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During the last decades, increasingly precise astronomical observations of the Galactic 
Centre region at radio, infrared, and X-ray wavelengths laid the foundations for a detailed 
understanding of the high-energy astroparticle physics of this most remarkable location in 
the Galaxy. Recently, observations of this region in high energy (HE, 10 MeV–100 GeV) 
and very high energy (VHE, > 100 GeV) γ-rays added important insights into the emerging 
picture of the Galactic nucleus as a most violent and active region where acceleration of 
particles to highest energies and their transport can be studied in great detail. We review 
the current understanding of the γ-ray emission emanating from the Galactic Centre.

© 2015 Published by Elsevier Masson SAS on behalf of Académie des sciences.

r é s u m é

Pendant les dernières décennies, la région du centre galactique a fait l’objet d’observations 
astronomiques de plus en plus précises en radio, en infrarouge et en rayons X, qui 
ont fourni les bases de l’étude des phenoménes de haute énergie à l’oeuvre dans cette 
partie remarquable de notre galaxie. Récemment, les observations de cette région dans 
le domaine des rayons gamma de haute et de très haute énergie (HE, 10 MeV–100 GeV, 
et VHE au-dessus de 100 GeV) ont apporté d’importantes informations, donnant du 
noyau galactique l’image d’une région active et violente où l’on peut étudier en détail 
l’accélération des particules aux très hautes énergies et leur transport. Cet article présente 
les interprétations actuelles des émissions gamma issues du centre galactique.

© 2015 Published by Elsevier Masson SAS on behalf of Académie des sciences.

1. Introduction: the Galactic Centre environment

The innermost part of the Milky Way, including the Galactic nucleus with its multi-million solar mass black hole (BH), 
cannot be observed with the naked eye or with classical optical telescopes, because it is obscured by a thick layer of dust 
present along the Galactic Plane. It was therefore only in the 1950’s that the Galactic nucleus was discovered by detection 
of intense radio emission from the barycentre of the Milky Way [1,2]. It is its relative proximity to Earth that makes the 
Galactic nucleus an ideal laboratory to study the astrophysics of galactic nuclei in general: the Galactic nucleus is located 
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about 8.5 kpc (or roughly 27,000 light years) away from Earth (the distance to our neighbour galaxy Andromeda, which also 
hosts a supermassive BH is about 770 kpc). Today, the central Galaxy is studied in a broad range of the electromagnetic 
spectrum, as the Galactic dust torus is mostly transparent to low-energy (radio and far infrared) radiation as well as to 
high-energy photons (X-rays up to multi-TeV γ-rays).

The dynamics of the inner (roughly 300 pc in radius) region of the Galaxy is largely driven by the presence of the 
supermassive BH, identified with the strong radio source Sgr A∗ [3]. Besides the BH, there is a wealth of other interesting 
phenomena observed in this region, such as places where new stars are being born (star formation regions), the remnants of 
massive explosions of stars terminating their life (supernova remnants, SNRs), rotating neutron stars that release tremendous 
energy into their surroundings, thereby forming pulsar wind nebulae (PWNe), and populations of high-mass X-ray luminous 
binary stars (for a review, see, e.g., [4,5]). The density of the interstellar medium (ISM) is on average about an order of 
magnitude larger than in other parts of the Galactic disk, and the region is pervaded by strong magnetic fields, probably 
by far exceeding the level of 5 nT [6] (as compared to typically a few hundred pT in the Galactic disk), leading to the 
observation of radiation from large-scale filamentary structures.

While far-infrared (IR) emission traces sites of ongoing star formation, non-thermal radio, X-ray and γ-ray emission 
indicate populations of charged particles that underwent acceleration to supra-thermal energies in cosmic accelerators such 
as SNRs, PWNe, in the vicinity of the supermassive BH or in colliding winds driven by massive stars in star-forming regions. 
It is therefore clear that observing the Galactic Centre (GC) region at these photon energies gives access to a completely 
different view of the inner Galaxy than the one expected to be seen by an optical telescope. In this context, observation of 
γ-rays at energies of a few GeV and beyond are key to characterise the high-energy astrophysical phenomena at work, as 
they trace the most violent phenomena at place in the GC region. Since about a decade, a new generation of sensitive HE 
and VHE γ-ray telescopes is in place, which give unprecedented access to the various high-energy processes in the GC: the 
Large Area Telescope (LAT, [7], onboard the Fermi satellite) and the ground-based telescope arrays H.E.S.S. [8], MAGIC [9]
and VERITAS [10] enable detailed spectral, morphological and temporal studies of Galactic and extragalactic γ-ray-emitting 
sources in an energy range of 20 MeV to several 10 TeV. In the GC region, several new sources of high-energy γ-ray emission 
have been discovered and characterised by these instruments, thereby significantly advancing our knowledge about the 
astrophysical phenomena taking place in this region. Still, the angular resolution of these instruments is relatively moderate 
compared to instruments at other wavelengths: while X-ray telescopes routinely achieve arcsecond resolution, and infrared 
observations with a resolution of few 10 milliarcsecond are possible, the detection of HE and VHE γ-ray telescopes currently 
allows for a resolution of ∼0.05◦–0.2◦ only (strongly dependent on the γ-ray energy). For the GC region, this means that 
the smallest physical structures that can be probed are of size ∼10 pc, limiting the direct comparison of γ-ray sources to 
possible counterparts observed at smaller energies via their morphology or spatial coincidence.

In this article we give an overview, based on γ-ray observations, of our current understanding of the high-energy astro-
physics of the inner few 100 pc region of the Milky Way and summarise the progress made in the last years.

1.1. The Central Molecular Zone and inner 50 pc region

The first large-scale image of radio observations of the GC region is shown in Fig. 1, covering a sky area of several degrees 
across. The bulk of the emission is aligned with the Galactic plane and extends over about 300 pc in Galactic longitude, 
a region which is called the Central Molecular Zone (CMZ). The emission is largely dominated by non-thermal synchrotron 
radiation, suggesting that acceleration of electrons to supra-thermal energies takes place throughout the region, possibly to 
energies of a few 10 TeV and beyond. Within the CMZ, numerous sites of radio emission can be observed, which are at 
least partly connected to sites of ongoing particle acceleration. Several structures have clearly been identified as SNRs, and 
also the PWN inside the SNR G 0.9+0.1 is well visible. The regions denoted by Sgr B1, Sgr B2, Sgr C and Sgr D contain large 
concentrations of ionised or molecular material, with gas densities of more than 104 cm−3, exceeding by far the density of 
clouds at other locations in the Galaxy. Several thread-like filaments, notably the GC arc, are oriented perpendicular to the 
Galactic plane. The Galactic nucleus itself is located within the complex radio structure Sgr A.

The molecular cloud content of the CMZ has been mapped by measuring excitation lines from different molecules, most 
importantly CO [12,13] and CS [14]. From these measurements, the CMZ is estimated to host about 10% of the total molecu-
lar material of the Galaxy. Based on models of gas kinematics in the inner Galaxy [15] or OH absorption measurements [16], 
the measured Doppler shifts of the emission lines (which encode the radial velocity of the gas with respect to the observer) 
have been translated into distance information. Because the interaction of cosmic ray particles with ambient gas is a source 
of diffuse γ-ray emission, the resulting 3-dimensional maps are an important input to study cosmic ray transport. The gas 
maps suggest that the bulk of the gas content is located within a line-of-sight distance of 200 pc from the GC, with the 
eastern part containing the Sgr B complex being located in front, and the western part behind the position of the Galactic 
nucleus.

