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ΠΕΡΙΛΗΨΗ: 
 

Σε αυτιν τθν εργαςία ςυηθτάμε κυρίωσ τισ θλιακζσ παρατθριςεισ οι οποίεσ 

προτείνουν τθν φπαρξθ του ςωματιδίου axion. Η αρχι λειτουργίασ των 

θλιακϊν τθλεςκοπίων που χρθςιμοποιοφνται για τθν ανίχνευςθ των θλιακϊν 

axions μπορεί να βρίςκεται πίςω από τθν απροςδόκθτθ θλιακι εκπομπι 

ακτίνων X, ακόμθ και επάνω από 3.5 keV από τα μθ ενεργά active regions. 

Επειδι αυτό ςυνδζεται με τα θλιακά μαγνθτικά πεδία και παρουςιάηει τθν 

αναμενόμενθ B2 εξάρτθςθ, που είναι χαρακτθριςτικι για τθν αλλθλεπίδραςθ 

τουσ με μαγνθτικά πεδία. Τα μαγνθτικά πεδία γίνονται ςε αυτό το πλαίςιο ο 

καταλφτθσ και όχι θ ειδάλλωσ πικανι/απροςδιόριςτθ πθγι ενζργειασ των 

θλιακϊν ακτίνων X. Επιπλζον, ίςωσ μπορζςουμε (ίςωσ και όχι) να είμαςτε ςε 

κζςθ να αναδθμιουργιςουμε πλιρωσ τον υποτικζμενο ενςωματωμζνο 

ςυντονιςμό αλλθλεπίδραςθσ των axions ςτον ιλιο και, να είμαςτε ςε κζςθ (ι 

και όχι) να τον  αντιγράψουμε ςε ζνα επίγειο πείραμα. Τα ςιματα των 

θλιακϊν axions μπορεί να είναι παροδικζσ εκλάμψεισ ακτίνων X ι ςυνεχισ 

ακτινοβολία, όπωσ π.χ. από τθν κορϊνα θ οποία εκ πρϊτθσ όψεοσ παραβιάηει 

το δεφτερο νόμο τθσ κερμοδυναμικισ κακϊσ και το νόμο Planck περί 

ακτινοβολίασ μζλανοσ ςϊματοσ. Για τθν κατανόθςθ του προβλιματοσ τθσ 

θλιακισ κορϊνασ και των άλλων θλιακϊν μυςτθρίων, όπωσ είναι οι θλιακζσ 

καταιγίδεσ, οι θλιακζσ κθλίδεσ, οι κατανομζσ χθμικϊν ςτοιχείων, κ.λ.π., 

καταλιγουμε τουλάχιςτον ςε δφο νζα ‘εξωτικά ςωματίδια’, όπωσ είναι:  

α) παγιδευμζνα ‘βαριά’ axions τφπου Kaluza-Klein τα οποία διαςπϊνται 

ακτινοβολϊντασ και επιτρζπουν μια ςυνεχι αυτο-ακτινοβολία του ιλιου, 

μζςω τθσ αυκόρμθτθσ διάςπαςισ τουσ ςε δφο φωτόνια. Αυτι θ διεργαςία 

εξθγεί τθν ξαφνικι αναςτροφι κερμοκραςίασ ςτα ~2000 χλμ επάνω από τθν 

επιφάνεια του ιλιου.  

β) εξερχόμενα ‘ελαφριά’ axions, τα οποία αλλθλεπιδροφν με τα τοπικά 

μαγνθτικά πεδία μζςω τθσ χαρακτθριςτικισ εξάρτθςθσ (~B2). Η 

αλλθλεπίδραςθ αυτι εξαρτάται από πολλζσ παραμζτρουσ, μία εκ των οποίων 

είναι θ ςυχνότθτα πλάςματοσ του περιβάλλοντοσ χϊρου. Η ςυχνότθτα αυτι 

κα πρζπει να ταιριάηει με τθ μάηα θρεμίασ του axion, προκειμζνου να ζχουμε 

τον επικυμθτό ςυντονιςμό.  

Η αναμενόμενθ ςυμπεριφορά αυτϊν των δυο κατθγοριϊν  αυτι εξθγεί τα 

κατά τα άλλα απρόβλεπτα παροδικά, αλλά ταυτόχρονα και ςυνεχι, θλιακά 

φαινόμενα. Κατόπιν, θ ενεργειακι κατανομι των φωτονίων ενόσ υποψιφιου 

φαινομζνου άγνωςτθσ προζλευςθσ μπορεί να ‘φωτογραφίςει’ το ςθμείο 
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γζννθςθσ των axions. Παραδείγματοσ χάριν, αυτό κα μποροφςε να προτείνει 

ότι θλιακι κορϊνα κερμοκραςίασ ~2MK ζχει τισ ρίηεσ τθσ ςτο πάνω μζροσ τθσ 

«ηϊνθσ ακτινοβολίασ» (radiation zone) ακόμα κι αν αυτό από μόνο του δεν 

μπορεί να εξθγιςει προφανϊσ τθν τόςο απότομθ  περιοχι μετάπτωςθσ 

μεταξφ τθσ χρωμόςφαιρασ και τθσ κορϊνασ. Το προβλεφκζν μαγνθτικό πεδίο 

Β ≈ 10 – 50 Τ ςτθν αποκαλοφμενθ tachocline ςε ακτίνα ~0.7R๏, κάνει αυτιν 

τθν περιοχι μια πικανι νζα πθγι θλιακϊν axions. Σε κάκε περίπτωςθ, θ 

πολλαπλι ςκζδαςθ φωτονίων μζςω του φαινομζνου Compton ενιςχφει τθ 

μετατροπι φωτονίων από axions, δεδομζνου ότι τα axions δεν μπορουν να 

αλλθλεπιδράςουν πολλζσ φορζσ και ζτςι δραπετεφουν. Καταλιγουμε λοιπόν 

ςτο ςυμπζραςμα ότι θ ενεργειακι κατανομι κάτω από περίπου 100 eV είναι 

ζνα νζο παράκυρο για τισ αναηθτιςεισ axion. Εντυπωςιακά, αυτι θ ενεργιακι 

κατανομι ςυμπίπτει με το γεγονόσ ότι: 

α) οι ενζργειεσ των φωτονίων που προκφπτουν από τθν αυκόρμθτθ διάςπαςθ 

των axions για μια εξωτερικι αυτο-ακτινοβολία του ιλιου, πρζπει να 

διαπεράςουν μζχρι τθν ‘περιοχι μετάπτωςθσ’  ςτα ~2000 χλμ επάνω από τθν 

θλιακι επιφάνεια, και 

β) με τθν κφρια ςυνιςτϊςα τθσ θλιακισ φωτεινότθτασ ακτίνων X χαμθλισ 

ενζργειασ, θ οποία είναι άγνωςτθσ προζλευςθσ. 

Κατά ςυνζπεια, τα άμεςα/ζμμεςα ςιματα υποςτθρίηουν τα axions ωσ μια 

εξιγθςθ τθσ αινιγματικισ ςυμπεριφοράσ του ιλιου. Π.χ., θ ανεξιγθτθ «solar 

oxygen crisis». Ζτςι, λαμβάνοντασ υπόψθ ςχετικζσ παρατθριςεισ ςτουσ 

‘πόρουσ’, παρατθρείται μια επίςθσ εντυπωςιακι ~B2 εξάρτθςθ τθσ κατανομισ 

των χθμικϊν ςτοιχείων πάνω απο ζναν ‘πόρο’. Όλθ αυτι θ ςυμπεριφορά 

μπορεί να εξθγθκεί μζςω τθσ πίεςθσ ακτινοβολίασ απο τθν εκπομπι ακτίνων 

X που προζρχονται από τα axions του θλιακοφ πυρινα, ι, ακόμθ και από 

κάποια άλλθ εςωτερικι θλιακι πθγι axions. Ζτςι, κεραίεσ αxions κα 

μποροφςαν να αξιοποιιςουν / ενςωματϊςουν ζνα τζτοιο μθχανιςμό.  

Τζλοσ, θ παρατθρθκείςα χαμθλο-ενεργειακι εκπομπι ακτίνων X από τον 

‘ιρεμο’ ιλιο ςτα υψθλότερα πλάτθ κακϊσ επίςθσ και θ εκτεταμζνθ 

δραςτθριότθτα που ςυνδζεται με τισ μαγνθτικζσ δομζσ, που διαςχίηουν το 

κζντρο του θλιακοφ δίςκου, προτείνουν ότι τελικά ζχουμε να κάνουμε με ζνα 

ςενάριο axions πολλϊν ςυνιςτωςϊν.  Ζνα τζτοιο ςενάριο ίςωσ  είναι  τελικά 

ςτθν πράξθ, αυτό που εξθγεί γιατί τα θλιακά axions δεν ζχουν προςδιοριςτεί / 

παρατθρθκεί μζχρι τϊρα ςτο κακ’ολα πλοφςιο και χωρο-χρονικά 

μεταβαλλόμενο θλιακό φάςμα ακτίνων X. Τζλοσ, υποςτθρίηουμε, ςε αυτιν 

τθν εργαςία ότι, τα θλιακά axions που μετατρζπονται ςε (υψθλοενεργειακζσ) 
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ακτίνεσ X κοντά ςτθν θλιακι επιφάνεια μποροφν να ιονίςουν τα ανωτζρω 

ςτρϊματα. Αυτό ζχει ςαν αποτζλεςμα τθν ιςοτροπικι Compton ςκζδαςθ και 

τθν ενεργειακι υποβάκμιςθ των φωτονίων. Τα φωτόνια διαδίδονται μζςα ςτο 

πλάςμα με πολλαπλζσ ςκεδάςεισ Compton (τυχαίοσ βθματιςμόσ). Και τα δφο 

φαινόμενα επιτρζπουν για πρϊτθ φορά τθν ςφνδεςθ τθσ θλιακισ εκπομπισ 

ακτίνων X με το τυποποιθμζνο πρότυπο θλιακϊν axions. Δθλαδι, ζχουμε να 

κάνουμε όχι μόνο με μια ακτινικι εκπομπι ακτίνων X που προζρχονται από το 

κζντρο του θλιακοφ δίςκου αλλά και με ζνα ενεργειακό φάςμα που 

μετατοπίηεται προσ όλο και χαμθλότερεσ ενζργειεσ. Αυτό είναι κάτι νζο που 

προζκυψε από αυτιν τθν εργαςία. Επιπλζον, τονίηουμε ότι, από τθν λογικι 

αυτισ τθσ εργαςίασ προκφπτει το ςθμείο γζννθςθσ / μετατροπισ axions, και 

μάλιςτα ‘φωτογραφίηοντασ’ τθν θλιακι επιφάνεια. Αυτό το ςυμπζραςμα είναι 

πολφ ςθμαντικό. Διότι, εάν υιοκετιςουμε το ευρζωσ διαδεδομζνο, 

αντίςτροφο φαινόμενο Primakoff, που πιςτεφεται ότι προκαλεί αυτιν τθν 

αλλθλεπίδραςθ, όπωσ γίνεται παραδείγματοσ χάριν ςτθν 2θ φάςθ του 

πειράματοσ CAST με το ‘buffer gas’ ςτουσ μαγνθτικοφσ ςωλινεσ, καταλιγουμε 

για πρϊτθ φορά ςε μια μάηα θρεμίασ ενόσ ςωματιδίου όπωσ είναι το axion: 

