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This talk is based on two very recent 
(May 2018) preprints:

1. N.Raza, L.van Waerbeke and AZ,1805.01897
“Solar Corona Heating by the Axion Quark Nugget 
Dark Matter,”(collaboration with astronomers)

2.H.Fischer, X.Liang, Y.Semertzidis, AZ and 
K.Zioutas, 1805.05184
 ”New mechanism producing axions and how CAST 
can discover them,”(collaboration with particle 
physics experimentalists)

There is one term in common, the “axion” which  
is key element in both preprints and the 
subject of this talk. 



Axion and its relation to  three very old 
(and apparently unrelated) Mysteries

1. 80-years old mystery: the nature  of dark 
matter (Zwicky 1937) 

2. another 50-years old mystery: Baryogenesis 
(Sakharov, 1967) 

3. yet another 80- years old mystery: the so-called 
“solar heating puzzle”  (W. Grotrian, 1939)  



a) b)

c) d)

Left: the temperature distribution in outer Sun: the 
drastic changes occur in vicinity of 2000km. The 
transition region is about 100 km wide.
Right: the unexpected deviation from the thermal 
distribution  in EUV and soft x rays from corona 



 Solar extreme UV (EUV) radiation  

The quiet Sun emits EUV radiation with the energy 
of order 100 eV which cannot be explained in terms 
of any conventional astro-phenomena.  

Apparent  violation of thermodynamics. Can be only 
resolved with non-thermal injection of energy that 
heats up the corona. The EUV emission occurs about 
2000 km above the surface where the temperature 
suddenly jumps:       

“everything above the photosphere (about         of 
the total solar luminosity) is not supposed  to be 
there at all” (Solar Corona Mystery, 1939) 
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1.“Naive”  Moral: Dark matter requires  New (unknown) 
Fields 

2. “Naive” Moral:  New Fields must be Nonbaryonic. 
Arguments come from structure formation 
requirements,  BBN, decoupling DM from radiation, etc 

This proposal: Instead of  “New Fields”                     “New 
phases” (dense colour superconductor) of  “Old Fields” 

Instead of “Baryogenesis”                 “separation of 
charges” of conventional fields (quarks) at 

Separation of charges is realized by formation of the 
nuggets (similar to Witten’s nuggets) with 2 extra 
elements:

1.First two  (naively unrelated) Mysteries: 
Dark Matter and Baryogenesis.
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1. there is  extra axion domain wall pressure (acting 
on the closed axion DW bubbles). It  makes the nuggets 
stable (first order phase transition is not required, as 
in the Witten’s case)   

2. there are two species, the  nuggets and anti-
nuggets.   

The nuggets remain stable over cosmological times and 
serve as DM (similar to Witten’s nuggets)  

A small geometrical factor replaces a weak coupling 
constant. Nuggets are qualified as the DM candidates: 

Cosmological  CP-odd  axion field generates the 
disparity  between  two species at                which 
implies the similarity between dark and visible 
sectors:                                         

✓ 6= 0

⌦dark ⇡ ⌦visible ⇠ ⇤QCD

✏ ⇠ S/V ⇠ B�1/3 << 1 �/M ⌧ cm2/g
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Antiquark nugget structure.    Source of emission  
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Possible cooling paths are denoted as 1, 2, 3. The 
phase diagram at               is still unknown.  
Formation temperature (below the CS phase 
transition) corresponds to the observed value  

Nuggets complete the formation at                         . 

 2.Formation mechanism  

✓ 6= 0

Tform ' 41 MeV

QGP

CS

Hadron

(PhaseUnknown)

This is a novel contribution to 
DM from the axion field, in 

addition to conventional 
misalignment mechanism    

and DW decay 



Relevant Literature on Formation 
Mechanism : 

Evolution of a single nugget-                   
PRD 2016 (arxiv 1606.00435) 

Cosmological CP odd axion field and 
charge separation mechanism                   
PRD 2017 (1702.04354) 

Cosmological axion and relation to axion 
search experiments and other constraints 
PRD 2018 (arxiv 1711.06271)   



There are many nontrivial settle points related to 
the formation mechanism. I want to mention just two 
key ingredients which are important for this 
presentation  

1- Ingredient: the presence of the axion domain 
walls N=1 when     interpolates between one and 
the same vacuum state:                         . The axion 
domain walls in general, demonstrate a  sandwich-
like  substructure on  the QCD scale  

It is normally assumed that the topological defects 
(such as the domain walls) can only be formed if 
the PQ phase transition occurs after the inflation, 
i.e.               . 

This conventional argument is correct for          , 
and it is incorrect for           .   

✓
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<latexit sha1_base64="w9HS6CShG5v0Ip0WVptZDqMIZyE=">AAAB7nicbVDLSgNBEOyNrxhfUY9eRoPgKex60WPQiyeJYB6QXcLspDcZMju7mZkVwpKP8OJBEa9+jzf/xsnjoIkFDUVVN91dYSq4Nq777RTW1jc2t4rbpZ3dvf2D8uFRUyeZYthgiUhUO6QaBZfYMNwIbKcKaRwKbIXD26nfekKleSIfzTjFIKZ9ySPOqLFS696XOCJet1xxq+4MZJV4C1KpEf+UAEC9W/7yewnLYpSGCap1x3NTE+RUGc4ETkp+pjGlbEj72LFU0hh1kM/OnZBzq/RIlChb0pCZ+nsip7HW4zi0nTE1A73sTcX/vE5mousg5zLNDEo2XxRlgpiETH8nPa6QGTG2hDLF7a2EDaiizNiESjYEb/nlVdK8rHpu1XuwadzAHEU4gTO4AA+uoAZ3UIcGMBjCM7zCm5M6L8678zFvLTiLmWP4A+fzB9IQj/g=</latexit><latexit sha1_base64="8VmaljJrVH3RCfjosjTTdH/sdcI=">AAAB7nicbVDLSgNBEOz1lRhfUS+Cl9EgeAq7XvQY9OJJIpgHJEuYnfQmQ2Zn15lZIazxH7x4UMSr3+PNv3HyOGhiQUNR1U13V5AIro3rfjtLyyura7n8emFjc2t7p7i7V9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB4GrsNx5QaR7LOzNM0I9oT/KQM2qs1LhpS7wnXqdYcsvuBGSReDNSqpD20cHTY67aKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOyInVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhBd+xmWSGpRsuihMBTExGf9OulwhM2JoCWWK21sJ61NFmbEJFWwI3vzLi6R+Vvbcsndr07iEKfJwCMdwCh6cQwWuoQo1YDCAZ3iFNydxXpx352PauuTMZvbhD5zPHx87kPE=</latexit><latexit sha1_base64="8VmaljJrVH3RCfjosjTTdH/sdcI=">AAAB7nicbVDLSgNBEOz1lRhfUS+Cl9EgeAq7XvQY9OJJIpgHJEuYnfQmQ2Zn15lZIazxH7x4UMSr3+PNv3HyOGhiQUNR1U13V5AIro3rfjtLyyura7n8emFjc2t7p7i7V9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB4GrsNx5QaR7LOzNM0I9oT/KQM2qs1LhpS7wnXqdYcsvuBGSReDNSqpD20cHTY67aKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOyInVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhBd+xmWSGpRsuihMBTExGf9OulwhM2JoCWWK21sJ61NFmbEJFWwI3vzLi6R+Vvbcsndr07iEKfJwCMdwCh6cQwWuoQo1YDCAZ3iFNydxXpx352PauuTMZvbhD5zPHx87kPE=</latexit><latexit sha1_base64="8VmaljJrVH3RCfjosjTTdH/sdcI=">AAAB7nicbVDLSgNBEOz1lRhfUS+Cl9EgeAq7XvQY9OJJIpgHJEuYnfQmQ2Zn15lZIazxH7x4UMSr3+PNv3HyOGhiQUNR1U13V5AIro3rfjtLyyura7n8emFjc2t7p7i7V9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB4GrsNx5QaR7LOzNM0I9oT/KQM2qs1LhpS7wnXqdYcsvuBGSReDNSqpD20cHTY67aKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOyInVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhBd+xmWSGpRsuihMBTExGf9OulwhM2JoCWWK21sJ61NFmbEJFWwI3vzLi6R+Vvbcsndr07iEKfJwCMdwCh6cQwWuoQo1YDCAZ3iFNydxXpx352PauuTMZvbhD5zPHx87kPE=</latexit><latexit sha1_base64="Fbpp13t1gwQAjP+kuNPWf6hYyhQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86LHoxZNUMG2hDWWznbRLN5u4uxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrW9sbpW3Kzu7e/sH1cOjlk4yxdBniUhUJ6QaBZfoG24EdlKFNA4FtsPxzcxvP6HSPJEPZpJiENOh5BFn1FipfdeT+Ei8frXm1t05yCrxClKDAs1+9as3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXUsljVEH+fzcKTmzyoBEibIlDZmrvydyGms9iUPbGVMz0sveTPzP62YmugpyLtPMoGSLRVEmiEnI7Hcy4AqZERNLKFPc3krYiCrKjE2oYkPwll9eJa2LuufWvXu31rgu4ijDCZzCOXhwCQ24hSb4wGAMz/AKb07qvDjvzseiteQUM8fwB87nD3vQjvs=</latexit>

