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Abstract. Orbiting γ-detectors combined with the magnetic field of the Earth or the Sun
can work parasitically as cosmic axion telescopes. The relatively short field lengths allow
the axion-to-photon conversion to be coherent for maxion ∼ 10−4 eV, if the axion kinetic
energy is above ∼ 500 keV (Earth’s field), or, ∼ 50 MeV (Sun’s field), allowing thus to
search for axions from e+e− annihilations, from supernova explosions, etc. With a detector
angular resolution of ∼ 1o, a more efficient sky survey for energetic cosmic axions passing
through the Sun can be performed. Axions or other axion-like particles might be created
by the interaction of the cosmic radiation with the Sun, similarly to the axion searches in
accelerator beam dump experiments; the enormous cosmic energy combined with the built-
in coherent Primakoff effect might provide a sensitive detection scheme, being out of reach
with accelerators. The axion signal will be an excess in γ-rays coming either from a specific
celestial place behind the Sun, e.g. the Galactic Center, or, from any other direction in
the sky being associated with a violent astrophysical event, e.g. a supernova. Earth bound
detectors are also of potential interest. The axion scenario also applies to other stars or
binary systems in the Universe, in particular to those with superstrong magnetic fields.
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1. Introduction

An attractive solution of the strong CP problem invokes a new symmetry, the Peccei-
Quinn (PQ) symmetry (UPQ(1)). The spontaneous breaking of this new symmetry
predicts the existence of a light neutral pseudoscalar particle, the axion, which is closely
related to the neutral pion [1, 2]. In fact, there are good reasons to believe that if the PQ
mechanism is responsible for preserving CP in the strong interactions, then the axion is
the dark matter [3], i.e. axions may exist as primordial cosmic relics copiously produced
in the early Universe, and eventually thermalized in a way similar to the 2.7oK cosmic
background radiation. The axion also arises in supersymmetry and superstring theories.
Thus, the axion is one of the leading and promising non-baryonic candidate for the
ubiquitous dark matter in the universe [4]. Astrophysical observations and laboratory
experiments leave open an axion rest mass window around ma ≈ 10−4 eV (within ±1-2
orders of magnitude). For all these reasons, axions have received much attention in
elementary particle (astro)physics.

The axion decay into two photons (a → γγ) is the reaction mainly used to search
for them. Inside matter or in a magnetic field in vacuum, the axion couples to a virtual
photon (Primakoff effect), producing a real photon (γ), which can be detected :

a + γvirtual ⇀↽ γ (1)

The axion behaves like a very weakly interacting photon or pion (π0), and, in a reac-
tion, it can replace a magnetic dipole γ or a π0. Energetic axions with mean thermal
energy equal to ∼4 keV [5, 6] or ∼ 160 MeV [7] are possibly copiously produced via
the Primakoff effect inside the Sun or during a Supernova explosion, respectively. They
also could be produced in astrophysical beam dumps [8], similar to the beam dump
in accelerators, replacing energetic π0’s or γ’s in the electromagnetic/hadronic cascade
reactions involved. Therefore, energetic axions have been searched already in high en-
ergy neutrino experiments [9]. A not so unusual beaming effect can compensate for the
large distance to the Earth. In other words, it is not so unreasonable to expect high
energy cosmic axions, beyond those expected to be emitted from a supernova. Finally,
the existence of particles beyond the Standard Model with similar couplings can not be
excluded.

2. Previous work

The stimulation for this proposal comes from two recent works, which appeared almost
simultaneously by two groups [7] searching for energetic axions from SN1987A with
data from orbiting detectors. However, they could have provided an axion signature
for specific parameter values, i.e., for ma ≤ 10−9eV and an axion-to-photon coupling
constant gaγγ ≥ 3 · 10−12 GeV−1 assuming ∼ 1 kpc = 3 · 1019m galactic magnetic field
length of ∼ 2 µgauss, where the axion-to-photon conversion via the coherent Primakoff
effect can take place. In such a case, an orbiting detector pointing to the SN1987A
position in the sky should have measured an excess of energetic photons during this
historical supernova observation on Earth, provided the number of the emitted axions
were sufficient to trigger the detector. These two groups [7] have also estimated the
hypothetical thermal axion spectrum from the supernova, with the main unknown being
the axion-to-photon coupling constant (gaγγ).
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3. The suggestion

The concept of this work is similar with that given in ref. [7]. The main difference is
the choise of the magnetic field between the axion source and the γ−ray detector, where
the axion conversion takes place; we suggest to use the solar (∼ 2 gauss) and/or the
terrestrial (∼ 0.5 gauss) magnetic fields. In order to justify this choise, we give below
two relations, which describe the axion interaction inside a static magnetic field.