maxion ≥ 0.01 eV/c2. Αυτό το γεγονόσ μαηί με τθν γωνιακι και ενεργειακι 

κατανομι των ακτίνων Χ, που προζρχονται από axions ςτθν επιφάνεια του 

ιλιου, προζκυψαν από αυτιν τθν εργαςία. Επίςθσ, και θ ανάλυςθ των 

διςδιάςτατων κατανομϊν θλιακϊν ακτίνων Χ χαμθλισ ενζργειασ απο 

δθμοςιευκζντα αρχεία δεδομζνων οδιγθςε ςε νζα αποτελζςματα. 
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EIKONA A  Προςομοίωςθ με τον κϊδικα GEANT4 του CERN τθσ διάδοςθσ  
των φωτονίων που προζρχονται απο axions, μζςα ςτο θλιακό μαγνθτικό 
επιφανειακό πεδίο. Τα φωτόνια αυτά μποροφν να ιονίςουν τθν ατμόςφαιρα 
επάνω από τον αρχικό τόπο γζννθςθσ του φάςματοσ ακτίνων X (a), που 
εκπζμπονται ακτινικά απ’ τισ διαςπάςεισ των axions, ςφμφωνα με το  
φαινόμενο Primakoff. Η  υποβάκμιςθ τθσ μζςθσ ενζργειασ των φωτονίων ςε 
ςχζςθ με τθν  αυξανόμενθ επιφανειακι πυκνότθτα είναι προφανισ: (b) 4 
g/cm2, (c) 16 γ /cm2, (d) 49 g/cm2. Σθμείωςθ: ο κϊδικασ GEANT4 
παρακολουκεί φωτόνια ενζργειασ ζωσ 1keV.  Για το λόγο αυτό θ κορυφι ςτο 
~1 keV δεν είναι πραγματικι. Συγκρίνετε αυτά τα φάςματα με EIKONA C. 
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EIKONA B   Προςομοίωςθ με τον κϊδικα GEANT4 του CERN τθσ γωνιακισ 

κατανομισ  μεταςχθματιςμζνων θλιακϊν axions μζςα ςτθν μαγνθτιςμζνθ θλιακι 

επιφάνεια, για δφο διαφορετικζσ επιφανειακζσ πυκνότθτεσ τθσ θλιακισ 

ατμόςφαιρασ, πάνω απο τον αρχικό τόπο γζννθςθσ. Το φωτοθλεκτρικό 

φαινόμενο ζχει «απενεργοποιθκεί» προςομοιϊνοντασ ζτςι το αζριο τθσ 

ατμόςφαιρασ ςε πλάςμα.  

 

 
 

ΕΙΚΟΝΑ C         Αναδθμιουργθμζνο   θλιακό   φάςμα   φωτονίων  από   τον  
ιρεμο  ιλιο  ςτο  ελάχιςτο  του  θλιακοφ  κφκλου.   Το  χαμθλό  ενεργειακό  
μζροσ     (<1-2  keV)  απεικονίηει  το  μυςτιριο  πρόβλθμα  τθσ  θλιακισ  
κορϊνασ.   Η  ςφγκριςθ  με  τθν  λογαρικμικι  κλίμακα τθσ   EIKONAΣ  Α  
υποδθλϊνει ενδεχομζνωσ  τθν προζλευςθ του  φάςματοσ  των  μαλακϊν  
ακτίνων  X. Κανζνασ  άλλοσ  θλιακόσ   μθχανιςμόσ   μετατροπισ  θλιακϊν  
axions  δεν παρζχει μια τζτοια  χαμθλι  ενεργειακι  ςυνιςτϊςα. 
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ASTROPHYSICAL SIGNATURES FOR AXION OR AXION-LIKE PARTICLES 

A SUMMARY 

 

 

 

 

 

ABSTRACT 

 

We discuss mainly solar signatures suggesting axion or axion(-like) particles. 

The working principle of axion helioscopes can be behind unexpected solar X-

ray emission, even above 3.5 keV from non-flaring active regions. Because this 

is associated with solar magnetic fields shows the expected B
2
- dependence. 

The magnetic fields become in this framework the catalyst and not the 

otherwise suspected / unspecified energy source of solar X-rays. In addition, 

the built–in fine tuning we may (not) be able to fully reconstruct, and, we may 

(not?) be able to copy in an earth bound experiment. Solar axion signals are 

transient X-ray brightenings, or, continuous radiation from the corona violating 

at first sight the second law of thermodynamics and Planck’s law of black body 

radiation. To understand the corona problem and other mysteries like flares, 

sunspots, elemental abundances, etc., we arrive at least at two exotica: a) 

trapped, radiatively decaying, massive axions of the Kaluza Klein type allow a 

continuous self-irradiation of the Sun, via their spontaneous decay, explaining 

the sudden temperature inversion ~2000 km above the Sun’s surface and b) 

outstreaming light axions interact with local fields (~B
2
), depending crucially, 

among other parameters on the plasma frequency which must match the 

axion rest mass, explaining the otherwise unpredictable transient, but also 

continuous, solar phenomena. Then, the photon energy distribution of a 

related phenomenon of unknown origin might point at the birth place of 

involved axions. For example, this could suggest that the ~2 MK solar corona 

has its axion roots at the top of the radiative zone even though this alone can 

not explain the steep transition region (TR) between the chromosphere and 

the corona. The predicted B ≈ 10–50 T at the so called tachocline at ~0.7R , 

make this place a potential coherent axion source, while the multiple photon 

scattering enhances the photon-to-axion conversion unilaterally, since axions 

escape. We conclude that the energy range below some 100 eV is a new 

window of opportunity for axion searches. Remarkably, it coincides with a) the 



  

 10 

derived photon energies for an external self-irradiation of the Sun, which has 

to penetrate until the transition region at ~2000 km above the solar surface, 

and b) with the bulk of the soft solar X-ray luminosity, which is of unknown 

origin. Thus, (in)direct signatures support axions or the like as an explanation 

of enigmatic behavior in the Sun and beyond; e.g., the otherwise unexplained 

“solar oxygen crisis” taking into account related observations in pores, which 

also show striking ~B
2
 – dependence of elemental abundance in a pore. They 

can be associated with the radiation pressure of the X-ray emission from 

converted axions from the solar core, or, other as yet unpredicted inner solar 

axion source. Axion antennas could take advantage of such a feed back. Finally, 

the observed soft X-ray emission from the quiet Sun at highest latitudes as well 

as the extended activity associated with magnetic structures crossing the solar 

disk centre suggest that a multi-component axion(-like) scenario is finally at 

work, which explains why the solar axions have not been identified / noticed 

before in the rich and spatiotemporarily changing solar X-ray spectrum. 

Finally, it is arguing in this work that solar axions converted to (hard) X-rays 

near the solar surface can ionize the layers above. This gives rise to the 

isotropic Compton scattering and to the photon energy degradation while the 

photons propagate inside the plasma. Both effects allow for the first time to 

reconcile solar X-ray emission with the standard solar axion model, i.e. not 

only radial X-ray emission distinguishing thus the solar disk center, and, an 

energy spectrum shifted towards lower and lower energies. Moreover, the 

concluded place of birth of the axion conversion points at the solar surface. If 

we assume the widely mentioned coherent inverse Primakoff-effect being 

behind this interaction, as it is done for example in CAST phase II with buffer 

gas in the magnetic pipes, then the axion or axion-like rest mass is  maxion ≥ 

0.01 eV/c2. 
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1.  Introduction 

 

The sun, a middle-aged star, is the most important astronomical body for 

mankind and poses a profound scientific challenge to astro-particle physicists. 

Already, various mysterious solar phenomena implied new physics, and this 

since ancient times. For example, the replaced geocentric system by the 

heliocentric planetary model was foreshadowing the laws of gravity. Also, the 

gravitational bending of cosmic light by the sun was after all a triumph of 

Einstein’s theory of general relativity. That the Sun shines by nuclear fusion 

reactions is one of the most important results from the 1930’s, answering the 

fundamental question of that time, what keeps the sun shining in a constant 

rate over, at least, millions of years? Also recently, the solar neutrino “deficit” 

problem with which physicists had been struggling for some 35 years, implied 

new physics beyond the standard model, i.e., neutrino oscillations. Parallel to 

the running direct search for Weakly Interacting Massive Particles (WIMPs) in 

the large underground dark matter observatories, there is also an ongoing 

search for gravitationally trapped WIMPs over cosmic times in the solar core 

via the predicted neutrino signal from their annihilation; while such a signature 

itself will be a breakthrough, it also will allow to trace back the history of dark 

matter in our neighborhood. Further,  a sun-like star inspired 1783 Reverend 

John Mitchell to conceive the concept of the black hole, which pre-dates 

general relativity by almost 150 years. 

So far, so good, since the enigmatic sun in time was always ahead 

contemporary physics, and it has triggered real progress in science. However, 

the solution of one mystery led to another. The Sun still exhibits a variety of 

phenomena of fundamental importance that defy contemporary theoretical 

understanding, and many astro-particle physicists are grappling with today. For 

example: 

1) why is the solar corona so hot? With a density of only some nanograms per 

cubic meter the temperature rises by a factor of ~500 above that of the 

underlying chromosphere, instead of continuing to fall to the temperature of 

empty space (2.7 K). The higher layers of the atmosphere emit unexpectedly 

EUV photons and X-rays by some five orders of magnitude less flux than the 

visible solar surface, which is actually enormous. The discrepancy from the 

black body spectrum is even much more pronounced for younger sun-like 

stars, which are much more X-ray luminous.  That is to say, the solar corona 
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problem was more pronounced in the past. Thus, some unconventional 

physics must have been at work throughout sun’s life, since heat can not run 

spontaneously uphill, i.e. from cooler to hotter places.  It is worth stressing 

that with the coronal heating paradox, conventional astrophysics faces still one 

of the most challenging problems, although the corona has been observed 

during total eclipses of the Sun for thousands of years. In short, everything 

above the photosphere would not be there at all! 

2) how does the corona accelerates continuously the  solar wind of some 

billion tons of gas per second at speeds as high as 800 km/s? the same puzzle 

holds for the transient and not less dramatic Coronal Mass Ejections (CMEs).   

How and where is the required energy stored, and how is the wind triggered? 

This question is believed to be related also to the question of coronal heating. 

Surprisingly, it has been inferred recently that one pole is by some 80000 K 

cooler than the other, making the sun, i.e. its corona, lopsided. This new “cool 

solar mystery” is magnetic in origin, but the question is, how? while we do not 

know the more fundamental question: why it is some mega Kelvin hot at all? 

3) what triggers solar flares? which heat locally the solar atmosphere to about 

10—30 MK, resembling somehow the hot core temperature about 700000 km 

underneath. Remarkably, their surface brightness is usually far below the solar 

luminosity of some 6.3kWatts per square centimeter. Flares appear to be like 

violent “explosions” occurring near sunspots in the lower corona, suggesting 

magnetic energy as the main energy source for solar active phenomena. But, 

the question is how energy is stored and released rapidly within seconds, so as 

to create solar violent events such as flares, CMEs and other catastrophic 

events. Even though many details are known, flares are unpredictable. 