N = 1
<latexit sha1_base64="vyEpL+U7MQU10J0/7ttBBVr42w8=">AAAB63icbZC7SgNBFIbPxluMt6ilzWAQrMKujWnEoIVWEsFcIFnC7GQ2GTIzu8zMCmHJK9hYKGJh4wvZWfoKPoGzSQpN/GHg4//PYc45QcyZNq776eSWlldW1/LrhY3Nre2d4u5eQ0eJIrROIh6pVoA15UzSumGG01asKBYBp81geJnlzXuqNIvknRnF1Be4L1nICDaZdXOGvG6x5JbdidAieDMonX9/Xb0BQK1b/Oj0IpIIKg3hWOu258bGT7EyjHA6LnQSTWNMhrhP2xYlFlT76WTWMTqyTg+FkbJPGjRxf3ekWGg9EoGtFNgM9HyWmf9l7cSEFT9lMk4MlWT6UZhwZCKULY56TFFi+MgCJorZWREZYIWJsecp2CN48ysvQuOk7Lll79YtVS9gqjwcwCEcgwenUIVrqEEdCAzgAZ7g2RHOo/PivE5Lc86sZx/+yHn/AfF9kHM=</latexit><latexit sha1_base64="I0H5TFyCUl2hypiJ/UEHamLRvds=">AAAB63icbZC7SgNBFIbPxluMt3jpbAaDYBV2bbQRgxZaSQRzgWQJs5PZZMjM7DIzK8SQV7CxUMTW1oexs8wr+ATOJik08YeBj/8/hznnBDFn2rjul5NZWFxaXsmu5tbWNza38ts7VR0litAKiXik6gHWlDNJK4YZTuuxolgEnNaC3mWa1+6p0iySd6YfU1/gjmQhI9ik1s0Z8lr5glt0x0Lz4E2hcP49uvrYexiVW/nPZjsiiaDSEI61bnhubPwBVoYRToe5ZqJpjEkPd2jDosSCan8wnnWIDq3TRmGk7JMGjd3fHQMstO6LwFYKbLp6NkvN/7JGYsJTf8BknBgqyeSjMOHIRChdHLWZosTwvgVMFLOzItLFChNjz5OzR/BmV56H6nHRc4verVsoXcBEWdiHAzgCD06gBNdQhgoQ6MIjPMOLI5wn59V5m5RmnGnPLvyR8/4D7eiR8A==</latexit><latexit sha1_base64="I0H5TFyCUl2hypiJ/UEHamLRvds=">AAAB63icbZC7SgNBFIbPxluMt3jpbAaDYBV2bbQRgxZaSQRzgWQJs5PZZMjM7DIzK8SQV7CxUMTW1oexs8wr+ATOJik08YeBj/8/hznnBDFn2rjul5NZWFxaXsmu5tbWNza38ts7VR0litAKiXik6gHWlDNJK4YZTuuxolgEnNaC3mWa1+6p0iySd6YfU1/gjmQhI9ik1s0Z8lr5glt0x0Lz4E2hcP49uvrYexiVW/nPZjsiiaDSEI61bnhubPwBVoYRToe5ZqJpjEkPd2jDosSCan8wnnWIDq3TRmGk7JMGjd3fHQMstO6LwFYKbLp6NkvN/7JGYsJTf8BknBgqyeSjMOHIRChdHLWZosTwvgVMFLOzItLFChNjz5OzR/BmV56H6nHRc4verVsoXcBEWdiHAzgCD06gBNdQhgoQ6MIjPMOLI5wn59V5m5RmnGnPLvyR8/4D7eiR8A==</latexit><latexit sha1_base64="I0H5TFyCUl2hypiJ/UEHamLRvds=">AAAB63icbZC7SgNBFIbPxluMt3jpbAaDYBV2bbQRgxZaSQRzgWQJs5PZZMjM7DIzK8SQV7CxUMTW1oexs8wr+ATOJik08YeBj/8/hznnBDFn2rjul5NZWFxaXsmu5tbWNza38ts7VR0litAKiXik6gHWlDNJK4YZTuuxolgEnNaC3mWa1+6p0iySd6YfU1/gjmQhI9ik1s0Z8lr5glt0x0Lz4E2hcP49uvrYexiVW/nPZjsiiaDSEI61bnhubPwBVoYRToe5ZqJpjEkPd2jDosSCan8wnnWIDq3TRmGk7JMGjd3fHQMstO6LwFYKbLp6NkvN/7JGYsJTf8BknBgqyeSjMOHIRChdHLWZosTwvgVMFLOzItLFChNjz5OzR/BmV56H6nHRc4verVsoXcBEWdiHAzgCD06gBNdQhgoQ6MIjPMOLI5wn59V5m5RmnGnPLvyR8/4D7eiR8A==</latexit><latexit sha1_base64="wGyIzIhylsk9FDygt7MKRVnn+fg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8l60YtQ9OJJKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbizG315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7e533li2vBYPdppwgJJRopHnBKbS/fXyB9Ua7iO50CrxC9IDQo0B9Wv/jCmqWTKUkGM6fk4sUFGtOVUsFmlnxqWEDohI9ZzVBHJTJDNb52hM6cMURRrV8qiufp7IiPSmKkMXackdmyWvVz8z+ulNroKMq6S1DJFF4uiVCAbo/xxNOSaUSumjhCqubsV0THRhFoXT8WF4C+/vEraF3Uf1/0HXGvcFHGU4QRO4Rx8uIQG3EETWkBhDM/wCm+e9F68d+9j0Vryiplj+APv8wfszo16</latexit>



We always assume that                . However N=1 
axion domain walls still will be formed.   

The point is that the N=1 domain wall interpolates 
between topologically distinct, but physically 
identical vacuum states. These distinct topological 
sectors must be present inside the same horizon 
(for self consistency of the theory) such that 
inflation cannot remove them. 

There are few formal arguments supporting this 
claim: the         periodicity in         can be restored if 
all          topological sectors are present in the 
system (Witten, 1980)

HI < fPQ
<latexit sha1_base64="eMONIdqeb5mXh+640PWfdryM3dU=">AAAB8nicbVC7SgNBFL0bXzG+opY2g0GxCrs2WlgEbWKXgHlAsiyzk9lkyOzMMjMrhCWfYWOhiK21td9g54fYO3kUmnjgwuGce7n3njDhTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKllqghtEMmlaodYU84EbRhmOG0niuI45LQVDm8mfuueKs2kuDOjhPox7gsWMYKNlTrV4BZdRUFWq4+DYsktu1OgZeLNSaly+v3+AQC1oPjZ7UmSxlQYwrHWHc9NjJ9hZRjhdFzoppommAxxn3YsFTim2s+mJ4/RiVV6KJLKljBoqv6eyHCs9SgObWeMzUAvehPxP6+TmujSz5hIUkMFmS2KUo6MRJP/UY8pSgwfWYKJYvZWRAZYYWJsSgUbgrf48jJpnpc9t+zVbRrXMEMejuAYzsCDC6hAFWrQAAISHuAJnh3jPDovzuusNefMZw7hD5y3Hwwlk18=</latexit><latexit sha1_base64="aYREn6Ky1cV3CaVwmxYrVK5QBEE=">AAAB8nicbVC7TsNAEDzzDAmPACXNiQhEFdk0UFBE0IQukchDcizrfDknp5x91t06UmTlM2goQIiWmh/gD+j4EKi5PApIGGml0cyudneCRHANtv1prayurW9s5rbyhe2d3b3i/kFTy1RR1qBSSNUOiGaCx6wBHARrJ4qRKBCsFQxuJn5ryJTmMr6DUcK8iPRiHnJKwEhu1b/FV6Gf1epjv1iyy/YUeJk4c1KqnH69vQ8L3zW/+NHpSppGLAYqiNauYyfgZUQBp4KN851Us4TQAekx19CYREx72fTkMT4xSheHUpmKAU/V3xMZibQeRYHpjAj09aI3Ef/z3BTCSy/jcZICi+lsUZgKDBJP/sddrhgFMTKEUMXNrZj2iSIUTEp5E4Kz+PIyaZ6XHbvs1E0a12iGHDpCx+gMOegCVVAV1VADUSTRPXpETxZYD9az9TJrXbHmM4foD6zXHwTFlNk=</latexit><latexit sha1_base64="aYREn6Ky1cV3CaVwmxYrVK5QBEE=">AAAB8nicbVC7TsNAEDzzDAmPACXNiQhEFdk0UFBE0IQukchDcizrfDknp5x91t06UmTlM2goQIiWmh/gD+j4EKi5PApIGGml0cyudneCRHANtv1prayurW9s5rbyhe2d3b3i/kFTy1RR1qBSSNUOiGaCx6wBHARrJ4qRKBCsFQxuJn5ryJTmMr6DUcK8iPRiHnJKwEhu1b/FV6Gf1epjv1iyy/YUeJk4c1KqnH69vQ8L3zW/+NHpSppGLAYqiNauYyfgZUQBp4KN851Us4TQAekx19CYREx72fTkMT4xSheHUpmKAU/V3xMZibQeRYHpjAj09aI3Ef/z3BTCSy/jcZICi+lsUZgKDBJP/sddrhgFMTKEUMXNrZj2iSIUTEp5E4Kz+PIyaZ6XHbvs1E0a12iGHDpCx+gMOegCVVAV1VADUSTRPXpETxZYD9az9TJrXbHmM4foD6zXHwTFlNk=</latexit><latexit sha1_base64="aYREn6Ky1cV3CaVwmxYrVK5QBEE=">AAAB8nicbVC7TsNAEDzzDAmPACXNiQhEFdk0UFBE0IQukchDcizrfDknp5x91t06UmTlM2goQIiWmh/gD+j4EKi5PApIGGml0cyudneCRHANtv1prayurW9s5rbyhe2d3b3i/kFTy1RR1qBSSNUOiGaCx6wBHARrJ4qRKBCsFQxuJn5ryJTmMr6DUcK8iPRiHnJKwEhu1b/FV6Gf1epjv1iyy/YUeJk4c1KqnH69vQ8L3zW/+NHpSppGLAYqiNauYyfgZUQBp4KN851Us4TQAekx19CYREx72fTkMT4xSheHUpmKAU/V3xMZibQeRYHpjAj09aI3Ef/z3BTCSy/jcZICi+lsUZgKDBJP/sddrhgFMTKEUMXNrZj2iSIUTEp5E4Kz+PIyaZ6XHbvs1E0a12iGHDpCx+gMOegCVVAV1VADUSTRPXpETxZYD9az9TJrXbHmM4foD6zXHwTFlNk=</latexit><latexit sha1_base64="+x7WZeZABAaxXiqRVrpgW2kvl14=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFoNgFe5stLAI2sQuAfMBl+PY2+wlS/Z2j905IRz5GTYWitj6a+z8N26SKzTxwcDjvRlm5kWp4AZc99spbWxube+Udyt7+weHR9Xjk65RmaasQ5VQuh8RwwSXrAMcBOunmpEkEqwXTe7nfu+JacOVfIRpyoKEjCSPOSVgJb8ZPuDbOMxb7VlYrbl1dwG8TryC1FCBVlj9GgwVzRImgQpijO+5KQQ50cCpYLPKIDMsJXRCRsy3VJKEmSBfnDzDF1YZ4lhpWxLwQv09kZPEmGkS2c6EwNisenPxP8/PIL4Jci7TDJiky0VxJjAoPP8fD7lmFMTUEkI1t7diOiaaULApVWwI3urL66R7Vffcutd2a427Io4yOkPn6BJ56Bo1UBO1UAdRpNAzekVvDjgvzrvzsWwtOcXMKfoD5/MHPv+Qjg==</latexit>

