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Abstract

Several unexpected astrophysical observations can be explained by gravitationally
captured massive axions or axion-like particles, which are produced inside the Sun
or other stars and are accumulated over cosmic times. Their radiative decay in so-
lar outer space would give rise to a ‘self-irradiation’ of the whole star, providing
the time-independent component of the corona heating source (we do not address
here the flaring Sun). In analogy with the Sun-irradiated Earth atmosphere, the
temperature and density gradient in the corona−chromosphere transition region is
suggestive for an omnipresent irradiation of the Sun, which is the strongest evidence
for the generic axion-like scenario. The same mechanism is compatible with phe-
nomena like the solar wind, the X-rays from the dark-side of the Moon, the X-Ray
Background Radiation, the diffuse X-ray excesses (below ∼ 1 keV), the non-cooling
of oldest Stars, etc. A temperature of ∼ 106 K is observed in various places, while
the radiative decay of a population of such elusive particles mimics a hot gas, which
fits unexpected astrophysical X-ray observations. Furthermore, the recently recon-
structed quiet solar X-ray spectrum during solar minimum supports this work, since
it covers the expected energy range, and it is consistent with the result of a simu-
lation based on Kaluza-Klein axions above ∼ 1 keV. The derived axion luminosity
(La ≈ 0.16L�) fits the cosmic energy density spectrum and is compatible within
2σ with the recent SNO result, showing the important interplay between any ex-
otic energy loss mechanism and neutrino production. At lower energies, using also
a ROSAT observation, only ∼ 3% of the X-ray intensity is explained. Data from
orbiting X-ray Telescopes provide upper limits for particle decay rates 1 AU from
the Sun, and suggest new types of searches on Earth or in space. In particular,
X-ray observatories, with an unrivalled equivalent fiducial volume of ∼ 103 m3 for
the 0.1 - 10 keV range, can search for the radiative decay of new particles even from
existing data. This work introduces the elongation angle of the X-ray Telescope
relative to the Sun as a relevant new parameter.
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1 INTRODUCTION
The direct detection of dark-matter (DM) particles has proved elusive since the first

gravitational observation of non-luminous matter in the Universe. So far, the outcome of
the intense experimental and theoretical work in the field of dark matter during the last
∼ 20 years was the birth of the new discipline of astroparticle physics.

In this work, a rather old question is reconsidered as to whether a large number of as
yet unexplained astrophysical phenomena occur because of the involvement of novel very
weakly interacting particles or additional as yet unknown properties of existing particles.
For example, in order to explain the ionization state of the intergalactic medium, and the
anomalous ionization of the interstellar medium [1], speculations included a widespread
source of ionizing UV-photons from the electromagnetic decay of real or hypothetical ex-
otic particles (clustered in haloes) [2], e.g., massive dark-matter neutrinos [3, 4]; however,
observations appear to have ruled out this model [1, 5]. Considerations based on axions
apply as well, invoking either its 2γ decay mode or its coherent conversion to a photon
inside astrophysical electric/magnetic fields via the Primakoff effect 1).

Recently, in order to explain the as yet unknown underlying mechanism(s) of the
Gamma Ray Bursts, massive axions with properties far beyond the widely accepted the-
oretical axion concepts have been considered, providing a built-in dissipationless energy
transfer mechanism from the hypothetical energy generating core to the outside layers
some 100−1000 km away [9]. Even though none of such intriguing ideas has been estab-
lished so far [10], an additional electromagnetic energy source in the cosmos seems to
be necessary. Structure formation in warm dark matter (WDM) cosmological models [11]
provides a lower limit to the mass of the WDM particle candidate of ∼ 0.75 keV, but with
a radiative decay lifetime as large as ∼ 1016×Hubble time; however, halos in Galaxies and
clusters of Galaxies can be an enormous ”fiducial volume” of DM particles.

In this work, we argue that the photon emission of some hypothetical particles,
referred to more generally as ‘axion-like’, could be involved in different unexplained astro-
physical observations. An extensive search of astrophysical literature has been undertaken,
which includes also some 10–50 years old observations. In this work we focus mainly on :

a) the solar corona problem and related observations;

b) the observed X-rays from the direction of the dark side of the Moon;

c) the soft-X-ray background radiation;

d) the (diffuse) soft X-ray excess phenomenon;

e) first simulation results in the frame of an axion scenario.

Following the reasoning of this work, we also suggest performing a specific axion search
in a new type of experiment, either on the surface (and in space) or underground, aiming
directly at detecting the 2γ decay / interaction mode. The alternative case of a single
photon emission seems to be beyond the present sensitivity of an Earth-bound detector
and only orbiting X-ray telescopes could be considered. In addition, some astrophysical

1) a) The absence of a monochromatic axion line from the night Sky expected from the a → γγ decay
of relic axions in the visible [6] almost excluded an axion rest mass in the ∼ 1–10 eV range. b) Until
recently, a conventionally expected thermal X-ray spectrum from solar axions converted inside the
solar magnetic fields with mean energy of ∼ 4.4 keV could not have been disentangled from the
derived solar X-ray spectrum (e.g. Ref. [7]). In any case, such a mechanism could not explain the
main observations addressed in this work, because such converted axions give rise to photons always
emitted away from the Sun. Moreover, even in the scenario of massive axions from the Sun, the
possibility to detect photons emitted in flight through axion decays was considered to be ”presumably
indistinguishable from the general background radiation” [8].
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measurements could be reconsidered or re-analysed. X-ray space detectors could operate
also as sensitive orbiting axion telescopes.

2 OBSERVATIONAL EVIDENCE
In this section we present some not yet understood astrophysical phenomena or

experimental results, which can be explained within the frame of the same axion-like
scenario.

2.1 Solar corona
The existence of the solar corona has been known for more than 100 years. However,

solar X-rays have been measured only over the last 50 years, providing an unexpected and
anomalously high temperature [12, 13, 14]. The corona is the only atmospheric layer of the
Sun that emits almost thermally in X-rays [15]. The average temperature of the quiet-Sun
corona is ∼ 2 ·106 K. Although its phenomenology is well understood, the coronal heating
remains one of the most puzzling problems in solar physics [12, 14, 16, 17, 18, 19, 20, 21,
22, 23, 24]. Recently, reconstructed X-ray energy spectra have been published, providing
additional valuable information about our Sun, such as temperature, solar cycle dynamics,
etc. [16]. The quiet-Sun X-ray luminosity represents only a fraction of ≤ 10−7 of the total
solar luminosity (Lx

� ≈ 2 · 1027 erg/s at solar maximum [25, 26, 27], which never drops to
zero). Therefore, energy balance problems are irrelevant 2). Thus, the main puzzles with
the solar corona and the very thin [30] transition region (TR) between the corona and the
underlying chromosphere (the least understood region of the solar atmosphere [31]) are
the following :

a) The hot corona cannot be in equilibrium with the ∼ 300 times cooler solar surface
underneath (violating thus the second law of thermodynamics [32]), which emits an
almost perfect blackbody radiation in the visible [33] (Fig. 1b).

b) In order to maintain the quiet Sun high temperature corona, some nonthermally
supplied energy must be dissipated in the upper atmosphere [34], which is lost as a
large inward heat flux into the transition region, solar wind energy and transition
region pressure [35, 36]; these processes are thermodynamically allowed, because of
the purported coronal temperature increase with height.

c) One must explain the abrupt (in some models [37] even within ∼ 100 km) tempera-
ture increase (from ∼ 8 ·103 K to ∼ 5 ·105 K) in the chromosphere/corona transition
region (Fig. 1a), against physical expectation [38, 39, 40, 41] 3).

This is ‘the solar corona problem’, which is well stated in a recent review article [29] :
”everything above the photosphere ..... would not be there at all”.

2) In this work we refer to the quiet Sun, where also nano-flares occur [28] and they could account for
a significant fraction of the coronal heating [29]. The X-ray power of the active Sun is higher by a
factor of ∼ 20, while its temperature of ≈ 8–20 MK [16, 27] is equal to that of the Sun core.

3) Note that most of the solar light comes from the ∼ 100 km visible photosphere (∼ 5800 K). Above
that, there is the chromosphere which is astonishingly hot (up to 25 000 K), and above that, the corona
(up to a few MK and locally much more [39]). Corona X-rays have been observed out to ∼ 1 solar
radius. The outer corona expands into the interplanetary space and slowly cools off. At ∼ 1–100 AU
the temperature is still ∼ 105 K [42] (see also R.F. Stein in Ref. [38]). If the corona is heated by thermal
processes, it could not be hotter than the photosphere. The second law of thermodynamics precludes
thermal transfer from the relatively cool photosphere to the much hotter corona [32]. Therefore, it must
be heated by some non-thermal process [38, 42], e.g., by electromagnetic energy input [32]. Obviously,
only below a certain density can the energy input (whatever the required nonthermal energy transfer
mechanism is in reality) be sufficient to increase the temperature or trigger an unexpected process.
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The step-like change of the corona temperature coincides in space with a similar
(opposite) density gradient (Fig. 1a), thus suggesting a common origin. Qualitatively, this
peculiar behaviour of the Sun atmosphere is suggestive for some external irradiation (pres-
sure) acting on the whole Sun, and only such a configuration can cause the ‘compression’
and the heating of the intervening solar atmosphere (= corona region). Depending on the
energy, these photons are absorbed mainly at a certain depth (as seen from outside the
Sun) due to the exponential increase of the density with decreasing height of the solar
atmosphere (see Fig. 1a and Ref. [38]). One should keep in mind that the density at
the place where both steps occur is ∼ 10−(12±1) g/cm3, i.e. an excellent vacuum, which
actually does not facilitate a conventional explanation of this observation.