Interestingly, recently, new observations question their 40 years old standard 

model. Every new flare observation still reveals major unexpected results, 

demonstrating that solar flares, after 150 years since their discovery, remain 

an enigma with major unsolved questions, and therefore missions in space are 

used to find the answer, and this since decades. 

4) what causes the 11-year solar cycle of sunspots and solar activity? This 

seems to be the biggest of all solar mysteries, since it refers to a quasi 

standard oscillation of the number of a few-kGauss super “magnets” on the 

face of the sun with a size between about 300 km to 100000 km, whose origin 

itself is also one of the great puzzles of astrophysics, since Galileo observed 

them first in 1600s. Their enigmatic rhythmic (dis)appearance was first 

measured by the apothecary Samuel Heinrich Schwabe in 1826. But, such 

otherwise unexpectedly strange solar phenomena can become the key to 
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understanding the unpredictable sun, since every thing in the solar 

atmosphere varies in step with this magnetic cycle. Then nothing is constant 

over there. 

5) the confronted contradiction between solar spectroscopy and the even 

more refined solar interior models provided by helioseismology, revived the 

question about the heavy elemental composition of the sun, with new 

abundances lowered by 25-35%. Moreover, abundances vary from place to 

place and time to time. It is remarkable that they are instead even enhanced in 

flaring (=magnetic) regions. Thus, the so called “solar oxygen crisis”, or, “solar 

model problem” are pointing at some "non-standard" physical process(es) 

which occur only in the solar atmosphere, and this with some built-in magnetic 

sensor. Otherwise, the contradiction to the “solid” helioseismological results 

can not be reconciled. 

These are some of the mostly striking solar mysteries. Actually, there is always 

a debated approach for almost each persisting mystery, at least individually, 

and there is no luck of conventional ideas that have been proposed, but their 

solution remained elusive. Such phenomena that teased astronomers for 

decades-centuries can not leave us indefinitely in a quandary. Every small or 

big puzzle asks for an explanation. Therefore, astroparticle physics comes next, 

using however a (revised) solar axion scenario. After all, it is not unreasonable 

to assume that the celebrated axions might behave differently than the 

originally assumed axion field that solves the so called “strong CP problem”. 

When particles like axions are used to explain various solar observations of 

otherwise unknown origin, the emerging picture might go beyond the standard 

one of:  one axion, one rest mass, one coupling constant, one small-sized hard 

axion-source deep inside the sun. The last point in particular excludes low 

energies, where all the solar mysteries occur predominantly, and actually only 

this is suggestive to extend the “conventional” axion horizon.  In fact, extended 

low energy solar axion source(s) or converted standard solar axions which 

propagate to all directions, i.e. not only radially, and, with degraded photon 

energy due to plasma effects ignored so far, along with the previously also 

ignored ubiquitous solar magnetic fields might determine the apparently 

enigmatic every day life of a typical star like our sun. Therefore, axion 

helioscopes (like CAST) should extend their dynamic range towards low 

energies, or search for correlations with solar activity. For example, sub-keV 

low energy solar ~axions enter far below the QCD inspired solar axion energy 

range, which peaks at 4-5 keV. 
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With the ongoing direct search for (solar) axions with the CERN Axion Solar 

Telescope (CAST) [1] it is natural to ask whether the same detection principle is 

at work behind the mysterious solar or other astrophysical observations. 

Indirect signatures for dark matter particle candidates like axions and the like 

might also be strong. For example, if the same process(es) which have been 

assigned already to axions or other particles with similar couplings can explain 

consistently the dynamical behavior of more celestial phenomena. Here we 

focus mainly on: a) some of the longstanding solar mysteries of unknown 

origin mentioned before, and b) the (re)evaluation of published/archived data 

taken with solar observatories. Both are in fact suggestive for the involvement 

of axions or other similar exotica. For example, the celebrated solar coronal 

heating problem is probably the mostly striking one defying conventional 

explanation since its discovery by Walter Grotrian some 70 years ago. In fact, 

previous work [2–4] addressed a steady solar X-ray emission as being due to 

the spontaneous radiative decay of actually very few gravitationally trapped 

massive axion-like particles created inside the Sun itself (about 1 in 107, or only 

~100 kg/s since 4.6 Gyears). Once a sufficient number of such particles have 

been accumulated, their decay photons can give rise to a continuous self-

irradiation of the whole Sun. The enigmatic dynamical behavior of the thin 

transition region (only some 2000 km above the photosphere) between the 

chromosphere and the unnaturally hot corona is probably the mostly striking 

manifestation of such a self-irradiation of the Sun. In particular, we point out 

that magnetically converted solar axions give rise to an outwardly directed 

radiation pressure, which changes dynamically the solar atmosphere. Thus 

they can first ionize the atmosphere becoming a plasma. Then the radially 

outstreaming X-rays will Compton scater to all directions isotropically. 

Moreover, their propagation can give rise to energy degradation due to 

combined photoelectric, Bremmstralung and mainly multiple Compton 

scattering. Interestingly, the Compton scattering off the plasma electrons 

transfers energy to the electrons, degrading thus the initial photon energy, 

while the ionized medium becomes quasi transparent thanks to the small cross 

section (0.625 barn). 

We also introduce here the ubiquitous solar magnetic fields, which actually 

have not been considered in solar models before, even though they are the 

dominating “element” in all earth bound axion detection systems; the reason 

being the macroscopic coherent Primakoff effect that can take place inside a 

transverse magnetic field (though, only for a certain parameter phase space 

values). In this work, we strongly argue in favour also of a second outwards 
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directed solar X-ray component, which can originate, for example, from the 

widely accepted interaction of light radiatively decaying axions or the like with 

the inner/outer solar magnetic fields, as they stream out of the Sun. 

Combined solar observational evidence points eventually at an xtended inner 

and outer solar source of axion-like exotica with more than only one energy 

component, which originate not only from the very hot core, which is actually 

in contradiction with the standard (QCD inspired) solar axion model, but also 

from the outer layers of the Sun, including its atmosphere. Thus, it is not a 

surprise if the so far hidden exotic Sun is not less multifaceted than its 

conventional appearance. Interestingly, the outstanding origin of the solar 

brightness in soft X-rays is enhanced in magnetic regions; such a dynamical and 

otherwise unpredictable behavior fits the scenario of axion(-like) particle 

involvement. Our overall conclusion is that the conventionally unexpected low 

energy solar X-rays (including EUV, UV, and eventually also partly the visible) 

can originate from the 

 spontaneous radiative decay of long lived and gravitationally self-

trapped massive axion-like particles accumulated in orbits around the mother 

Sun over cosmic times. This implies a constant X-ray brightness and self-

irradiation of the whole sun. After all, the whole solar corona is some Mega 

Kelvin hot. That polewards it becomes a little cooler, it is strange, but this is 

not a real problem. Because, the very point is how this otherwise unnatural 

temperature inversion occurs at all. 

 axion-to-photon oscillation (Primakoff effect) of light exotica in the 

large scale solar magnetic fields. Accumulating observational evidence is 

suggestive for axion(-like) particles which result to sub-KeV X-rays, dominating 

solar transient phenomena which, remarkably, are associated with magnetic 

activity. Note that the conventional solar axion scenario predicts a much 

harder and a wide X-ray energy spectrum peaked around 4.4 keV, if they 

originate from axions stream out from the solar core. 
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1.  Introduction 

 

With the ongoing direct search for (solar) axions [1] one can ask whether the 

same detection principle is at work behind certain mysterious solar or other 

astrophysical observations. Indirect signatures for dark matter particle 

candidates might be strong, if, for example, the same process(es) can explain 

consistently more celestial phenomena. Here we mainly discuss striking solar 

observations of unknown origin which seem to require the involvement of 

axions or other exotica with similar properties. Previous work [2–4] addressed 

a steady X-ray emission due to very few gravitationally trapped massive axion-

like particles (about 1 in 107, or only ~100 kg/s since 4.6 Gyears), giving rise to 

a self-irradiation of the whole Sun. In this work, we mainly argue in favour of a 

second solar X-ray component expected to originate from the widely accepted 

interaction of light axions or the like with the inner/outer solar magnetic fields, 

as they stream out of the Sun. In this work we emphasize the ubiquitous solar 

magnetic field, which is the dominating “element” in all axion experiments. 

 

 

 

2. Astrophysical signatures 

 

2.1 The solar corona problem 

 

Stellar observations and theory of stellar evolution cannot be reconciled with 

cool sun-like stars having atmospheres that emit X-rays [5], suggesting the 

question: Where do these X-rays (see Figure 3.3.1) come from? The 

mechanism that heats the solar corona to some MK has remained elusive since 

its discovery by Walter Grotrian in 1939. The solar corona problem as one of 

the most important and challenging problems in astrophysics [6], it violates, at 

first sight, the second law of thermodynamics, which is actually improbable. 

The radiative decay of gravitationally trapped massive particles like the generic 

Kaluza–Klein axions, being created by the Sun itself, could provide the invisible 

source that sustains the self-heating of the whole solar atmosphere [2], thus 

reconciling observation and thermodynamics. In fact, the expected decay hard 

X-rays from massive axions, accumulated around the Sun since cosmic times, 

fit only the energetic part (above ~2 keV) of the reconstructed analog photon 
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spectrum from the quiet Sun during solar minimum (see Figure 3.3.2, and also 

ref. [2]). However, this is only the one X-ray component within the axion 

scenario, and probably even the weakest one in terms of luminosity. 

 

 

 

 
 

Figure 2.1.1  Solar analog spectrum. The unexpected emission of photons, far 

above the thermal distribution (red dashed line), in the EUV and beyond (not 

shown) is the celebrated solar corona problem. The green curve shows the 

wavelength dependence of the 11-years solar cycle, indicating a threshold-like 

effect around visible-UV energies. The non-thermal part  appears even much 

more pronounced in younger sun-like stars. Courtesy: Judith Lean 
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Figure 2.1.2   The reconstructed quiet sun x-ray spectrum at the solar minimum 

(upper curve in black). The expected flux from decaying gravitationally trapped 

massive axions of the Kaluza-Klein type (lower curve in red); the axion-to-photon 

coupling strength is the only free parameter for the normalized amplitude [2]. 

 

 

 
 

Figure 2.1.3    Radial distribution of tw off-pointing observations of soft solar X-

rays (0.25-4.4 keV) measured with the Japanese YOHKOH / XRTelescope. 
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Interestingly, it was shown in ref. [3] that the radial distribution of the two off-

pointing observations with the YOHKOH X-ray satellite (Figure 2.1.3) fit the 

massive axion scenario also in the low–energy range (~0.5–4 keV), thus being 

suggestive for more measurements of this kind. In fact, the RHESSI mission has 

until very recently performed several off-pointing observations above the solar 

limb during non-flaring, spotless and active-region-free Sun, i.e., during 

extreme quiet Sun conditions [7], arriving apparently at a hard X-ray spectrum, 

whose shape is rather similar to the reconstructed one from YOHKOH 

measurements in the previous solar cycle minimum (see Figure 2.1.2). The 

values obtained with RHESSI in the ~3–12 keV range, for such extremely quiet 

periods at the present solar minimum phase, correlate with those from other 

orbiting solar telescopes (GOES), indicating eventually a probably interesting 

correlation between soft and hard X-rays [7,8] for a cool Star like our Sun.  A 

new signal from off-pointing observations  would be an additional supporting 

evidence for the (massive) solar axion scenario [2]. Because, the alternative 

conventional explanation that the unexpected solar X-rays are due to 

Bremsstrahlung originating from energetic electrons raises a new problem: 

How is such a population of electrons created in the quiet corona, while the 

required energy input should be orders of magnitude higher? 

