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Abstract: We revisit the idea that the Galactic center is the dominant source of Galactic cosmic rays, based on a series
of new observational evidence. Possible evidence supporting such an idea includes: the sharp knee of the cosmic ray
spectrum around PeV energies, the giant γ-ray bubbles revealed by Fermi data, the microwave haze observed by WMAP,
and the 511 keV line emission discovered by INTEGRAL.
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1 Introduction

The origin of cosmic rays (CRs) has been a mystery
since their discovery in 1912. CRs have a nearly feature-
less power-law spectrum with a spectral index of about −3
from energies of ∼ 109 to ∼ 1020 eV. However, detailed
measurements revealed several subtle structures in the CR
spectrum [1] at ∼ 1015.5 eV (the knee), ∼ 1017.8 eV (the
second knee), ∼ 1019 eV (the ankle), and ∼ 6 × 1019 eV
(GZK cut-off). The study of these structures is of great
importance for understanding the origin and interaction of
CRs.

Although there are hundreds of GeV γ-ray sources [2]
and several tens of TeV γ-ray sources1 being detected in
the Galaxy, direct evidence of the origin of Galactic CRs
(GCRs) is still lacking. It is generally believed that CRs
below the knee are accelerated in shock waves of superno-
va remnants (SNRs) within the Galaxy. The total power
needed to sustain CRs is estimated to be ∼ 1040 erg/s, as-
suming an energy density of CRs ∼ 1 eV cm−3, the height
of CR confinement ∼ 0.2 kpc and the age of CRs ∼ 108

yr [3]. This power is consistent with the power released by
Galactic supernova explosions.

However, there are also many arguments against the
idea that SNRs are responsible for GCRs [4, 5]. First, the
maximum energy of CRs from SNR acceleration typically
can not exceed 1014 eV, whereas the Galactic component of
CRs is expected to extend out to above 1017 eV. Second, the
accelerated CRs are expected to interact with the ambient
medium to produce neutral pions, which would further de-
cay into high energy γ-rays. However, many observations
show that the γ-ray flux from SNRs are much lower than
that predicted. Third, according to the model, high energy

CRs are expected to escape quickly from our Galaxy after a
short trapping time converting the E−2 injection spectrum
to the observed E−2.7 spectrum. Such a fast escape should
result in a large anisotropy (e.g., 5% at 100 TeV) of GCRs,
which contradicts the observed data (only∼ 0.03%, [6, 7]).

There has been great improvement in the measurement
of GCRs in recent years. First, owing to the improved en-
ergy resolution, a very sharp knee structure was found by
many Air Shower array experiments, such as MAKET-ANI
[8], Tunka [9], GAMMA [10], Tibet ASγ [11], KASCADE
[12] and Yakutsk [13]. This result seems to favor the single
source model proposed in Erlykin & Wolfendale(1997)[14]
and Erlykin & Wolfendale(2009)[15], although this mod-
el predicts a larger anisotropy of CRs than that observed.
Second, several high precision measurements led to the dis-
covery of both the positron fraction excess [16] and the to-
tal e+e− spectral excess [17, 18] between O(10) GeV and
TeV. It was also shown that the e+e− spectra have a cutoff
at several TeV [19, 20].

Hu et al.[21] proposed a model to simultaneously ex-
plain the knee and the e+e− excess, incorporating pair pro-
duction interactions between CRs and the ambient photon
field. It was further shown that the irregular structures of
the CR spectra around the knee region and the Galactic “B
component” could also be well explained in this scenario
[22]. As a consequence, one set of parameters in the mod-
e of Hu et al.[21] also favors the single source model. It
indicates that there might be a single source with relatively
stable properties (during the CR acceleration period) that is
responsible for GCRs.

In Hu et al.[21] a supernova-pulsar system was proposed
as a possible candidate for such a source. Though it is not

1. http://www.mppmu.mpg.de/rwagner/sources
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impossible, it seems non-trivial for such a system to satisfy
the conditions needed to produce the knee of the CRs [23].
Alternative candidate sources may include micro-quasars
or the Galactic center (GC). The latter seems to be an espe-
cially attractive option [24]. As proposed by many studies,
the capture of stars or accretion of gas by the central su-
permassive black hole can produce shock and accelerate
particles [25].

Based on the interstellar radiation field model in GAL-
PROP [26, 27], the optical photon density (∼eV) in the GC
is about 10 cm−3, which corresponds to a photon column
density ncτ ∼ 1026 cm−2 for an assumed interaction time
of 107 yr. This value is about 4 orders of magnitude lower
than that required in Hu et al.[21]. However, if the GC was
in active phase in the past, the photon fiels would be several
orders of magnitude higher than the present value. The ob-
servation of infrared radiation from other galaxies showed
that when the nucleus was in the active phase the infrared
luminosity could be as high as 1044 − 1047 erg/s, which is
2− 5 orders of magnitude higher than the present result of
our Galaxy ∼ 1042 erg/s [28]. So it is possible that the GC
is responsible for the interaction to make the knee of CRs.