The inner 50 pc region of the CMZ is dominated by the Sgr A radio complex (see Fig. 1), which can be substructured 
[17] into (i) the bright compact radio source Sgr A∗ at the dynamical centre of the Galaxy, (ii) the extended, non-thermal 
source Sgr A East (at a projected distance of 2.5 pc from the centre), which encloses in projection (iii) Sgr A West, a three-
armed H II region (the minispiral) which rotates around the GC and exhibits a thermal radio spectrum. Sgr A West itself 
is surrounded by the so-called (iv) Circum Nuclear Disk of molecular gas of mass ∼104M� . Based on X-ray [18–20] and 
radio [21,22] observations, Sgr A East is nowadays identified as the remnant of a supernova event that took place about 
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Fig. 1. (Colour online.) Large-scale compilation of 90-cm radio observations of the Galactic Centre region [11] performed by the Very Large Array. The dis-
tance scale is given on the bottom–left. The Galactic Plane is oriented top–left to bottom–right. Various SNRs and PWNe are labelled, emitting non-thermal 
synchrotron radiation caused by relativistic electrons. Several thread-like filaments, notably the so-called arc, radiate synchrotron emission as well. The 
Galactic nucleus itself is located inside the Sgr A complex, which is the brightest in this image. The full region, from the Sgr D molecular cloud in the east 
up to the radio source Sgr E in the west, has a diameter of about 300 pc and is known as the Central Molecular Zone.

10,000 years ago. Given an overabundance of heavy elements in this object, Sgr A East is probably the remains of a super-
nova type II explosion of a 13–20 M� progenitor star. This interpretation is supported by the presence of a pointlike and 
offset X-ray source (the so-called cannonball), which is assumed to be the neutron star left over from the explosion event. 
Sgr A East is a good candidate source for GeV and TeV γ-rays, based on the fact that (i) many Galactic SNRs are established 
emitters of HE and VHE γ-rays, and (ii) a rather large magnetic field of several hundred nT is in support of an efficient 
acceleration of relativistic particles at the shock of Sgr A East.

1.2. The Galactic supermassive black hole and its immediate vicinity

Since it is known that the dynamics of (active) galactic nuclei are largely driven by the presence of BHs in their cores, 
the Galactic Centre region offers the unique possibility to study in close view processes that are presumably at work in a 
large class of extragalactic nuclei as well (with the caveat that the energy output of the latter is typically much larger). 
Today, a wealth of precise astronomical observations support the idea that the bright and ultra-compact radio source Sgr A∗
is indeed a supermassive BH. Key to these findings are observations with modern telescopes providing intrinsic resolution 
up to sub-milli-arcseconds. One of the most impressive studies is the measurement of the orbits of young stars in the direct 
(as close as 0.1′′ in projection) vicinity of Sgr A∗ , from which the mass of the central compact object, MA∗ ∼ 4 × 106 M� , 
can be inferred with great accuracy [23–26]. The measurements have been using the infrared emission from these stars, as 
infrared light (contrary to visible light) can readily pass the Galactic dust torus, and hence be observed on Earth. The studies 
show that the stars’ orbits are consistent with a purely Keplarian motion around a point mass centred on the Sgr A∗ radio 
position. At a wavelength of 7 mm, observations have resolved the size of the radio emission region to 24 ± 2 Schwarzschild 
radii [27]. Combining these findings, there is not much doubt that Sgr A∗ can only be a supermassive BH.
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While being relatively bright at radio wavelengths, Sgr A∗ is only a faint X-ray emitter [28], but shows bright outbursts 
on time scales of a few minutes to several hours [29–32]. From causality arguments, these short flare durations limit the 
size of the emission region to less than 10 BH Schwarzschild radii. Non-thermal processes near the event horizon might 
produce relativistic electrons and thus explain the X-ray short-time variability (e.g., [33–35]). To a certain extent, flares in 
the near-infrared band are predicted by these models, and such flares have been observed [36]. Observations in the hard 
X-ray/soft γ-ray band by the INTEGRAL instrument, on the contrary, show a faint, but steady emission from the direction of 
the GC [37].

Overall, Sgr A∗ is currently in a rather low state of emission, since its bolometric luminosity is only at a fraction of 10−8

of that maximally allowed for a 106 M� BH. It is suggested that the BH is currently accreting only a moderate amount 
of gas from the winds of massive young stars populating the inner ∼1 pc region [38]. This does not exclude that the GC 
was much more active in the past: indeed, there is evidence of recent (∼100 years ago) activity deduced from the presence 
of X-ray reflection nebulae [39–41] in nearby molecular clouds, and even of times of much longer activity during the last 
107 years, as suggested by the presence of giant outflows from the GC region (e.g., [42]).

2. A gamma-ray point source at the barycentre of the Milky Way

Given the importance of the GC as a possible multi-TeV particle accelerator, the region has always been a prime target 
for HE and VHE instruments. Observations of γ-ray emission from the inner Galaxy date back to the COS-B [43,44] and 
SAS-2 [45] instruments, launched in the 1970’s and 1980’s, respectively (see, e.g., [46] for a review). These instruments, 
with degree-scale angular resolution, provided among others the first γ-ray map of the Galaxy. In the 1990’s, the EGRET 
experiment aboard the Compton Gamma-Ray Observatory extended observations to energies of up to 30 GeV, i.e. to the 
high-energy side of the π0 bump [47,48]. Nowadays, the Fermi-LAT (launched in June 2008, see [49] for a review) provides 
greatly improved data up to energies of ∼100 GeV, with sufficient angular resolution and sensitivity to map out interesting 
γ-ray structures [7].

At even larger energies, from ∼100 GeV up to several 10 TeV, ground-based Imaging Atmospheric Cherenkov Telescopes 
[50] provide the best sensitivity to observe the γ-ray sky. The Galactic Centre region was in the focus of these instruments 
since the successful start of operation of the Whipple telescope in 1968. It took, however, until 2004 that a point-like VHE 
γ-ray signal from the GC was detected by the three instruments Whipple, H.E.S.S. and Cangaroo-II almost simultaneously 
[51–53] (and only a few months later by MAGIC [54]), thereby finally proving that particle acceleration to at least several 
10 TeV of energy is taking place at the centre of the Milky Way.

Since that time, the GC keeps staying in the focus of all major ground-based γ-ray instruments. Due to its location in 
the southern hemisphere, the H.E.S.S. instrument has currently the best view onto the region, as it can observe the GC in 
culmination close to the zenith. H.E.S.S. phase-I observations of HESS J1745-290 therefore cover a large range of photon 
energies (from an energy threshold of ∼200 GeV up to the largest energies at ∼30 TeV), making the data well suited for 
spectral studies. Based on about 100 hours of observations taken during the years 2004–2006, it was found that the photon 
flux per unit of γ-ray energy can be described by a modified power-law in the γ-ray energy Eγ

dNγ

dEγ
∼

(
Eγ

1 TeV

)−Γ

e− Eγ
Ec

with a (hard) spectral index Γ = 2.10 ± 0.04, and a break-down in the spectrum towards largest energies, characterised 
by an exponential cut-off at a photon energy of Ec = (14.70 ± 3.41) TeV [55]. The power-law form of the spectrum is 
consistent with the idea that the emission is produced by relativistic particles that underwent Fermi-type acceleration 
in an astrophysical particle accelerator, and the break-down of the spectrum might be caused by either an absorption 
of high-energy photons close to the source (due to scattering off the infrared photon field) or by limited acceleration 
capabilities of the accelerator. A recent (yet preliminary) update of the H.E.S.S. flux spectrum [56] suggests that the cut-off 
moves to lower values, Ec ∼ 7 TeV, when correcting the source spectrum for contamination by underlying diffuse γ-ray 
emission.