Evac(✓) ⇠ min
k

(✓ + 2⇡k)2 +O(
1

Nc
)

<latexit sha1_base64="y/a7wKR16C/6ACbXY6aOTQou3c8="></latexit><latexit sha1_base64="SRtF7Spq6ajZeq/FpdalpsvVBfs="></latexit><latexit sha1_base64="SRtF7Spq6ajZeq/FpdalpsvVBfs="></latexit><latexit sha1_base64="SRtF7Spq6ajZeq/FpdalpsvVBfs="></latexit><latexit sha1_base64="WESSztUmN//FZ0RnYwMplkSlbTM="></latexit>

2⇡
<latexit sha1_base64="KTrf7tSBxzkwVIl2HpX19mpP1Xg=">AAAB63icbZC7TsMwFIZPyq2UW4GRxaJCYqqSLrBRwQBjkehFaqPKcZ3Wqu1EtoNURX0FFgYQYmDhhdgYeQWeACftAC2/ZOnT/58jn3OCmDNtXPfTKaysrq1vFDdLW9s7u3vl/YOWjhJFaJNEPFKdAGvKmaRNwwynnVhRLAJO28H4Ksvb91RpFsk7M4mpL/BQspARbDKr1otZv1xxq24utAzeHCoX31/XbwDQ6Jc/eoOIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKuRYkF1X6azzpFJ9YZoDBS9kmDcvd3R4qF1hMR2EqBzUgvZpn5X9ZNTHjup0zGiaGSzD4KE45MhLLF0YApSgyfWMBEMTsrIiOsMDH2PCV7BG9x5WVo1aqeW/Vu3Ur9EmYqwhEcwyl4cAZ1uIEGNIHACB7gCZ4d4Tw6L87rrLTgzHsO4Y+c9x/EcpD+</latexit><latexit sha1_base64="XUiXLEhGZwbGHCCw1Ju3wci3EHs=">AAAB63icbZC7TsMwFIZPuJZyK5eNxaJCYqqSLrBRwQBjkehFaqPKcZ3Wqu1EtoNUor4CCwMIsbLyMGyMfQWeAKftAC2/ZOnT/58jn3OCmDNtXPfLWVpeWV1bz23kN7e2d3YLe/t1HSWK0BqJeKSaAdaUM0lrhhlOm7GiWAScNoLBVZY37qnSLJJ3ZhhTX+CeZCEj2GRWuR2zTqHoltyJ0CJ4MyhefI+vPw4fxtVO4bPdjUgiqDSEY61bnhsbP8XKMMLpKN9ONI0xGeAebVmUWFDtp5NZR+jEOl0URso+adDE/d2RYqH1UAS2UmDT1/NZZv6XtRITnvspk3FiqCTTj8KEIxOhbHHUZYoSw4cWMFHMzopIHytMjD1P3h7Bm195EerlkueWvFu3WLmEqXJwBMdwCh6cQQVuoAo1INCHR3iGF0c4T86r8zYtXXJmPQfwR877D8Ddkns=</latexit><latexit sha1_base64="XUiXLEhGZwbGHCCw1Ju3wci3EHs=">AAAB63icbZC7TsMwFIZPuJZyK5eNxaJCYqqSLrBRwQBjkehFaqPKcZ3Wqu1EtoNUor4CCwMIsbLyMGyMfQWeAKftAC2/ZOnT/58jn3OCmDNtXPfLWVpeWV1bz23kN7e2d3YLe/t1HSWK0BqJeKSaAdaUM0lrhhlOm7GiWAScNoLBVZY37qnSLJJ3ZhhTX+CeZCEj2GRWuR2zTqHoltyJ0CJ4MyhefI+vPw4fxtVO4bPdjUgiqDSEY61bnhsbP8XKMMLpKN9ONI0xGeAebVmUWFDtp5NZR+jEOl0URso+adDE/d2RYqH1UAS2UmDT1/NZZv6XtRITnvspk3FiqCTTj8KEIxOhbHHUZYoSw4cWMFHMzopIHytMjD1P3h7Bm195EerlkueWvFu3WLmEqXJwBMdwCh6cQQVuoAo1INCHR3iGF0c4T86r8zYtXXJmPQfwR877D8Ddkns=</latexit><latexit sha1_base64="XUiXLEhGZwbGHCCw1Ju3wci3EHs=">AAAB63icbZC7TsMwFIZPuJZyK5eNxaJCYqqSLrBRwQBjkehFaqPKcZ3Wqu1EtoNUor4CCwMIsbLyMGyMfQWeAKftAC2/ZOnT/58jn3OCmDNtXPfLWVpeWV1bz23kN7e2d3YLe/t1HSWK0BqJeKSaAdaUM0lrhhlOm7GiWAScNoLBVZY37qnSLJJ3ZhhTX+CeZCEj2GRWuR2zTqHoltyJ0CJ4MyhefI+vPw4fxtVO4bPdjUgiqDSEY61bnhsbP8XKMMLpKN9ONI0xGeAebVmUWFDtp5NZR+jEOl0URso+adDE/d2RYqH1UAS2UmDT1/NZZv6XtRITnvspk3FiqCTTj8KEIxOhbHHUZYoSw4cWMFHMzopIHytMjD1P3h7Bm195EerlkueWvFu3WLmEqXJwBMdwCh6cQQVuoAo1INCHR3iGF0c4T86r8zYtXXJmPQfwR877D8Ddkns=</latexit><latexit sha1_base64="UU6YAVVMfL8Egw23wop+o8kPrO8=">AAAB63icbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2lhHMByRH2NvMJUt2947dPSGE/AUbC0Vs/UN2/hv3kis08cHA470ZZuZFqeDG+v63t7G5tb2zW9or7x8cHh1XTk7bJsk0wxZLRKK7ETUouMKW5VZgN9VIZSSwE03ucr/zhNrwRD3aaYqhpCPFY86ozaV6P+WDStWv+QuQdRIUpAoFmoPKV3+YsEyiskxQY3qBn9pwRrXlTOC83M8MppRN6Ah7jioq0YSzxa1zcumUIYkT7UpZslB/T8yoNGYqI9cpqR2bVS8X//N6mY1vwhlXaWZRseWiOBPEJiR/nAy5RmbF1BHKNHe3EjammjLr4im7EILVl9dJu14L/Frw4Fcbt0UcJTiHC7iCAK6hAffQhBYwGMMzvMKbJ70X7937WLZueMXMGfyB9/kDv8OOBQ==</latexit> ✓
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The N=1 axion domain wall corresponds to the 
interpolation                             when both states 
are physically identical states. These states 
obviously present in the system irrespectively to 
the inflationary scale                                        . 

Another argument supporting the same claim is 
based on the duality when the domain wall 
solution in Sine Gordon axion potential                          
with                           is  formulated in terms of the 
dual local     field.  

Locality obviously implies that this       field 
cannot be removed outside the horizon during the 
inflationary epoch because it would violate the 
fundamental property of the theory.   
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2-ingredient. If CP violating axion field          were zero at 
the moment of formation than an equal number of nuggets 
and anti-nuggets would form —> no visible matter 

The axion field  with                during the formation time 
implies that the difference between total baryon charge 
hidden in form of nuggets and anti nuggets is order of one: 

Baryon charge of the visible matter can be expressed in 
terms of this parameter     

It is very generic  and model-independent result of the 
entire proposal which holds for any axion mass          and 
any misalignment angle  
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Matter in the Universe

One part: 
visible matter

Two parts: 
  matter nuggets 

Three  parts: 
  anti-matter nuggets 

A model which explains both the  matter-antimatter 
asymmetry and the observed ratio of visible matter to DM

Btot = 0 = Bnugget +Bvisible � B̄antinugget

BDM = Bnugget + B̄antinugget ' 5 Bvisible

The ratio                                            at 
the end of formation is determined by the 
sign of axion CP violating parameter 

Bnugget/B̄antinaget ' 2/3
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3. The main lessons of the framework

The relation                             is a very natural and 
universal outcome of this framework.  This claim 
holds in entire visible Universe as inflation occurs 
after PQ:               . The claim is not sensitive to 
specific details of the system 

The “baryogenesis” in this framework is replaced 
by “charge separation” effect when the anti-quarks 
are hidden in form of the DM nuggets.  

Two (out of three) Sakharov’s criteria are present 
in our framework:  1. the         symmetry is broken 
due to the dynamics of the axion field         during 
the QCD time; 2. the disparity between DM nuggets 
and DM antinuggets is not washed out due to non-
equilibrium dynamics of the axion field         .   

⌦dark ' ⌦visible
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a) b)

c) d)

Left: the temperature distribution in outer Sun 
Right: the unexpected deviation from the thermal 
distribution with EUV luminosity from corona:  

4.    Application to the “ solar corona mystery” 

L� (EUV from Corona) ⇠ 1030 · GeV

s
⇠ 1027 · erg

s
.



This proposal:  we advocate a scenario when  the 
energy deposition is originated from outside the 
system (not from deep dense regions of the Sun) 

the extra source of the energy is associated with the 
dark matter anti-nuggets continuously entering the 
sun from outer space.  