Historically, there have been many discussions on the
possibility that the GC is the dominant source of GCRs.
There is a large amount of evidence suggesting that the
GC may have been active ∼ 107 years ago (van der Kruit
1971[29], Sanders & Prendergast 1974[30], Erlykin &
Wolfendale 2007[31], see section 6.1 of Su et al.[32] for
a detailed summary). Based on the evidence that an ex-
plosion occurred about 107 years ago in the GC, [28] pro-
posed a “central-source model” of CRs, in which the bulk
of GCRs are accelerated in the GC during its active phases,
and the active phases reoccur every 107 − 108 years. The
similar idea was examined by other authors [33, 34].

Within the framework of the new observations, it is
time to revisit the idea that the GC is the main source of the
bulk of GCRs. In this work we will investigate the compat-
ibility of the GC origin scenario of GCRs with the recent
observations.

2 Analysis

According to the model of Hu et al.[21], TeV electrons
and positrons are produced when CRs are accelerated at the
source. As electrons and positrons can travel a much short-
er distance than that of heavier CR nuclei, the majority of
these electrons and positions should remain in the source
region (e.g., the GC here). These electrons and positron-
s in the source region can produce radio, X-ray and GeV
γ-ray photons through the processes of synchrotron radia-
tion and Inverse-Compton (IC) scattering. When diffusing
out of the source region, the GCRs will interact with inter-
stellar matter, producing a large amount of GeV electrons
and positrons. Positrons can then cool down and annihilate
with interstellar electrons to produce 511 keV line emis-
sion. In short, if the GCRs indeed come from GC and the
mechanism proposed by Hu et al.[21] works, the GC region

should have powerful multi-wavelength radiation. This is
exactly what has been recently observed.

By analyzing the Fermi-LAT data, Dobler et al.[35]
first discovered extended excess emission in the GC region,
or the so-called “Fermi haze”. With even more data, Su
et al.[32] revealed that there were actually two giant γ-ray
bubbles (Fermi bubbles), which are symmetric with respec-
t to the Galactic plane, extending ∼ 50 degrees in latitude
and ∼ 40 degrees in longitude. The bubbles are spatial-
ly correlated with the WMAP haze observed in the 20− 60
GHz band [36, 37]. The edges of the bubbles are also found
to be coincident with features in the ROSAT 1.5−2 keV X-
ray maps [38]. These correlations indicate that the bubbles
very likely originated from the electron process described
above.

The bubbles are found to have a hard γ-ray spectrum
between 1 and 100 GeV, with a power law index ∼ −2.
The γ-ray spectrum can be well reproduced by the IC s-
cattering process of power-law distributed electrons with
index −2 ∼ −2.5 [32], taking into account the cosmic mi-
crowave background, infrared and optical background ra-
diation. In addition, the calculated synchrotron radiation
can reproduce the radio haze flux, assuming that the mag-
netic field is of the order of 10 μG. However, this electron
spectrum has difficulty explaining the observed low energy
drop below 1 GeV. In order to solve this problem, an elec-
tron population with limited energy range was proposed.
Based on these facts, [32] concluded that the bubbles are
most likely created by a large episode of energy injection
in the GC in the last 107 years through an accretion event in
the center of supermassive black hole, a nuclear starburst or
some other energetic event. Alternatively, [39] employed
the hadronic mechanism to reproduce the observed spec-
tra.

In this work we propose that the e+e− spectra is pro-
duced by pair production through CR-photon interaction
(the mechanism suggested in Hu et al.[21]), and that this
mechanism can give a good fit to the data. The injected
electron spectrum used in this calculation includes propa-
gation effects as well as the cut-off effect at about 2 TeV,
i.e., the same spectrum used to explain the ATIC-like e+e−

excesses. The background radiation field is adopted from
GALPROP version 50p2 with R = 0 and z = 4 kpc. The
calculated synchrotron and IC spectra for such a population
of electrons are shown in Fig.1. Here we assume the mag-
netic field is B = 25 μG. The results are in good agreement
with the data.