 

 

 

2.2   Magnetic field related observations 

 

In order to consistently explain the various solar observations of unknown 

origin, one arrives to the conclusion that  the first suggested long lived massive 

axion(-like) particles can not explain many striking findings which are 

“somehow”  related to the magnetic fields, like: 

a) local and transient soft X-ray brightening, and 

b) the prevailing soft X-ray emission, which makes the bulk of the solar X-ray 

luminosity during periods of quiet (see Figure 2.1.2), and even more so during 

solar activity, i.e. flaring sun. 

Therefore, an as yet unnoticed additional X-ray source must be at work, or a 

mechanism has been overlooked so far. The Primakoff–effect with 

“conventional” axions, e.g. like the QCD-motivated ones, can interact inside 

the solar magnetic fields, which is after all the most natural process to expect, 

as it resembles the working principle of an axion helioscope like CAST. Thus, 
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near the solar surface X-rays should also be emitted due to magnetic-field-

induced radiative “decay” of outstreaming axions (see below). Depending on 

the relative intensity of converted light axions, the resulting radial distribution 

of X-rays, coming from both components near the surface of the Sun, can be 

different from that expected for massive ones only [2,3]. Interestingly, the 

available two off-pointing observations with YOHKOH [3] show a radial 

distribution that agrees within ~30% with the massive axion simulation (see 

Figure 2.1.3). Therefore, in our heuristic approach explaining the otherwise 

unexpected solar X-rays with massive axions or the like, this second magnetic–

field–related component offers a possible explanation also for this rather small 

but significant discrepancy. 

There is strong observational evidence that (transient) solar X-ray emission 

correlates with the local magnetic field strength squared (~B
2
) [9], which is 

characteristic for light axion involvement, and, it determines the performance 

of an axion helioscope [1] à la Pierre Sikivie, and, à la Karl van Bibber et al. 

Actually in all axion experiments, the B
2 

- dependence of a potential signal is 

generally accepted as the ultimate method for axion identification. Large–scale 

magnetic fields of several kGauss exist in the enigmatic sunspots, which show 

enhanced and unpredictable activity. Interestingly, it is known that the 

magnetic field somehow heats the quiet solar corona, with the exact energy 

release mechanism still enigmatic in solar physics; within the axion picture, this 

is naturally expected. A few magnetic–field–related cases in favour of the 

axion(-like) scenario have already been discussed in ref. [9]. For completeness, 

we repeat some of them here briefly in an updated form: 

 

a) During the last solar cycle minimum in 1996, the X-ray emission from an 

isolated solar active region, measured with YOHKOH’s X-ray telescope, during 

non-flaring periods, shows a striking B
1.94±0.12 

dependence in the range ~0.5–4 

keV [41]; within the axion scenario, this points, at first sight, at a low energy 

solar axion spectrum (below ~ 1 keV), in contrast with the widely used solar 

axion spectrum that peaks at ~4.2 keV. Such a new component is of utmost 

interest for the design of (earth bound) direct solar axion searches (see also 

additional observations given below in section 4). Similarly, a plethora of solar 

soft X-ray flux measurements correlates with the local magnetic field (~B
n
), 

with the exponent n≈2 varying smoothly by ~20% during the solar cycle [10], 

pointing possibly to a deeper axion implication in the dynamic Sun. 

Furthermore, Wolfson, Roald, Sturrock & Weber [39] investigated  a data set 
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of 521 days beginning 1996 July 25, and, they find strong spatiotemporal 

correlations between soft X-ray emission and the underlying magnetic field at 

all but extreme latitudes. Their derived relation between photospheric 

magnetic field and X-ray flux with a power-law index of ~1.87 is also close to 

the B2-dependence. Remarkably, no correlation was found with the line-of-

sight magnetic field component (as it is expected for an axion-photon 

conversion). Moreover, this correlation becomes near negligible at the highest 

latitudes considered in [39]. Interestingly, the authors of ref. [39] conclude: 

“these correlations hint at a relation between the strength of the photospheric 

field and the heating processes that ultimately result in coronal X-ray emission 

although they provide no insight into the nature of such a relation”. 

 

b) Remarkably, above sunspots the corona is hotter (e.g. ~2.1 MK instead of 

1.3 MK) and the photosphere just underneath is cooler (e.g. ~4000 K instead of 

5770 K) than near quiet Sun regions. 

Each of these observations is consistent with a Primakoff–effect taking place 

inside the extended strong surface magnetic fields with the plasma frequency 

matching the axion rest mass. The emerging picture is: 1) energetic axions 

streaming out of the hot inner Sun can be converted back to X-rays, further 

heating–up the preexisting ~1.3 MK quiet Sun corona, and 2) near the 

magnetic photosphere or even deeper into the Sun, thermal photons with 

energy below ~10–100 eV can undergo the reverse Primakoff–process 

escaping into axions or the like, thus making their place of origin (e.g.the 

photosphere) photosphere cooler. 

 

c) Generally, there is strong evidence that magnetic elements in the Sun with 

higher magnetic flux are less bright [11]. Low–energy solar axion production 

due to surface magnetic fields fits the observed ~B
2
-dependent dimming 

effects of the sunspot brightness in the visible. Also recently [12], some 900 

sunspots have shown an increase in brightness while the magnetic field 

strength was decreasing. Then, the dark sunspots can be low–energy axion 

sources, whose strength should correlate with their level of darkness, thus 

providing an axion trigger [13].  To be more quantitative, we work out here a  

numerical example:  We use the PVLAS inspired parameters, 

i.e.  g
aγγ 

≈ 2.5 10
-6

GeV
-1 

and m ≈ 1 meV. We take as a mean free path length of 

visible photons in the photosphere equal to ~100 km, which is equal to the 

coherence length of the photon-to-axion conversion; the condition 
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ħω
plasma

≈mc
2
≈1 meV seems reasonable. For a sunspot magnetic field B ≈ 3 

kGauss (see ref. [21]), and, provided the PVLAS finding is correct, we estimate 

a ‘photon-to-axion’ conversion efficiency P
γa

≈0.001. Furthermore, assuming a 

surface of a single sunspot of a few ‰ of the solar surface, the expected solar 

axion-like luminosity is L
axion

≈10
28

erg/s. The derived signal rate in the visible, 

applying CAST performance *1+, is S ≈ 300 Hz. Such a high signal rate along with 

the rather conservative values we used, allow to be sensitive to a much smaller 

coupling constant and check the PVLAS provided parameter an independent 

way. 

In summary, axion–photon oscillations depend a) on the squared transverse 

magnetic field component along the axion/photon propagation, b) on the local 

plasma density, since at resonance ħω
plasma

≈m
axion

c
2 

the coherence length is 

limited by the photon absorption, and c) on the magnetic field configuration. 

Note that each of these parameters changes permanently near the solar 

surface and also deeper inside the turbulent (i.e. boiling) convective zone. For 

a quantitative calculation, since it implies restless density fluctuations for any 

place above the radiative zone (R > 0.7•R
solar

), it is crucial to know this 

dynamical behaviour; resonance can be restored temporally and repeatedly 

covering a large bandwidth in axion rest mass, e.g., ~0-10 eV/c
2
, if we take as 

maximum density the one near the bottom of the convective zone. Then, axion 

(dis)appearance is not at all a static process; it can be the cause of the 

unpredictable dynamical behaviour of the Sun from the visible to X-rays. In 

fact, such a rapid change of the axion-relevant parameters defines instantly 

certain volume elements, where resonance-coherence effects can result in an 

enhanced axion production as well as in axion-related brightenings or light 

dimming. Note that a fine tuning is also exercised in CAST Phase II, by changing 

the density of the refractive gas in the magnetic volume [1]. 

 

 

 

Flares 

What produces solar flares and Coronal Mass Ejections is one of the great solar 

mysteries since their discovery 150 years ago. However, the energy that 

powers them is generally believed to be (connected to) the magnetic field [14]. 

Following recent work [15], these strong X-ray emitting events correlate 

(within 1.8ς) with the solar surface magnetic field-squared (see Figure 2.1.2). 
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In fact, our fit to the X-ray data gives a ~B
1.6±0.22 

dependence, while the authors 

in ref. [15] refer even to a B
2 

correlation, fitting the assumed axion scenario 

from ref. [15]. The blue dashed line gives the derived fit to the data points 

(~B
1.6±0.22

). Note that the conventional solution for this radiation emission is 

that the hard X-ray number are coming from electron interaction. However, 

this leads to the electron “problem” *16+, since the energetic electron flux 

must be ~10
5 

times higher than the X-rays, taking into account the ~10-5 yield 

of Bremsstrahlung by electrons of ~5KeV. We stress here that within the axion 

scenario the local surface magnetic field is “only” the required catalyst for the 

axion–photon reactions to take place, and not the otherwise widely suspected 

/ unspecified energy source of solar X-rays. In this framework, the inner Sun is 

the actual energy source that creates the outstreaming axions. More about 

flares and their axion-related origin is discussed in chapter 3. 

 

 

 
 

Figure 2.2.1   Rebinned peak flare X-ray intensity vs. the maximum magnetic field 

(B
max

), reconstructed [15] 
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3. Solar magnetic fields 

 

We recall that it is the macroscopic coherence effects in magnetic axion 

helioscopes [1] which result in an enhanced axion-to-photon conversion 

compare to that in detectors, where the axions interact incoherently with the 

detector atoms. Therefore, axion helioscopes are much more sensitive to 

axions. Surprisingly, solar magnetic fields [17] have not been included in the 

model calculations of the axion production rate. However, inside the magnetic 

Sun, when the local plasma frequency fits the axion rest mass, photon–axion 

conversion might even be the dominant axion production channel, since the 

coherence length can be maximum, i.e., equal to the photon mean free path. 

This is ~1 mm in the core and ~100 km (!) at the photosphere. Such an 

additional solar axion production channel can modify the previously expected 

solar axion spectrum (its intensity and its shape), if magnetic fields are not 

taken into consideration [18]. To know this is of utmost importance in 

interpreting solar observations as well as in adopting the appropriate 

parameter values for optimum performance of an axion antenna. 