At GeV energies, the γ-ray map of the inner Galaxy is dominated by diffuse emission, making the detection and char-
acterisation of individual sources much more difficult than at TeV energies. The reason is that the energy spectrum of the 
Galactic diffuse emission falls off much more steeply than the spectra of typical Galactic γ-ray sources when energy in-
creases. Hence, diffuse emission plays only a minor role at TeV energies, whereas at GeV energies a careful modelling of 
this component is almost always unavoidable. Especially towards the very centre of the Milky Way, systematic uncertainties 
on the spectrum and morphology of the diffuse component are large, complicating detailed studies of the GC GeV emission.

Nevertheless do observations at GeV energies provide a wealth of valuable data to study the astrophysics of the GC. 
Recently, [57] reported the Fermi-LAT detection of a hard-spectrum HE γ-ray source coincident with the position of the 
VHE source HESS J1745-290. The authors extracted the γ-ray spectrum of this source (named 2FGL J1745.6-2858 in the 2nd 
source catalog of Fermi-LAT sources [58]) in the energy range 0.3–100 GeV by performing a global fit to the γ-ray count 
map (including a model of diffuse emission as well as known point sources). The spectrum of 2FGL J1745.6-2858 is best 
described by a broken power law with spectral indexes Γ = 2.20 ± 0.04 and Γ = 2.68 ± 0.05 below and above, respectively, 
a break energy of Eb = 2 GeV. No hint for flux variability is found. Although the flux spectrum at its high energy end is 
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Fig. 2. Spectral energy distribution of the HE and VHE γ-ray emission from the direction of the GC. Data points up to an energy of ∼100 GeV are those of 
the Fermi-LAT source 2FGL J1745.6-2858 [57], and data points above that energy are from H.E.S.S. [55]. Despite known caveats in flux extraction such as 
different flux integration regions due to different angular resolutions of the instruments, the energy spectra match well, suggesting a common origin of the 
emission.
Figure after [57].

significantly steeper than that of HESS J1745-290, the spectra of the two sources connect well (see Fig. 2), suggesting a 
possible common production mechanism of the HE and VHE emission.

2.1. The nature of the central particle accelerator

Despite the wealth of data from radio wavelengths to γ-ray energies, a mechanism that naturally explains the total 
emission from the GC in terms of a single source is not (yet) identified. While it seems clear that emission at infrared 
and X-ray energies is mostly connected to the accretion of matter onto the BH, a firm identification of the HE and VHE 
emission with Sgr A∗ is experimentally hampered by the – compared to radio or X-ray instruments – modest angular 
resolution of the current generation of γ-ray instruments, giving rise to source confusion in this densely populated part 
of the Galaxy. In particular, it is not clear whether or not the γ-ray emission observed by Fermi-LAT and ground-based 
Cherenkov instruments is produced by the same astrophysical object, and how the high-energy photons might be connected 
to phenomena observed at smaller energies.

Detection of flux variability in the γ-ray lightcurves would be a strong indication that the γ-ray production happens in 
the vicinity of Sgr A∗ . The most convincing signature would be the discovery of correlated flaring in X-rays (or near IR) and 
VHE/HE γ-rays. Such searches have been carried out. In a coordinated multi-wavelength campaign [59], Sgr A∗ was targeted 
both by the Chandra satellite and the H.E.S.S. instrument. A major outburst with a factor-9 increase in the X-ray flux was 
detected from the direction of Sgr A∗ . However, the VHE γ-ray flux stayed constant, and a doubling of the VHE flux was 
excluded at 99% CL. Further long-term searches for γ-ray variability have been carried out by the VERITAS collaboration [60], 
also with negative results.

Although an association of the γ-ray emission with Sgr A* is compelling, there are at least two other objects in direct 
vicinity of the BH (and well within the angular resolutions of the instruments) which may explain the observed γ-ray signal 
in parts or in total: the SNR Sgr A East and the PWN G359.95-0.04 [61]. Alternatively, the signal could also be produced by 
cumulative emission of many sources, such as a large population of millisecond pulsars at the GC [62].

The presence of relativistic electrons in its remnant (as observed by synchrotron radiation) and a large magnetic field 
make the SNR Sgr A East an excellent candidate γ-ray emitter. Besides, Sgr A East is in contact with dense molecular 
material, providing a target for protons that might have undergone Fermi acceleration in the shock fronts of the remnant 
(see [63] for a review on γ-ray SNRs). For a 400-nG magnetic field, the estimated maximum energy to which protons can 
get accelerated is ∼1019 eV [64], supporting the idea that VHE emission could possibly be observable from this source. 
At least for the VHE source HESS J1745-290, this seems, however, difficult to reconcile with the experimental finding that 
the centroid of the point-like emission is not centred on the radio shell of Sgr A East where the most intense synchrotron 
radiation is produced, but rather directly on the position of Sgr A∗ (Fig. 3). As the radio shell surrounds Sgr A∗ in projection, 
the hypothesis that Sgr A East is the bulk producer of the VHE γ-ray emission can be ruled out at a level of almost four 
standard deviations. No such strong conclusion can be drawn for the HE emission yet, since photon statistics is small 
compared to the VHE data set and the underlying diffuse γ-ray emission introduces systematic errors on the centroid 
position of the emission.

As an alternative to Sgr A East, the X-ray-faint PWN G359.95-0.04 may be capable of delivering the bulk emission of 
HESS J1745-290. Even though the vicinity of this object is pervaded by large magnetic fields, giving rise to strong syn-
chrotron cooling of the electrons accelerated in the nebula, it is suggested that the stellar radiation fields in the central 
parsec around the GC provide enough photon density that even a small amount of relativistic electrons is enough to provide 
the observed TeV luminosity of HESS J1745-290 in the form of inverse Compton emission [68]. Since the PWN is located 
only 8.7′′ in projection away from Sgr A* (see Fig. 3), its contribution to HESS J1745-290 cannot be disproven by positional 
arguments. However, inverse Compton emission cannot account for the γ-ray flux observed at MeV and GeV energies, as 
the typical spectral shape of inverse Compton emission shows a pronounced peak-like structure rather than a power-law 
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Fig. 3. Radio flux density map of the innermost 20 pc of the GC, showing synchrotron emission from the SNR Sgr A East. The centre of the SNR [65] is 
marked by the white square, and the positions of Sgr A∗ [66] and G395.95-0.04 [61] are given by the cross hairs and the black triangle, respectively. Despite 
the fact that the angular resolution of the VHE data set (black dashed–dotted contour) is poor compared to the radio data, the centroid of the VHE emission 
can be measured quite accurately (white solid contour). The while dashed–dotted circle denotes the 95% CL upper limit the VHE γ-ray source extension.
Figure from [67].

shape that extends over four orders of magnitude in energy (cf. Fig. 2). Therefore, if indeed both HESS J1745-290 and 
2FGL J1745.6-2858 are driven by the same emission mechanism, a PWN scenario is likely excluded [57].