The impact parameter for capture of the nuggets by 
the Sun 

the total energy flux due to the complete 
annihilation of the AQN (axion quark nuggets) is 
estimated as  

It nicely coincides with the total (observed) EUV  
energy output  from corona which is hard to explain 
in terms of conventional astrophysical sources 
(corona heating puzzle)

L� (AQN) ⇠ 4⇡b2cap · v · ⇢DM ' 4.8 · 1027 · erg
s
,

bcap ' R�
p

1 + ��, �� ⌘ 2GM�
R�v2

,



These order of magnitude estimates have 
been confirmed by recent Monte Carlo 
(MC) simulations, see arxiv:1805.01897 

It was generated        sample particles 
distributed over 10 AU in distance  

Only                particles are captured by 
the Sun. This rate is determined by 
Newton Gravity  and  DM density 

The typical time for impact ~ 1 month

fv(vx, vy, vz) ⇠ exp

"
�
(vx � v�)2 + v2y + v2z

2�2
vi

#
, V� ' 220 km/s

<latexit sha1_base64="4cba0ocrRezB8ONlnzdyVCZ2SY8="></latexit><latexit sha1_base64="Jr0NP1WaYxy9yi87ujIO8wvyFg0="></latexit><latexit sha1_base64="Jr0NP1WaYxy9yi87ujIO8wvyFg0="></latexit><latexit sha1_base64="Jr0NP1WaYxy9yi87ujIO8wvyFg0="></latexit><latexit sha1_base64="z0/AG0I/DcphERQ00r8RaY7dRmY="></latexit>

1010
<latexit sha1_base64="4+B4g+7DzDbyAou1SJSVwO79Ahs=">AAAB7nicbZDLSgMxFIbP1Futt6pLN8EiuCqJG91ZdKHLCvYC7VgyaaYNzWSGJCOUoQ/hxoUiuvR53Ln0FXwC08tCW38IfPz/OeScEyRSGIvxp5dbWl5ZXcuvFzY2t7Z3irt7dROnmvEai2WsmwE1XArFa1ZYyZuJ5jQKJG8Eg8tx3rjn2ohY3dphwv2I9pQIBaPWWQ2C7zKCR51iCZfxRGgRyAxK599fV28AUO0UP9rdmKURV5ZJakyL4MT6GdVWMMlHhXZqeELZgPZ4y6GiETd+Nhl3hI6c00VhrN1TFk3c3x0ZjYwZRoGrjKjtm/lsbP6XtVIbnvmZUElquWLTj8JUIhuj8e6oKzRnVg4dUKaFmxWxPtWUWXehgjsCmV95EeonZYLL5AaXKhcwVR4O4BCOgcApVOAaqlADBgN4gCd49hLv0XvxXqelOW/Wsw9/5L3/AENrkc0=</latexit><latexit sha1_base64="PIZY/rmm/9IjFWWIbkI4fd2EOek=">AAAB7nicbZC5TgMxEIZnOUO4wtHRWERIVJFNAx0RFFAGiRxSEiKv402seL0r24sUVnkIGgoQoqXiYego8wo8Ac5RQMIvWfr0/zPyzPixFMZi/OUtLC4tr6xm1rLrG5tb27md3YqJEs14mUUy0jWfGi6F4mUrrOS1WHMa+pJX/d7lKK/ec21EpG5tP+bNkHaUCASj1llVgu9SggetXB4X8FhoHsgU8uffw6uP/YdhqZX7bLQjloRcWSapMXWCY9tMqbaCST7INhLDY8p6tMPrDhUNuWmm43EH6Mg5bRRE2j1l0dj93ZHS0Jh+6LvKkNqumc1G5n9ZPbHBWTMVKk4sV2zyUZBIZCM02h21hebMyr4DyrRwsyLWpZoy6y6UdUcgsyvPQ+WkQHCB3OB88QImysABHMIxEDiFIlxDCcrAoAeP8AwvXuw9ea/e26R0wZv27MEfee8/P9aTSg==</latexit><latexit sha1_base64="PIZY/rmm/9IjFWWIbkI4fd2EOek=">AAAB7nicbZC5TgMxEIZnOUO4wtHRWERIVJFNAx0RFFAGiRxSEiKv402seL0r24sUVnkIGgoQoqXiYego8wo8Ac5RQMIvWfr0/zPyzPixFMZi/OUtLC4tr6xm1rLrG5tb27md3YqJEs14mUUy0jWfGi6F4mUrrOS1WHMa+pJX/d7lKK/ec21EpG5tP+bNkHaUCASj1llVgu9SggetXB4X8FhoHsgU8uffw6uP/YdhqZX7bLQjloRcWSapMXWCY9tMqbaCST7INhLDY8p6tMPrDhUNuWmm43EH6Mg5bRRE2j1l0dj93ZHS0Jh+6LvKkNqumc1G5n9ZPbHBWTMVKk4sV2zyUZBIZCM02h21hebMyr4DyrRwsyLWpZoy6y6UdUcgsyvPQ+WkQHCB3OB88QImysABHMIxEDiFIlxDCcrAoAeP8AwvXuw9ea/e26R0wZv27MEfee8/P9aTSg==</latexit><latexit sha1_base64="PIZY/rmm/9IjFWWIbkI4fd2EOek=">AAAB7nicbZC5TgMxEIZnOUO4wtHRWERIVJFNAx0RFFAGiRxSEiKv402seL0r24sUVnkIGgoQoqXiYego8wo8Ac5RQMIvWfr0/zPyzPixFMZi/OUtLC4tr6xm1rLrG5tb27md3YqJEs14mUUy0jWfGi6F4mUrrOS1WHMa+pJX/d7lKK/ec21EpG5tP+bNkHaUCASj1llVgu9SggetXB4X8FhoHsgU8uffw6uP/YdhqZX7bLQjloRcWSapMXWCY9tMqbaCST7INhLDY8p6tMPrDhUNuWmm43EH6Mg5bRRE2j1l0dj93ZHS0Jh+6LvKkNqumc1G5n9ZPbHBWTMVKk4sV2zyUZBIZCM02h21hebMyr4DyrRwsyLWpZoy6y6UdUcgsyvPQ+WkQHCB3OB88QImysABHMIxEDiFIlxDCcrAoAeP8AwvXuw9ea/e26R0wZv27MEfee8/P9aTSg==</latexit><latexit sha1_base64="vZjfzzRgg9GBowyQGLeIdphes4Q=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqSRe9Fj04rGCbYV2Ldk024Zms0uSFcrSH+HFgyJe/T3e/Dem7R609cHA470ZZuaFqZLWEfKNSmvrG5tb5e3Kzu7e/kH18Khtk8xw0eKJSsxDyKxQUouWk06Jh9QIFodKdMLxzczvPAljZaLv3SQVQcyGWkaSM+elDiWPOSXTfrVG6mQOvEpoQWpQoNmvfvUGCc9ioR1XzNouJakLcmac5EpMK73MipTxMRuKrqeaxcIG+fzcKT7zygBHifGlHZ6rvydyFls7iUPfGTM3ssveTPzP62YuugpyqdPMCc0Xi6JMYZfg2e94II3gTk08YdxIfyvmI2YYdz6hig+BLr+8StoXdUrq9I7UGtdFHGU4gVM4BwqX0IBbaEILOIzhGV7hDaXoBb2jj0VrCRUzx/AH6PMHPryO1A==</latexit>

3.6⇥ 104
<latexit sha1_base64="dCLVzQWN4Bta2n7U99j7pGYU1Uw=">AAAB9XicbVDJSgNBEK1xjXEb9eilMQiehhkV9Rj04sFDBLNAMgk9nZ6kSc9Cd40SQv7Di6AiXr36Hd78GzvLQRMfFDzeq6KqXpBKodF1v62FxaXlldXcWn59Y3Nr297ZregkU4yXWSITVQuo5lLEvIwCJa+litMokLwa9K5GfvWeKy2S+A77Kfcj2olFKBhFIzVPnLMGiohr4rnN05ZdcB13DDJPvCkpFO3Pm2cAKLXsr0Y7YVnEY2SSal333BT9AVUomOTDfCPTPKWsRzu8bmhMzSZ/ML56SA6N0iZhokzFSMbq74kBjbTuR4HpjCh29aw3Ev/z6hmGF/5AxGmGPGaTRWEmCSZkFAFpC8UZyr4hlClhbiWsSxVlaILKmxC82ZfnSeXY8VzHuzVpXMIEOdiHAzgCD86hCNdQgjIwUPAIL/BqPVhP1pv1PmldsKYze/AH1scPGsiTHg==</latexit><latexit sha1_base64="qHD4N8zsIdisuHSJ2wXjmZ5sErU=">AAAB9XicbVC7SgNBFJ31GeNr1dJmMAhWy66KWgZtLCwimAckmzA7mU2GzM4uM3eVsAR/w8ZCETuxtfAr7PwbJ49CEw9cOJxzL/feEySCa3Ddb2tufmFxaTm3kl9dW9/YtLe2KzpOFWVlGotY1QKimeCSlYGDYLVEMRIFglWD3sXQr94ypXksb6CfMD8iHclDTgkYqXnknDSAR0xjz20et+yC67gj4FniTUihaH9cvVU/70st+6vRjmkaMQlUEK3rnpuAnxEFnAo2yDdSzRJCe6TD6oZKYjb52ejqAd43ShuHsTIlAY/U3xMZibTuR4HpjAh09bQ3FP/z6imEZ37GZZICk3S8KEwFhhgPI8BtrhgF0TeEUMXNrZh2iSIUTFB5E4I3/fIsqRw6nut41yaNczRGDu2iPXSAPHSKiugSlVAZUaTQA3pCz9ad9Wi9WK/j1jlrMrOD/sB6/wFFQpS9</latexit><latexit sha1_base64="qHD4N8zsIdisuHSJ2wXjmZ5sErU=">AAAB9XicbVC7SgNBFJ31GeNr1dJmMAhWy66KWgZtLCwimAckmzA7mU2GzM4uM3eVsAR/w8ZCETuxtfAr7PwbJ49CEw9cOJxzL/feEySCa3Ddb2tufmFxaTm3kl9dW9/YtLe2KzpOFWVlGotY1QKimeCSlYGDYLVEMRIFglWD3sXQr94ypXksb6CfMD8iHclDTgkYqXnknDSAR0xjz20et+yC67gj4FniTUihaH9cvVU/70st+6vRjmkaMQlUEK3rnpuAnxEFnAo2yDdSzRJCe6TD6oZKYjb52ejqAd43ShuHsTIlAY/U3xMZibTuR4HpjAh09bQ3FP/z6imEZ37GZZICk3S8KEwFhhgPI8BtrhgF0TeEUMXNrZh2iSIUTFB5E4I3/fIsqRw6nut41yaNczRGDu2iPXSAPHSKiugSlVAZUaTQA3pCz9ad9Wi9WK/j1jlrMrOD/sB6/wFFQpS9</latexit><latexit sha1_base64="qHD4N8zsIdisuHSJ2wXjmZ5sErU=">AAAB9XicbVC7SgNBFJ31GeNr1dJmMAhWy66KWgZtLCwimAckmzA7mU2GzM4uM3eVsAR/w8ZCETuxtfAr7PwbJ49CEw9cOJxzL/feEySCa3Ddb2tufmFxaTm3kl9dW9/YtLe2KzpOFWVlGotY1QKimeCSlYGDYLVEMRIFglWD3sXQr94ypXksb6CfMD8iHclDTgkYqXnknDSAR0xjz20et+yC67gj4FniTUihaH9cvVU/70st+6vRjmkaMQlUEK3rnpuAnxEFnAo2yDdSzRJCe6TD6oZKYjb52ejqAd43ShuHsTIlAY/U3xMZibTuR4HpjAh09bQ3FP/z6imEZ37GZZICk3S8KEwFhhgPI8BtrhgF0TeEUMXNrZh2iSIUTFB5E4I3/fIsqRw6nut41yaNczRGDu2iPXSAPHSKiugSlVAZUaTQA3pCz9ad9Wi9WK/j1jlrMrOD/sB6/wFFQpS9</latexit><latexit sha1_base64="qMCkvzp/HA1hsHIVsjKUCbePF7w=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbB05JVUY9FLx4r2A9otyWbZtvQbHZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IBFcG4y/ncLK6tr6RnGztLW9s7tX3j9o6DhVlNVpLGLVCohmgktWN9wI1koUI1EgWDMY3U795iNTmsfywYwT5kdkIHnIKTFW6p67lx3DI6aRh7sXvXIFu3gGtEy8nFQgR61X/ur0Y5pGTBoqiNZtDyfGz4gynAo2KXVSzRJCR2TA2pZKYjf52ezqCTqxSh+FsbIlDZqpvycyEmk9jgLbGREz1IveVPzPa6cmvPYzLpPUMEnni8JUIBOjaQSozxWjRowtIVRxeyuiQ6IINTaokg3BW3x5mTTOXA+73j2uVG/yOIpwBMdwCh5cQRXuoAZ1oKDgGV7hzXlyXpx352PeWnDymUP4A+fzB3fPkSo=</latexit>