The column density in the solar atmosphere at an altitude of ∼ 2000 km down
to ∼ 1000 km is ∼ 10 µg/cm2 to ∼ 1 mg/cm2, respectively [43] 4). We take the most
abundant 11 solar elements in neutral form (H, He, C, N, O, Ne, Mg, Si, Ar, Ca, and Fe),
in order to make a rough estimate of the energy of incident photons which can be absorbed
at such depths of the solar atmosphere. Photons with an energy below ∼ 50 to 350 eV,
hitting the solar surface perpendicularly (i.e. at the minimum absorption thickness) can be
absorbed at the considered depths [46]. The higher energetic X-rays penetrate deeper into
the underlying chromosphere, where the onset of the anomalous temperature rise above
the photosphere occurs. Remarkably, the observationally reconstructed solar X-rays [16]
above ∼ 1 keV have a mean free path into the Sun atmosphere of ∼ 10 mg/cm2 (Eγ ≈1
keV) and ∼ 1 g/cm2 (Eγ ≈ 6 to 8 keV), corresponding to heights of ∼ 700 km and ∼ 200
km, respectively. Interestingly, at a height of ∼ 500 km there is a temperature minimum
of ∼ 4000oK [31], while X-rays below a few keV barely reach this place; a wide energy
distribution of incident X-rays above 1 - 2 keV [16] could be related to the relatively slow
increase of the chromosphere’s temperature with height. Note that the coronal heating
problem cannot be solved without including energization processes in the chromosphere and
the transition region [47].

All these findings and problems associated with the solar atmosphere can be recon-
ciled by assuming axion(-like) particles which stream out of the interior of the Sun and
undergo photon decay, giving rise to the occurence of otherwise unexpected nonthermal
phenomena. The photons from the a → γγ decay are emitted isotropically, i.e. also to-
wards the Sun, resulting to an external illumination of the whole solar atmosphere5). In
the dense interior of the Sun the axions can only have a negligible impact due to energy
considerations, thus avoiding any conflict with the generally accepted solar model(s).
However, above some altitude, i.e. below a certain density, the thermodynamical equi-
librium starts getting disturbed because of an additional external energy input, coming
−ironically− from the Sun itself. Without taking into account this energy source, the
temperature appears to increase to thermodynamically not allowed values across the chro-
mosphere and in particular across the narrow transition region.

The striking similarity of the temperature and density dependence on the altitude
between the solar irradiation of the Earth atmosphere and Sun atmosphere [33], in par-

4) Observations suggest that there is considerable roughness and variability of the transition region
[29, 44], which might consist of many sharp temperature jumps in the different places, but not always
at the same height [45] (see also ref. [37]). Therefore, we use first these two penetration depths in our
order of magnitude numerical calculation of the photoelectric absorption of the soft X-rays, in order
to derive approximately the X-ray energy from the assumed axion decays around the Sun.

5) The bombardement of the Sun by cosmic material has been proposed some 50 years ago, in order to
explain the Sun’s dynamical behaviour, but this scenario was later ruled out [48].
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ticular around the transition region, strongly supports the conclusion of an external il-
lumination of the Sun in the UV−X-ray region (compare Fig. 1a with Fig. 1d). The
observation made in the atmosphere of Venus [49] seems to be relevant too : due to the
solar irradiation, its nightside density (ρ ≈ 10−15 g/cm3 at a height of 170–190 km) and
temperature increase during local day time by a factor of 10 and 30%, respectively. The
photoionization rate peaks at an altitude of ∼ 140 km [50]. The planetary absorption
depth of the solar radiation reflects the energy of this radiation [33] (see Fig. 1c). Simi-
larly, we conclude that for the case of the solar atmosphere the photons emitted towards
the Sun from the decay of nearby exotic particles (a → γγ) must have an energy mainly
around ∼ 200 eV and also of a few keV. This fits the appearance of the abrupt TR and
the rather slowly increasing chromosphere temperature with height [51, 52]. Moreover,
Monte Carlo simulations of X-rays irradiated stellar atmospheres [53] and accretion disks
[54] predict a similar stepwise temperature gradient as those shown in Fig. 1 for the Earth
and Sun atmospheres.

In addition, the following observation is compatible with the scenario of an external
whole Sun X-ray irradiation. In coronal holes, where the electron density is by a factor of
2 to 3 lower than normal quiet-Sun regions [52, 55, 56], it was found that the thickness
of the transition region is also larger than in near quiet-Sun regions [57] (see also ref. [58]
p. 154).

Related observations.

1) The solar wind : the suggested axion scenario could also explain the apparently not so
unrelated origin of the solar wind, whose acceleration mechanism is one of the outstanding
problems in solar physics [59]. The proton wind has a low velocity component (∼ 350 -
500 km/s) and a fast one (above ∼ 750 km/s) [38, 60, 61]. The high speed solar wind
outflows are accelerated very close to the solar surface [62]. The solar wind originates from
the coronal holes, which are open magnetic field regions with a temperature of ∼ 1 MK
[63] (see also ref. [38]).

We use in what follows the low X-ray energy derived above (Eγ ∼ 200 eV) in our
attempt to reproduce main corona features, while the hard X-rays apply as well; the
ejected photoelectrons basically carry away the energy of the photon, i.e. their velocity is
ve ≤ 8500 km/s. Let the number of the photoelectrons be equal to that of the protons.
Then, the onset of the equilibration [64] between electrons and protons results to a proton
kinetic energy of Tp ≤ 200 eV, i.e. a proton velocity vp ∼ 200 km/s. This certainly not
rigorous estimate provides a rather reasonable value compared to the measured proton
peak at vp ≈ 500 km/s [61]. Note that the derived electron velocities leave room for
much higher ion velocities, including the high speed proton wind (up to ∼ 1200 km/s),
which makes only ∼ 10−5-10−6 of the bulk proton intensity. At this level, some protons
might acquire more speed from the ambient electron gas, e.g., due to a locally smaller
proton-to-electron density ratio 6), or some other transient conditions.

2) The stellar coronae : like our Sun, many other Stars also have outer layers that
are hotter than the underlying photosphere, giving rise to corona formation. Observa-
tions suggest that the corona of the Sun and the stellar coronae have common heating

6) Ions merged with a faster moving electron bunch exchange momentum-energy. If the number of the
ions is relatively small, they may reach the velocity of the surrounding electron cloud, somehow similar
to the old collective ion accelerator concept [65]. Also, the electron cooling in accelerators is based on
the ”heat exchange” between the ions and the electron gas [66].
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mechanism(s) [12, 42, 67]. Therefore, the solar corona problem is not just a solar prob-
lem [12, 42, 67] and our conclusions based on solar observations become rather global.
Measurements of UV and X-rays have revealed the ubiquitous presence of solar-like tran-
sition regions and coronae [68] in outer atmospheres of completely different types of Stars
−from the coolest M-type dwarfs (mass ≤ 0.3 M�) 7) to evolved giants− being ”perhaps
disappointing similar” [5]. Thus, cool Stars without a surrounding corona either do not
exist or are very rare [25]. Therefore, the question about what heats the coronae of the
Sun or other cool stars is one of the outstanding problems in astrophysics [68, 70, 71].

3) The old Stars : it was pointed out already in 1926 by Eddington that a Star in a steady
state (= in radiative equilibrium) necessarily re-emits completely the radiation falling on
it [72]. The incident radiation maintains the surface layers at a temperature higher than
they would otherwise have [73], and they radiate back in space the absorbed energy in
addition to that which they would radiate in the absence of the incident radiation. As with
the suggested axion-related irradiation of the Sun, a similar self-irradiation of the Star
by unstable and long-lived axion-like particles can also take place. Then, some related
phenomena should have been observed −even unintentionally− also from the oldest
astrophysical objects whose activity in general decreases with age [74]. Thus, we looked
for observational evidence from the following fossil Stars :
a) Millisecond Pulsars with a spin-down age of ∼ 1 to 10 Gyr; according to the Standard
Models for cooling, without a strong reheating mechanism [75], they are too old to expect
any detectable thermal X-ray emission [76]. In one case, with the observed EUV emission,
all conventional possibilities were ruled out [75] 8). X-ray emission of as yet unknown
origin has also been detected from a group of msec Pulsars [77].
b) White Dwarfs (WDs) with an age above ∼ 10 Gyr, which are the very last evolution
phase of a Star (as our ∼ 4.6 Gyr old Sun will be in ∼ 6 Gyr). We give here a few findings
for these Earth-size objects with mass M≈ 0.6 M� :

1. Coronal X-rays have been detected from a WD with a temperature of (0.2 - 0.3)·106K
[78] 9).

2. The abrupt and steep decrease of the number of WDs at very cool temperatures
(below ∼4000 K) cannot easily be explained as a cooling effect, i.e. WDs have had
not sufficient time to cool [80]. A recent proposal [81] to resolve the mystery shows
a lack of understanding of the actual physical conditions.