Despite the absence of variability in the γ-ray lightcurves, a multitude of models is put forward to explain the observed 
HE and VHE emission from the GC in the context of particle acceleration close to Sgr A∗ . Due to its low bolometric lumi-
nosity, the photon density in the immediate vicinity of the BH is considered low enough that high-energy photons do not 
get absorbed by pair production processes. As such, the vicinity of the BH becomes essentially transparent to high-energy 
γ-rays, and photons with energies of up to several TeV are expected to escape a region as small as several Schwarzschild 
radii around the BH almost unabsorbed [34], making HE and VHE γ-rays a unique probe for particle acceleration and ra-
diation processes close to the BH surface. The experimental data collected by Fermi-LAT and the ground-based Cherenkov 
telescopes can be confronted with model predictions such as the proposed energy flux distribution of the photons, their 
spatial morphology and predicted temporal variability.

Models in which the γ-ray production happens close to the BH surface include [34] acceleration of ultrarelativistic 
protons by strong magnetic fields in the vicinity of the BH and their interaction with the IR radiation field or surrounding 
plasma. As an alternative, electrons might get accelerated; this scenario, however, requires well-ordered magnetic or electric 
fields to prevent radiation losses during the acceleration process. All models, in which the γ-ray production happens close 
to the BH, predict to some extent correlated X-ray/γ-ray variability. An acceleration scenario with two different electron 
populations [57] can in principle account for both the observed HE and VHE γ-ray spectra, while other models underestimate 
the HE γ-ray flux.

Alternatively, γ-ray production might happen within a ∼10 pc zone around the BH due to the interaction of run-away 
protons with the ambient medium [69–72,57,73,74]. The protons are either injected continuously into the medium or im-
pulsively during an event of sudden increase in accretion onto Sgr A∗ . Due to the relatively large time (compared to typical 
flare durations) that the particles need to diffuse out of the central BH region, this scenario naturally explains the absence 
of significant variability in the HE and VHE data. The complicated transition from the HE to the VHE part of the γ-ray 
spectrum (Fig. 2) can be accounted for by energy-dependent diffusion time scales and/or different scattering zones where 
the proton–proton interactions take place.

The absence of γ-ray variability can also be explained by electrons being accelerated in termination shocks driven by 
strong winds from the BH [75] or being injected into the vicinity of Sgr A∗ , where they produce the observed infrared 
and X-ray flares by synchrotron radiation, and from which they eventually escape [76]. In these scenarios the production 
of γ-rays happens via the inverse Compton process. Because of the bump-like spectral shape of the γ-rays produced in this 
process, these scenarios cannot easily account for the HE and VHE emission at the same time. Emission across the entire 
energy range can be explained by hybrid models, in which a mix of relativistic protons and electrons are accelerated during 
an event of suddenly increased accretion [77]. By diffusion processes, the protons and electrons move away from the vicinity 
of the BH and interact with surrounding gas or radiation fields, respectively.

Due to the fact that the angular resolution of γ-ray instruments covers a region of several pc diameter at the GC distance, 
the observed γ-ray emission could in principle stem from a combination of multiple emitters (like, e.g., the discrete objects 
presented above). In particular, as was argued recently [62], the emission might be explained by the cumulative effort of 
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Fig. 4. (Colour online.) H.E.S.S. VHE γ-ray images of the Galactic Centre region [79]. Top: smoothed γ-ray count map (above a γ-ray energy of 380 GeV, 
without background subtraction) showing emission from the GC point source HESS J1745-290 and the SNR/PWN G0.9+0.1. The position of Sgr A∗ is 
marked by the black star. Bottom: same map after subtraction of the two (assumed point-like) sources, showing an extended band of highly significant 
γ-ray emission and the unidentified source HESS J1745-303 (south–west of Sgr A∗). The white contours show velocity integrated CS line emission [14], 
smoothed to match the angular resolution of the γ-ray measurement. The positions of two unidentified EGRET sources are shown by green ellipses.

a few thousand millisecond pulsars (MSPs) in the central star cluster surrounding Sgr A∗ . While it is not clear whether or 
not such a population of MSPs is indeed present within the central pc of the GC, globular clusters contain a large number 
of these objects and are established GeV γ-ray emitters [78]. In the model proposed by [62], the MSP population at the GC 
could be the result of a past merger of globular clusters, and the HE and VHE emission due to the MSPs themselves and 
inverse-Compton scattered electrons accelerated in the wind regions of the MSPs. As the total emission is resulting from a 
large number of different sources spread over a pc size region, no variability is expected in this scenario.

3. The Central Molecular Zone in VHE γ-ray light

Whilst the early detections of the GC at VHE energies were based on data sets of limited statistics and/or high energy 
threshold, and concentrated on studying the properties of the GC point source, follow-up observations provide a much 
more detailed picture of the central region, and especially of the CMZ. Both the VERITAS and H.E.S.S. collaborations have 
published such VHE γ-ray maps of the region, the most detailed one being based on 49 h of GC observations conducted 
with the H.E.S.S. array in the year 2004 [79].

Fig. 4 (top) displays the (smoothed) γ-ray count map above an energy of 380 GeV. It shows, besides the already discussed 
GC point source HESS J1745-290, another discrete source ∼1◦ to the east of Sgr A∗ , positionally coincident with G0.9+0.1, 
a well-known [80] composite SNR with a clear shell-like radio morphology (Fig. 1) and a compact core. X-ray studies of 
G0.9+0.1 [81,82] have identified the radio core as a pulsar wind nebula. This notion is supported by the recent discovery of 
a highly energetic pulsar (PSR J1747-2809) in the centre of the SNR [83] (it should, however, be noted that PSR J1747-2809 
is possibly located well behind the GC, at a distance of ∼13 kpc, although a location at the GC cannot be excluded). The 
morphology of the VHE γ-ray emission is compatible with a point source centred on the PWN position, excluding a large 
contribution from the extended shell of the SNR [84]. The γ-ray spectrum extends up to an energy of 6 TeV and is best 
described by a power-law, dNγ/dEγ ∼ E−Γ

γ , with a spectral index of Γ = 2.40, which is typical for PWNe and Galactic γ-ray 
sources in general.

When subtracting the emission from both HESS J1745-290 and G0.9+0.1 from the γ-ray count map, a band of diffuse 
γ-ray emission along the Galactic Plane gets visible, extending across the entire CMZ (Fig. 4, bottom). Another region of 
extended γ-ray emission, denoted HESS J1745-303 [85], emerges about 1.4◦ south–west of Sgr A∗ , which, despite detailed 
multi-wavelength studies [86,87], lacks solid identification: the morphology suggests that the emission might be produced 
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by several objects, among them the shell of the SNR G359.1-0.5 (easily recognised in the radio image, see Fig. 1). Southern 
parts of the VHE emission might be produced by the nebulae of one or two energetic pulsars [86]. An analysis of Fermi-LAT 
data of this region [57,88] shows extended emission, too, with an energy spectrum that connects well to the VHE flux found 
for the northern part of HESS J1745-303. A firm association between the HE and the VHE γ-ray sources is hampered by the 
fact that the angular resolution is poor and no clear alignment of the HE emission with one of the VHE source components 
is observed.

3.1. TeV diffuse emission along the GC ridge

The extended band of VHE γ-ray emission in the CMZ (Fig. 4, bottom) provides important insights into an understanding 
of the large-scale high-energy astroparticle physics processes at work in this region. The emission spans a region of roughly 
300 × 30 pc2. As can be seen in Fig. 4, the morphology of the γ-ray emission is very similar to that of the giant molecular 
clouds present in the CMZ (at least within the inner 1◦ region). This suggests that the emission is very likely produced by 
the interaction of relativistic protons with the molecular material. The γ-ray spectrum of the emission is well described by 
a (hard) power law with spectral index Γ ∼ 2.3.