Interestingly, strong magnetic fields outside the hot core, like the simulated 

ones in Figure 2.3.1, can selectively enhance the production of low(est) energy 

axions. More precisely, in this scenario, the soft quiet Sun X-ray luminosity 

(from the celebrated ~2 MK corona) could originate from converted massive or 

light axions due to their spontaneous or “induced” decays, respectively, both 

kinds of axions stemming from a shell between the radiative and the 

convective zone (R ~ 0.7 R
solar

); since it has the required temperature of ~2 MK 

[19] and is permeated with a predicted ~ 30-50 Tesla magnetic field (see Figure 

2.3.1), this is a potential alternative source of low–energy axions. The same 

reasoning applies to other potential candidates, e.g. microflares with a mean 

temperature of 12.6 MK [20], including large flares whose temperature 

distribution is, remarkably, around ~15-20 MK. It is also interesting to note 

that the power of flares, extrapolated on the whole solar surface, does not 

actually exceed the total solar luminosity [20]. This is not a signal, but it fits 

with the heuristic picture we follow with flares too (see Chapter 3), while in 

the opposite case, the reasoning would have been negative. 
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Figure 2.3.1    The reconstructed solar magnetic field simulation from ref. [17]: 

10
3
–10

4 
Tesla (left), 30–50 Tesla (middle) and 2–3 Tesla (right), with a 

temperature of ~9 MK, ~2 MK and ~200 kK, respectively. The thin lines show the 

estimated range of values for each magnetic field component. Internal rotation 

was not included in the calculation. An additional axion production at those places 

can modify both intensity and shape of the solar axion spectrum (Courtesy 

Sylvaine Turck-Chièze). 

 

 

 

We stress that a few 100 eV massive axions of the Kaluza–Klein type might also 

be created coherently, since the many axion mass states allow a quasi 

continuous resonance crossing throughout the magnetic Sun, which is a 

unique fine tuning, only if Kaluza–Klein-like axions exist. If these less massive 

axions (see ref. [2]) build up a large trapped component around the Sun, their 

spontaneous decay could explain, at least partly, the low–energy X-rays from 

the quiet Sun. The induced “decay” in magnetic fields of light axions at the 

same lower energy range, created probably in the same place, comes in 

addition. In favour of this conclusion we recall the following findings: 

a) the quiet Sun soft X-ray intensity is increasing at lower energies and its 

origin is unknown,which is the widely known solar corona problem, 

b) the measured radial distribution of the two off-pointing observations with 

YOHKOH (~0.5–4 keV) actually supports such a less massive axion scenario, 

which was not included in ref. [2], 
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c) in order to reach the depth of the solar transition region (at ~2000 km above 

the photosphere) of the Sun being externally self-irradiated from decaying 

axions orbiting around the Sun, the estimated photon energies were ~50–350 

eV [2], which remerkably coincides with the energy range of the ~2 MK solar 

corona radiation. 

So far, the estimated X-ray luminosity due to the generic massive solar axions 

was even strongly suppressed below ~1 keV [2], since their assumed birth 

place was the ~16 MK hot solar core. Therefore, it seems that magnetic fields 

might be one of the key parameters for the solar axion scenario that can 

accommodate light as well as massive axions or the like. 

Furthermore, local magnetic fields up to ~0.6 Tesla have been measured at the 

surface of sunspots [21], where axion-to-photon oscillations and vice versa can 

take place and cause otherwise unexplained phenomena. Remarkably, already 

in 1983 Schadee-deJager-Svestka [35] observed “enhanced hard X-ray 

emission above 3.5 keV in non-flaring active regions, requiring coronal 

temperatures in excess of 10 MK”. Then, the whole Sun is a multi-

component/faceted axion source, and this makes their identification even 

more difficult. 

 

 

 

4. Soft X-ray emission from quiet Sun and active regions crossing solar disk. 

 

In this section we present solar observations made with the Yohkoh mission 

~10±1 years ago. They resemble features of actually direct signatures of solar 

axions or other particles with similar properties, according to our present 

interpretation. Because, some solar X-ray emission correlates with magnetic 

regions (an actually well known fact) showing also the expected 

spatiotemporal behaviour like the characteristic B2-dependence of axion-

photon conversion (Primakoff effect). We conclude here about the properties 

the actual solar axion source might have. In fact, it was proposed in ref. [36] 

that outstreaming solar axions could be converted to radially emitted X-rays in 

the magnetic field of a sunspot. The only place to directly observe, in this way, 

solar axions (with a broad energy distribution peaking at 4.2 keV) was 

expected to coincide with a sunspot crossing for (~2-3 days) of the solar disk 

centre on the Earth-side, i.e., the detection principle of an axion helioscope 

(like CAST phase I and/or phase II [1]) could be at work there, and this almost 

cost free. However, following our evaluation of archived Yohkoh data as well 
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as the re-evaluation of published Yohkoh results, in order to reconcile 

prediction with observation, we are led to assume as possible source instead: 

a)  soft axions or axion-like particles in the ~sub-keV range (see c)), 

b)  their place of birth extends eventually in to the tachocline at ~0.7Rsolar (and 

probably beyond). 

c)  the so far ignored inner magnetic fields of the Sun giving eventually rise to 

the possible involvement also of other exotica like millicharged particles, etc., 

which are expected to interact very feebly with ordinary matter. Their coupling 

to the magnetic field can result to an accumulation over cosmic times, without 

the need to invoke the usually inefficient gravitational (self)trapping [2]. 

In the following, we give a few solar observations, which we have reproduced 

from published work or derived from public data of the Yohkoh mission. It 

seems that an axion(-like) involvement in the Sun has a multifaceted 

appearance making their identification difficult, explaining why such signatures 

have been overlooked so far. Thus: 

A) In May 1998, the Yohkoh XRTelescope has observed soft X-rays from an 

isolated small spotless active region outside flaring times, with a factor ~100 

times less flux than classical active regions. It is correlated in time with the 

measured total magnetic flux [37]. Figure 2.4.1a shows this tiny sunspot in a 

2D solar image in soft X-rays. In Figure 2.4.1b we also have reconstructed the 

time evolution of the smoothed X-ray emission (blue line) while crossing very 

close the solar disk centre, i.e., 1.8oN [38]. The duration of the X-ray emission 

(~2.5 days) and the crossing time fit the scenario of converted axions at the 

solar surface (near the disk centre) originating from the solar core. By contrast, 

the observed soft X-rays imply low energy axions or the like, which are actually 

suppressed in the conventional solar axion model (see Chapter 3). Otherwise, 

the spatiotemporal behaviour of this solar observation is statistic significant 

and fits a quite revised axion scenario. Therefore, more similar solar bright 

points can exclude the random occurrence of this one (see Figure 2.4.1). 
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Figure 2.4.1  (a) A tiny isolated sunspot in a 2D solar image in soft X-rays 

observed with the X-ray telescope of the Yohkoh mission in May 1998 [37]. It is 

well separated from other active regions by at least half solar radius. (b) Its full 

evolution (~2.5 days) from birth to disappearance occurred while crossing very 

close the solar disk centre at an latitude of 1.8oN [38]. The smooth thick blue line 

is derived from the measured points (dashed line), with the 3 flares not included 

in the smoothing process. The green dashed line shows the crossing time of the 

disk centre. The measuraments in [29] show a similar behavior during disk centre 

crossing, and are shown for comparison reasons in the upper part with b. 

 

α 
b 
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B)  Pevtson & Acton [40] also analyzed Yohkoh XRTelescope data. The X-ray 

emission at the heliographic centre correlates with the magnetic flux in the 

period 1991 (active Sun) to 1996 (quiet Sun). For the analysis of X-ray 

irradiance of quiet Sun associated with the disk passage of an isolated active 

region (NOAA AR7981), they used three bins, each 4ox4o in size, centered at 

the solar disk centre, at 50oN, at 50oS and compute the temporal variation of 

the X-ray flux for each of these areas during three solar rotations (~2.5 

months) starting July 23rd 1996, near solar minimum. Remarkably, a strong 

activity was measured each time this active region was crossing the central 

meridian. Figure 2.4.2 (top) shows the smoothed time variation of the X-ray 

irradiance in these three quiet Sun areas during three consecutive solar 

rotations using Figure 7 of ref. [40]. Interestingly, the X-ray brightness at the 

high latitudes (some 100o apart) shows clearly remnants of low-latitude soft X-

rays when the active region is near disk centre (i.e. in the central meridian). 

This requires even a more revised axion-like picture, i.e. an extended inner 

solar source of low-energy axion(-like) particles, or, an extended surface 

magnetic field. To make the extended size of the solar X-ray emission more 

visible than it is actually seen in Figure 2.4.2 (top) every time the active region 

crosses the disk centre (i.e. central meridian), we calculated the correlated 

spectrum of all three individual measurements. Figure 2.4.2 (bottom) is 

derived by multiplying all three simultaneous X-ray flux values taken at the 

equator, at 50oN, at 50oS, and smoothing the obtained spectrum. In this way 

we arrive at a curve (Figure 2.4.2 (bottom)), which shows more clearly the 3 

main peaks plus a small one next to the peak at the middle. Then the X-ray 

activity associated with the crossing of the active region the central meridian is 

apparently coherent over such an extended region (~1.5 solar radii apart). For 

our axion-inspired interpretation this finding might point alternatives at a 

strong concentrated low energy axion source towards the solar core plus an 

additional extended one towards large distances from the solar core too. It is 

worth stressing here that taking into account the B2-dependence of the X-ray 

emission from the same single active region present during solar minimum in 

1996 for several months, along with the (repeated) brightenings maxima [37-

40] across ~100o over the solar surface just during solar disk centre crossing, 

they can support only an even revised solar axion(-like) scenario, in order to 

reconcile this kind of observation with axion-like exotics. 

With luck, we may witness one or even more such events (like Figure 2.4.1) 

during the present solar cycle minimum too. For example, in Figure 2.4.3 we 

show the time evolution of the active region NOAA-AR10975, which crossed 
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very near (=2oN) the solar disk centre. The arrows in each image point each 

time to the place of AR10975. During disk centre crossing an enhanced soft X-

ray flux, as measured by the HINODE / XRTelescope, is apparent. Therefore, 

such a behavior is also of potential interest and it should be followed further, 

searching thus for more cases in the archived data or in the ongoing data 

taking observations. We note here that as Hinode has implemented the axion 

search in its program. 

C)  Inspired actually from all these investigations, we also looked into the 2D 

distribution of solar X-rays, which was measured with the Yohkoh 

XRTelescope. Figure 2.4.4 compares 49 accumulated solar images during solar 

low and high activity. The soft X-ray emission of the active Sun is confined 

within ±45o in latitude as it is expected. The corresponding 2D plot for the 

quiet Sun at the solar minimum is actually the opposite as it results to a kind of 

clustering of events preferentially at high(est) latitudes; this as actually 

unexpected, since magnetic activity, whatever its origin, is weaker towards the 

poles of the Sun, with ~95% of magnetic flux being within ±45o around the 

equator [42]. However, following the above concluded large extension of solar 

activity (along with the assumed generic inner solar axion(-like) source), this 

finding for the quiet Sun seems to be somehow reasonable, whatever the 

origin of these soft X-rays. Nevertheless, it might point at another 

origin/component than the enhanced X-ray observations given above 

overlarge distances from the disk centre meridian during active region 

crossing. Such a behavior goes beyond the picture discussed in reference 36, 

which distinguishes the solar disk centre region as well as that of Chapter 3 of 

this work, indicating a more complicated fine tuning. 