⇢DM
<latexit sha1_base64="jMvlPlfLx46e8EzAIQbnGdBdQj4=">AAAB9XicbVDJSgNBEK1xjXGLevTSGAS9hBkvegzqwYsQwSyQGUNPpydp0svQ3aOEIf/hxYMiXv0Xb/6NneWgiQ8KHu9VUVUvTjkz1ve/vaXlldW19cJGcXNre2e3tLffMCrThNaJ4kq3YmwoZ5LWLbOctlJNsYg5bcaDq7HffKTaMCXv7TClkcA9yRJGsHXSQ6j7qpOHWqDr2xHqlMp+xZ8ALZJgRspVFJ6CQ61T+gq7imSCSks4NqYd+KmNcqwtI5yOimFmaIrJAPdo21GJBTVRPrl6hI6d0kWJ0q6kRRP190SOhTFDEbtOgW3fzHtj8T+vndnkIsqZTDNLJZkuSjKOrELjCFCXaUosHzqCiWbuVkT6WGNiXVBFF0Iw//IiaZxVAr8S3Lk0LmGKAhzCEZxAAOdQhRuoQR0IaHiGV3jznrwX7937mLYuebOZA/gD7/MHCbyS7w==</latexit><latexit sha1_base64="xUudxV78vBxbvpN+v2Aq+WxDLks=">AAAB9XicbVC7SgNBFL0bXzG+opY2g0FIFXZttAxqYSNEMA/IrmF2MpsMmdlZZmaVsOQbbG0sFLH1H/wEOz/E3smj0MQDFw7n3Mu994QJZ9q47peTW1peWV3Lrxc2Nre2d4q7ew0tU0VonUguVSvEmnIW07phhtNWoigWIafNcHA+9pt3VGkm4xszTGggcC9mESPYWOnWV33ZyXwl0MXVCHWKJbfiToAWiTcjpSryy98fD36tU/z0u5KkgsaGcKx123MTE2RYGUY4HRX8VNMEkwHu0balMRZUB9nk6hE6skoXRVLZig2aqL8nMiy0HorQdgps+nreG4v/ee3URKdBxuIkNTQm00VRypGRaBwB6jJFieFDSzBRzN6KSB8rTIwNqmBD8OZfXiSN44rnVrxrm8YZTJGHAziEMnhwAlW4hBrUgYCCR3iGF+feeXJenbdpa86ZzezDHzjvP49MlZA=</latexit><latexit sha1_base64="xUudxV78vBxbvpN+v2Aq+WxDLks=">AAAB9XicbVC7SgNBFL0bXzG+opY2g0FIFXZttAxqYSNEMA/IrmF2MpsMmdlZZmaVsOQbbG0sFLH1H/wEOz/E3smj0MQDFw7n3Mu994QJZ9q47peTW1peWV3Lrxc2Nre2d4q7ew0tU0VonUguVSvEmnIW07phhtNWoigWIafNcHA+9pt3VGkm4xszTGggcC9mESPYWOnWV33ZyXwl0MXVCHWKJbfiToAWiTcjpSryy98fD36tU/z0u5KkgsaGcKx123MTE2RYGUY4HRX8VNMEkwHu0balMRZUB9nk6hE6skoXRVLZig2aqL8nMiy0HorQdgps+nreG4v/ee3URKdBxuIkNTQm00VRypGRaBwB6jJFieFDSzBRzN6KSB8rTIwNqmBD8OZfXiSN44rnVrxrm8YZTJGHAziEMnhwAlW4hBrUgYCCR3iGF+feeXJenbdpa86ZzezDHzjvP49MlZA=</latexit><latexit sha1_base64="xUudxV78vBxbvpN+v2Aq+WxDLks=">AAAB9XicbVC7SgNBFL0bXzG+opY2g0FIFXZttAxqYSNEMA/IrmF2MpsMmdlZZmaVsOQbbG0sFLH1H/wEOz/E3smj0MQDFw7n3Mu994QJZ9q47peTW1peWV3Lrxc2Nre2d4q7ew0tU0VonUguVSvEmnIW07phhtNWoigWIafNcHA+9pt3VGkm4xszTGggcC9mESPYWOnWV33ZyXwl0MXVCHWKJbfiToAWiTcjpSryy98fD36tU/z0u5KkgsaGcKx123MTE2RYGUY4HRX8VNMEkwHu0balMRZUB9nk6hE6skoXRVLZig2aqL8nMiy0HorQdgps+nreG4v/ee3URKdBxuIkNTQm00VRypGRaBwB6jJFieFDSzBRzN6KSB8rTIwNqmBD8OZfXiSN44rnVrxrm8YZTJGHAziEMnhwAlW4hBrUgYCCR3iGF+feeXJenbdpa86ZzezDHzjvP49MlZA=</latexit><latexit sha1_base64="TJ4CwDRfDt1m6Tcl19NtehdVBc8=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKex60WNQD16ECOYByRpmJ7PJkHksM7NKWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RVWVtfWN4qbpa3tnd298v5B06hUE9ogiivdjrChnEnasMxy2k40xSLitBWNrqZ+65Fqw5S8t+OEhgIPJIsZwdZJD109VL2sqwW6vp2gXrniV/0Z0DIJclKBHPVe+avbVyQVVFrCsTGdwE9smGFtGeF0UuqmhiaYjPCAdhyVWFATZrOrJ+jEKX0UK+1KWjRTf09kWBgzFpHrFNgOzaI3Ff/zOqmNL8KMySS1VJL5ojjlyCo0jQD1mabE8rEjmGjmbkVkiDUm1gVVciEEiy8vk+ZZNfCrwZ1fqV3mcRThCI7hFAI4hxrcQB0aQEDDM7zCm/fkvXjv3se8teDlM4fwB97nD9Olkgo=</latexit>



The total luminosity due to the annihilation events of  the 
AQNs with the solar material is precisely                        . 
This intensity is determined by the DM density           , and 
it is not sensitive to any other parameters of the model.

⇠ 1027erg/s
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The AQNs start to annihilate at the altitude ~2000km, 
where the drastic changes are known to occur in vicinity 
of the Transition Region  



5.Observation of “nanoflares” as evidence 
for AQNs (axion quark nugget)  in Corona 
Few historical remarks: The term ``nanoflare" has 
been introduced (postulated) by Parker in 1983 to 
advocate the idea that precisely these small events 
(below the instrumental threshold) might be  
responsible for the   heating of the quiet solar 
corona.  

Originally, people thought that “nanoflare” is a 
miniature image of a flare and may occur due to the 
magnetic reconnection phenomenon(many problems). 
Nowadays  the nanoflares are introduced to MHD 
codes without specifying their nature.  

It turns out that many properties of these 
“nanoflares” postulated by Solar physics people 
to run their MHD- codes, are automatically 
satisfied for AQN annihilation events in the Sun 



Therefore we identify  

In order to reproduce the observed heating 
pattern of solar corona the nanoflares must have 
typical energies and frequency of appearance as 
follows (magnetic-hydro simulations) 

This precisely corresponds to a typical energy of 
the nugget                 and number of AQNs captured 
by the Sun per second (determined by the DM 
density and Newton gravity, not solar physics).  

 

hW i ' 1023 erg, hdN
dt

i ' (103 � 104) s�1.

hBi ⇠ 1025

nanoflares ⌘ AQN annihilation events.

hW i · hdN
dt

i ⇠ 1027erg · s�1
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To reproduce the measured radiation loss in corona, 
the observed range of nanoflares needs to be in 
range                                                 which largely 
overlaps with allowed window for AQNs 

This is highly nontrivial consistency check as the 
window for |B| comes from astrophysical, 
cosmological, satellite and ground based 
constraints. It is also consistent with the axion 
search experiments as  

The measured uniform EUV distribution is also 
consistent with this proposal  when nanoflares must 
be uniformly distributed over the solar surface 

The time measurements of nanoflares demonstrate 
the Doppler shift 300 km/s, far exceeds thermal 
velocity 11 km/s. Consistent with AQN  DM velocities 

(3.7 · 1020 � 1.3 · 1026) erg

1023  |B|  4 · 1028

10�6eV  ma  10�2eV
B ⇠ R3 and R ⇠ m�1

a



6. Implication for the axion search 
experiments. 

This model has a single fundamental parameter, a 
mean baryon number of a nugget  

It is consistent with all known astrophysical, 
cosmological, satellite and ground based 
constraints  

This parameter                   corresponds to  the axion 
mass                       . These two parameters are 
directly related because                  determines the 
size of the nuggets  

Our comment here is that                       contributes  
very little to                        but may contribute a 
lot through the nugget’s formation (this proposal)      

hBi ⇠ 1025

hBi ⇠ 1025

ma ⇠ 10�4 eV
� ⇠ m�1

a
Rform

ma ⇠ 10�4 eV
⌦(DM axion)



These hidden (in form of AQNs ) axions are not 
available unless the nuggets completely 
disintegrated, for example in the Sun 

The axion DW contributes to the total mass of the 
nugget approximately 1/3 of AQN mass. 