Cosmic ray protons from the Galaxy-at-large cannot account for the observed emission, since the measured γ-ray flux 
is both larger and harder than expected if the molecular material was bathed in a sea of cosmic-ray protons that already 
propagated through the entire Galactic disk. This strongly suggests the presence of one or more proton accelerators close 
to the CMZ, such that cosmic ray propagation effects that lead to spectral steepening do not play a significant role. Given 
the similarity between the spectral indexes of the γ-ray spectra of HESS J1745-290 and the surrounding diffuse emission, it 
is tempting to explain the diffuse γ-ray morphology by the interaction of high-energetic protons stemming from the same 
acceleration process that is ultimately responsible for the emission of HESS J1745-290. Protons might then escape from 
the acceleration region and penetrate the surrounding medium, giving rise to the diffuse emission. This standard scenario, 
brought up by the H.E.S.S. collaboration [79], has been investigated (and challenged) by a large number of different studies, 
mostly in the context of diffusion processes in the central 10 pc region and within the turbulent CMZ magnetic field.

In the context of identifying the accelerator, the fact that the emission concentrates on a 1◦ region around the GC, while 
the molecular cloud environment extends further out, is particularly interesting. A simple explanation could be that the 
cosmic ray protons were accelerated by an object close to the GC such as Sgr A∗or Sgr A East. The protons then diffused 
away from the accelerator into the CMZ. If the protons were accelerated only recently, they may not have had enough time 
to reach the outer parts of CMZ, which would result in the observed lack of VHE emission in these parts. Adopting diffusion 
time scales typical for TeV cosmic rays in the Galactic disk, an accelerator of age ∼104 years can reproduce the observed 
γ-ray morphology, and in particular the lack of emission beyond 1◦ distance from the centre. From the γ-ray spectrum, the 
energy needed to fill the entire region with energetic protons can be estimated to be ∼1043 J above an energy of 1 GeV. The 
value is close to the energy transferred into cosmic rays in a typical galactic supernova event. While this simple estimate 
is no proof that it is indeed a supernova remnant that accelerated protons to multi-TeV energies, it seems at least plausible 
that a single accelerator can in principle account for the particle population in total.

The question of whether or not this simple proton diffusion picture holds in the turbulent magnetic fields of the CMZ can 
be addressed in simulations, in which individual protons are propagated through the field. This method was used, e.g., by 
[89], who showed that for realistic magnetic fields of 1–10 nT relativistic protons injected at the inner GC cannot diffuse out 
to distance scales of a degree, since they scatter with the ambient medium (and get lost) on much smaller scales. Hence, the 
idea that a central accelerator is responsible for the observed diffuse γ-ray morphology appears difficult to realise. Using the 
same arguments, this also holds for a collection of individual particle accelerators distributed along the CMZ, which would 
produce a γ-ray map with much more compact emission close to the position of these accelerators. A feasible way might 
be stochastic acceleration of protons throughout the inter-cloud medium, an idea that was followed up by various authors 
[89–92], with the result that stochastic acceleration should in general allow proton acceleration to multi-TeV energies in 
this region. Still, it remains an open question how the relativistic particles get injected into the intercloud medium in the 
first place.

4. The Fermi bubbles

While the GC is currently in a phase of relative quiescence, observations at infrared wavelengths reveal evidence for 
past activities towards the inner Galaxy. Infrared observations with the Midcourse Space Experiment combined with IRAS data 
confirms the existence of a limb-brightened bipolar structure, the so-called Galactic Centre lobe (GCL), with origin at the 
GC on the degree scale [94]. More evidence of past Galactic Centre activities have been found in X-ray. Fe Kα echoes from 
molecular clouds around Sgr A∗ have been understood as relics of activity in the past few hundred years [95,96]. On a 
longer timescale, one might expect relics of past activity in high-energy cosmic rays (CRs) and hot gas, perhaps far off the 
disk. The most obvious observables signing the presence of electron CR are their microwave synchrotron radiation, gamma 
rays produced by inverse Compton scattering, as well as their thermal emission (X rays).

Electron CRs at 10–100 GeV primarily lose energy in the diffuse interstellar medium (ISM) by (1) emitting microwave 
synchrotron radiation through interaction with the Galactic magnetic field, and (2) inverse-Compton (IC) scattering on the 
interstellar radiation field (ISRF), producing gamma rays. The total energy loss rate due to synchrotron is proportional to the 
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Fig. 5. All-sky residual maps after subtracting the Fermi diffuse Galactic model from the LAT 1.6 year maps in 4 energy bins. Two bubble structures extending 
to b ± 50◦ appear above and below the GC, symmetric about the Galactic plane.
Figure from [93].

magnetic field energy density, UB = B2/(2μ0); IC losses are proportional to the ISRF energy density, U ISRF, in the Thomson 
limit (low electron energy), and less in the Klein–Nishina regime where the product of the initial electron and photon 
energies becomes comparable to the electron mass squared. The electron CRs also lose energy via bremsstrahlung (free–free 
emission) interactions with the ambient ionized gas, but this is expected to be sub-dominant in the regions of interest.

Indeed, microwave observations also provide intriguing indications of energy release toward the GC. At tens of GHz, 
the Wilkinson Microwave Anisotropy Probe (WMAP) provides sensitive degree resolution full sky maps of diffuse microwave 
emission. By subtracting templates including Galactic Hα (tracer of Galactic free–free emission), soft synchrotron (traced 
by 408 MHz radio observations [97]), and thermal dust emission (the Schleger–Finkbeiner–Davis (SFD) dust map based on 
100 μm far IR data [98]) to remove the different known emission mechanisms in these maps, a microwave residual excess 
(named “the microwave haze”) with spherical (non-disklike) morphology about ∼4 kpc in radius toward the GC (visible up 
to at least |b| ≈ 30◦) has been recognized [99]. It has a spectrum of about Iν ∼ ν−0.5, harder than a typical synchrotron, but 
softer than free–free. The microwave haze was later interpreted as synchrotron emission from a hard spectrum of e− cosmic 
rays. Other hypotheses such as free–free, spinning dust, or thermal dust have failed to explain its morphology, spectrum, or 
both [100,101]. If the WMAP haze is synchrotron radiation from a hard electron population located around the GC, the same 
CRs would also produce IC scattered gammas, allowing an independent probe of the electron CR population. IC photons 
would provide valuable complementary information about the spatial distribution of the e− CR (given a model for the 
ISRF), which in turn can constrain hypotheses about their origin. The unprecedented angular resolution and sensitivity of 
Fermi-LAT allows us to probe the γ-ray counterpart to the microwave haze in detail for the first time.

Two giant γ-ray bubbles strongly correlated with the WMAP haze structure have been found and named the Fermi
bubbles [93] (shown in Fig. 5). This structure extends 50 degrees above and below the GC, with a width of about 40 
degrees in longitude. These two “bubble”-like structures have relatively sharp edges and are symmetric with respect to the 
galactic plane and the minor axis of the galactic disk. The γ-ray signal reveals similar morphology to the WMAP haze (the 
comparison is shown in Fig. 6), and is also suggestive of a common origin with features in the ROSAT X-ray maps at 1.5 keV 
towards the GC [93]. The sharp edges, bilobular shape, and apparent centering on the GC of these structures suggest that 
they were created by some large episode of energy injection in the GC region, such as a past accretion onto the central 
black hole, or a nuclear starburst in the last ∼10 Myr. It is well known that the GC hosts a massive black hole and massive 
clusters of recently formed stars [102]. Either of these could potentially provide the necessary energy injection by driving 
large-scale galactic winds or producing energetic jets.