3. Unexpectedly, WDs appear to be usually much younger than Pulsars in old binary
systems, which should have the same age; in one case the cooling models provided
0.3 Gyr for the WD, while the spin-down age of the Pulsar was ∼ 7 Gyr. This is
suggestive for an additional heating source, which slows down the cooling of the
WDs [82].

Qualitatively, such diverse observations are in favour of axion-like particles gravitationally
trapped by the Star itself. If these particles are sufficiently long lived, a part of them can
survive the evolutionary steps of the Star, giving rise to astrophysical phenomena like

7) Interestingly, according to ref. [69], such Stars being fully convective could not sustain a dynamo
which was thought to be necessary for solar activities. And, these two experts add : ”Thumbing their
nose at theory, these Stars still possess energetic coronas”.

8) Magnetic monopole catalyzed nucleon decay was considered as the additionally required heating
source.

9) If the captured population of particles around a Star is of Kaluza-Klein axion-type [79], then the older
the object the less massive axions survive, implying thus a decreasing coronal temperature with time.
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winds, stellar coronae, X-ray/EUV emission, non-cooling of old Stars, etc. The X-rays from
the decay of gravitationally captured axions can mimic thermal emission and could lead to
a wrong interpretation of the black body emission from the Star surface. For example, the
recently claimed evidence for a compact (quark) star [83] could be alternatively explained
by the mechanism suggested in this work.

2.2 X-rays from the direction of the dark side of the Moon
We reconsider here one lunar experiment performed by the ROSAT [84] orbiting X-

ray telescope in 1990, which provided the first X-ray ‘photo’ (Fig. 2) from the sunlit side of
the Moon [85]. In fact, with the X-ray telescope field-of-view aligned towards the Moon,
this configuration eliminated the ∼ 3.3× brighter diffuse X-ray background radiation
(XRB) (see Fig. 4 in Ref. [85]). ROSAT has also observed rather intense X-ray emission
coming from the optically dark side of the Moon (Fig. 2) : its shadow emits X-rays at
a level as high as 1% and 30% compared to that of the bright side of the Moon and of
the XRB radiation, respectively. It is interesting to note that all these three components
are extracted from the same X-ray image, and they have a quite similar spectral shape
(Fig. 3).

Within the axion scenario (see section 2.5), X-rays should come (obliquely) from
the Sun neighbourhood. An (isotropic) X-ray emission will mimic scattering of solar X-
rays by gas, plasma, dust, etc. [58], which is a well-known phenomenon in astrophysics.
The low-energy spectrum of the ubiquitous diffuse X-ray background radiation (XRB)
overlaps with the solar one (see Fig. 3), while its intensity is by no means negligible.
Thus, reprocessing of solar X-rays by matter in outer solar space and the XRB must
be taken into account, in order to correctly interpret existing data or to design a new
measurement following the reasoning of this work.

The interaction of the solar wind with the dark surface of the Moon has been
suggested as the source of these lunar X-rays [85]. Such an explanation should actually
be the natural one, but the estimated absolute intensity seemed not to be completely
satisfactory. Later, EUV lunar data [86] have shown that the decline in albedo from
FUV to X-ray wavelengths was more shallow than expected, and this was considered as
a possible evidence of lunar X-ray fluorescence (not reflection). Furthermore, Ref. [87]
reaches the tentative conclusion that there was no emission from the Moon itself, without
excluding the opposite [85]. In addition, a preliminary re-analysis [88] of this experimental
result reached the following tentative conclusions 10) :

a) The dark side of the Moon is brighter than expected by a factor of more than 10.
b) This excess is consistent with the effect of an X-ray emitting region around the

Earth.
From all these conclusions, it seems that a conventional reasoning has difficulties to
convisingly explain this (unexpected) lunar X-ray shadow. However, these X-ray photons
from the direction of the dark side of the Moon (Fig. 3B) fit the solar axion scenario (with
the axion energy being obviously twice that of Fig. 3B). It is interesting to note that the
energy of the bulk of these single photons (Fig. 3B) from the dark Moon direction (∼ 100
to ∼ 400 eV) coincides with that discussed in Section 2.1 (∼ 50 to ∼ 350 eV), while the
observed X-ray spectrum extends up to ∼ 2 keV; beyond this energy the response curve
of ROSAT diminishes.

In any case, from this lunar observation we derive the best experimental upper limit

10) The purpose was actually to propose a possible extra component of the soft XRB [88].
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for the radiative decay rate of exotic particle candidates at the site of the Earth. This is
a useful input for (future) experimental searches of this kind (see Section 3).

2.3 The X-ray background radiation (XRB)
The origin of the diffuse XRB radiation accidentally discovered in 1962 [89, 90]

remains a mystery [91] and is the most enduring problem in X-ray astrophysics [92, 93].
From a wealth of data about its galactic component below 1 keV, the existence of a
∼ 100 pc extended optically thin local ∼ 106 K (∼ 0.1 keV) hot plasma has been invented,
which fills the ‘Local Hot Bubble’ (LHB) [94] : a soft X-ray-emitting region around the
Sun, essentially free of neutral gas [95], whose origin is unknown [94, 96, 97]. The existence
of a hot gas as a major constituent of the interstellar medium follows from the observed
UV resonance absorption lines from highly ionized species such as O-VI [98], while recent
work [97] suggests either a much smaller temperature of the gas, or that it is hot but
also extremely metal deficient. Unexpectedly, no emission lines from such a hot plasma
were detected, and this result is disturbing [5]. However, in the suggested axion scenario,
a radiatively decaying population of trapped axions mimics a hot plasma (component),
and it remains hidden.

The soft XRB temperature component of ∼ 106 K [99] is encountered also in various
other places in the Universe. In the ∼ 0.1 - 0.8 keV band the XRB intensity exceeds the
extrapolated higher energy part [93, 100, 101, 102, 103, 104]; a broad diffuse soft excess
(below ∼ 1 keV) seems to be established [105]. Orbiting X-ray telescopes have found
ubiquitous plasmas above ∼ 106K, whose heating, however, is poorly understood [106],
while most of the baryons in the Universe are thought to reside in intergalactic space at
temperatures ∼ 106±1K [107].

Observations show that the XRB is comprised of the integrated contributions from
a large number of discrete sources (including Clusters of Galaxies) [108, 109, 110], with
only a small portion remaining unexplained [111]. In addition, the recently obtained XRB
spectrum [100, 102, 111], with a bump at ∼ 0.7 keV, coincides in energy with the bulk of
the spectrum of solar-type Stars [7]. The (same) axion scenario should apply though not
only to our Sun. In summary, the following observations are in favour of an axion related
scenario as the origin of the (soft) XRB :

a) The quiet-Sun corona [16, 34, 39, 112] and the coronae of other Stars [106] (most
late-type Stars are surrounded by hot (above 106K) corona [74]).

b) The Local Hot Bubble [113, 114, 115], and the galactic diffuse X-ray emission beyond
it [108, 114, 115, 116].

c) Intergalactic matter, which requires a significant amount of non-gravitational heat-
ing (see below).

d) A number of X-ray Clusters of Galaxies are better modelled using a second cooler
component of ∼ 106K [117]. Also, a soft excess (∼ 0.1 - 0.4 keV) from the central
Galaxy M87 of the Virgo cluster has been established; in order to prevent the
gas from rapidly cooling, some as-yet-undiscovered heat source must be at work
[118, 119, 120, 121].

For the extragalactic component of the XRB above ∼ 1 keV [104], where the bulk
of its energy density resides [122], a widespread optically thin and very hot uniform inter-
galactic medium (temperature ∼ 10–40 keV) has been ruled out by the lack of distortion
of the Planck spectrum of the 2.7 K Cosmic Microwave Background radiation (CMB)
[109, 123, 124, 125] : the Compton scattering with the very hot plasma electrons should
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generate a change in the CMB temperature (Sunyaev-Zel’dovich effect) [104]. For this
XRB radiation, an axion scenario could also be at work, requiring however accordingly
hot places in the Sky.