Firstly, the transverse magnetic field strength B, its length L and the axion-to-photon
coupling constant gaγγ are the fundamental parameters in the calculation of the coherent
axion-to-photon conversion inside B. The probability to have a photon from an energetic
axion entering perpendicularly a 1 T·m magnetic field , is [5, 6, 10]

Pa→γ =
(
gBL

2

)2

= 2.5× 10−21

[
B

1T

L

1m

gaγγ

10−10GeV −1

]2

, (2)

It is interesting to notice the (B · L)2 dependence of the coherent axion-to-photon con-
version rate.

Secondly, for massive axions, in order to fullfil the coherence relation (2), i.e. to
exclude deconstructive axion-photon interference over the magnetic field length (L), the
axion rest mass (ma) and its total energy (Ea = Eγ = h̄ω) must satisfy a second relation
[5, 6]

L ≤
(2πh̄c) · (h̄ω)

|m2
a −m

2
γ |c

4
(3)

In this relation, mγ reflects the acquired mass of the photons inside matter, which

depends on the electron density : mγ[µeV ] ≈ 0.37×
√
ρe[108/cm3]. Thus, for an electron

density ρe ≤ 108/cm3 (i.e. mγ � ma), which can be the case with the considered
terrestrial and solar regions [11], relation (3) becomes

L ≤
(2πh̄c) · (h̄ω)

m2
ac

4
(4)

Inserting ma ≈ 10−4eV and Ēa ≈ 160 MeV into this relation, the resulting coherence
length (for Ea ≥ 50 MeV) can be as large as

L ≈ 4 · 109 m ≈ 6R� (5)

Similarly, for ma ≈ 10−4eV and Ea = 511 keV it follows :

L ≈ 107 m ≈ 1R⊕ (6)

One should notice that the study in ref. [7] is sensitive to axions with rest mass below
10−9eV, because they used the much longer coherent-galactic-magnetic field (∼ 1 kpc);
this mass range is far below the open axion mass window (ma ≈ 10−(4±2) eV).

Thus, taken into account the coherence lengths given in relations (5) and (6), the
Earth’s magnetic field is in this respect just appropriate for an axion threshold energy
of ∼ 500 keV, while the more efficient solar magnetic field, fits to high energy axions
(Ea ≥ 50 MeV). We take for the terrestrial and solar B · L values

(B · L)⊕ ≈ 300 T ·m, and, (B · L)� ≈ 3 · 104 T ·m , (7)

3



respectively. It is worth mentioning that solar flares with ∼ kgauss magnetic fields and
some 103 km in size can have B · L ≈ 105 − 106 T · m. For comparison, one should
keep in mind that laboratory magnetic axion spectrometers use magnetic fields with
B · L ≈ 10− 100 T ·m at best [5, 6, 12]; inspite of the ∼ 2− 10 T field strength, they
have to be anyhow short (s. relation (4)), because of the much lower expected solar
axion energy (∼ 4 keV).

With relation (2) we can estimate the conversion probability Pa→γ for an energetic
axion propagating inside the Sun’s, or, Earth’s magnetic field :

P�a→γ = 2.5× 10−12 ·

[
(B · L)

(3 · 104 T ·m)

gaγγ

10−10GeV −1

]2

(8)

and

P⊕a→γ = 2.5× 10−16 ·

[
(B · L)

(300 T ·m)

gaγγ

10−10GeV −1

]2

(9)

The Earth’s magnetic field allows in principle for a simultaneous ∼ 2π survey of the sky,
even though the field of view (f.o.v.) of an individual (orbiting) detector is smaller. This
is not the case with the solar field; as the Earth and the Sun change continuously their
orientation in space, one can scan ‘through the sun’ a big part of the sky with ∼ 0.5o

opening angle. We consider an effective solar axion conversion region of a few solar radii
(see relation (5)) including the Sun.