4.1. Multiwavelength observations

The Fermi bubbles seem most likely to be originated from IC scattering of high-energy CR electrons. The required 
electron CR population can also naturally generate the WMAP haze as a synchrotron counterpart. The ROSAT X-ray mea-
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Fig. 6. The Fermi bubbles at 1–5 GeV (the residual map obtained by subtracting the Schleger–Finkbeiner–Davis map of Galactic dust, based on 100 μm 
far IR data [98] and the disk template) compared with the WMAP K-band (23 GHz) haze [101]. Top row: The 1–5 GeV map with � = [−45◦, 45◦] and 
b = [−90◦, 0◦] (left panel) with the Fermi south bubble edge overplotted in green dashed line (right panel). Bottom row: Same sky region as top row but 
displaying the WMAP haze at 23 GHz (left panel), with the Fermi south bubble edge overplotted in green dashed line (right panel).
Figure from [93].

surements suggest that the bubbles are hot and underdense regions, and thus argue against the gamma rays originating 
from bremsstrahlung or π0 decay. The π0 and bremsstrahlung γ-ray emission both scaling as the CR density and the gas 
density, an underdense region cannot be brighter unless the cosmic ray densities are greatly increased to compensate. Fur-
thermore, the propagation lengths of CR protons are much larger compared to the sharp bubble edges observed in the γ-ray 
data, if the bubbles are in a steady state. However, if the bubbles are expanding rapidly and highly accelerated protons 
responsible for the γ-ray emission are trapped behind shock fronts, then sharp edges for the Fermi bubbles could occur nat-
urally. But in the presence of such a shock, electrons would also be accelerated, and would generally produce more γ-rays 
than the protons via IC scattering (since the cooling time for electron CRs is much shorter than the cooling time for proton 
CRs of comparable energy). Therefore electrons are more likely to be the origin of the gamma-ray emissions from the Fermi
bubbles.

The Fermi bubble features do not appear to be associated with Loop I, a giant radio loop spanning over 100 degrees, 
which is thought to be generated from the local Sco-Cen OB association. Detections of Loop I in high-energy γ-rays have 
been claimed by [103] and also recently by Fermi [104]. The Fermi bubbles are morphologically and spectrally distinct 
from both the π0 emission and the IC and bremsstrahlung emission from the disk electrons. The bubbles have a distinctly 
hard spectrum, dNγ/dE ∼ E−2, with no evidence of spatial variation across the bubbles. As shown in Fig. 7, an electron 
population with dNe/dE ∼ E−2−2.5 is required to produce the γ-ray spectrum by IC scattering: this is comparable to the 
spectrum of electrons accelerated by supernova shocks or polar cap acceleration of pulsars [105]. The facts strongly suggest 
that a distinct electron component with a harder spectrum than the steady-state Galactic cosmic ray electrons is responsible 
for the Fermi bubbles and associated signals in microwave and X-ray.

How could the electron CRs possess the same hard spectrum everywhere within the bubble and extend up to 10 kpc, 
while experiencing a steep fall-off at the bubble edge? A large population of CRs might be entrained in large-scale Galac-
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Fig. 7. (Colour online.) The left panel shows the SED for the northern and southern bubbles from the Fermi-LAT data. The points with statistical error 
bars correspond to the baseline SED. The bands represent an envelope of the SEDs for different derivations of the Galactic foreground emission and the 
definitions of the template of the bubbles. The right panel shows the SED of the southern Fermi bubble in latitude strips.
Figure from [106].

Fig. 8. (Colour online.) A cartoon picture to summarize the observations of the Fermi bubble structures. Two blue bubbles symmetric to the Galactic disk 
indicate the geometry of the γ-ray bubbles observed by the Fermi-LAT. Morphologically, we see corresponding features in ROSAT soft X-ray maps, shown 
as green arcs embracing the bubbles. The WMAP haze shares the same edges as the Fermi bubbles (the pink egg inside the blue bubbles) with smaller 
extension in latitude. These related structures may have the same physical origin: past AGN activities or a nuclear starburst in the GC (the yellow star) [93].

tic outflows from the GC and enrich the bubbles. CRs could be produced along with jets, or shock accelerated CRs from 
magnetic reconnection inside the bubble or near its surface. However, it is challenging to produce a flat intensity profile for 
the bubble interior with a sharp edge. The ambient gas should be compressed to a higher density on the shell by shocks 
(probably also enhancing the magnetic field), and brighter synchrotron emission on the shell would then be expected, but 
the haze emission observed in WMAP is not limb-brightened and shows no evidence of a shell of finite thickness (although 
we do see shell structure in the X-rays). A cartoon picture summarizing the morphology of the Fermi bubbles and associated 
signals at other wavelengths is shown in Fig. 8.
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4.2. The interpretation of this unexpected structure

The Fermi bubble structures were likely created by some large episode of energy injection in the GC region, such as 
a past accretion event onto the central massive black hole, or a nuclear starburst in the last ∼10 Myr. However, there 
are shortcomings in each scenario; it seems likely that either significant modifications to one of these ideas, or some 
combination of different mechanisms, will be necessary. Jets originating from AGN activity can potentially accelerate CR 
electrons to high energies, and transport them rapidly away from the GC; the cooling time of electrons at 100–1000 GeV 
is only 105−6 years, so if the CRs are injected and accelerated only in the GC, a very fast bulk transport mechanism is 
required to convey them throughout the bubbles before they lose a significant fraction of their energy. However, filling 
the bubbles completely, with n � 10−2 cm−3 gas, would require a mass injection of ∼108 solar masses, so in any case 
it is more reasonable for the bulk of the material in the bubbles to be swept up and accelerated as the bubbles expand. 
Energetic shocks associated with jets can have high Mach number and thus efficiently accelerate CR electrons, producing 
hard spectra with dN/dE ∼ E−2, and the total energy required to heat the bubbles is also readily achievable by accretion 
events onto the central BH. However, the north–south symmetry of the bubbles has no obvious explanation in the context of 
an AGN jet: there is no reason for one jet to be oriented perpendicular to the Galactic plane. The large width and rounded 
shape of the bubbles are also not typical of jets, which are generally much more collimated, although a precessing jet might 
help explain the wide opening angle of the bubbles. If the central BH becomes active on a relatively short timescale, the 
Fermi bubbles may be created by a number of past jets, which combine to give rise to the symmetric and uniform Fermi
bubbles.

An alternate source for the large required energy injection is a nuclear starburst. The wide opening angle of the bubbles 
is not a problem in this case; the bubble shape is similar to that observed in NGC 3079, and the X-ray features observed 
by ROSAT are similar to those observed in other nearby starburst galaxies [93]. However, no corresponding Hα signal of the 
Fermi bubbles is observed, in contrast to other known starburst galaxies: this problem might potentially be resolved if the 
Hα-emitting gas has cooled in the time since the starburst phase (gas hot enough to emit the X-rays observed by ROSAT
has a considerably longer cooling time). Also, generally gas filaments and clumps are observed in the X-rays in starburst 
galaxies, and it would seem that a relic of a past starburst should become more clumpy with gas clouds and filaments due 
to cooling of the gas. However, while no such structures are obvious in the ROSAT maps, the signal-to-noise is insufficient to 
place strong constraints. The absence of any such filamentary structures inside the Fermi bubbles, on the other hand, argues 
against a hadronic origin for the bubble gamma-ray emission. Hadronic jets might accelerate protons to high energies, and 
the interactions of these protons with the ISM could then produce hard π0 gammas and secondary e+e− , which would 
scatter on the ISRF to produce more gamma rays. In this scenario, however, the gamma ray emission should trace the gas 
density, which we would not expect to be smooth and homogeneous.