The total luminosity of the Fermi bubbles in 1 − 100
GeV is estimated to be about 4×1037 erg/s. If we assume
the power of all GCRs is about 1040 erg/s, then the pow-
er of GCRs above the knee (E ∼ 4 PeV) is approximately
1039−1038 erg/s with the source spectrum E−2.0−E−2.2.
Note for the E−2.0 spectrum we assume the maximum
achievable energy of CRs is 109 GeV. Assuming that the
main fraction of the GCR power above the knee converts to
e+e− and the fast cooling of e+e− will soon convert most

2. http://galprop.stanford.edu/
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Figure 1: The calculated spectrum of IC scattering γ-rays
and synchrotron radiation originating from a hard electron
spectrum generated through CR-photon pair production in-
teractions. The line of sight direction is chosen to be l = 0◦

and b = 25◦. The data points representing the Fermi bub-
bles and WMAP haze are taken from Table 3 and Fig. 23 of
[32]. The spectra of WMAP synchrotron haze and Fermi
IC bubbles are consistently generated.

of their energy to photons, this gives a luminosity consis-
tent with the observed Fermi bubbles. We may then spec-
ulate that the GC produced the bulk of the GCRs, and the
interaction of the GCRs with an ambient photon field could
explain the knee of the GCRs spectra, the Fermi bubbles
and the WMAP haze around the GC.

Finally we investigate the possible connection of
the GC origin of GCRs with the 511 keV line emission.
The measurements of the 511 keV line emission in the GC
has a long history [40]. Recently, very precise morpholo-
gy and spectral properties of this emission were revealed
by the SPI instrument onboard the INTEGRAL satellite
[41, 42, 43]. The 511 keV line emission indicates the exis-
tence of non-relativistic positrons in the GC region. There
are extensive discussions on the possible origins of the
positrons, including the β+ decay of radioactive isotopes
[44], e+e− pair production from pulsars [45] and X-ray bi-
naries [46], and exotic sources such as dark matter annihi-
lation [47]. It is also possible that the positrons originated
from the decay of π+ produced in inelastic collisions be-
tween CRs and the interstellar medium (ISM) [48, 25, 49].
Past activity of the supermassive black hole in the GC could
produce large amounts of CR nuclei which may interac-
t with the ISM and produce positrons. After thermaliza-
tion, these positrons can generate the observed 511 keV
line flux.

This mechanism can also work in our scenario. The CRs
(nuclei) accelerated in the GC will diffuse out of the Galac-
tic bulge, and produce positrons during the propagation
process. Heavy CRs can travel much longer than positrons,
allowing them to eventually reach the Earth and be record-
ed by a detector. Due to the fast energy loss of positrons
through ionization, Coulomb collisions, bremsstrahlung ra-
diation, synchrotron radiation and IC scattering, positron-

s will cool down quickly and be trapped in the Galac-
tic bulge. Eventually, when these positrons become non-
relativistic, they can annihilate with the ambient electrons
to form positronium and then emit 511 keV γ-rays.

An order of magnitude estimate of the power supports
this idea. The locally measured number density of CRs is
about 10−9 cm−3. The total number of GCRs should be on
the order of ∼ 1058, giving that the volume of the Galac-
tic disk is π(20 kpc)2(0.2 kpc) ∼ 1067 cm3. Considering
that the size of the Galactic bulge is ∼ 1 kpc, the typical
path length that a particle travels from the GC to outside of
the bulge should be 103 − 104 kpc, as the diffusion coeffi-
cient D ∼ 1028 cm2 s−1. Moreover, considering that the
number density of ISM nuclei in the bulge is 1 cm−3, and
the inelastic cross section of p− p scattering is several tens
of mb, the average number of collisions for one CR parti-
cle before traveling out of the bulge is ∼ 0.1 − 1. Thus,
the total number of positrons is ∼ 1057 − 1058. Assuming
the cooling time of positrons is about 107 years, which cor-
responds to the ionization and Coulomb losses in an ISM
with density of 1 cm−3 for a 100 MeV positron [26], the
cooled positron production rate is 1043 − 1044 s−1, which
is the rate required by the flux of 511 keV γ-ray line [41].

However, it was pointed out that the diffuse γ-ray con-
strained positron production rate would be not more than a
few percent of the positron rate suggested by the 511 keV
emission data [41, 25, 50]. This problem can be solved in
a non-stationary scenario that the GC was in active phas-
es in the past and the positron production rate would be
much higher than that determined by the current diffuse γ-
ray flux [25, 50].

3 Summary

In summary, we propose that the GC is the main source
of GCRs. The acceleration of these GCRs could take place
during a past violent phase of the GC. By introducing an ef-
ficient e+e− pair production mechanism through the inter-
action between GCRs and ambient photons, we can explain
the knee of the CR spectra. The produced e+e− have a low
energy cut-off due to the threshold effect of pair produc-
tion, which can naturally reproduce the recently discovered
Fermi bubbles and WMAP haze. Furthermore, the produc-
tion of positrons due to inelastic collisions of CRs and the
ISM may explain the strong 511 keV line emission in the
GC region.
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