Origin of thermal and non-thermal hard X-ray
emission from the Galactic center
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We analyse new results of CHANDRA and SUZAKU which found a flux of hard X-ray emission
from the compact region around Sgr A∗ (r∼ 100 pc). We propose that this emission is a consequence of a special transient accretion process when a part of captured star obtains an additional
angular momentum. As a result a flux of subrelativistic protons is ejected from the Galactic black
hole, which heats up the background plasma in the Galactic center up to temperature about 6-10
keV and produces by inverse bremsstrahlung a flux of non-thermal X-ray emission in the energy
range above 10 keV.
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1. Introduction

2. Parameters of X-ray Emission from the Galactic Center
The Galactic Center component of X-ray emission was discovered with the Ginga satellite
[17]. The ASCA telescope [14] measured the X-ray spectrum of the inner ∼ 150 pc and found a
2
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The X-ray emission from the Galactic ridge in the energy range above 1 keV was detected
almost forty years ago [1] but its origin remains unknown till now. Two possibilities are debated,
either this emission is really diffuse [2] or it is due to an accumulative effect of faint X-ray sources
[3]. In the case of diffuse origin serious energetic problems arise if this emission is produced by
thermal [4] or non-thermal [5 – 7]) bremsstrahlung of high energy electrons, since the required
power of energy sources in the disk exceeds 1042 erg s−1 , i.e. the maximum power which can be
supplied in the disk by supernova stars. However, this energy problem can be solved in the case if
these electrons are is-situ accelerated. If particles are accelerated from a background plasma, then
the Maxwellian part of the spectrum is strongly distorted that mimics either a multi-temperature
thermal emission or appearance of "a nonthermal tail". Less power is necessary for bremsstrahlung
radiation in the case if it is generated by particles from the distorted Maxwellian part of the spectrum. Attempts to estimate the power of emitting particles in frames of pure thermal or pure
non-thermal models may lead to incorrect values [8, 9].
Recently, essential arguments in favor of the idea that the Galactic ridge emission was due
to cumulative emission of faint discrete X-ray sources was developed by Revnivtsev et al. (2006)
[10]. Though this interpretation is not completely proved at present, it appears to be plausible.
Quite different situation may be in the Galactic center. This region is known to be peculiar
in many respects. Therefore, the origin of X-ray emission from there may be somewhat different
from the rest of the Galaxy. Though observations shows there a significant contribution of discrete
sources which apply from 20% to 40% of the total flux (see [11, 12]), the SUZAKU data do
not show correlation between the X-ray source distribution derived from Chandra data and the
distribution of 6.7 keV line [13] that may contradict the source origin of hard X-ray emission from
the Galactic center. Observations show also essential distinctions between X-ray emission from the
Galactic ridge and from the Galactic center. The Galactic center emission is seen as a completely
separated spherical region around Sgr-A∗ whose radius is about 100 - 150 pc [11, 14]. From the
SUZAKU data it was derived that the ratio of 6.9 to 6.7 keV iron lines (which traces the plasma
temperature) is higher in the Galactic center than in the Ridge where this ratio is almost constant
along the plane [15]. That may be a problem for the point-source interpretation, though one can
assume that the source composition in the Galactic center differs from that in the disk.
The problem of the diffuse interpretation is that there are no evident sources of energy in the
Galactic center which could provide plasma heating there. Thus, CHANDRA resolved only a weak
X-ray point source at the position of supermassive black hole, Sgr A∗ , with a flux Lx ∼ 1033 erg
s−1 (see [16]). One likely scenario is that the Galactic nucleus was brighter in the past, possibly
caused by a surge accretion onto the massive back hole.
Below we present a model of thermal and non-thermal hard X-ray emission from the Galactic
center which is supposed to be due to specific processes of accretion on the central black hole.
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f (E) = K(E/1 keV )−Γ exp(−E/Ec )

(2.1)

with Γ and Ec varying from region to region over 1.2 - 2.2 and 19 - 50 keV, respectively.
The origin of the hard X-ray emission is also unclear.