2.4 The soft X-ray excess phenomenon
Decay photons from axions gravitationally captured in the potential wells of galax-

ies, or clusters of galaxies have been searched for in the past as narrow lines in microwaves
[126] as well as in the visible [127]. By contrast, the radiative decay of massive axions
or axion-like particles should result primarily in a diffuse photon emission with a broad
energy distribution reflecting the temperature of their place of birth (e.g. the Sun core,
or the accreting disk of a massive black hole, etc.). In addition, if the observed X-rays
happen to be in excess of the conventionally expected ones, we are led to further consider
whether such an observation is in favour of this work 11). As usually in astrophysics, there
is, however, no luck of alternative explanations. Therefore, we address (throughout this
work) the mostly striking findings we are aware of, which lack any clear explanation.

We emphasize, among many astrophysical observations of a soft X-ray excess [129,
130], the recent discovery by ROSAT of the so far brightest diffuse soft X-ray excess from
a cluster of Galaxies [131] 12) : since all the competing models are confronted with serious
problems, a major effect must be at work in the intergalactic medium that has hitherto been
completely ignored. In addition, models of cluster formation, in which the intergalactic gas
falls into the dark matter dominated gravitational well, fail to reproduce basic observed
properties. Similarly, also other authors [134] conclude that there appears to be additional
physics driving Intra Cluster Medium (ICM).

In the following, we also mention some at first sight not so obviously relevant prop-
erties of astrophysical plasmas, which might well be of relevance, in particular when they
are seen collectively :
a) The entropy excess [135, 136], along with the estimated short cooling time compared
with the age of the medium [117], provided evidence for some kind of non-gravitational
heating of the ICM. Most viable sources of heating seem to be insufficient in bringing the
ICM to the observed entropy level, i.e., there is an energy crisis [137].
b) The unusually low metallicity 13), i.e. low elemental abundance [132, 136, 139, 140,
141, 142], could also come from an overestimated mass of the gas. Note that for a thermal

11) It is not unreasonable to assume that axions or other axion-like particles dominate the potential wells
of astrophysical objects like Galaxies, or Clusters of Galaxies where dark matter was first localized
by Zwicky in 1933 [128]. In order to make a rough estimate of their luminosity, we use for the axion
lifetime (τ) and the total mass (M) of a group of Galaxies the values τ ≈ 1017sec ≈ 3 Gyears and
M=1013M� ≈ 1067 erg, respectively. Thus, the derived luminosity is Lx ≈ 1067/1017 ≈ 1050 erg/s.
For comparison, the observed values are at Lobs

x ≈ 1042 erg/s. Therefore, even if the assumed axion
abundance and/or their decay rate is by several orders of magnitude smaller, X-rays from such huge
astrophysical agglomerates can still provide a sensitive signature for the putative unstable particles.

12) Sersic 159-03 with : Lx ≈ 1045 erg/s below 2 keV, redshift z=0.056, radial size of the X-ray emitting
region ≈ 800 kpc; the maximum iron abundance (=: metallicity) is Z=0.55×Z� in the central part
[132], decreasing exponentially outwards (Z�=solar metallicity). The dominant temperature is T≈ 2.6
keV; a cooler component has T= (0.8±0.2) keV and contributes by ∼ 2% in X-rays to the total X-ray
luminosity.
The soft excess phenomenon may be a common occurence in Galaxy Clusters [133].

13) For example : a) the metallicity of the nearby Galaxy NGC 1291 measured recently with CHANDRA is
Z=(0.04±0.02)×Z� [138]; b) groups of Galaxies have Z=(0.06 - 0.15)×Z�, which should be compared
with Z=(0.2 - 0.3)×Z� found in clusters [136]. One would naively expect the opposite, since the ratio
of stellar mass to gas mass is higher in groups than in clusters of Galaxies [136].
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plasma the X-ray luminosity is a measure of the gas mass. The radiative decay of captured
exotica by the same gravitational well pretends additional radiating gas, resulting in
a lower metallicity 14). Even though a mixture of gas temperatures could provide an
alternative explanation, according to a recent review article [136], the metallicity of the
intragroup medium remains an open issue 15).
c) The observed X-ray Luminosity-to-Gas Temperature relation in clusters of Galaxies is
inconsistent with the expected Lx ∼ T 2 relation, especially for small groups of Galaxies
(e.g., it was found that Lx ∼ T 8, or, Lx ∼ T 5) [136]. Again, X-ray emission from gravita-
tionally trapped massive axion-like particles can cause −in principle− any discrepancy
16). Note that a significant steepening appears to occur below ∼ 1 keV. The maximum
deviation appears for groups of Galaxies with T≈0.3 keV, and this was considered as an
indication for non-gravitational heating of the plasma [136, 144] 17); also, the estimated
excess entropy associated with preheating corresponds to a similar temperature [146, 147].
Furthermore, it seems that the central regions of small Clusters and groups of Galaxies
require a larger non-gravitational energy injection of ∼ 1 keV per particle [148] 18). Thus,
the axion scenario can accommodate the required additional energy source and the X-ray
luminosity [136].

2.5 Gravitationally trapped axions as a source of solar X-rays
If the solar X-rays observed near the Earth originate from two-photon decay of

axions produced in the Sun core, then the space around the Sun becomes a source of
X-rays. In this case one expects a correlation between the solar X-ray flux, the axion
density and the axion mean lifetime.

In this scenario the mean axion decay length must be much shorter than the Sun-
Earth distance, because we know that most of the solar X-rays originate from a region
near the solar surface. So, a mean axion lifetime τa of the order of one minute, or shorter,
is needed. The a → γγ decay rate is [149]

τ−1
a =

g2
aγγm

3
a

64π
(1)

where gaγγ is the a-γ-γ coupling constant and ma is the axion mass. For masses around
1 keV and a mean lifetime of 1 minute gaγγ is ∼ 1.5 × 10−3GeV −1. With such a value

14) Note also that most elliptical and other early type Galaxies possess a hot diffuse interstellar medium
(T≈0.5 - 1 keV). Equally puzzling with their low metallicity is the observed strong disagreement with
the expected radiation cooling (cooling time ≤ 108 years). In addition, there are no obvious sources
of gas heating [142].

15) A group is a small cluster of galaxies.
16) The X-ray temperature from clusters of Galaxies measures also the depth of the gravitational well

(given mainly by the dark matter), providing thus a crucial link between the physics of the plasma
and that of the dark matter condensations [143]. If the decay or any other process associated with
some exotica gives rise to the emission of X-rays, then, this link will be falsified depending on the
intensity of these additional photons.
For example, for the central ∼ 200 kpc of a Cluster of Galaxies a significant mass discrepancy between
X-ray and gravitational lensing methods seems to exist [145] : lensing mass

X−ray mass ≈ 2. The mass (M) enclosed
within a radius R is given by the relation M(R) ∼ R2 ·T . Thus, from a modified plasma temperature
T the derived mass will be wrong accordingly. Interestingly, the two methods yield consistent result
for large radii.

17) Probably even prior to its entry into the dark halos.
18) Within the axion scenario, this higher value should require more axions, i.e. more dark matter at the

central region, implying a deeper gravitational well, which is not so unreasonable to happen.
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the mean free path for a → γ conversions by inverse Primakoff effect inside the Sun
(aZ → γZ, see ref. [150]) is much shorter than the Sun radius and no axions can emerge
from the Sun [151].

This inconsistency can be avoided by assuming that the main source of solar X-rays
consists of accumulated long-lived axions, which are gravitationally trapped in closed
orbits around the Sun. In this scenario gaγγ can be small and, therefore, the axion interac-
tion mean free path in the Sun becomes extremely long (see below in this section). Axions
with lifetimes as long as the present age of the solar system (Ts ≈ 4.6 Gy), or longer, are
acceptable because sooner or later they all decay in the vicinity of the Sun by definition.
However, it is obvious that in this framework axions must not have a unique mass value,
because in this case the trapped axions have very low velocities (lower than the escape ve-
locity, vesc = 6.175×105m/s), and they decay to X-rays which are almost mono-energetic.
In addition, Peccei-Quinn axions from the Sun are expected to be relativistic, and, they
escape from the gravitational field of a Star like our Sun.

In order to investigate this scenario we have used a simulation program based on
the Kaluza-Klein (KK) axion model described in ref. [79]. In this model the lightest axion
is identified with the conventional Peccei-Quinn axion and there is an infinity of heavier
KK excitations separated in mass by 1/R, where R is the compactification radius (of the
order of 1 eV−1).

In this model axions are produced by the mechanisms of photon coalescence (γγ →
a) or Primakoff effect (γZ → aZ). The total solar axion luminosity La (namely the rate
of solar energy produced in the form of axions) is given by

La = A · L� ·
(

gaγγ

10−10GeV −1

)2

·
(

R

keV −1

)δ

(2)

where A is a numerical coefficient, L� = 3.85×1033 erg/s is the standard solar luminosity,
and δ is the number of extra dimensions. We use δ = 2 and R = 103keV −1 [79]. With this
choice the numerical values of A and the average energies of the produced axions (Ea)
are given in Table 1.