To be more specific, we give a numerical example for a supernova, which might be
taken as reference for other violent astrophysical events. The expected integrated axion
flux (Φa) on Earth from a supernova explosion, which lasts some ∼ 10-20 seconds and
is at a distance D ≈ 6 kpc, is [7]

Φa(Ēa ≈ 160 MeV ) ≈ 2.5 · 109 axions · cm−2 ·
[

gaγγ

10−10GeV −1

]2

·

[
6 kpc

D

]2

, (10)

with the axions created from the scattering of thermal photons on protons through the
Primakoff effect (pγ → pa). The energy released by the axions is ∼ 100 times smaller
than the energy released through the escaping neutrino burst.

Combining relations (8), (9) and (10), we estimate the signal S� = P�a→γ ×Φa for an
orbiting detector. The flux of axions from the supernova converts into photons of ∼160
MeV in the solar field and gives the final signal :

S� ≈ 6 · 10−3 cm−2 ·
[

gaγγ

10−10GeV −1

]4

≈ 8 cm−2 ·
[

gaγγ

6 · 10−10GeV −1

]4

(11)

Similarly, the intervening terrestrial field yields :

S⊕ ≈ 6 · 10−7 cm−2 ·
[

gaγγ
10−10GeV −1

]4

≈ 8 · 10−4 cm−2 ·
[

gaγγ
6 · 10−10GeV −1

]4

(12)

Notice the (gaγγ)
4 dependence of the signal, while gaγγ ≤ 6 ·10−10GeV −1 is the presently

best experimental limit for the coupling constant [12].
In a supernova explosion electrons and positrons are created by the interacting neutri-

nos above the neutrinosphere (ρ ≤ 1011g/cm3) via the reactions νν̄ → e+e−, νep→ pe−

and ν̄ep→ ne+, the dominant processes which generate neutrino opacity [13]. A similar
situation might arise in the case of two merging neutron stars [14]. While the annihilation
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γ-line of those positrons is completely shielded, axions created in the e+e−-annihilation
can escape. It is worth remembering that 511 keV axion search, following the reac-
tion e+e− → γa, has been performed already in laboratory experiments with positron
sources [22]. Needless to say that the same process could occur with those obscured
intense positron places in the Universe, while the intervening terrestrial or any other
magnetic field works as axion-to-photon converter (s. section 5.).

Obviously, the solar signature (S�) will show-up when the detector, the Sun and the
axion source are aligned within ∼ 0.5o, in which case the f.o.v. of the detector sees the
axion source. The geometry with the Earth’s magnetic field is actually free from such
constraints, however, the conversion efficiency is smaller (s. relation (8) and (9)). In
other words, taking into account the suggested axion conversion inside the terrestrial or
solar magnetic field in the evaluation of γ-ray data, an orbiting gamma detector is also
an axion telescope, scaning continuously the sky for such events.
Background: The isotropic cosmic γ-ray flux above ∼100 MeV is ∼ 10−5γ ′s/cm2 ·s ·sr
while that from the Galactic plane is by a factor of ∼ 10 higher [15]. Furthermore, the
electromagnetic/hadronic interaction of the cosmic radiation with the Sun must give rise
to energetic photons, and in addition there are γ-rays from solar activity, e.g. flares [16].
Sofar, the orbiting EGRET detector measured an excess of high-energy gamma radiation
from the moon. The lunar flux above 100 MeV is ∼ 5 · 10−7γ ′s/cm2 · s, while the limit
obtained for the quiet Sun is below ∼ 2 ·10−7γ ′s/cm2 ·s [15]. The 511 keV flux from the
Galactic Center is ∼ 2 · 10−4γ ′s/cm2 · s, with the 3γ annihilation continuum below 511
keV being by a factor ∼ 5 higher [17]. The observed Galactic positron annihilation rate
is ≥ 1043/sec [18]; those positrons can be created through the decay from radioactive
nuclei produced by supernovae, novae, and the massive Wolf-Rayet stars with violent
surface activity, but also from γ-γ pair production in the vicinity of an accreting black
hole [17], whose violence is probably without analog.
The axion signature : a) The axion signal associated with the Earth’s field will be
burst-like and in coincidence with some violent astrophysical event, e.g. a supernova.
This is a type of signal discussed in ref. [7]. b) Cosmic axions converted in the solar
field can be identified as an excess of γ-rays coming from the region of the Sun, provided
the direction from the detector to the Sun points at the same time to a specific source
outside the Sun, e.g. the Galactic Center. If a γ-ray excess is seen coincident with a
radio/optical/x-ray flare, then the gamma radiation could be from the flare. These flares
are monitored continuously by the GOES satellite, so screening out solar flare events is
straightforward. 1