3. Energy Release in the Galactic Center
We suppose that the necessary energy for X-ray emission can be supplied by active processes
near the Galactic center, which is expected to be a region of energy release due to accretion on the
central supermassive black hole. The frequency of star capture by supermassive black holes ranges
from 10−5 to 10−4 years−1 [20 – 22]. Though the central black hole does not show high activity at
present, it is likely that it was active in the past.
Processes of star accretion generate fluxes of high energy particles which are seen as jets
of relativistic leptons or hadrons. In the last case secondary positrons are produced by hadron
collisions that may be a source of the annihilation emission from the Galactic bulge (see [19]).
Whether relativistic protons are accelerated near black hole, it is questionable, but star accretion
processes evidently produce fluxes of subrelativistic protons.
As it was shown by Ayal et al. (2000) [21] once passing the pericenter, the star is tidally
disrupted into a very long and dilute gas stream. Approximately 75% of the star was not accreted
3
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number of emission lines from highly ionized elements which are characteristics for a 8 - 10 keV
thermal plasma with the density 0.4 cm−3 . The total flux in the whole energy band of ASCA (2 10 keV) is 1037 erg/s. This 8 keV plasma would be too hot to be bound to the Galactic center and
therefore would form a slow wind or fountain of plasma with an expansion velocity equal to the
sound speed, ∼ 1600 km s−1 . Then the energy required to sustain such a freely expanding plasma is
about ∼ 1041 − 1042 erg s−1 . Recent CHANDRA observations [11] showed also an intensive X-ray
emission at the energy Ex ∼ 8 keV from the inner 20 pc of the Galaxy. This emission is distributed
spherically symmetric around Sgr A∗ . The plasma density was estimated in limits 0.1 − 0.2 cm−3 .
The power derived from the CHANDRA data which is required for the plasma heating is also
higher than provided by SNs.
SUZAKU observations [13] found also clear evidence for a hot plasma in the galactic central
region with the diameter about 20 acrminutes (i.e ∼ 50 − 60 pc). Using the 6.9/6.7 keV ratio it was
concluded that the spectrum in 5-11.5 keV range was naturally explained by a 6.5 keV-temperature
plasma in collisional ionization equilibrium. The origin of the hot temperature plasma is unclear
since as in the case of 6 keV thermal emission there are no evident sources of energy in the Galactic
central region.
SUZAKU data suggested also that the continuum flux from the Galactic central region contained an additional hard component. Up to recently any direct confirmation of nonthermal emission at energies above 10 keV has been unavailable. New SUZAKU observations [18] performed in
the range from 14 to 40 keV showed a prominent hard X-ray emission whose spectrum is power-law
with the spectral index ranging from 1.8 to 2.5. The total luminosity of the power-law component
from the central region (| l |< 2◦ , | b |< 0.5◦ ) is (4 ± 0.4) × 1036 erg s−1 . The spatial distribution
of hard X-rays correlates with the distribution of hot plasma.
These spectra are consistently represented by a cutoff power-law model,
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but instead became unbounded. This unbounded mass will receive additional angular momentum
and the average energy of unbounded particles is about Eesc ∼ 100 MeV nucleon−1 .
We approximate the energy distribution of these escaped nuclei as
Qesc
0 = N̄ δ (E − Eesc ) ,

(3.1)

∂N
∂
− ∇D∇N +
(b(E)N) = Q(E,t) ,
(3.2)
∂t
∂E
where dE/dt ≡ b(E) is the rate of proton energy losses. Subrelativistic protons lose their energy by Coulomb collisions. The injection of protons by accretion processes can be described by
Q(E, r,t) = ∑ Qk (E)δ (t − tk )δ (r), where tk is the injection time, and the functions Qk (E) are
k=0

given by Eq. (3.1). Suppose T is the average time between two capture events, then tk = k × T .
The solution of Eq. (3.2) is (see [26])
N(r, E,t) =

∑

Z ∞

k=0 0

where

and

dE0 Qk (E0 )Gk (r, E,t; , E0 )

 2
r
1 δ (t − tk − τ )
exp −
Gk (r, E,t; E0 ,tk ) =
3/2
| b(E) | (4πλ )
4λ

τ (E, E0 ) =

ZE
E0

dE
b(E)

and

λ=

ZE
E0

D(E)
dE
b(E)

(3.3)

(3.4)

(3.5)

4. Energy Dissipation of Subrelativistic Protons and Plasma Heating
As one can see from the solution (3.3) the density of emitted protons is almost stationary at
√
√
distances r ≫ DT but the number of these protons varies strongly in the central region r ≪ DT .
Subrelativistic protons loose their energy mainly by ionization or by heating of background
plasma [27]. The rate of these energy losses is
4π ne4 ln Λ1
dE
=−
dt
me v p
4

(4.1)
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where N̄ is total amount of particles ejected during stellar capture.
For a single capture of one solar mass star we estimate the total number of unbounded particles
as N̄ ≃ 1057 protons and the total energy in unbounded protons about W ≃ 1053 erg. For the star
capture frequency ν ≃ 10−5 ÷ 10−4 year−1 it gives the average energy input about Ẇ≃ 1041 ÷
1042 erg s−1 .
Processes of particle distribution in the Galactic central region are questionable since we do
not know much about medium conditions there. However, simple estimates from [23] and [24] for
the Galactic central region give the value, D ∼ 1027 cm2 s−1 that is close to the average cosmic ray
coefficient of diffusion in the Galaxy (see [25]).
For the 1◦ ÷ 2◦ radius central region we take the temperature 6.5 keV and the density of this
gas n ≃ 0.1 ÷ 0.4 cm−3 as it follows from observations [11, 14, 13].
Then the time-dependent spectrum of subrelativistic protons, N(r, E,t), in the central 1◦ × 1◦
region injected from accretion processes can be calculated from the equation
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where v p is the proton velocity, and ln Λ1 is the Coulomb logarithm. For the medium parameters
the lifetime of ≤ 100 MeV protons is about