In our simulation axions with a continuous mass distribution between 0.01 and 20
keV are isotropically generated at different radii inside the Sun and are traced through
the Sun by numerical integration of the equations of motion. The radial dependence of
the solar temperature and density are taken from ref. [152]. At the Sun surface only
axions with velocities v below the escape velocity vesc are considered further. Axions with
v > vesc are discarded because they leave the solar system before decaying. Typical orbits
of trapped axions are shown in Fig. 4.

The fractions of trapped axions for the two production mechanisms are given in
Table 1 for the two production mechanisms. The trapping fraction is much smaller for
axions produced by Primakoff effect, because in this case the target is at rest and it is
more difficult to produce low momentum axions.

Fig. 5 shows the velocity distribution at production for axions produced by the
mechanism of photon coalescence. The trapped axion mass distributions for the two mech-
anisms are shown in Fig. 6.

We note that in this model it is assumed that the electric charges are isolated and the
initial state photons are massless. Both assumptions are not correct because the effective
photon mass in the Sun core is given by the plasma energy [150], which is typically of the
order of 300 eV. A non-zero photon mass is likely to affect the results of our simulation
especially for gravitationally trapped axions which are produced with low velocities by
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definition. A more correct model should take this effect into account. Our intention here
is to limit our study to a qualitative assessment of this scenario.

The radial density of the axions gravitationally trapped around the Sun is recon-
structed from the distribution of the parameters describing the elliptical orbits outside
the Sun. In this scenario the total number of trapped axions is an increasing function of
time

Na(t) = Raτa(1− e−t/τa) , (3)

where Ra is the trapped axion production rate under the simplifying assumption of a
steady Sun. Obviously, both Ra and τa depend on the axion mass ma and on the coupling
constan gaγγ . The present axion decay rate is then

Da(Ts) = Ra(1− e−Ts/τa) . (4)

For a given value of gaγγ we can predict the present density of trapped solar axions as
a function of the distance from the Sun using Eqs. (1), (2) and (3). From this distribution,
using Eq. (4) we predict the present solar X-ray spectrum on Earth and the apparent solar
X-ray luminosity (Lx) by calculating the X-ray flux from axion decay through a spherical
surface of 1 AU radius centred at the Sun. We then determine the value of gaγγ by requiring
that our predicted X-ray luminosity be equal to the experimentally reconstructed one, i.e.
L2−8keV

x ∼ 1023 erg/s (this value corresponds to the solar X-ray spectrum reconstructed
for the ASCA/SIS detector at Sun minimum and integrated over the energy interval
from 2 to 8 keV [16] (see also below)). This procedure gives gaγγ = 9.2 · 10−14 GeV −1.
With such a value of gaγγ , the axion interaction cross section via the Primakoff effect
is below ∼ 10−54 cm2 [150], corresponding to a mean free path much larger than the
total trapped axion flight path even for the age of the Universe. The apparent X-ray
luminosities and total axion luminosities obtained from this value of gaγγ are given in
Table 1. Fig. 7 shows the trapped axion density as a function of the distance from the
Sun (for gaγγ = 9.2 · 10−14 GeV −1). The predicted X-ray spectrum is displayed in Fig. 8.
We note that in this scenario, and with the value of gaγγ given above, the total solar axion
luminosity (for both production mechanisms) is La = 6.1×1032 erg/s (see Table 1), which
is ∼ 16% of the standard solar luminosity L�.

Table 1: List of parameter values

Photon coalescence Primakoff effect
ftrap 9× 10−8 5× 10−11

 L2−8keV
x (erg/s) 1.0× 1023 2× 1019

A 0.067 0.12
Ea(erg) 1.1× 10−8 6.2× 10−9

La(erg/s) 2.18× 1032 3.91× 1032

It is known that any exotic energy loss process in the Sun is overcompensated by an
increased consumption of nuclear fuel in the core and results, therefore, in a temperature
increase in the core [153]. Until recently, this temperature was mainly constrained by
helioseismology [154], excluding any exotic energy loss process much in excess of the
0.2L� level. However, the SNO experiment has very recently measured the total neutrino

11



flux from 8B decay in the solar core independently of the neutrino flavour [155]. This flux,
Φν = (6.4 ± 1.7) × 106/cm2s, provides a more stringent constraint to the temperature
of the solar core (T = (15.74 ± 0.19) MK) and, therefore, to the energy loss rate from
any exotic process, which is now limited to (0.037 ± 0.063)L� [154]; i.e., the value of
La = 0.16L� is still allowed within 2σ. Because of the rather crude assumptions involved
in our generic model, we do not consider this limit as a serious disagreement with the
scenario suggested here. One day, if axions or other particles with similar couplings are
discovered and neutrino data are more accurate, they can provide very important mutual
constraints.

We also note that the axion mean lifetime is much longer than the age of the
solar system: as an example, for an axion mass of 5 keV we find τa = 1.25 × 1020 s
≈ 4000 Gyears. Such a lifetime is actually quite short for conventional axions. An axion
related solar X-ray luminosity −as it is advocated in this work− contains then the
whole Sun history since its birth (or even before?). With these values for La, τa and the
mean axion velocity being v ≈ 0.6 c (Fig. 5), we calculate, for comparison, the X-ray
luminosity within 1 AU around the Sun coming from escaping axions decaying in flight :
L2−8keV

x (escaping axions) ≈ 103s
1020s

× 6.1 · 1032 erg/s ≈ 1016 erg/s. This makes only 10−7 of
the X-ray luminosity expected from the decay of the same but trapped solar axions (see
Table 1).

An additional comparison is of interest. If an axion related luminosity of 0.16L�
applies to all stars, and the axion lifetime is ∼ 400× the age of the Universe, this gives a
ratio

total photon energy from axions
total photon energy

≈ 0.16
400

≈ 0.4 · 10−3

From the wide band cosmic energy density spectrum [156] the ratio between the 2-10 keV
range and the visible band is ∼2 to 3×10−3. Resolved X-ray sources account for ∼ 80% of
the cosmic hard X-ray background (XRB) [105]. However, only ∼ 40% of the hard X-ray
sources (mainly AGN) are luminous and the rest have faint or, in some cases, undetectable,
optical counterparts (see Mushotzky et al. in ref.[110]). Then, for the remaining (diffuse)
component this ratio becomes ∼ 10−3, which is consistent with the axion-to-photon energy
ratio (∼ 0.4 · 10−3) of this work. Interestingly, our generic axion model along with the
assumption that the Sun is representative for all stars in the Universe agrees well with
the cosmic energy density spectrum.

2.6 Discussion
In the following we compare the predictions of the axion scenario simulation with

solar X-ray data, suggesting also how X-ray observatories can be utilized in this field. In so
doing, we go a step further from the primary evidence based on the temperature/density
distributions in the solar atmosphere, where the temperature rises outwards instead of
decreasing, and it even exceeds 106K. We refer to the quiet Sun, i.e. non-flaring Sun,
during the solar minimum (this does not imply that the ’active’ Sun is not of potential
interest). Other effects of possible relevance are adressed too. Thus :

1) The simulated gravitational capture rates (see Table 1) for the two axion production
mechanisms are rather reasonable, in particular for the γγ-coalescence mode. The
integrated axion luminosities (La) are not inconsistent with the solar luminosity
(L�) [154].

2) The shape of the reconstructed solar X-ray spectrum (see Fig. 9) is consistent with
the predicted one from axion decays for energies above ∼ 1 keV (Fig. 8). The bulk
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of the observed X-rays is, however, in the sub-keV range. From Fig. 9 the solar
luminosity in the 2 to 8 keV band is a factor of ∼ 102 lower than that between 0.5
and 2 keV, i.e. with L0.5−2keV

x ∼ 1025 erg/s at solar minimum [16], it follows that
L2−8keV

x ∼ 1023 erg/s.
3) In the reconstructed solar X-ray spectrum (Fig. 9), the soft X-ray energy ”excess”

below 1 to 2 keV might be due to a possible electron Bremsstrahlung process, which
can produce axions via the axion-to-electron coupling [150]. Taking into account the
results of our simulation with the Primakoff effect, it is not unreasonable to assume
that KK-axions from this reaction might have a restmass distribution around the
energy of the corresponding PQ-axions of ∼ 0.8 keV, i.e. Eγ = mKK/2 ≈ 0.4 keV.
Their capture rate should also be comparable with the Primakoff reaction, i.e. much
smaller than the γγ-coalescence mode (see Table 1).