 

Therefore, we are inclined to the conclusion that a novel solar axion(-like) 

scenario might be at work, which covers (almost) the whole Sun, being in 

addition free of all the “constraints” dictated by the conventional solar axion 

scenario. More theoretical and experimental work can shed more light on this 

kind of observations (see also Chapter 3). It seems, however, that a generic 

axion-like scenario, with more than only one single component, might have to 

be invoked to explain these and other solar observations. This might be the 

reason why so far such otherwise potential strong signatures have been 

overlooked. 
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Figure 2.4.2   (top) smoothed X-ray emission from quiet Sun areas located at the 

equator (blue), 50oN (black), 50oS (red) during 3 consecutive rotations associated 

with the solar disk passage of the single and isolated active region AR7981 (see 

Figure 7 in [40]). Start Time 23rd July 1996, 21:06:56. The temporally correlated X-

ray emission from all three areas some 50o to 100o apart reduces the random 

events; the duration of each peak is a few days (bottom), pointing at extended 

and persistent process(es) at the Sun. The position in time of the main 3 maxima 

coincides strikingly with crossing the solar disk centre by the AR7981. A generic 

axion(-like) scenario implies an extended inner solar source of exotic particles 

with properties similar to the celebrated axions and a transverse magnetic field 

near the surface of the Sun, where the X-rays originate from the axion-to-photon 

conversion. 
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Figure 2.4.3  2D full solar disk images in soft X-rays taken with the HINODE / 

XRTelescope in the period from 21st to 26th November 2007. The arrow points at 

the position of the AR10975. The left image on the bottom shows its passage near 

the disk centre (2oN,2oW) 

(see also http://xrt.cfa.harvard.edu/data/latestimg.php). 
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Figure 2.4.4  (left) Overlaid soft X-ray images from 49 quiet sun days taken with 

the Yohkoh XRTelescope in 1996 (solar minimum). The two horizontal dashed 

lines at ±45o show the region across the equator, where most of the solar activity 

occurs; this is demonstrated by the similar 2D plot (right)  for the active Sun (solar 

maximum). Note the enhanced accumulation of events seen for the quiet Sun at 

high latitudes compared to the reduced one at low latitudes (left). 

 

 

 

 

5. Discussion – Conclusion 

 

Challenging questions like the origin of the soft and hard solar X-ray emission 

remain elusive within conventional astrophysics, with the solar corona 

problem being present for ~70 years. Also, it has been known for many years 

that the magnetic field plays a crucial role in heating the solar corona, with the 

exact energy storage and release mechanism(s) being still a nagging unsolved 

problem for solar physics [22]. In this work, supporting evidence has been 

presented in favour of a second, magnetic–field–related solar X-ray 

component, which can originate from converted axions streaming out of the 

Sun, explaining thus also transient solar X-ray emission, if one keeps in mind 
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the necessary  fine tuning of the various parameters, for the axions to force to 

decay. 

We also mention briefly other unpredictable X-ray observations, which seem 

to be of potential relevance for axions or the like: class 0 protostars [23]; the 

galactic centre, the Inter Cluster Medium, the ubiquitous X-ray background 

radiation [4]; the Fourier analyzed data of solar neutrinos and soft X-rays result 

in surprisingly identical frequencies [24]. 

 

The solar metallicity problem [25], i.e., the disagreement of the Ne/O 

abundance between solar model prediction and observation, could be due to 

an axion surface effect. Following Martin Asplund, a pioneer of this discovery, 

“one possibility is rather the extra heating from the X-ray absorption of 

converted axions in the atmosphere which might increase the temperature in 

the spectral line formation region of the Sun”*26+. 

Furthermore, the recently labeled “solar oxygen crisis” *27+ along with the 

interesting observations performed by Socas-Navarro & Norton [27] seem to 

be of particular interest, as they fit qualitatively and quantitatively the 

advocated solar axion scenario. Our picture is this: if more X-rays are produced 

near the solar surface, whatever the reason, their absorption by the solar 

elements can result to a partial radiation pressure favoring thus heavier 

elements to escape from the Sun, e.g. oxygen compared to the hydrogen. 

Outstreaming solar axions, wherever their place of birth inside the sun, can be 

converted in a magnetic field B via the Primakoff effect (~B
2
-dependence), 

and, the created photons are outwards directed resulting to an also outwards 

pointing radiation pressure. In fact, the recent spectroscopic observations of a 

50x30 Mm
2 

solar surface [27] show clearly that the solar oxygen abundance in 

the pore (= tiny sunspot with up to a few kGauss magnetic field) and its 

neighborhood is considerably higher, reaching values up to a factor of ~3 

larger than the average, and decreasing gradually moving away from it. In 

general, it is observationally known magnetic concentrations exhibit higher 

abundances [27]. We notice here that the authors of ref. [27] conclude that 

“this spatial variation of the solar oxygen abundance is likely an artifact of the 

imperfect modeling” *27,28+, since there is otherwise no physical reason to 

expect the actual abundance to exhibit spatial variations in the solar 

photosphere, indicating that important physical ingredients are still missing 

[27]. Interestingly, they conclude that this behavior is probably due to the 

presence of magnetic fields(!). In Figure 2.4.5 we plot the oxygen abundance 
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as a function of the underlying magnetic field (kindly provided by the authors 

of ref. [27]). Remarkably, as can be seen in Figure 2.4.5, the experimental 

points show also a B
2
-dependence. Since there is not (yet) an alternative 

explanation for this, the celebrated axion scenario can be at the origin of this. 

In a future publication we will address this novel axion signature more in 

details [29]. However, we only recall already here that the invoked axion(-

like?) scenario is probably not much different than the working principle of 

CAST phase I and/or II [1],which was first suggested by Pierre Sikivie [30] and 

was extended by vanBibber-McIntyre-Morris-Raffelt for the case of a not 

perfectly empty magnetic space [18]. 

In favour of the axion-scenario, we notice that it has been observed that in 

most of the cases soft X-ray brightenings occur near the position of pores [31] 

(see also Figure 2.4.5 a,f in ref. [31]). The not so close temporal correlation 

between the occurrence of transient brightenings and the observed formation 

of pores does not necessarily contradict the axion picture, since it can, for 

example reflect the required fine tuning between axion restmass and local 

plasma frequency, the build-up of magnetic field strength/configuration, etc. 

*1+. In fact, unbiased from the axion scenario, Shimizu *32+ concludes that “it is 

crucial to understand how magnetic fields involved in satellite spots [= pores] 

develop with occurrence of microflares … since observations indicate that 

emergence of magnetic flux probably plays a vital role in triggering soft X-rays 

transient brightenings”, asking also: “what is the origin of such small energy 

releases in solar atmosphere?” , indicating that the underlying mechanism is 

missing so far with in conventional physics. We also would like to mention 

here that in earlier work *33+ it was also pointed out that “pores were 

accompanied by highly localized soft X-rays”. In addition, Parkinson *34+ 

concluded in 1972 referring to pores and X-ray observations that ‘considerable 

amounts of hot material, ≈4 MK, are being stored in the corona’. 

Finally, combining all these kinds of signatures, one might be able to constrain 

the appropriate parameter values in direct axion searches with Earth-bound 

experiments. One first practical conclusion is that axion helioscopes should 

lower their threshold energy below a few 100 eV, following the scenarios with 

(a few 100 eV) massive and/or light axions as being eventually co-responsible 

for the dominant and otherwise unexplained X-ray emission in this energy 

range, from the quiet and the active Sun alike. The axion signatures discussed 

remained unnoticed before, probably because of their multifaced appearance 

like QCD-inspired axions, massive Kaluza–Klein axions, or other exotic forms of 

particles or interaction mechanism(s), which have not yet been predicted. 
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Figure 2.4.5   Solar oxygen abundance ε0 as a function of the magnetic field B at 

the base of the photosphere near a pore. The blue line shows the B
2
-dependence 

(including a constant component) through the experimental points (Courtesy 

Hector Socas-Navarro) [27]. The fit value for the B
x
-term gives x=2.12±0.27. 
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Flares and X-ray brightenings as the imprints 

of the inner solar darkness 
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ABSTRACT  
 
X-ray flares, whose primary origin we still miss, and other much weaker solar 
brightenings have their roots in magnetized regions. Until now, solar X-ray 
emission had actually been discarded as a potential axion signature, as it did 
not match two basic expectations of the solar axion model: a) an axion X-ray 
signal must appear exclusively near the disk centre, and b) its analog spectrum 
must peak at ~4-5 keV. On the contrary, they appear in all longitudes and their 
intensity peaks at low energies. We argue here that due to Compton scattering 
off the (plasma) electrons, the outward propagation of X-rays from axions or 
the like converted near the Sun’s surface can explain the observed X-ray 
energy distribution and its non-directivity. Simulation points at the 
photosphere as the birth place of the presumed axion conversion, implying an 
axion rest mass ma≈mγ≈10-2eV/c2. This result supports previous claims, whose 
strength scales with B2, typical for axions. At present, even optimistic 
parameter values cannot reproduce the measured X-ray intensities, i.e. either 
the solar axion source is not as anticipated or/and the inverse Primakoff-effect 
is not the main interaction mode. The simulated photon spectrum peaking at 
low energies matches (qualitatively) both active and quiet Sun.  
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1.  Introduction  
 