In the case of the starburst scenario, the cosmic ray acceleration would be due to shocks at the edge of the bipolar wind. 
However, the shocks expected in this scenario would be relatively weak and slow-moving, and thus may not be capable 
of generating a sufficiently hard electron spectrum to reproduce the signal. For example, in first-order Fermi acceleration, 
a shock Mach number of ∼3.3 is needed to obtain an electron spectral index of 2.4, as required for the synchrotron 
explanation of the WMAP haze. The Fermi bubbles have sharp edges, also suggesting the presence of a shock at the bubble 
walls. If the CRs producing the gamma rays have a multi-kpc diffusion length (which is not expected to be the case for 
1 TeV electrons, for example), then the edges can still be sharp if the bubble edge is moving outward faster than they can 
diffuse. If we assume the Fermi bubbles are projected structures from three-dimensional symmetric blobs towards the GC, 
the flat intensity profile of the bubbles requires the emissivity to rise at the bubble walls, but remain non-negligible in the 
bubble interior; the lack of spatial variation in the spectral index may also constrain models where the electrons diffuse long 
distances from an injection point. Magnetic reconnection in the interior of the bubbles, or some other mechanism such as 
dark matter annihilation, may help maintain a hard spectrum throughout the bubbles by accelerating existing lower-energy 
electrons or injecting electrons in situ.

Finally, dark matter annihilation or decay, while an effective mechanism for injecting hard electron CRs at high latitudes, 
cannot by itself produce the features in the ROSAT X-ray maps correlated with the bubbles, and would not be expected to 
result in sharp cutoffs in γ-ray emission at the bubble edges. It seems like large scale astrophysical outflows are required to 
transport CRs to high latitude and produce the observed morphological features of the Fermi bubbles. On the other hand, 
it cannot be excluded that dark matter annihilation or decay may be contributing to the γ-ray emission within the bubbles, 
or to γ-ray emission towards the inner Galaxy that is not well subtracted by either the bubble structure template or the 
models for known diffuse emission mechanisms. Apparently constraints on dark matter physics based on the observed γ-ray 
intensity spatial distribution and energy spectrum towards the Galactic Centre are unreliable in the presence of the Fermi
bubble as a new component of foreground, which implies recent dynamical environment in the inner galaxy. Even if the 
annihilation of concentrated dark matter created particles subsequently producing gamma rays, these particles would be 
possibly entrained in the Galactic outflow to higher latitude. Detailed knowledge of the Fermi bubbles will be a necessary 
step before extracting any such dark matter signal. In the next section, we will discuss a γ-ray excess from the GC region 
which was revealed exactly by removing the best fit Fermi bubble template.
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Fig. 9. Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic diffuse model, Fermi bubbles, and isotropic templates. At energies 
between ∼0.5–5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible around the Galactic Centre.
Figure from [118].

5. The GeV excess at the Galactic Centre

Although the state-of-the-art diffuse γ-ray models are in agreement with the data within about 15% in most regions 
of the sky, a remarkable exception is the fact that the models tend to systematically under-estimate the measured γ-ray 
flux by Fermi above a few GeV in the Galactic plane region, most notably towards the inner Galaxy. On the other hand, 
a wide range of cosmological and astrophysical observations have shown that about 85% of the matter content in the 
Universe is non-baryonic. The currently leading candidates for this “dark matter” component are Weakly Interacting Massive 
Particles (WIMPs), which appear in a large number of scenarios of particle physics beyond the standard model. If the dark 
matter consists of such particles, then their annihilations are predicted to produce potentially observable fluxes of energetic 
particles, including gamma rays, cosmic rays, and neutrinos. Of particular interest are gamma rays from the region of the 
Galactic Centre due to its proximity and high dark matter density [107].

Recently, a number of groups have reported the detection of an extended diffuse and spherical emission component 
peaked around ∼1–3 GeV from the inner few degrees around the Galactic Centre, on top of the standard astrophysi-
cal backgrounds [108–111]. Both the spatial distribution (radial volume emissivity) and spectral shape is claimed to be 
broadly consistent with the expected signal from dark matter annihilation, although other source spectra (a log-parabola 
or a power-law with exponential cutoff) can be accommodated by the data [112–117]. This “GeV excess” signal has been 
recently confirmed by producing higher spatial resolution γ-ray maps from Fermi-LAT data with events selected on the basis 
of a better reconstruction, thus suppressing tails of the pointspread function [118,119].

5.1. The morphology and spectrum of this residual signal

The “GeV excess” from the inner Galaxy is statistically significant, with a spectrum and angular distribution that is consis-
tent with that expected from annihilating dark matter models. The signal is spatially distributed with approximate spherical 
symmetry around the Galactic Centre (within ∼0.05◦ of Sgr A∗) showing no sign of elongation along or perpendicular to the 
Galactic Plane. The flux falls off as Fγ ∝ r−(2.2−2.6) , implying a dark matter distribution of ρ ∝ r−γ , with γ 	 1.1–1.3 [118]. 
The signal is observed to extend to at least 	10◦ from the Galactic Centre, disfavouring the possibility that this emission 
originates from millisecond pulsars (see Fig. 9) [120,121]. Furthermore, the spectrum of the excess peaks at ∼1–3 GeV, 
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Fig. 10. (Colour online.) Intensity of the Fermi GeV excess at 2 GeV as function of Galactic latitude (see text for details), compared with the expectations 
for a contracted NFW profile (dotted line). Grey areas indicate the intensity level of the Fermi bubbles, extrapolated from |b| > 10◦ , and the region where HI 
and H2 gas emission from the inner Galaxy becomes important.
Figure from [122].

and is well fit by, e.g., 30–40 GeV dark matter particles annihilating to bb̄ with an velocity-averaged annihilation cross 
section of 〈σ v〉 = (1.4–2.0) × 10−26 cm3/s (normalized to a local dark matter density of 0.3 GeV/cm3). In particular, a dark 
matter particle with this cross section will freeze-out from the thermal equilibrium in the early universe to yield a dark 
matter abundance consistent with what has been observed. Most of the published results as summarized in Fig. 10 agree 
within a factor of about two with a signal morphology that is compatible with a contracted Navarro–Frenk–White (NFW) 
profile with slope γ = 1.26. The higher-latitude tail of the GeV excess profile is a rather non-trivial test for the dark matter 
interpretation and provides a serious benchmark for any astrophysical explanation of the excess emission.

However, the modelling of the Galactic diffuse emission is very uncertain in the inner few hundred pc of the GC (150 pc 
projected distance corresponds to about 1◦) and is strongly affected by systematics related to point source subtraction 
and the modelling of diffuse backgrounds. The exact assumptions on CR propagation and Galactic properties along the 
line-of-sight can impact both the spectrum and the morphology of the individual γ-ray emission maps. Complementary 
observations, like local measurements of CRs, are not able to set strong constraints on the CR propagation properties or 
gas densities in that region. Moreover, the magnetic field intensity can be only indirectly constrained by the synchrotron 
emission at microwaves for given assumptions on high-energy electrons. It seems far from surprising that residuals were 
found above the expected astrophysical emission due to the high density of γ-ray-emitting objects and unconstrained CR 
properties at the GC, given the unprecedented sensitivity of Fermi-LAT. The large effective area of Fermi-LAT provides a good 
statistics of photon events in this region of interest. Generally the error bars of the analysis are dominated by the systematic 
uncertainties related to the modelling of diffuse backgrounds, as shown in Fig. 11. Similar works in the literature generally 
confirm that the signal is present throughout the Galactic Centre and Inner Galaxy on top of the standard astrophysical 
background (extending out to angles of at least 10◦ from the Galactic Centre). In particular, they characterize its spectral 
and morphological properties, given the current knowledge of the expected γ-ray foreground templates and using simplified 
physical models for the production and propagation of CRs in the Galaxy. The estimation of the systematic errors can only 
be obtained empirically by spanning the full range of possible parameters in the cosmic ray production and propagation 
modelling, gas 3D distribution, exploring a large number of test regions along the Galactic disk, and check if the spectral 
shape and spatial distribution of each individual component of the diffuse γ-ray emission is consistent with the observations.