Therefore, total axion intensity is estimated as  

The corresponding axion flux measured on Earth is

L� (axion) ⇠
1

3
L� (AQN) '

1

3
· 1027 · erg

s
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�axions ⇠
L� (axion)

4⇡hEaiD2
�

⇠ 0.3 ·1017 1

cm2 s

✓
10�5eV

ma

◆
, D� ' 1.5 ·1013 cm,
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It should be compare with conventional Primakoff 
mechanism  

The difference with conventional case is that the 
axions emitted from AQNs have typical relativistic 
velocities with                    , not the keV energies 

Therefore, the energy fluxes are different 

Normalized axion spectrum is defined as   

�a(Primako↵) ' 3.75·1011 g210
cm2 s

, g10 ⌘ ga�/10
�10GeV�1, hEi = 4.2 keV.
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hEi = 1.1 ma
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The axion velocity distribution emitted by the nuggets 
during the AQN annihilation events in the Sun. The 
velocities are relativistic, but not ultra-relativistic.   
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                       Conclusion                
" Non- baryonic Dark matter" could be ordinary  
baryonic matter (we know and love) which is in the 
exotic colour superconducting phase.  

We coin this model as the axion quark nugget model 
(AQN)     

                                       is very generic consequence 
of this framework (no sensitivity to axion mass        , 
nor to the misalignment angle            ) 

 We suggest that the solar corona heating puzzle 
might be related to the AQN annihilation events  

We also suggest that nanoflares postulated by 
Parker long ago can be identified with AQN dark 
matter annihilation events in the corona   

ma
✓initial

⌦dark ' ⌦visible



This model offers a simultaneous  resolution of 
three (naively unrelated) old mysteries: DM, 
baryogenesis, solar corona mystery  

Conclusion from my friends (particle physics 
experiment)- The upgraded CAST has a potential to 
discover DM axions from AQNs which are produced 
in the solar corona 

Conclusion from my friends (astro-people)-  The 
Parker Solar Probe (launch Window: July 31-
August 19, 2018) will be capable to address and 
study many questions related to this proposal, 
including the solar corona mystery



Part-2:  
New ideas on the axion search 
experiments via Topological 
Casimir Effect  

PRD-2017, arxiv: 1702.00012, 
in collaboration with Charles 
Cao, Caltech 



1.terminology and Definitions
1. The title includes two terms: axion, related to 
the     parameter, and the topological Casimir 
Effect  (TCE).   

2. The    enters the QCD- Lagrangian as the total 
divergence. It does not change equation of motion.  

Nevertheless, it is known that     is the physical 
parameter of the theory. It is due  to the presence 
of the instantons and topological sectors in QCD.  

Example: particle on a circle: for  Undergrads:       
-is irrelevant, while for Grads:     - term is crucial   

                   is promoted to the axion field               
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The time-dependent axion field          obviously 
modifies the QED Maxwell equations  

The anomalous current             is very unusual: it 
points along B, in contrast with ordinary E&M when  

Most of the proposals to detect DM axions in 
vacuum are based on this extra current 

Similar non-dissipating current                has been 
very active area of research in recent years with 
drastically different scales              in heavy ions 
at RHIC/ LHC  instead of            in axion physics. 
Some CP-odd  effects (chiral magnetic, charge 
separation,…) apparently have been observed.     
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2. Axion field and its coupling     

Axion field is the Nambu-Goldstone field. It 
normally couples through the derivatives 

In particular, most experiments/proposals  are  
based on generation of the extra anomalous  
coupling               in Maxwell system (                      )    

ADMX, MM (magnetometer, Sikivie, 1985, 2014); 
ORPHEUS Rybka 2014); RC (re-entrant 
cavities,Tobar, 2015); MADMAX (Raffelt, Redondo, 
2016); Broadband/Resonant effects…   

CASPEr (Budker, 2014, Graham,2013); “axion-
wind” (Flambaum, 2013); QUAX (Barbieri, 2016)  …
experiments are all proportional to  

~ja ⇠ ✓̇ ~B

⇠ @µ✓

~ja = 0 for ✓ = const

⇠ (r✓)

⇠ ✓̇2



Moral: In usual circumstances the effects     
related to the axion field are always proportional 
to         when      couples to E&M field.  

It is normally explained by an argument that                
is unphysical in                                        because it is 
a total derivative and does not change the EoM.  The 
difference with QCD- no instantons in E&M 

Nevertheless, I want to argue that    itself becomes 
a physical parameter in E&M.                                  

First: I explain a theoretical idea. Second: I present 
some numerical estimates.  Basically, instead of the                                    
“Intensity”-type exp.             “Interference” type exp.

@µ✓

✓ = const

✓

✓

L✓ ⇠ ✓ ~E · ~B ⇠ ✓@µ[✏µ⌫��A⌫F��]



The goal now is to explain the key element of the 
construction, the TCE, when the Maxwell system 
becomes sensitive to    itself and not  

Consider a  non-simply connected manifold (for 
example, a ring with area             and width      ),   
then there will be the  “instanton fluxes” in E&M 
describing the tunnelling transitions in QED 
between distinct topological      sectors similar to 
the QCD instantons (non-perturbative effects). 

Analogy: particle on a ring, sensitive to the    term, 
or Aharonov -Bohm effect when a particle is 
sensitive to a pure gauge potential            with                     
as a result of the phase interference. 

3. Terminology: Topological Casimir 
Effect (TCE)

|ki

L1 ⇥ L2 L3

✓ @µ✓

✓

Aµ ⇠ @µf Fµ⌫ = 0



The Maxwell action is quadratic in nature,  such 
that partition function decouples:                       .  
Tunnelling   events explicitly contribute to         .   

The topological partition function            is non-
analytical in coupling                . Therefore, all 
effects are non-perturbative in nature and cannot 
be seen in perturbation theory from E&M equations   

  

Moral: There is an additional contribution to the 
Casimir pressure (the so called TCE) which is not 
related to the propagating virtual photons. It is 
originated from the tunnelling transitions in QED  

4

A. Construction

We follow [1, 2] in our construction of the partition
function Ztop where it was employed for computation of
the corrections to the Casimir e⇥ect due to these novel
type of topological fluctuations. The crucial point is that
we impose the periodic boundary conditions on gauge Aµ

field up to a large gauge transformation. In what follows
we simplify our analysis by considering a clear case with
winding topological sectors |k⌦ in the z-direction only.
The classical configuration in Euclidean space which de-
scribes the corresponding tunnelling transitions can be
represented as follows:

�Btop = ��⇤ �Atop =

⇤
0, 0,

2⌅k

eL1L2

⌅
, (12)

� = e

�
dx1dx2B

z
top = 2⌅k

in close analogy with the 2d case (2).
The Euclidean action of the system is quadratic and

has the following form

1

2

�
d4x

⇧
�E2 +

�
�B + �Btop

⇥2⌃
, (13)

where �E and �B are the dynamical quantum fluctuations
of the gauge field. The key point is that the classical
topological portion of the action decouples from quantum
fluctuations, such that the quantum fluctuations do not
depend on topological sector k and can be computed in
topologically trivial sector k = 0. Indeed, the cross term

�
d4x �B · �Btop =

2⌅k

eL1L2

�
d4x Bz = 0 (14)

vanishes because the magnetic portion of quantum fluc-
tuations in the z-direction, represented by Bz =  xAy �
 yAx, is a periodic function as �A is periodic over the do-
main of integration. This technical remark in fact greatly
simplifies our analysis as the contribution of the physi-
cal propagating photons is not sensitive to the topolog-
ical sectors k. This is, of course, a specific feature of
quadratic action (13), in contrast with non-abelian and
non-linear gauge field theories where quantum fluctua-
tions of course depend on topological k sectors. The au-
thors of ref. [17] arrived to the same conclusion (on de-
coupling of the topological terms from conventional fluc-
tuating photons with non-zero momentum), though in a
di⇥erent context of topological insulators in the presence
of the ⇤ = ⌅ term.

The classical action for configuration (12) takes the
form

1

2

�
d4x �B2

top =
2⌅2k2⇥L3

e2L1L2
(15)

To simplify our analysis further in computing Ztop we
consider a geometry where L1, L2 ⌃ L3,⇥ similar to con-
struction relevant for the Casimir e⇥ect [1, 2]. In this

case our system is closely related to 2d Maxwell theory
by dimensional reduction: taking a slice of the 4d sys-
tem in the xy-plane will yield precisely the topological
features of the 2d torus considered in section II. Further-
more, with this geometry our simplification (12) when
we consider exclusively the magnetic fluxes in z direction
is justified as the corresponding classical action (15) as-
sumes a minimal possible values. With this assumption
we can consider very small temperature, but still we can
not take a formal limit ⇥ ⌥ � in our final expressions
as a result of our technical constraints in the system.
With these additional simplifications the topological

partition function becomes [1, 2]:

Ztop =

 
2⌅⇥L3

e2L1L2

⌥

k⇥Z
e
� 2⇥2k2�L3

e2L1L2 =
�
⌅⇧
⌥

k⇥Z
e�⇥2⇤k2

,(16)

where we introduced the dimensionless parameter

⇧ ⌅ 2⇥L3/e
2L1L2. (17)

Formula (16) is essentially the dimensionally reduced ex-
pression for the topological partition function (6) for 2d
Maxwell theory analyzed in section II. One should note
that the normalization factor

�
⌅⇧ which appears in eq.

(16) does not depend on topological sector k, and essen-
tially it represents our convention of the normalization
Ztop ⌥ 1 in the limit L1L2 ⌥ � which corresponds to
a convenient set up for the Casimir -type experiments as
discussed in [1, 2].