4. Orbiting and Earth bound detectors

The requirements for the high energy gamma detector are actually obvious from the
previous considerations of the potential cosmic axion signature. We give here in sum-
mary the main optimum specifications : 1) threshold energy ∼ 0.5/50 MeV , with a
modest energy resolution being sufficient, 2) background suppression, 3) large detector
aperture/f.o.v., 4) angular resolution of a few degrees and 5) photon identification.

For example, EGRET satisfies most of the above requirements. The planned GLAST
project [20], with an effective area ∼ 8000 cm2 (above 1 GeV), f.o.v. covering ∼ 20% of
the sky, angular resolution of 2.5o (at 100 MeV) and 0.1o (above 10 GeV), energy range

1The rather strong magnetic fields in solar flares are also quite suitable axion converters. With
better understanding of solar flares the question arises whether γ-rays from axions could be identified
within solar flares observations (s. ref. [19] for very low-mass axions in the x-ray region).
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10 MeV to 300 GeV, energy resolution ∼ 10%, will be a factor of ∼ 30 more sensitive
than EGRET and it can become the best potential high energy cosmic axion antenna
in orbit.

For the search of the 511 keV line different orbiting detectors come into question.
The OSSE detector is certainly the best instrument in orbit since 1991 [21]; it has
∼ 2000 cm2 aperture at 511 keV, f.o.v. 3.8o × 11.4o, an energy resolution of 8% at 661
keV, while its energy range from 50 keV to 10 MeV is just complementary to the GLAST
performance. The planned European mission INTEGRAL will also be sensitive to 511
keV axions (energy range 15 keV to 10 MeV); its f.o.v. will be 4.8o− 16o and its targets
of observation will include the Galactic Center. Further, one should reconsider data from
detectors, which have had within their f.o.v. the region of SN1987A, eventhough there
is as yet no axion flux estimate at 511 keV from astrophysical places like a supernova or
other source in the sky.

Following the same reasoning at high energies, Earth bound detectors come also into
question, provided they have the required photon identification signature, and, the di-
rectional reconstruction of the incident photon. However, a sky survey ‘through the Sun’
requires a solar blind γ-detector, i.e., the detection technique can not use atmospheric
Cherenkov or scintillation light in the visible. The high energy γ-radiation seen from
the Moon with EGRET [15] and the observed shadowing of cosmic rays by the Sun and
the Moon, with surface [23] and deep underground detectors [24], show the feasibility of
this kind of investigations. 2

5. Discussion

We have used a supernova explosion as a representative astrophysical violent event, for
which a possible axion involvement below ∼ 300 MeV has been estimated already quan-
titatively. However, it is reasonable to assume that if axions or any other axion-like
particles exist, then, they could be copiously created in other flare stars or in transient
brightenings, which we know to release comparable or greater energy. This work sug-
gests primarily to utilize the terrestrial and the solar magnetic field as axion-to-photon
converters, in order to perform with orbiting detectors a sky survey, searching for cosmic
axions with energy above ∼ 0.5/50 MeV.

An axion signature can show-up either as a burst, or as an event rate being propor-
tional to the intervening (B · L)2 value between the hypothetical axion source and the
detector. This can be the case, for example, with the Earth’s field by comparing gamma
rates observed at different distances from the Earth. For example, the INTEGRAL
mission will fly between ∼ 10000 km and ∼ 150000 km.