τl ∼

ZEth
Eesc

dE
∼ 2 · 1014 s
b(E)

(4.2)

ρ Us (T )4π R2 T ≃ Q

(4.3)

where Us is the sound speed, ρ and T are the plasma density and the temperature. Koyama et al.
(1996) [14] concluded that the plasma in the 1◦ ÷ 2◦ radius central region can be heated up to the
observed temperature T ∼ 6 ÷ 10 keV if Q ∼ 1041 ÷ 1042 erg s−1 . From our analysis it follows that
just this energy dissipates in the central region due to energy losses of subrelativistic protons.

5. Nonthermal Emission from the Galactic Center
Interaction of subrelativistic protons with plasma results also in production of bremsstrahlung
photons (inverse bremsstrahlung radiation). Though the rate of these energy losses is negligible in
comparison with the above-mentioned Coulomb energy losses, nevertheless, these losses generate
emission in the energy range higher than the thermal emission of background plasma and hence can
be observed. Subrelativistic protons generate bremsstrahlung photons with characteristic energies
about Ex < (me /M)E p where E p is the kinetic energy of protons and m and M are masses of an
electron and a proton. For the proton energies E ≤ 100 MeV the bremsstrahlung radiation is in the
range Ex < 60 keV . The cross-section of inverse bremsstrahlung radiation is [27]
2
√
√
 2 2 2
′ + E′ − E
2
E
x
e
d σbr
mc 1
8 e
= Z2
× ln
.
(5.1)
dEx
3 h̄c mc2
E ′ Ex
Ex
Here E ′ = (m/M)E p . Then the intensity of inverse bremsstrahlung can be calculated from
Il =

Z

Np (E, r,t)

l

d σbr
v p n dl
dEx

(5.2)

where the vector l determines the direction of observations.
The spatial distribution of this emission in the Galactic center as observed from Earth with
the SUZAKU data from [18] is shown in Fig. 1. The energy spectrum of hard X-ray emission
observed by SUZAKU from the central 30 pc radius [18] is shown in Fig. 2. The calculated spatial
distribution and the X-ray spectrum of inverse bremsstrahlung radiation in the same directions are
shown by the solid lines. One can see nice coincidence between the data and calculations. We
can easily estimate the total energy output of hard X-ray emission in the energy range 14 - 40
keV produced by inverse bremsstrahlung. The estimated flux due to proton bremsstrahlung equals
4.3 · 1036 erg s−1 , that is about of the flux observed by SUZAKU from the Galactic center in the
same energy range.
5
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Where Eesc ∼ 100 MeV is the injection energy of protons and Eth is the energy of thermal plasma.
√
For this time protons fill the region around the Galactic center of the radius r ∼ Dτl ∼ 150 pc.
According to [14] the temperature to which a plasma in a volume of the radius R is heated by
an external source with the power Q can be estimated from
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Figure 1: The spatial distribution of inverse bremsstrahlung emission with the SUZAKU data.

Figure 2: The spectrum of inverse bremsstrahlung emission generated by subrelativistic protons in the
Galactic center region and the flux observed by SUZAKU from the Galactic central region. For the convolution of tour theoretical results to the SUZAKU data we used the average effective area of the SUZAKU
telescope equaled ∼ 150 cm2 and the detection efficiency of photons to be ∼ 70%

6. Conclusion
Subrelativistic protons are naturally generated by star captures nearby massive black holes.
For one solar mass stars the energy of these protons is about 100 MeV and the total energy release
in protons is about ∼ 1041 erg s−1 . This energy is mainly transferred into plasma heating. The
size of heating area is estimated to be ∼ 150 pc (i.e. ∼ 1◦ ). For the estimated plasma escape time
∼ 50000 years [11, 14] the background plasma should be heated up to the temperature 6-8 keV just
as observed. Subrelativistic protons loose also their energy by inverse bremsstrahlung. The rate of
6
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these losses is several orders of magnitude less than that of ionization, nevertheless the total energy
flux of this emission is about 4 · 1036 erg s−1 in the energy range Ex < 60 keV. that explains well
the data obtained by SUZAKU in the range 14 - 40 keV.
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