B. External magnetic field

In this section we want to generalize our results for the
Euclidean Maxwell system in the presence of the exter-
nal magnetic field. Normally, in the conventional quan-
tization of electromagnetic fields in infinite Minkowski
space, there is no direct coupling between fluctuating vac-
uum photons and an external magnetic field as a conse-
quence of linearity of the Maxwell system. The coupling
with fermions generates a negligible e⇥ect ⇧ �2B2

ext/m
4
e

as the non-linear Euler-Heisenberg E⇥ective Lagrangian
suggests, see [1] for the details and numerical estimates.
The interaction of the external magnetic field with topo-
logical fluctuations (12), in contrast with coupling with
conventional photons, will lead to the e⇥ects of order of
unity as a result of interference of the external magnetic
field with fluxes- instantons.
The corresponding partition function can be easily con-

structed for external magnetic field Bext
z pointing along

z direction, as the crucial technical element on decou-
pling of the background fields from quantum fluctuations
assumes the same form (14). In other words, the physi-
cal propagating photons with non-vanishing momenta are
not sensitive to the topological k sectors, nor to the ex-
ternal uniform magnetic field, similar to our discussions
after (14).
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pression for the topological partition function (6) for 2d
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tially it represents our convention of the normalization
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a convenient set up for the Casimir -type experiments as
discussed in [1, 2].

B. External magnetic field

In this section we want to generalize our results for the
Euclidean Maxwell system in the presence of the exter-
nal magnetic field. Normally, in the conventional quan-
tization of electromagnetic fields in infinite Minkowski
space, there is no direct coupling between fluctuating vac-
uum photons and an external magnetic field as a conse-
quence of linearity of the Maxwell system. The coupling
with fermions generates a negligible e⇥ect ⇧ �2B2
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as the non-linear Euler-Heisenberg E⇥ective Lagrangian
suggests, see [1] for the details and numerical estimates.
The interaction of the external magnetic field with topo-
logical fluctuations (12), in contrast with coupling with
conventional photons, will lead to the e⇥ects of order of
unity as a result of interference of the external magnetic
field with fluxes- instantons.
The corresponding partition function can be easily con-

structed for external magnetic field Bext
z pointing along

z direction, as the crucial technical element on decou-
pling of the background fields from quantum fluctuations
assumes the same form (14). In other words, the physi-
cal propagating photons with non-vanishing momenta are
not sensitive to the topological k sectors, nor to the ex-
ternal uniform magnetic field, similar to our discussions
after (14).

exp(�1/e2)

5

Here the fact is used that the magnetic portion of quan-
tum fluctuations in the z-direction, represented by Bz =
 xAy� yAx, is a periodic function because A is periodic
over the domain of integration. As a result, there is no
coupling between the conventional quantum fluctuations
described by photons with physical polarizations and the
classical instanton potential (17), (18). Furthermore, the
quantum fluctuations due to photons are not sensitive to
the topological sector k of the theory, and therefore they
decouple from the classical k-instanton contribution. Fi-
nally, the quantum fluctuations from photons must be
computed in a box with size L1L2 rather than in infinite
space along x, y directions. The corresponding correc-
tions, in principle, can be computed. Technically the
computations would be quite tedious as they require the
operation with Green’s functions defined on a finite man-
ifold rather than in the infinite space. The computations
can be performed for the trivial k = 0 topological sector
as the corresponding corrections are independent of k.
These contributions are expected to produce some cor-
rections ⌅ (1 + a2

L2 ) to formula (2). However, we shall
not elaborate on these terms in the present work. It is a
part of the conventional partition function Z0 computed
for trivial topological sector k = 0.

The main lesson from the previous discussion is that
the conventional quantum fluctuations are not sensitive
to the topological sectors k as a result of linearity of the
Maxwell equations. Therefore, they can be treated in
completely separate ways, which greatly simplifies our
analysis. For the partition function we can now write:
Z = Z0 ⇥ Ztop. The conventional part Z0 is well-
studied for toroidal BCs at finite temperatures [3]. It
is k-independent, so it will not be elaborated here. In
the rest of this section we will study the behaviour of
Ztop. We shall see that in the limit when L1L2

L3
⌥ �

the partition function related to the topological e�ects
yield Ztop = 1, and we recover the conventional Casimir
e�ect (1), (2) which is computed from Z0. However, we
shall see that a number of novel and unusual features will
emerge in the system when L1, L2 are large but remain
finite, which is precisely the main subject of our studies.

B. Computing the topological pressure

The system of parallel plates is related to 2d Maxwell
theory by dimensional reduction: taking a slice of the 4d
system in the xy-plane will yield precisely the topologi-
cal features of the 2d torus. Assuming that L3 is much
smaller than L1 and L2, the additional dimensions do not
contribute toward Ztop as we noted above. Instead, the
quantum corrections slightly modify Z0 as they do not
depend on the topological sectors k, and can be factored
out from Ztop. With this set up, the classical action for
configuration (18) takes the form

1

2

⇥
d4x B2

top =
2⌅2k2⇥L3

e2L1L2
(21)

while the topological partition function becomes:

Ztop =

⇤
2⌅⇥L3

e2L1L2

�

k⇥Z
e
� 2⇥2k2�L3

e2L1L2 , (22)

where the 2d electric charge entering eqs. (11), (13) is
expressed in terms of the 4d electric charge as follows4,

e22d =
e2

⇥L3
,

e2

4⌅
⇤ �. (23)

In this section we consider ⇤ = 0. More discussion on
this matter is found in section IV.
One should note that the dimensional reduction which

is employed here is not the most generic one. In fact,
one can impose a non-trivial boundary condition on every
slice in the 4d torus. However, the main goal of this work
is not to classify the most generic BC, but to discuss the
physical properties for the simplest possible case (18), i.e.
when a nontrivial BC is imposed on a single slice, while
keeping the trivial periodic BC for other slices.
With this objective in mind, it is useful to introduce

the dimensionless parameter

⇧ ⇤ 2⇥L3/e
2L1L2 (24)

such that the partition function Ztop can be written in a
very simple form:

Ztop(⇧) =
⌦
⌅⇧

�

k⇥Z
e��2⇥k2

=
�

n⇥Z
e�

n2

⇤ , (25)

where the Poisson summation formula (16) is used again.
Our normalization of the partition function Ztop is such
that in the limit L1L2 = � the topological portion of
the partition function Ztop = 1 so that we recover the
conventional Casimir e�ect (1), (2) which is encoded in
Z0. The simplest way to check our normalization is to
take the limit ⇧ ⌥ 0 using the right hand side of eq.
(25) when a single term with n = 0 contributes. It corre-
sponds to very large instanton numbers k ⌅ ⇧�1/2 ⌥ �
saturating the original series (22).
From Ztop, we can calculate any thermodynamic prop-

erty of the system, like the topological pressure between
the plates

Ptop =
1

⇥L1L2

 

 L3
lnZtop. (26)

In the asymptotic limit where ⇧ ⌃ 1 one can use the
dual representation of Ztop encoded by the Poisson re-
summation formula (25) to find that

Ptop ⇧ e2

⇥2L2
3

e�
1
⇤ , ⇧ ⌃ 1. (27)

4 Note that the units are consistent. Indeed, in 4d, e2 � � is the
dimensionless fine-structure constant. However, in 1+1 dimen-
sions the QED coupling constant has units of (length)�2.
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Extra Topological Casimir Pressure measured in units                 
as a function of 
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Normally, in conventional circumstances an 
external magnetic field does not affect the 
Casimir vacuum energy as the loop vacuum effect 
is  negligible                     (Euler-Heisenberg term) 

For the topological Casimir effect the situation 
drastically changes due to quantum interference 
of “instanton-fluxes” and external field. Effect 
becomes of order of one. Indeed, 

When         the topological portion of the partition 
function                    explicitly depends on                                     
This implies that physics obviously depends on      
as a result of tunnelling events ~                .  

4. External magnetic field as      parameter 

4

A. Construction

We follow [1, 2] in our construction of the partition
function Ztop where it was employed for computation of
the corrections to the Casimir e↵ect due to these novel
type of topological fluctuations. The crucial point is that
we impose the periodic boundary conditions on gauge Aµ

field up to a large gauge transformation. In what follows
we simplify our analysis by considering a clear case with
winding topological sectors |ki in the z-direction only.
The classical configuration in Euclidean space which de-
scribes the corresponding tunnelling transitions can be
represented as follows:

~Btop = ~r⇥ ~Atop =
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in close analogy with the 2d case (2).
The Euclidean action of the system is quadratic and

has the following form
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where ~E and ~B are the dynamical quantum fluctuations
of the gauge field. The key point is that the classical
topological portion of the action decouples from quantum
fluctuations, such that the quantum fluctuations do not
depend on topological sector k and can be computed in
topologically trivial sector k = 0. Indeed, the cross term

Z
d4x ~B · ~Btop =

2⇡k

eL1L2

Z
d4x Bz = 0 (14)

vanishes because the magnetic portion of quantum fluc-
tuations in the z-direction, represented by Bz = @xAy �
@yAx, is a periodic function as ~A is periodic over the do-
main of integration. This technical remark in fact greatly
simplifies our analysis as the contribution of the physi-
cal propagating photons is not sensitive to the topolog-
ical sectors k. This is, of course, a specific feature of
quadratic action (13), in contrast with non-abelian and
non-linear gauge field theories where quantum fluctua-
tions of course depend on topological k sectors. The au-
thors of ref. [17] arrived to the same conclusion (on de-
coupling of the topological terms from conventional fluc-
tuating photons with non-zero momentum), though in a
di↵erent context of topological insulators in the presence
of the ✓ = ⇡ term.

