated from the
image intensity and the reconstructed shower geometry, with a
typical resolution of 15–20%.
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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 extending along the Galactic Plane is under
investigation.

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 HESS 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.

Figure 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
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Hess error ellipses vs x rays

Aharonian et al (2004)
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Fig. 1.— Broad-band spectral energy distribution of Sgr A*. Radio data are from

(Zylka et al. 1995), and the infrared 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; Baganoff et al. 2003). XMM measurements of the X-ray flux in

a flaring state is from (Porquet et al. 2003). In the same plot we show also the recent INTE-

GRAL detection of a hard X-ray flux, however because of relatively poor angular resolution the

relevance of this flux to Sgr A* hard (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 degree. The very high energy gamma-ray fluxes are ob-

tained by the CANGAROO (Tsuchiya et al. 2004), WHIPPLE (Kosack et al. 2004) and H.E.S.S.

(Aharonian et al. 2004) groups. Note that the GeV and TeV gamma-ray fluxes reported from the

direction of the Galactic Center may originate in sources different from Sgr A*, therefore, strictly

speaking, they should be considered as upper limits of radiation from Sgr A*.

Aharonian & Neronov (2005)

Summary

• Sgr A∗ is almost certainly a black hole with mass ≈ 4×106M%

• Sgr A∗ probably accretes stellar wind material, with
Ṁ ∼ 10−4M% yr

−1

• Sgr A∗ may be a source of TeV gamma rays

• Flaring from submm to x-rays provides useful constraints on models

for the accretion flow and emission mechanisms