4) Recently, in the vicinity of the Earth, the XRB radiation in the 2 to 8 keV region
has been measured by the CHANDRA X-ray observatory [158]. Its flux is 19)

L2−8keV
x ≈ 10−11erg/s · cm2 · deg2 . (5)

Let us assume that this flux comes entirely from the decay of trapped axions at 1
AU from the Sun. Then, from this flux, part, or even the bulk, of the reconstructed
solar X-ray luminosity at 2 to 8 keV should be reproduced, but not (much) more,
provided the X-rays from the Sun are axion-related, and their space distribution
is given in Fig. 7. Then, the isotropic axion decay inside a cone with one square
degree opening and ∼ 50 R� height should reproduce the luminosity given by Eq.
(8); the X-ray contribution from further away becomes more and more negligible,
because of the decreasing axion density. With simple calculations we arrive at an
upper limit of the ”specific X-ray luminosity” (S) in the 2 to 8 keV range of

S ≈ 5 · 10−20erg/s · cm3 . (6)

This rate at 1 AU from the Sun, multiplied by a factor of ∼ 109 (following Fig. 7),
gives the corresponding value near to the solar surface. The estimated effective
volume around the Sun, where most of the trapped particles are expected to be (see
Fig. 7), is ∼ 3 · 1033 cm3 . The integrated X-ray luminosity (L2−8keV

x ) from the Sun
should be

L2−8keV
x ≈ 3 · 1033cm3 × 5 · 10−20erg/s · cm3 × 109 ≈ 1.5 · 1023erg/s . (7)

This order-of-magnitude estimate is somehow surprisingly. Because, under the as-
sumption that the bulk of the measured diffuse 2 to 8 keV X-rays are related to
trapped solar axion decays in the vicinity of the Earth according to our simulation,
we have reproduced with Eq. (7) the experimentally reconstructed solar X-ray lu-
minosity in that energy range (see Fig. 9 and [16]). Such a ”coincidence” over as
much as 9 orders of magnidute can still be accidental; by comparison, the R−2 law
gives instead a change by a factor of ∼ 105. At present, we only conclude that these
two rates, differing by several orders of magnitude, are fully consistent with each
other, applying the same axion scenario over 1 AU, which is a very big distance
for the gravitational trapping scenario of this work. A new related experimental

19) The corresponding intensity of the XRB measured with ROSAT [85] is
L0.1−2keV

x ≈ 0.4 · 10−11erg/s · cm2 · deg2 .
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result can change the significance of this finding accordingly. Interestingly, the same
XRB measurements have also provided a clear and so far inconsistent [158, 159]
field-to-field difference of ∼ 40% when pointing to the North or South celestial pole
20).

5) The generic simulation of KK-axion production of this work predicts a very spe-
cific density distribution in space (Fig. 7). This radial profile can be used for test
purposes. To the best of our knowledge, such observations do not exist, at least
not on purpose. Orbiting X-ray observatories with collecting areas up to ∼ 2000
cm2, like ASCA, BeppoSAX, CHANDRA, XMM-Newton, are best suited to per-
form such measurements, covering a large part of the predicted radial distribution
of trapped solar axions in the entire energy range (∼ 100 eV to ∼ 10 keV). Further-
more, an X-ray observation with the dark Moon in the telescope field-of-view should
be repeated, since it allows to unambiguously extract the presumed local source of
X-rays, whatever their origin might be at the end. In fact, present orbiting X-ray
telescopes with very large orbits exclude possible secondary effects (e.g. scattering
from the Earth atmosphere), which was definitely not the case for the ROSAT dark
Moon observation.
The equivalent fiducial volume for such observations can be up to ∼ 1000 m3 (see
below). This is far beyond any feasible terrestrial 4π X-ray detector with sub-
keV threshold, indicating the potential of the orbiting X-ray observatories. Thus,
without any modification, they can operate −even parasitically− as enormously
sensitive detectors of radiatively decaying particles in outer space, and probably
also far beyond (using for shadowing other places than the Moon). Moreover, an
appropriate re-evaluation of existing runs might allow to extract relevant physics
results. We suggest that such reanalyses be carried out.

6) It is worth remembering that the solar corona problem (see section 2.1) refers mainly
to solar atmospheric temperatures up to T∼ 106K, or thermal energies of, say,
3kT≈ 0.3 keV. It is much more difficult to reconcile the emission of X-rays from the
quiet Sun with energies of ∼ 2 to 8 keV with conventional (solar) physics (Fig. 9). In
addition, one should also notice the wide and non-thermal shape of the reconstructed
solar X-ray energy distribution above ∼ 1 keV; our simulated solar axion spectra
(Fig. 8) are rather similar, while reprocessing effects in the Sun atmosphere smear
out the original X-ray spectrum, in particular towards lower energies (see Section
2.1 3)).

Since the reconstructed solar X-ray spectrum, in particular below ∼ 1 keV, can not be
reproduced completely, we mention some other possible effects, which can be involved:
a) Reprocessing of the absorbed higher energetic X-rays (see Section 2.1 3)) can explain,
for example, only ∼ 1% of the ”excess” intensity at ∼ 0.5 keV (note L0.5−2keV

x ≈ 100 ×
L2−8keV

x ).
b) The inner solar plasma energy is distributed around h̄ωpl ≈ 300 eV. Even though
quantitative estimates do not exist, plasma effects could have an impact on the reactions
occuring inside the Sun, in particular with photon energies near h̄ωpl, improving possibly
the production rates and/or the capture efficiency.

20) The precise inclination of each partial pointing period relative to the connecting line X-ray-
Observatory−Sun will allow to find out whether this difference is possibly relevant or not for this
work.
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c) Only in the vicinity of the Sun (or other similar places in the Sky) the mean spac-
ing between the trapped exotic particles can become comparable with their de Broglie
wavelength (λ) after some accumulation time. If the bulk of these hypothetical particles
is identical bosons (the KK-states are actually not), a phase transition to a Bose-Einstein
Condensate (BEC) could take place. With a BEC we know that a wide range of very un-
usual phenomena occur [160, 161, 162, 163], like collapse, explosion, vortices, matter-wave
amplification (”bosonic stimulation”) 21) , outward going shells, collimated jets, ”minia-
ture supernova”, etc. . Such phenomena take place also in astrophysics and some of them
even on our Sun. Even though these considerations are speculative, it has been argued
already that axions can occur in the early Universe in the form of a Bose condensate [165],
while recently it has been suggested that the dark matter in the Universe could exist in
the form of BEC [166].
d) Cosmic axion Stars with strong interaction effects with magnetized media, etc., have
been considered [164, 167]. This shows that high density axion clumps can interact effi-
ciently with magnetic fields, which reach ∼kGauss values only near to the solar surface.
In this context, we mention the observed correlation [17, 168] between solar X-ray lumi-
nosity and magnetic fields in active regions, which has been measured with the Yohkoh
spacecraft.

The last two cases (c) and d)) are of potential relevance for the soft X-rays from the
quiet Sun. In fact, if we apply the same reasoning as for the CHANDRA X-ray data also
to the X-rays measured by the ROSAT PSPC detector, the reconstructed X-ray intensity
near the solar surface is ∼ 10−3 of the reconstructed X-ray spectrum of the quiet Sun in
the 0.1 to 3 keV band (L0.1−3keV

x ≈ 1027 erg/s [16]). However, if we use the dark Moon
data, then the reconstructed part becomes ∼ 3 · 10−2, since the considered cone height
is ≈ 0.5 × R� instead of 50×R�, and, the flux is smaller by factor ∼ 3.3 [85]. As long
as the reconstructed surface X-ray luminosity is below the observed one [16], there is at
least no contradiction, even though the reconstructed ∼ 3% is not an unreasonable value.
However, if there is an ”excess” in the reconstructed solar X-ray spectrum at low energies
(Fig. 9), this could be due to local effects taking place only in the near the Sun space, e.g.
cases c) and/or d) could be at work. Concerning density related effects, it is worth noticing
that the mean de Broglie wavelength (λ) of the captured low-mass axions is by a factor
of ∼ 10 larger than the one at the higher masses, since their velocity spectrum is quite
similar. Since the relevant number of overlapping particles is that within a volume of λ3,
which increases with decreasing mass, it is reasonable to expect that density related effects
might well appear pronounced at lower axion momentum and only near to the surface of
the Sun. A contribution from such local effects on the Sun is obviously decoupled from
that at a remote place; then, the solar surface X-ray intensity, recostructed from that at 1
AU, becomes underestimated, and this might happen with the ”excess” solar soft X-rays
in Fig. 9.

Of course, we consider our model as a suggestion for a possible underlying mecha-
nism in the solar atmosphere based on solar axion production rather than a quantitative
description of it. We reiterate that a detailed analysis of these and/or other processes is
necessary, in order to provide a complete theoretical treatment, which is beyond the scope of
this paper. Therefore, this work might be an opportunity for theory.