The classical action for configuration (12) takes the
form

1

2

Z
d4x ~B2

top =
2⇡2

k
2
�L3

e2L1L2
(15)

To simplify our analysis further in computing Ztop we
consider a geometry where L1, L2 � L3,� similar to con-
struction relevant for the Casimir e↵ect [1, 2]. In this

case our system is closely related to 2d Maxwell theory
by dimensional reduction: taking a slice of the 4d sys-
tem in the xy-plane will yield precisely the topological
features of the 2d torus considered in section II. Further-
more, with this geometry our simplification (12) when
we consider exclusively the magnetic fluxes in z direction
is justified as the corresponding classical action (15) as-
sumes a minimal possible values. With this assumption
we can consider very small temperature, but still we can
not take a formal limit � ! 1 in our final expressions
as a result of our technical constraints in the system.
With these additional simplifications the topological

partition function becomes [1, 2]:

Ztop =

r
2⇡�L3

e2L1L2

X

k2Z
e
� 2⇡2k2�L3

e2L1L2 =
p
⇡⌧

X

k2Z
e
�⇡2⌧k2

,(16)

where we introduced the dimensionless parameter

⌧ ⌘ 2�L3/e
2
L1L2. (17)

Formula (16) is essentially the dimensionally reduced ex-
pression for the topological partition function (6) for 2d
Maxwell theory analyzed in section II. One should note
that the normalization factor

p
⇡⌧ which appears in eq.

(16) does not depend on topological sector k, and essen-
tially it represents our convention of the normalization
Ztop ! 1 in the limit L1L2 ! 1 which corresponds to
a convenient set up for the Casimir -type experiments as
discussed in [1, 2].

B. External magnetic field

In this section we want to generalize our results for the
Euclidean Maxwell system in the presence of the exter-
nal magnetic field. Normally, in the conventional quan-
tization of electromagnetic fields in infinite Minkowski
space, there is no direct coupling between fluctuating vac-
uum photons and an external magnetic field as a conse-
quence of linearity of the Maxwell system. The coupling
with fermions generates a negligible e↵ect ⇠ ↵

2
B

2
ext/m

4
e

as the non-linear Euler-Heisenberg E↵ective Lagrangian
suggests, see [1] for the details and numerical estimates.
The interaction of the external magnetic field with topo-
logical fluctuations (12), in contrast with coupling with
conventional photons, will lead to the e↵ects of order of
unity as a result of interference of the external magnetic
field with fluxes- instantons.
The corresponding partition function can be easily con-

structed for external magnetic field B
ext
z pointing along

z direction, as the crucial technical element on decou-
pling of the background fields from quantum fluctuations
assumes the same form (14). In other words, the physi-
cal propagating photons with non-vanishing momenta are
not sensitive to the topological k sectors, nor to the ex-
ternal uniform magnetic field, similar to our discussions
after (14).

5

The classical action for configuration in the presence of
the uniform external magnetic field B

ext
z therefore takes

the form

1

2

Z
d4x

⇣
~Bext + ~Btop

⌘2
= ⇡

2
⌧

✓
k +

✓e↵

2⇡

◆2

(18)

where ⌧ is defined by (17) and the e↵ective theta pa-
rameter ✓e↵ is expressed in terms of the original external
magnetic field as discussed in [1, 2]. Therefore, the par-
tition function in the presence of the uniform magnetic
field can be reconstructed from (16) and it is given by
[1, 2]

Ztop(⌧, ✓e↵) =
p
⇡⌧

X

k2Z
exp

"
�⇡

2
⌧

✓
k +

✓e↵

2⇡

◆2
#
. (19)

This system in what follows will be referred as the topo-
logical vacuum ( T V) because the propagating degrees of
freedom, the photons with two transverse polarizations,
completely decouple from Ztop(⌧, ✓e↵).

The dual representation for the partition function is
obtained by applying the Poisson summation formula (7)
such that (19) becomes

Ztop(⌧, ✓e↵) =
X

n2Z
exp


�n

2

⌧
+ in · ✓e↵

�
. (20)

Formula (20) justifies our notation for the e↵ective theta
parameter ✓e↵ as it enters the partition function in com-
bination with integer number n. One should emphasize
that integer number n in the dual representation (20)
is not the integer magnetic flux k defined by eq. (12)
which enters original partition function (16). Further-
more, the ✓e↵ parameter which enters (19, 20) is not a
fundamental ✓ parameter which is normally introduced
into the Lagrangian in front of ~E · ~B operator. Rather,
this parameter ✓e↵ should be understood as an e↵ective
parameter representing the construction of the ✓e↵ state
for each slice in four dimensional system. In fact, there
are three such ✓e↵ parameters representing di↵erent slices
and corresponding external magnetic fluxes. There are
similar three ✓i parameters representing the external elec-
tric fluxes as discussed in [2].

IV. BERRY PHASE

The main goal of this section is to argue that our T V-
system represents a simplest version of a topologically
ordered phase very similar to CM systems [3–11]. We
want to reformulate the topological features of the sys-
tem (analyzed in section III) in terms of the Berry’s con-
nection and Berry curvature normally computed in mo-
mentum space in CM literature. Such a deep relation
between the two very di↵erent descriptions will demon-
strate once again that the Maxwell theory defined on a
compact manifold exhibits all the features which are nor-
mally attributed to a topologically ordered system. We

make this relation much more precise by introducing the
auxiliary topological fields which can be identified with
Berry’s connection. With such an interpretation the com-
plex phase in the dual representation (20) can be thought
as the Berry’s phase which is known to emerge in many
quantum systems.
We start our study in section IVA by reviewing the

well-known CM results on the Berry’s connection. In sec-
tion IVB we describe the ground state of the two dimen-
sional Maxwell theory by using the auxiliary topological
fields. We observe a deep mathematical similarity be-
tween the Berry’s connection computed for CM systems
(including the monopole-type behaviour in momentum
k space) and the corresponding formulae computed for
the Maxwell theory in terms of the auxiliary topological
fields. We generalize the corresponding construction to
four dimensional Maxwell system defined on a four -torus
in section IVC.

A. Berry phase in CM systems

In this subsection we review the computations of the
Berry connection in some CM systems. In context of
the topological insulators and quantum Hall systems the
corresponding studies have been carried out in two, three
and four dimensions [3–11], see also [2, 18] with related
discussions of the 2d Maxwell theory1.
In the simplest D=1 case the expression for the Berry’s

phase (which is the accumulated geometric phase of the
band electrons under the process when the winding of the
gauge field is increased by one unit) can be computed as
follows[17]. In the physical A0 = 0 gauge it corresponds

to a slow variation of gauge filed eA1 from
2⇡n
L to 2⇡(n+1)

L
where L is the size of a torus along x direction. The
relevant formula is given by [17]

�Berry = i

Z
dA1h ✓|

@

@A1
| ✓i, (21)

where | ✓i is the full wave function of the system which
can be expressed in terms of single particle wave func-
tions. One can explicitly demonstrate [17] that �Berry =
�2⇡P with P being the polarization of the system such
that ✓ is shifted as follows ✓ ! (✓ � 2⇡P ). The key ob-
servation in this computation is that the integration over
slow varying gauge fields in eq. (21) is reduced to in-
tegration over allowed momentum k covering the whole

1 Not to be confused with conventional CM notations, where it is
a customary to count the spatial number of dimensions, rather
than total number of dimensions. For our 2d system this conven-
tion corresponds to (D + 1) Maxwell theory with D = 1. Similar
studies have been carried out for topological insulators for D=1
and D=3, see e.g. [17] with many references on the original re-
sults. For D=2 the corresponding computations of the Berry’s
connection for the quantum Hall systems have been reviewed in
[10].
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The Topological Casimir Pressure drastically changes 
when external magnetic field                              varies, 
in huge contrast with conventional Casimir effect 
determined by the  conventional fluctuating photons  

✓e↵ = eBext
z L1L2



5. Relation to Witten’s effect

the     term in the background of the magnetic 
field in the given topological sector       can be 
represented as   

Non-trivial topological sector                      is 
enforced   by external field similar to AB phase. 

4d formula for    -term is reduced to 2d Schwinger 
model where    is known to be a physical parameter 
of the system due to the nontrivial topology  

The effect is similar to Witten effect when       
becomes a physical parameter in the monopole  
sector and the monopole becomes the dyon with 
electric charge 

S✓ ⇠ ✓e2
Z

d4x ~E · ~B = ✓


e

Z
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·

e

Z
dzdtEz

�
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e
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dzdtEz

�
.

✓
|i

I

�
Aµdxµ = 2⇡

✓
✓

✓

e0 = �(e✓/2⇡)



In both cases the     parameter becomes a physically 
observable parameter not in vacuum but in a heavy 
topological sector (monopole’s   charge in Witten’s 
case, magnetic flux in our case) 

In both cases the topology is enforced by some 
external magnetic or electric field  

In this case the effect is proportional  to     even 
without tunnelling  suppression factor  

it opens up a new perspective with axion searches 
because the effects are proportional to static    , it 
is linear in               , and it is proportional to the  
strength of the magnetic or electric external field 
corresponding to a specific topological sector       

✓

✓
exp(�1/e2)

✓
✓ ⇠ 1/fa

|i



6. Numerical estimates

In particular, if we take  a cylinder in the 
background of the magnetic field, then in  the 
presence of a passing axion         the electric field 
will be induced along the magnetic field  

If we place the plates at the ends of the cylinder 
this induced            field will induce the charges 
on plates 

This charge separation effect  due to        
generates the potential difference  

✓(x)

h ~Eiind = �Ka��↵

⇡
✓ ~Bext,

hQi ⇠ e✓(t)

2⇡
Ka�� ·


eBextL1L2

2⇡

�
.

h�V i ' e✓Ka��L3

2⇡L1L2
·

eBextL1L2

2⇡

�
⇠ 0.2Ka��✓ ·

✓
L3

mm

◆
·
✓

Bext

Gauss

◆
(volt).

h�V i
✓ 6= 0

h ~Eiind



If we connect two plates with a wire there will 
be induced current due to induced charges 

The dual picture with electric external field 
suggests that the magnetic field will be induced 
in the presence of  

The induced magnetic field can be interpreted as 
the surface persistent current on the ring
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  Conclusion for Part-2 on TCE                

  Physics could be sensitive to      itself rather than 
to         as a result of  non-perturbative QED 
physics. It is linear in                 but parametrically 
suppressed                  . It could be numerically 
large for a specific geometrical design of a ring.   

Physics could be also sensitive to     even without 
suppression                   in topological sector     . 
All new observables (induced charge     , induced 
current      , induced potential      )  are linear in    
effects as a result of quantum interference.         

Advanced-KWISP design (G. Cantatore, 1803.07685) 
has a  potential for observing   the TCE using 
DMIM (Double Membrane Interaction Monitor)
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