5.2. Possible explanations

While a population of several thousand yet unresolved millisecond pulsars (MSPs) located in the bulge of the Milky Way 
could have plausibly been responsible for much of the anomalous “GeV excess” observed around the Galactic Centre, the 
extension of this signal into regions well beyond the confines of the central stellar cluster strongly disfavours such objects as 
the primary source of this signal [121,113]. However, the conclusions strongly depend on the details of the MSP luminosity 
function (in particular, its high luminosity end) as well as on the possible secondary emission of the MSP population. Within 
current uncertainties, a large if not dominant contribution to the excess cannot be excluded [124–126].

Another possible explanation of the GC excess relies on the interactions of CRs with gas, for example non-thermal 
bremsstrahlung from a population of electrons scattering off neutral molecular clouds in the inner 2◦ or interactions be-
tween the gas and protons accelerated by the super-massive black hole sitting at the GC. In general, those mechanisms 
would lead to an excess emission correlated with the gas distribution itself. In particular, the former process could not only 
explain part of the GeV excess emission in the Galactic ridge region, but also the excess at TeV energies as seen by HESS, as 
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Fig. 11. (Colour online.) The left panel shows a comparison of the spectral shape of the γ-ray excess described [118] to the spectrum measured from a 
number of high-significance globular clusters (NGC 6266, 47 Tuc, and Terzan 5), and from the sum of all millisecond pulsars detected as individual point 
sources by Fermi. The γ-ray spectrum measured from millisecond pulsars and from globular clusters (whose emission is believed to be dominated by 
millisecond pulsars) is consistently softer than that of the observed excess at energies below ∼1 GeV. The right panel shows the spectrum of the GeV 
excess emission for a typical model in (black dots) together with statistical and systematical (yellow boxes) errors and the blue dashed envelope shows the 
results from 60 different Galactic diffuse emission models (see [123] for details).

we have already described. However, in both cases an extended signal up to a few kpc is excluded, unless a large amount 
of unidentified spherically distributed gas is present towards the inner Galaxy. It has also been suggested that burst-like 
events during an active past of our Galaxy may represent a viable mechanism for producing gamma rays in the inner 
Galaxy with the observed spectrum and morphology [127,128]. Hadronic or leptonic scenarios might explain some of the 
observed excess features at high latitudes.

The near future offers encouraging prospects for discriminating the nature of the “GeV excess”. The range in masses of 
dark matter particles and in annihilation cross sections implied by the gammaray excess is comparable to that obtained from 
Fermi observations of dwarf spheroidal galaxies. Although the Fermi-LAT Collaboration has reported a modestly statistically 
significant excess (∼2–3σ ) in their earlier search for dark matter particles in dwarf galaxies, the most recent analysis with 
updated reconstructed events (so-called Pass-8 events) shows less than 1σ significance. With the full dataset anticipated 
from Fermi’s 10 year mission, it may be possible to make statistically significant detections of dark matter annihilation 
products from a few of the brightest dwarf galaxies, galaxy clusters, and perhaps nearby dark matter subhalos.

6. Conclusions and prospects

The Galactic centre is one of the most interesting regions of the high-energy γ-ray sky. It hosts a high concentration 
of star forming regions, pulsar wind nebulae, supernova remnants, and the central supermassive black hole Sgr A*. All of 
these sources are potential γ-ray emitters from sub-GeV to multi-TeV energies. In addition to some expected contribution 
from unresolved point sources, a very large proportion of the γ-ray emission comes from extended diffuse emission, which 
is assumed to be generated from cosmic ray interactions with the molecular clouds. The study of the Galactic centre in the 
TeV band allows for a characterization of the cosmic ray flux in this region.

During the last decade, the current generation of space-borne and ground-based γ-ray instruments has very much 
improved our understanding of the high-energy astrophysics of this most complicated region of the Galaxy. Despite the 
progress, current γ-ray instruments still lack the sensitivity, angular and energy resolution to allow for an even deeper un-
derstanding of the GC constituents and their interplay. Due to limited angular resolution, source confusion often prevents 
solid identification of γ-ray sources with counterparts at larger wavelengths, and better sensitivity would enable more de-
tailed investigations of source morphologies and temporal variability (besides detecting more sources). Especially at MeV 
to GeV energies, however, sensitivity is often limited by the presence (and still incomplete understanding) of diffuse γ-ray 
emission. It seems, however, clear that instruments with better resolution and sensitivity would be able to provide much 
more detailed information also on the diffuse emission, thereby further reducing systematic uncertainties in the modelling 
of this component.

Future space-borne and ground-based γ-ray telescopes are therefore expected to significantly improve our knowledge of 
the γ-ray sky, in particular the Galactic centre region (see [129] for a review). At energies of 10 MeV up to a few GeV, PANGU 
(the PAir-productioN Gamma-ray Unit), a small astrophysics mission with wide field of view optimized for spectro-imaging, 
timing and polarisation studies, proposed for the joint ESA-CAS mission [130], will map the γ-ray sky with unprecedented 
spatial resolution. The mission will provide the most accurate sub-GeV spectral characterisation of cosmic-ray sources in the 
Galactic centre region and of the Fermi bubbles and related Galactic wind, to single out the pion-decay signature of accel-
erated nuclei. It will resolve the diffuse Galactic interstellar emission with unprecedented details to probe the distribution 
of Galactic cosmic rays towards the Galactic centre, and it is unique to probe the GeV excess as a potential signature from 
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the annihilation of dark matter candidates. The space-borne GAMMA-400 instrument [131], currently planned for launch 
in 2019, will observe the γ-ray sky in the energy range of 100 MeV up to several TeV, and is at the same time able to 
detect electrons, protons and nuclei up to a few PeV. For γ-ray observations, it features a smaller effective collection area 
than Fermi-LAT, but at the same time is expected to improve significantly in cosmic ray background rejection, and outper-
form Fermi-LAT by a large factor both in angular and energy resolution. The ground-based Cherenkov Teleskope Array (CTA, 
[132]), for which construction of a first partial array may start already in 2016, will cover an energy range from several 
10 GeV to more than 100 TeV. In its core energy range, it will outperform existing VHE γ-ray instruments by a factor ∼10
better flux sensitivity as well as improved angular resolution. Compared to its predecessors, CTA will therefore improve 
in resolving extended sources and their energy-dependent morphology in the inner Galaxy, and significantly enhance the 
capability to detect flares at TeV energies. Finally, from ∼2020, the Large High Altitude Air Shower Observatory (LHAASO, 
[133]) will extend the energy range up to 1 PeV, with a 10 times better sensitivity than the HAWC extensive air shower 
array.

We expect our knowledge of the γ-ray emission of the Galactic Centre will be soon improved with the exciting future 
facilities.
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