21) In a large density and under appropriate conditions, stimulated decays of axions to 2 photons (”axionic
laser”) of opposite momentum has been considered [164].
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3 DIRECT AXION-DECAY DETECTION
In the following, we address a few configurations in orbit and on Earth, which seem

to be the most appropriate ones to directly search for axion-like particles.
a) An orbiting X-ray telescope with the Sun being outside its FOV 22) could operate

as a solar axion antenna . The dark Moon observation [85] should be repeated; during
a full lunar eclipse, this might be more interesting following (X-ray) background
considerations. Moreover, pointing an orbiting detector towards the dark Earth while
it is in Earth’s ‘night’ during each orbit around the Earth seems to be a very similar
and attractive configuration repeating several times per day. A wide detector FOV
implies a better signal-to-noise ratio, or at least a higher sensitivity to detect the
radiative decay of any (solar) exotica.
We compare a wide-aperture X-ray detector orbiting at an altitude of 500 km and
pointing towards the dark Earth with the dark Moon measurement by ROSAT
covering a ∼ 0.5◦ narrow cone. The efficiency to detect the decay photons is by a
factor 23) ∼ 900 m3/74 m3 = 12 in favour of the assumed dark Earth configuration.
So far, to the best of our knowledge, the dark Earth has been observed with a narrow
detector FOV [171], implying instead a suppression factor of ∼ 10−3 compared with
the dark Moon observation, i.e. hopeless to have observed some signal in the past
even unintentionally. Thus, the observed dark lunar emission rate of ∼ 0.15/s (Eγ ≤
2 keV) by ROSAT [85] translates into a rate R for the dark Earth configuration of

R ≈ 0.15× 12 ≈ 1.8/s, (8)

assuming a 200 cm2 orbiting X-ray detector at 500 km with ∼ 50◦ opening angle,
which implies a ∼ 900 m3 effective fiducial volume within its FOV. This is actu-
ally a rather strong signal. From the dark Moon observation, the obtained model-
independent maximum axion decay rate (below ∼ 2 keV and for non-relativistic
velocities) X(r) at 1 AU from the Sun is

X(|r| = 1 AU) ≈ 0.15/s · 74 m3 ≈ 2.3 · 10−9 axion decays/s · cm3. (9)

We note that even if the solar axion scenario is not behind this particular dark
Moon X-ray observation, the rate given by Eq. (9) remains valid as an upper limit
for future searches for radiative decays of exotic particles in this energy range and in
the vicinity of the Earth. Furthermore, following Eq. (6), the corresponding upper
limit in the ∼ 2 to ∼ 8 keV range becomes smaller than that given by Eq. (9) by a
factor of ∼ 100.

b) An X-ray detector with ∼ 4π acceptance operating on Earth (or, better, un-
derground) seems to be the most adequate direct experimental approach, since it
allows reconstruction of axion decays inside its fiducial volume by observing γγ-
coincidences. Such a detector is actually blind to any direct solar X-rays. Again,

22) X-ray telescopes avoid having the Sun in their FOV, because of the ∼ 7 · 109 X-rays/cm2·s·(∼ 60-400
eV) arriving at the site of the Earth [169]. For example, ROSAT’s FOV was pointing at 101◦ away
from the Sun.

23) We consider a detector surface [170] A = 200 cm2 with an opening angle of ∼ 50◦ orbiting at∼ 500 km.
Assuming isotropic axion decay, the effective fiducial volume covered by the detector FOV is equal to∫

2
4πr2 ·A · cos θdxdydz = A

2π

∫ 2π

0
dφ

∫ 500 km

0
r2 · 1

r2 dr · ∫ cos 0◦

cos 25◦ cos θ · d(cos θ), which is ∼ 900 m3 for a
dark Earth configuration and ∼ 74 m3 for the dark Moon measurement by ROSAT [85]. θ is the angle
from the normal incidence on the detector surface and the factor of 2 comes from the two photons
per axion decay.
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assuming the axion scenario to explain the measured low-energy spectrum from the
direction of the dark Moon [85] (Fig. 3B), and taking into account the rate derived
above (see Eq. (9)), the expected coincidence rate Rγγ should be measurable for a
rather modest (20× 20× 20 cm3) fiducial volume:

Rγγ ≈ 1.6 coincidences/d · (20 cm)3 ≈ 200 coincidences/d ·m3. (10)

We are not aware of any experimental search of this type in the past. Because of the
widely accepted extremely long lifetime of the ‘standard’ axions, such a measurement
was meaningless until recently [8, 79].
Background: Uncorrelated photons are distributed uniformly over the fiducial vol-
ume while the two photons from axion decay will convert at close distance from
each other. To get an order of magnitude estimate of the background rate from un-
correlated two-prong events, we take the integral single-prong event rate (R1prong)
as measured on the surface in a 1 keV window at 1 keV [172] using a Micromegas
chamber [173] of dimensions 15× 15× 0.3 cm3 :

R1prong ≈ 1 event/s . (11)

At these energies, practically all photons entering the chamber sensitive volume
interact in the gas, so this rate can be used to obtain the background rate (Rb) per
cm3 inside the chamber for the same energy interval:

Rb = R1prong/(15× 15× 0.3) cm3 ≈ 0.015/s · cm3 . (12)

If the mean photon absorption length is chosen to be ∼ 0.3 cm, the 2γ signal events
will occur within a small cell of volume ∆x∆y∆z ∼ 1 cm3. In a Time Projection
Chamber (TPC) ∆x and ∆y are measured directly by orthogonal electrodes or
pads, while ∆z can be derived from the time interval between the two signals. In a
detector with a sensitive volume of 1 m3 there are 106 cells of volume 1 cm3, hence
the rate of two-prong accidental coincidences in such a detector is

R2prong = 106 · (Rb)
2 ·∆t ≈ 4.5 · 10−5 events/s ·m3 ≈ 4 events/d ·m3 , (13)

where ∆t = 0.2 µs is the drift time over 1 cm, assuming a standard drift velocity
of 5 cm/µs. Of course, this rate can be reduced considerably in an underground
laboratory. We note that photons of ∼ keV energies entering the chamber will pre-
dominantly interact at small distances from the chamber walls. Thus the background
rate given by Eq. (13) can be further reduced by requiring that the events occur in
a fiducial volume at some distance from the walls. In addition, for non-relativistic
axions, the equal energies of the two γ’s will provide further background rejection.
We note that this background varies as the third power of the photon absorption
length which actually defines the cell size. It does not seem unrealistic, therefore, to
reach an experimentally controllable background from two-prong events at a level
well below or comparable with the expected axion signal at ∼ 1 keV.
In order to perform such a measurement, the main detector requirements are a)
energy threshold as low as possible, e.g. ∼ 100 eV, in order not to miss a low-energy
axion signal favoured actually by the dark Moon measurement; and b) an adequate
space and energy resolution, in order to distinguish the 2γ events from background,
allowing also to implement constraints from the a → γγ decay kinematics. Our
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preference is to photons in the sub-keV range, or even below ∼ 400 eV (see Fig. 3
and Fig. 9 of this work, the high statistics pulse-height spectra of the soft XRB in
Fig. 4 of Refs. [87, 174], the derived solar(-like) X-ray spectra (Fig. 5 in [7]), and
section 4). However, X-rays above ∼ 1 keV might be not less promising. Therefore,
a low-density, low-Z X-ray detector should be used. A TPC working at low pressure
and/or with low-Z gas, e.g. He, appears to be a promising detector for this purpose.

4 WHERE ELSE?
We mention below in short some cases, where axion-like particles could be involved,

and therefore, they should be followed further.

1) a) The night-time ionization in terrestrial or celestial atmospheres : the measured
ionization of the Earth ionosphere at night is larger than predicted [175], requiring
an extraterrestrial source of photons in the UV band. b) The ionization and heating
of (nearby) interstellar medium [176, 177, 178]; the spectrum of the stellar EUV
sources is too soft to explain the observed overionization of Helium with respect to
Hydrogen in the Local Cloud [179, 180], which is a mystery [181].

2) Clusters of Galaxies emit in the ∼ 0.1 - 0.4 keV band substantially in excess of that
expected from a hot intra cluster medium at a temperature of a few keV [182]. E.g.,
the intense diffuse excess emission in the EUV in the Coma and Virgo Clusters of
Galaxies [183, 184] is of unknown origin [5]; the spatial distribution of the EUV flux
in each of these Clusters was inconsistent with that of a gravitationally bound gas
[5].

3) The radiative decay of the escaping exotica outside the Sun or other places in the Sky
resembles the scattering of (solar) X-rays off electrons or dust particles in near space
(see Fig. 5.1 in Ref. [58]). The same reasoning can apply to similar configurations
in remote interstellar space [185] and to extended X-ray sources [186]. However, the
recent observations of an X-ray halo with the Chandra X-ray telescope provided
unexpected results, since they do not fit the conventional dust scattering model
[187]. The axion scenario of this work might be the only alternative explanation.

4) Underground experiments with threshold in the sub-keV range could provide a
direct detection of the putative particles. Taken into account the ROSAT effi-
ciency and narrow energy bandwidth, the estimated rate from Eq. (9) is ∼ 0.1
event/kg/day/keV below ∼ 1 keV.