2Similarly, in accelerators, high energy detector systems with their inner charged particle tracking
magnetic field surrounded by ∼ 4π electromagnetic calorimeter can also perform this kind of investi-
gations. In fact, they can operate parasitically for this purpose, provided they have a built-in trigger,
which allows to register any cosmic ray hitting the detector when the accelerator is OFF, or between
beam crossings. The potential axion signature, i.e. isolated energetic photons coming from the magnetic
field region, will be of interest independent on the time of occurence or direction of arrival. Fortunately,
background measurements can be performed by switching OFF the magnetic field. The effective B · L
value is usually ≈ 1 − 10 T · m, while the ∼ 1 m transverse field length makes them coherent high
energy axion converter for an axion rest mass up to 1-10 eV; their geometry allows to perform, however,
simultaneously a full sky high-energy axion survey. To the best of our knowledge, none magnetic detector
was ON to convert energetic or ∼511 keV axions during SN1987A.

A search for energetic axions can also be performed with the powerful accelerator bending magnets
[6], which have B · L ≈ 100 T ·m ≈ (B · L)⊕ and a built-in angular resolution/acceptance of ≤ 0.5o.
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We also mention a few other places in the sky as potential sources for axions.
a) astrophysical ‘beam dumps’ [8], e.g. relativistic ‘fireballs’, jets, etc., which seem to be
associated with the as yet enigmatic Gamma Ray Bursts (GRBs); the most powerful
explosions in the Universe after the Big Bang : the released energy (some 1052±2 ergs)
is probably much more than that from a supernova explosion [25, 26].
b) the Galactic Center (GC), which is one of the most dynamical regions in our Galaxy,
with numerous activities remaining hidden. For example, EGRET observed a γ-ray
source luminosity L ≈ 104L� in the energy range 30 MeV to 20 GeV [28]. Further, the
recent OSSE discovery of a giant cloud of positrons extending ∼ 1 kpc above the GC
was unexpected, since antimatter is thought to be relatively rare in the Universe.
c) close binaries, e.g. cataclysmic variables, hypernova [25], etc.

Inspite of missing predictive theoretical models for energetic cosmic axions beyond
those to be emitted from a supernova, we propose to implement this kind of investiga-
tions in the different photon detectors in orbit or on Earth. The realization of these
investigations require only an appropriate data re-evaluation and/or trigger. Such sky
surveys might unravel novel physical processes occuring deep inside a star or our Galaxy.

For cosmic axions with energy far above that expected to be emitted from a super-
nova, i.e. Ea � 108eV, also the ∼ kpc galactic magnetic fields considered in ref. [7] can
be very efficient axion converters for an axion rest mass in the open axion mass range (s.
rel. (4)). Of course, no orbiting detector can measure the energy of such very energetic
photons. However, for the purpose of this suggestion, a mere photon identification might
well be sufficient as a first signature.

An additional perspective, of no minor importance, is the possibility to create and
detect, during the quasi ‘beam dump’ of the cosmic radiation into the Sun, axions or
other new weakly interacting particles with similar couplings [27]. Because of the huge
thickness of the Sun, even a very weakly interacting component of the cosmic radiation
might interact there, which is beyond reach in accelerator beam dump experiments. In
addition, the advantage of this configuration compared with accelerator experiments
is the much higher cosmic energy, combined with the built-in highly efficient coherent
axion-to-photon conversion inside the solar magnetic field.

Finally, inspired by the celebrated microlensing phenomenon [29], it does not escape
our attention that the considered alignement between the cosmic axion-source, the solar
field and the γ-detector can also happen with another magnetic star in the sky replacing
the Sun [30]. The axion interaction can be enhanced in stars having strong magnetic
fields, e.g. for B ≥ 1012 gauss [25, 31] around a neutron star, or B ≤ 109 gauss around a
white dwarf [30], where the B ·L-values can be above ∼ 1012 T ·m; for certain parameter
values, the conversion efficiency axion-to-photon, and vice versa, might reach reasonable
values. In particular, the axion scenario could be present in eclipsing (close) binaries with
superstrong magnetic fields, whose configuration might imply a high degree of alignment
with the Earth. The small size of a neutron star allows coherence Primakoff interaction
also in the x-ray region [32]. Therefore, if axions exist, they could be responsible for
some of the time variable or transient cosmic γ-ray sources, including GRBs and Soft
Gamma-ray Repeaters.
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