Solar axion helioscopes à la Sikivie [1] (e.g. the running CAST and SUMICO [2]) 
utilize strong macroscopic magnetic fields in order to force radiatively decaying 
particles, like the celebrated axions, to coherently transform to photons that 
can be detected downstream with high efficiency and accuracy. Since solar X-
ray flares (from the largest ones to the weakest brightenings) and other X-ray 
emission happen to be associated preferentially with magnetic places, and, 
taking into account that their trigger mechanism has been unknown for 150 
years (“…we still miss the primary process …” *3+), they should have been 
recognized long ago as the first candidate-signals for solar axions. However, 
they were discarded from further consideration, since their properties did not 
match basic requirements of the standard solar axion model: a) their analog X-
ray spectrum does not peak at ~4-5 keV. Instead, it is increasing towards lower 
and lower energies, and more importantly, b) they appear equally in all 
longitudes between the west and the east solar limb, while X-rays from 
converted axions should emerge radially outwards, distinguishing thus the 
solar disk centre. Reference [4] gives an example how pseudoscalars in general 
are expected to behave when strong magnetized sunspots cross the disk 
centre, applying the working principle of an axion helioscope.  
In this work we show that both ‘prejudices’ against axion involvement in the X-
ray bright Sun can be overcome, opening a new window of opportunity while 
studying our nearest star. From the axion point of view, the question has been 
investigated as to whether the huge solar surface magnetic fields can be a 
much better axion-photon catalyst due to some occasionally built-in fine-tuned 
enhancement, whatever the actual mechanism. This could explain certain 
mysterious solar observations (as argued in refs. [5-7]), but also otherwise 
overlooked solar X-ray emission as coming from converted axions, e.g. via the 
coherent inverse Primakoff-effect, with the intensity following an axion-
characteristic B2-dependence. Other known parameters in axion physics can 
also reinforce the axion conversion. For example, the plasma frequency of a 
magnetized volume *8+ in the restless Sun may be only occasionally “tuned” to 
the axion rest mass. This could of course favour temporal and local axion 
conversion, resulting eventually in a plethora of observed transient or almost 
steady X-ray emission. Furthermore, previous work motivated by the very 
steep transition region (TR) separating the chromosphere and the corona [9-
11] addressed the steady solar X-ray emission as coming from gravitationally 
trapped massive axions of the Kaluza-Klein type, whose spontaneous decay 
near the Sun gives rise to a self-irradiation of the whole solar atmosphere, 
implying an inwardly directed radiation pressure. This can explain the 
otherwise serious and  
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nagging problems with the TR [12] and eventually also the measured 
elemental abundance anomalies from the quiet Sun (see below). 
As happened in the past with new (solar) physics, it is not at all obvious that 
we now know all the naturally occurring enhancement mechanisms that might 
take place in the nearby Sun, and which could materialize much more 
efficiently the celebrated axions or other as yet (un)predicted exotica to 
photons [13]. It is worth clarifying here that if one takes the experimentally 
derived limits for the axion-to-photon coupling strength (see e.g. ref. [2]), a 
solar X-ray luminosity from QCD-inspired axions should be at least some 20 
orders of magnitude below that of the luminous Sun (=3.8·1033erg/s), and this 
can not be detected at present. Therefore, an enhancement by a factor of ~109 
must be somehow at work in the Sun, or/and, an unforeseen interaction 
strength has been overlooked before. In both cases, there is room for 
surprises. As a very recent example, we mention a novel concept suggested by 
E.I. Guendelman [14] about axion interaction with magnetic field gradients, in 
spite of the fact that the interaction strength has not been quantified as yet. 
This magnetic field configuration was never taken into account in an axion 
experiment, at least not on purpose. Surprisingly, and to the best of our 
knowledge, solar X-ray activity is in fact closely related also to places with 
strong magnetic field gradients [15], and therefore this suggestion is even 
more of potential interest for the justification of this work, since it cannot 
reproduce quantitatively the intensity. After all, this new concept may further 
contribute to the dominant role magnetic fields (can) play as axion-photon 
catalysts. Thus we seem to live in a challenging situation, since both the actual 
interaction mode and the nature of the solar exotica in question may be 
different from what has been widely anticipated so far.  
For reasons of simplicity, we refer mainly to the solar axion scenario, which 
stands throughout this work also for any other particle candidate with similar 
properties [13]. Thus, the (elastic) coherence axion-to-photon oscillation 
implies that the emerging photon is collinear with the incoming axion. This is a 
cornerstone in axion-telescopy, and it is just this property which allows the 
operation of axion telescopes of the Sikivie type with extremely high space 
resolution. Owing to the implied axion-photon collinearity, for an outside 
observer  the detected X-ray properties from such a process near the Sun’s 
surface can be used to trace back very precisely their place of birth (e.g., with 
an orbiting X-ray telescope with high angular resolution). Since the solar axion 
source (=solar core), the intervening surface transverse magnetic field 
component, and the X-ray observer define a straight line, the solar disk centre 
is clearly distinguished within the axion framework, which is actually contrary 
to everyday experience with solar X-ray data.  This has far-reaching 
implications for axion identification in solar X-rays. According to this scenario, 
X-rays from magnetically converted solar axions, i.e., coherent inverse 
Primakoff-effect, can be observed only from a spot near the disk centre as 
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small as the hot solar core (~10-20% of the solar radius) [4]. This reasoning 
alone was actually sufficient to exclude as self evident the standard solar axion 
scenario from being behind X-ray emission in the rest of the magnetic Sun 
surface, where the bulk of the X-ray activity takes place.   
For example, all but two [15,16] of the previous claims were located outside 
the disk centre, and therefore they also should have been rejected from 
further consideration following the reasoning of ref. [4], which addressed only 
axion-like particles, i.e., ALPs in present day jargon. Referring to axions, ref. [4] 
is cited nevertheless quite often in ongoing work with data from Yohkoh, 
RHESSI, Hinode, etc. The ‘prejudice’ was and is thus that magnetically 
converted solar axions could show up only at the disk centre region. The actual 
motivation of this work was to find a way to surpass this otherwise very 
serious constraint for most of the Sun’s X-ray bright surface [5-7]. Still, the 
reasoning of Ref. [4] is valid, but conditionally, as it applies to low rest-mass 
pseudoscalars with relatively large coupling constant, which convert high in 
the upper chromospheres or beyond. It is certainly not applicable in a wide 
parameter phase space of the dynamic solar atmosphere and the standard 
axion.  
Therefore, the main purpose of this work is to show that magnetically 
converted axions can be visible even from the whole solar disk for an Earth X-
ray observer, and, the measured analog spectrum can be different from the 
original axion spectrum, as it can be shifted towards lower energies. 
Interestingly, this is in accordance with observation. We simulate below the 
propagation of converted axions to X-rays near the photosphere. The obtained 
erase of directivity and the energy degradation are both independent on the 
actual axion interaction mechanism involved, which must be, however, 
enhanced compared to what we know about QCD-inspired solar axions. The 
reasoning of this work supports also previous specific axion claims [5-7], which 
were based mainly on the ~B2-dependence of X-ray emission, or indirectly, on 
the measured increase of elemental abundance above magnetic pores [=small 
sunspots], which show also a striking B2-behaviour. 
 
 
 
 

2. Isotropic X-ray emission from converted solar axions 
 
 
In the following we focus on a hot X-ray flare region. However, the same 
scenario might also apply to a much weaker solar X-ray brightening / emission. 
The trigger of all these events is actually often unknown [15,17], and therefore 
solar activity is unpredictable and often mysterious. Whatever the 
configuration of the magnetic fields, they are spatiotemporally associated with 
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flaring activity; they can work, at least partly, not as the usually assumed, but 
still unspecified, magnetic energy reservoir for solar flare activity, but as the 
catalyst for axion-to-photon conversion to take place.  This is in fact the main 
difference between the pure magnetic and pure axion related explanation for 
the same end result. Thus, conventional and new physics can coexist and be 
complementary without necessarily excluding each other. 
Appropriate environmental parameter values naturally allow for an axion 
interaction to take place much more efficiently. Even though it is beyond the 
scope of the present work to explain specific solar observations, we mention 
here in short that, within the suggested axion inspired scenario, in a flare: 
 
a) photoionization can take place with converted axion-like exotica near the 

magnetized solar surface, which  irradiate the overlying layers to a plasma 
(see footnote 1). In the quiet Sun, it is only the tiny layer below the 
transition region to the deep photosphere, which is actually not ionized.  
 

b) the created ~4 keV photo-electrons can solve the ‘electron number 
problem’ in flare models *15,18+.  

 
 
c) the associated radiation pressure due to X-rays from converted axions 

could also be behind the closely related Coronal Mass Ejections (CMEs), 
e.g., via a collective type ion acceleration concept of the electron cloud (see 
section 2.1.1 (1) in ref. [9]). Note that, the CME protons have a velocity of 
~10-3c, which corresponds to the one of an electron cloud in the sub-eV 
range, while ~4 keV electrons start initially with a speed of ~0.1c. Such 
velocities leave room to account for inefficiencies due to the not ideal 
conditions for a collective acceleration.  

 
Furthermore, the X-ray flare surface brightness does not exceed actually that 
of the quiet Sun luminosity even for the strongest events, while we know 
observationally that the flare region is heated up to 10-30 MK [15,18]. 
Whatever the reason behind this high temperature, it is remarkable that it 
coincides with that of the core ~700 000 km underneath. Therefore, such a hot 
region remains anyhow as a fully ionized plasma at least until it starts cooling 
down to ambient pre-flare temperatures. X-rays from converted exotica [be it 
via the inverse Primakoff-effect inside the magnetic field, or the axion 
interaction with the magnetic field gradient, or any other as yet unforeseen 
mechanism(s)] do interact with the surrounding plasma electrons (Compton 
effect). The scattering probability [19] is about 50% for an equivalent (ionized) 
hydrogen column density of 1-2 g/cm2.  
Interestingly, such column densities exist near the solar surface. For example, 
they are: ~4.4 g/cm2 at the surface of the photosphere (increasing rapidly 
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underneath), ~1 g/cm2  and ~10-3g/cm2 at +200 km and +1000 km into the 
chromosphere, respectively, while the plasma density in the solar corona 
changes dynamically by a factor of 10-100 at any given time [20]. Then, 
occasionally, the isotropic Compton scattering of X-rays from converted axions 
at the upper atmospheric plasma can still be quite considerable, i.e., also at 
larger heights than one should assume for the static atmosphere.  Thus, if the 
actual flare trigger place is (far) below the Transition Region (at ~2000 km), the 
initially radially and outwardly emitted X-rays from out streaming and 
converted axions can also photoionize the intervening neutral gas above 1. 
Note  that it is just this plasma above the flare trigger place, whatever its 
origin, which can act as the isotropic X-ray scatterer (see below). Then, in such 
a case, we have to deal with a kind of a dynamic “solar surface effect”, whose 
thickness can be as much as (few) 1000 km near the solar surface. The next 
section gives the results of a first Monte Carlo calculation. 
 
 
 
 

3.  Simulation 
 
We show here the results of a Monte Carlo simulation for the propagation of 
X-rays from converted QCD-type solar axions at the solar surface magnetic 
field. In this simulation with the CERN Geant4 code, the photoelectric effect 
was inactivated, in order to mimic the propagation of X-rays in a thick plasma 
(> few g/cm2), which finally escape into free space by a “random walk”. The 
striking isotropic X-ray re-emission derived from this simulation for the two 
column densities given in Figure 3.3.1 supports the basic idea behind this work. 
This means that the memory of the initial axion trajectory, taking entirely by 
the first photon coming out of the inverse Primakoff effect, is statistically 
erased at the level of 90% (4.4 g/cm2) and 99.9% (16 g/cm2).  
 
 

                                                 
1
  If only converted axions are the source of ionization, this might last for some time. The 

estimated time to photoionize ~2 g/cm2 above the flare trigger place is of the order of 
104 s, assuming an axion originated solar X-ray surface brightness of ~10-3 Lsolar to be the 
cause. This requirement is in principle possible, even though extreme, but a large solar 
flare is also an extreme event. Or, some other conventional reaction mechanism can be 
in synergy, e.g. like the celebrated reconnection of opposite magnetic fields, which imply 
also a magnetic field gradient along the neutral line, where solar X-ray activity is 
associated with. 
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FIGURE 3.3.1  Simulation with the CERN / Geant4 code of the angular distribution 
of  converted solar axions rays (dotted line in Figure 3.3.2) inside the magnetized 
solar surface for two different column densities of the solar atmosphere above 
the initial place of birth of X-. The photoelectric effect has been inactivated 
resembling thus free plasma electrons. The direction of the radially out streaming 
axions is at Θ = 0o.  Simulated converted axion events = 16415. Number of 
escaping (=not interacting) X-rays at Θ = 0o: 1422 (4 g/cm2), or 8.7%  and 18 (16 
g/cm2), or 1.1‰. 