5) Seyfert Galaxies (NLS1) show a giant soft X-ray excess below ∼ 1 keV [130, 188,
189], with an X-ray luminosity of ∼ 1044 ergs/s ≈ 1017×Lx

� and strong variability
on time scales of ∼ 1 day [190]. A direct observation of the source size is not yet
available, but a simple blackbody emission is ruled out on the basis of the inferred
remarkably small size of the emission region, exceeding the Eddington limit [190].

6) The heating of the intergalactic medium, as its origin is not yet clear [191]. Also, the
warm/hot intergalactic medium between Clusters of Galaxies, which has not been
detected so far neither in emission nor in absorption, it makes probably a significant
fraction of the baryons in the local Universe (z≤1-2) [111].

7) The large-scale diffuse X-ray emission (T≈ 6 keV) from the centre of our own Galaxy
is of as yet unknown origin [192], with the giant molecular cloud Sgr B2 being the
strongest diffuse X-ray source in this region [193] 24). Also, the universal X-ray

24) If a diffused plasma distribution around the Galactic Centre is indeed the source of the emitted X-rays
with a flux ≈ 1.1 · 10−10ergs/s · cm2 · deg2, then its temperature and energy density are both too
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emission of AGNs along with the observed evolution with cosmic time is of potential
interest [102, 194, 195, 196, 197, 198]; the exact mechanism which produces the X-
rays is not known [199]. Afterall, massive black holes have the strongest gravitational
effects and make ∼ 0.6% of the bulge mass of a Galaxy [197].

8) Solar ”micro-events” [20], which seem to be present at all times and also in coronal
holes; these are short emission enhancements (= flares) of ∼ 1025±2 ergs in quiet
regions, or, localized brightenings and explosive events. Their msec variability chal-
lenges the understanding of the coronal plasma [29], but also the down-flows along
with the redshifted lines, which are seen in the transition region [200, 201].

9) Solar/celestial jets [202], including the puzzling X-ray tails behind Pulsars (or even
Galaxies?) [203].

5 Conclusion
A missing explanation of an astrophysical observation is actually suggestive to search

for an exotic approach. The framework of the celebrated dark-matter physics world is a
source of possible exotic solutions. In the cases considered here, a same axion-like scenario
consistently explains the usually different alternative conventional solutions (if they exist
at all). This scenario is not supposed to abandon globally previous models, which describe
actually related findings; it can be rather complementary, providing a so far missing
physics input.

A temperature (component) of a few 106K (∼ 0.3 keV ), which appears in so diverse
astrophysical places, such as from the solar corona to Clusters of Galaxies and probably
beyond, is associated with several unexpected significant observations. In order to explain
this in a combined way, we reach the conclusion that some new particles −we use massive
axions as a generic example− must be involved in processes occurring inside and outside
Stars. For example, relatively short-lived massive axions have been considered in theories
with extra dimensions [8, 79]; the two-photon decay mode remains dominant providing
theoretical support to our purely observationally/astrophysically motivated claim of celes-
tial axion-like signatures in the ∼ keV range. In our favoured scenario, axion-like particles
escape from their place of birth, e.g., from the interior of the Sun (or that of other Stars
in the Sky), get gravitationally trapped and decay in outer space.

Alternatively, a more or less isotropic radiative decay of other hypothetical particles,
e.g. massive neutrinos, could in principle also explain the astrophysical observations con-
sidered here. Only laboratory experiments could clarify this issue. We give a (theoretically)
unbiased parameter space how and where to directly search for such exotica. Fortunately,
the two-photon decay mode allows to have a very high detection sensitivity inside a large
TPC, because of the much suppressed uncorrelated two-prong background events within
a small distance, narrow time and same energy. High-performance low-threshold detectors
developed primarily for high-energy physics experiments can also be utilized for this kind
of astro-particle physics.

Following the reasoning for the suggested axion-like scenario, we should also notice
that the previous failed searches [204, 205] for axions converted to X-rays inside the exter-
nal solar/stellar magnetic fields do not contradict this work. At first, this missing signal
can be due to an accordingly small coupling strength and/or the required very small ax-
ion restmass. Independent on this actually unknown value, the ”conventional” Primakoff

high for the plasma to be gravitationally bound around the Galactic Centre [193]. In fact, the point
sources account for only ∼ 10% of the total flux in the 2 - 10 keV energy range, indicating strong
diffuse X-ray emission (see Ebisawa et al., in ref.[193]).
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effect should result to radially outwards emitted X-rays, excluding a self-irradiation of the
Sun, which we consider as the cornerstone of the reasoning of this work. The tentative
solar Kaluza-Klein model provides reasonable gravitational capture rates, but it fails to
completely explain the low energy part of the reconstructed solar X-ray spectrum. How-
ever, other possible sources like the solar Bremsstrahlung-axions seem to have reasonably
low energy, but with a smaller gravitational capture rate. For astrophysical standards, the
encountered discrepancies are actually not particularly large.

Finally, the estimated axion density due to gravitational trapping by the Sun can
exceed a critical value, which is necessary for the appearance of a BEC, with unforeseen
implications. The continuous dynamic coronal phenomen might be a manifestation of
such processes. Thus, the predicted particles orbiting around the Sun can become an
invaluable clue to physics beyond the standard (solar) model, explaining first of all the as
yet mysterious properties of the chromosphere and the corona. The gravitational trapping
of massive particles emitted by the Star itself provides a mechanism for the appearance
of boson clumps around a Star.

In conclusion, the strongest and rather direct evidence in favour of the axion sce-
nario comes from the sofar unexplained solar corona related observations like its heating
mechanism, its narrow interface to the chromosphere, the chromosphere itself, together
with the striking similarities of the temperature/density profiles with the Sun-irradiated
Earth atmosphere. The recently experimentally reconstructed solar X-ray spectra com-
bined with X-ray measurements from orbiting observatories are the first potential direct
signatures for this work. They show how these orbiting instruments can directly search
for decaying particles in (near) outer space, providing also the expected maximum rate
in future investigations of this kind. The relevant new parameter introduced by this work
is the as yet disregarded elongation angle of the X-ray Telescope relative to the Sun.
The other astrophysical observations we have addressed, in particular when they are seen
combined, provide an additional piece of evidence, probably of not minor importance at
the end.
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a) b)

c) d)

Figure 1: (a) The mean temperature (T ) and density (ρ) profiles for the solar atmosphere; (b) so-
lar irradiance spectrum (the dashed line is the Planck shape for a temperature T = 5770 K);
(c) the altitude at which the Earth atmosphere attenuates the incident solar radiation by a
factor 1/e; (d) temperature (T ) and density (ρ) as functions of height in the Earth atmosphere.
(These figures are taken from Ref. [33].)
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ROSAT PSPC
The Moon
June 29 1990

Figure 2: The X-ray photon image of the Moon as measured by ROSAT. The sunlit portion
of the Moon is visible, as well as an X-ray shadow in the diffuse XRB radiation cast by the
dark side of the Moon. Grey pixels denote one or two events, except in the brightest part of the
crescent, corresponding to three or more counts.
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Figure 3: Measured raw pulse-height spectra from the observation in Fig. 2 (channel number
multiplied by 10 gives the energy in eV, and, the effective area of the detector system peaks
at the same value of ∼ 200 cm2 around 250 eV and 1 keV): (A) X-rays from the sunlit side of
the Moon; (B) X-rays from the dark side of the Moon; (C) cosmic X-ray background radiation.
(Figures 2 and 3 are taken from Ref. [85]).
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Figure 4: Typical orbits of solar axions gravitationally trapped around the Sun. The two
orthogonal coordinates are given in solar radii. The shadowed region in the center of each
figure outlines the solar disk. Only the first few revolutions are traced.
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Figure 5: Velocity distribution at production for solar axions from photon coalescence :
a) all axions (distribution normalised to unity); b) gravitationally trapped axions (distri-
bution normalised to ftrap).
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Figure 6: Mass distribution of gravitationally trapped solar axions produced by photon
coalescence (full line) and by Primakoff effect (dotted line). The two curves are normalized
to unit area.
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Figure 7: Present density (axions per m3) of gravitationally trapped axions in the region
around the Sun, as a function of the distance from the Sun centre.
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Figure 8: Expected X-ray energy spectrum from the decay of gravitationally trapped solar
axions produced by a) photon coalescence and b) Primakoff effect. The two curves are
normalized to the predictions of our simulations for the present age of the solar system.
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Figure 9: The solar X-ray spectrum reconstructed from the emission measure distribution
(EM(T)) for the non-flaring Sun at the solar minimum [16]. A thermal component of
∼ 1.8 MK is also shown (thin line in red). Bin size = 6.1 eV.
(EM(T) is approximately the product of the square of the electron density with the
emitting volume as a function of temperature, i.e. EM(T) = ρ2

e(T ) · V (T ) [157]).
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