 
 
 
With the same Monte Carlo calculation, we have also followed the photon 
energy loss after each Compton scattering. The surprising results are shown in 
Figure 3.3.2. The original X-ray spectrum assuming conventional QCD-inspired 
axions, which have been converted at the solar surface, is shown as a dotted 
line (a). The resulting analog spectra after the X-ray ‘random walk’ through 
4g/cm2 (b), 16 g/cm2 (c) and 49 g/cm2 (d) demonstrate the onset of energy 
degradation with increasing column density due to apparently increasing 
multiple inelastic Compton scatterings. Note that the basic Geant4 code we 
used for this simulation has a photon threshold at 1 keV. Apparently, the 
actual spectra peak stronger towards even lower energies than shown in 
Figure 3.3.2, and this might also apply to much more faint solar X-ray emission 
including the quiet Sun (see Figure 3.3.2). Interestingly, this Monte Carlo 
calculation further shows that Bremsstrahlung from some keV electrons 
becomes redundant as the low energy photon source. The requirement for 
such a hot electron cloud resulted to the “electron problem” of flares. Due to 
the small yield of the process (~10-5 per electron), the required electron flux  
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FIGURE  3.3.2  Simulation with the CERN / Geant4 code of the propagation of X-
rays from converted solar axions (a) at the solar surface magnetic field into space. 
The converted axions can photoionize the atmosphere above the initial place of 
birth of the X-ray spectrum emitted radially from magnetically induced axion 
“decays” according to the inverse Primakoff - effect. The onset of photon energy 
degradation with increasing atmospheric column density is apparent:  (b) 4 g/cm2, 
(c) 16 g /cm2, (d) 49 g/cm2.  The Geant4 code used here follows photons down to 
1 keV, i.e. the turnover at ~1 keV is an artifact of the simulation. (Compare these 
spectra with that given in FIGURE 3.4.1) 

 
 
becomes energetically a serious problem for modelling [22]. This is no longer 
the case for the small energy loss of hard X-rays appearing during a 



  

 55 

flare,introduced through multiple Compton scattering (in our suggestion 
converted axions are the actual X-ray source). 
Thus, the Monte Carlo simulation shows that the suggested standard axion 
picture can explain the observed non-directivity as well as the analog spectrum 
of the X-ray flaring Sun that peaks at low energies. It cannot predict, however, 
the X-ray intensity, even though various candidate observations [5-7] follow 
the striking B2-dependence.  That is to say, 3 out of 4 basic axion related 
properties are encountered in the flaring/magnetic Sun, therefore being thus 
in favour of the suggested axion scenario.  
 
 
 

Numerical example for axion-to-photon conversion  
If the plasma density matches the axion rest mass, i.e., mγ=ћωplasma≈maxionc2, 
then the axion-to-photon oscillation length [=coherence length] becomes quasi 
infinite. In reality, there is always a density inhomogeneity as it happens 
strongly with the Sun [23], which constraints this coherence length. With the 
pioneering work of Van Bibber and coworkers [8] and the actual equation 

                          
the relevant relation for ρ ≠constant is:  
 

                                                                
(m=maxion). Assuming the static solar surface density profile [23] with Δρ/ρ ≈ 
10-2, we arrive at a coherence length of L ≈3 km and E ≈ 4 keV for the solar 
surface with ρ≈2•10-7 g/cm3 (i.e., for ћωplasma= maxionc2 ≈ 10-2 eV/c2).  In the 
following we make a rather optimistic but still realistic estimate. Thus, we can 
have a rough idea about the order of magnitude of the effect one may expect 
(optimally?) near the solar surface, where the axion-to-photon conversion 
must occur, for the scenario of this work to apply. Even if local solar dynamical 
behaviour allows to keep spatially the spatial relative density change within 
Δρ/ρ ≈ 1% over a distance which roughly corresponds, to 10 times that of the 
static solar density change (Δρ/ρ ≈ 10 %), the corresponding coherence length 
becomes L≈20 km. Furthermore, assuming a local field of 1 Tesla (note 0.5 
Tesla have been measured already at some sunspots) and a coupling constant 
gaγγ≈10-10 GeV-1, the estimated axion conversion efficiency [2] is still very small:  
Pa→γ≈10-12. For comparison, a very large luminous flare requires instead an 
efficiency of the order of 10-3, implying a missing factor of ~109. For less 
extreme events like microflares, nanoflares, flaring brightenings, or even non-
flaring X-ray emission from active regions, the missing factor would be much 
smaller. Following this reasoning, even a further improvement by a few orders 
of magnitude is still insufficient. This suggests to either consider the existence 
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of  other axion-like exotica, or to speculate that a much stronger fine tuning by 
the restless Sun is at work.  
 
 
 

4. Discussion 
 
While the region above an axion-initiated flaring region is being progressively 
photoionized, a single Compton scattering of an axion-related hard X-ray 
photon is sufficient to completely erase its memory of the initial collinearity 
with the converted axion. This is a possibly important result. Because, 
combining the isotropic Compton scattering with the degree of modification of 
the initial analog spectrum (see Figure 3.3.1 and 3.3.2), it can be used to 
extract the depth into the photosphere of the initial axion conversion. 
Furthermore, assuming only the coherent inverse Primakoff effect to be at 
work, and, the axions are coming from the hot solar core, then the required 
resonance between axion rest mass and plasma energy maximizes the 
interaction. This reasoning arrives at axions with a rest mass, within a factor of 
2-3, equal to about 0.01 eV/c2, which could materialize somewhere in the 
~500km thick photosphere.  Within the same reasoning it is natural that X-ray 
flares and CMEs are observed often together. Under the rather realistic 
conditions given above, the main results of the suggested axion scenario are:  
a) the solar disk centre is no longer exceptional, i.e., it is not  the only place 

for converted axions, streaming out from the core, to be seen by an outside 
observer,  

b) the initial axion energy transferred entirely to the photon can become 
quite reduced during its propagation inside the thick atmosphere above, 
before it escapes into space, 

c) the concluded axion rest mass is ~10-2eV/c2, and 
d) the coherent inverse Primakoff-effect cannot reproduce the observed large 

X-ray intensities.  
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FIGURE 3.4.1 Reconstructed solar photon spectrum from the quiet sun at solar 
minimum (see figure 9 in ref. [9]). The low energy part (<2 keV) reflects the 
mysterious solar corona problem. The comparison with the log-scale of FIGURE 
3.3.2 is suggestive about the origin of this soft X-ray spectrum component. With 
no other solar axion conversion mechanism one could arrive before to such a 
dominating low energy component. This fits also the observed B2-dependence in 
[5-7] for X-rays below ~3 keV. 

 
 
 
 
Note that a) and b) were actually used in the past to widely dismiss possible 
axion involvement in flares. The reasoning of this work favors just the 
opposite. To put it differently: if a flare or any other solar activity launched 
anywhere near its ”thick” magnetized  surface  is due to converted axions or 
the like, its X-rays can be observed by any observer, and eventually at (much) 
lower energies, and both fit solar observation. Remarkably, solar activity takes 
place preferentially in strong magnetic places, i.e., in sunspots, which appear 
equally in all longitudes, but are confined within about ±35o in latitude. 
Therefore, Figure 2 in ref. [17], which was reconstructed from released soft X-
ray data taken with the Japanese Yohkoh mission ~11 years ago, might be just 
one typical overlooked example among many others published before and 
which were never considered to contain signature(s) of solar axions. 
Interestingly, the recently made observation with Microflares [18], the 
distribution of their birth place follows also the magnetic Sun. 
It is worth clarifying that the disk centre region [4] could still be occasionally a 
distinguished one, if the axion conversion process occurs quite high in the 
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“thin” solar atmosphere. So far, such a situation does not fit the bulk of 
existing solar observations, except the two candidate observations we could 
find so far in published work [7,16]. A comparison between the behavior of 
strong X-ray flares and orders of magnitude weaker solar X-ray emission from 
active regions could provide new and interesting insight.  
 
 
 
 
5. Conclusions 
 
Challenging questions like the origin of the soft and hard solar X-ray emission 
remain elusive within conventional astrophysics. It has been known for many 
years that the magnetic field plays a crucial role in heating the solar corona, 
with the exact energy storage and release mechanism(s) being still a nagging 
unsolved problem for solar physics [15,21]. In this work we show that the solar 
axion scenario can explain strong solar X-ray activity surpassing the problems 
associated with the “dogmatic” radial directivity of the emerging photons, and, 
the observed low energy radiation that dominates solar irradiance spectra. 
Such signatures have not been previously considered at all as candidates for 
axions for an even simpler reason: axion-related X-ray sources should be 
rather faint. However, at the moment no conclusion can be drawn about the 
very nature of the suspected exotica. Even less can we enter into their 
ultimate interaction strength and/or the main enhancement mechanism, 
which, in accordance with observation, must be at work preferentially in 
strong magnetized places near the Sun’s surface with a minimum of column 
density above the actual trigger place of a few g/cm2. However, solar 
observations are pointing to particles like the celebrated axions or the like, as 
the first choice for new physics involvement in the active Sun, at both large 
and small scales.  
Within this framework, a first Monte Carlo simulation shows that if 
outstreaming solar axion(-like) particles are converted to X-rays in magnetic 
fields anywhere near the photosphere or the chromosphere, they can still 
reach a near Earth X-ray observatory, and this against the widely accepted 
axion scenario of ref. [4]. The suddenly appearing X-rays (which are too hard 
for the ambient temperature) suffer a quasi continuous energy degradation 
and loss of memory of their initial trajectory due to (multiple) Compton 
scattering with the atmospheric environment. Surprisingly, this fits many as 
yet unnoticed wideband observations, i.e., from the “violent” X-ray flares to 
some much weaker events [5-7], which are all detected from a large part of or 
even from the entire magnetized solar disk. Interestingly, this can be explained 
(apart from their as yet underestimated intensity!) without necessarily 
inventing new axion physics; the simulated analog spectra fit, at least 



  

 59 

qualitatively, the bulk of the low energy radiation from both quiet and active 
Sun. Then there might be no need to invent a less hot solar axion source 
outside the hot core; this alternative scheme is still possible, but not our 
favorite following the reasoning of this work. Within the suggested scenario 
we conclude that their rest mass must be about 10-2eV/c2, if the coherent 
inverse Primakoff effect is the main conversion mechanism. Therefore, the 
reevaluation / reconsideration of high statistics solar data in the ~1-10 000 eV 
range is of potential interest.  
Finally, we notice that the reality of axion related solar X-ray emission might 
have a directivity memory of the initial converted axion somewhere between 
zero and 100%. Therefore, a longitudinally inhomogeneous solar X-ray 
emission or flaring distribution (ref. [24] might be of relevance in this respect] 
could be another kind of imprint of the inner Sun and the solar axion 
atmospheric fine tuning as long as an alternative conventional explanation fails 
to apply. Therefore, such observations are of potential interest. 
The underestimated X-ray intensities by the conventional axion scenario might 
point at a missing interaction component. The possible new axion coupling to 
the magnetic field gradient is one possibility, and not necessarily the only or 
even the real one at work. As a last example, we mention the massive solar 
axions of the Kaluza-Klein type [9]. Their behavior is completely different from 
the conventional ones: they have a mean velocity of ~0.6c, unlike the former, 
which are expected to be super-relativistic. In terms of rest mass the 
difference is even more pronounced.  
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