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Neutral ultra-light spin-0 Bosons

Neutral scalar / pseudo scalar particles can have gauge 

invariant couplings with photon
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⇤S/P Effective scale of mass dimension

EM field strength
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Known examples are
Light: axion

Pseudo-scalar particle
Pseudo-Goldstone Boson of Peccei-Quinn symmetry
(solves the strong-CP problem of QCD)

mass expected in the range of 
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m ⇠ O(meV)

Heavy: Higgs boson

Scalar particle 

necessary to provide all masses in the SM

mass experimentally measured to be 
<latexit sha1_base64="5evEMrUs1SZB3lCzZJbGA0BG4VI=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1iEuilJ2qZ1V3Chywr2AU0pk+m0HTqThJmJUELFX3HjQhG3foc7/8ZJW0FFD1w4nHMv997jR4xKZVkfRmZldW19I7uZ29re2d0z9w9aMowFJk0cslB0fCQJowFpKqoY6USCIO4z0vYnF6nfviVC0jC4UdOI9DgaBXRIMVJa6ptHHHqScmg7FXhX8ASHl6R11jfzVvG85joVB1pFy6o6JTclTrXslKCtlRR5sESjb757gxDHnAQKMyRl17Yi1UuQUBQzMst5sSQRwhM0Il1NA8SJ7CXz82fwVCsDOAyFrkDBufp9IkFcyin3dSdHaix/e6n4l9eN1bDWS2gQxYoEeLFoGDOoQphmAQdUEKzYVBOEBdW3QjxGAmGlE8vpEL4+hf+TllO03aJ7Xc7XrWUcWXAMTkAB2KAK6uAKNEATYJCAB/AEno1749F4MV4XrRljOXMIfsB4+wSXQpPw</latexit>

m ⇠ 125 (GeV)
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H � � � �Coupling generated at one-loop



The strong-CP problem

• Considering the effect of the chiral anomaly of the 
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U(1)A

symmetry, an extra term is added to the QCD Lagrangian
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• Including the electroweak interactions
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⇥̄ = ⇥+Arg(detMuMd)
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⇥̄• The presence of implies violation of the CP-invariance in
QCD - has never been observed



The strong-CP problem

• The EDM of neutron has a 

     strong experimental bound 
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Arg(detMuMd)• Extreme fine tuning of to the value of

• The question of the smallness of 
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⇥̄, is known as 

“the strong-CP problem”
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Neutron EDM

The neutron electric dipole 
moment violates P and T 
and thus CP.

In QFT operators in the theory generate all terms consistent with 
symmetry. Thus the θ term generates a neutron EDM.

dn ⇡ 3.6⇥ 10�16✓ e cm

Crewther et al (1979)
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• Prediction of an EDM of neutron



A solution to the strong-CP problem

An elegant answer to this problem was by Peccei and Quinn 

Extension of the SM with an additional, spontaneously 

    broken, global chiral          (the              ) 
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faBroken spontaneously at the PQ scale

Corresponding pseudo-Nambu-Goldstone boson is the axion

Couples to gluons such that the chiral anomaly in the 
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A solution to the strong-CP problem
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Lagg =
a

fa/N

g2s
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Ga
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aµ⌫
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L⇥ = ⇥̄
g2s

32⇡2
Gµ⌫

a G̃aµ⌫

    provide axion field with 

    an effective potential  
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Veff

• Coefficient of the CP-violating         term becomes dynamical
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vanishes for the value                        at which         has its
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minimum
Solves the Strong-CP problem
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Axion mass
• Axion receives mass from its 

    interactions with gluons
• Induces transitions to       

    and thus to neutral pions 
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Axions pick up a small mass:
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At low energy (QCD) the gga vertex generates the potential V(a)  
which has its minimun at a0=0, restoring dynamically CP-simmetry.

Axions pick up a small mass

Axions generically couple
to gluons and mix with 0

Potential (mass term) induced by La
drives a(x) to CP-conserving minimum

CP-symmetry    dynamically restored

[Grilli Cortona et al, 2016
Borsanyi et al., 2016
Gorghetto, Villadoro 2019]

Recent precise determination (ChPT, Lattice QCD)

Alessandro Mirizzi                            Theory Colloquium                               Torino, 25/10/2024
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Original PQ proposal assumed       to be at the weak scale
<latexit sha1_base64="I/I4doUMvzFiRDfgf/b7NFeBuhE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtbwYvHivYD2qVk02wbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMCxLBtcH4wymsrW9sbhW3Szu7e/sH5cOjjo5TRVmbxiJWvYBoJrhkbcONYL1EMRIFgnWD6VXud++Z0jyWd2aWMD8iY8lDTomx0m04JMNyBVexheehnLh17FrSaNRrtQZyFxbGFVihNSy/D0YxTSMmDRVE676LE+NnRBlOBZuXBqlmCaFTMmZ9SyWJmPazxalzdGaVEQpjZUsatFC/T2Qk0noWBbYzImaif3u5+JfXT01Y9zMuk9QwSZeLwlQgE6P8bzTiilEjZpYQqri9FdEJUYQam07JhvD1KfqfdGpV16t6NxeVJl7FUYQTOIVzcOESmnANLWgDhTE8wBM8O8J5dF6c12VrwVnNHMMPOG+fjnGN9A==</latexit>
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• Axion searches, astrophysical observations and cosmological

    arguments point to 

<latexit sha1_base64="3X1HPII/ejWkByQm6gWB87H7ASE=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1USkdllw40oq2Ac0MUymk3boTBJmboQSunPjr7hxoYhbf8Gdf+P0sdDWAwOHc87lzj1hKrgGx/m2lpZXVtfWCxvFza3tnV17b7+pk0xR1qCJSFQ7JJoJHrMGcBCsnSpGZChYKxxcjf3WA1OaJ/EdDFPmS9KLecQpASMF9lEUEHyGb7DXA5OSuII94JJp7Dr3VRzYJafsTIAXiTsjJTRDPbC/vG5CM8lioIJo3XGdFPycKOBUsFHRyzRLCR2QHusYGhOzys8nd4zwiVG6OEqUeTHgifp7IidS66EMTVIS6Ot5byz+53UyiKp+zuM0AxbT6aIoExgSPC4Fd7liFMTQEEIVN3/FtE8UoWCqK5oS3PmTF0nzvOxWypXbi1LNmdVRQIfoGJ0iF12iGrpGddRAFD2iZ/SK3qwn68V6tz6m0SVrNnOA/sD6/AE2KJbw</latexit>

fa/N & 6⇥ 108 GeV

Accordingly, the axion has a very weak coupling

Its mass must be very small

<latexit sha1_base64="K54fIWg/khvoJbMGBXsQ4BoE4Ns=">AAAB+nicbVBNSwMxEM3Wr1q/tnr0EiyCp7IrUj0WvHisYFuhXZZsOtuGJtklySpl7U/x4kERr/4Sb/4b03YP2vpgmMd7M2TyopQzbTzv2ymtrW9sbpW3Kzu7e/sHbvWwo5NMUWjThCfqPiIaOJPQNsxwuE8VEBFx6Ebj65nffQClWSLvzCSFQJChZDGjxFgpdKsiJLjPQWvNBPbqnh+6NdvmwKvEL0gNFWiF7ld/kNBMgDSUE617vpeaICfKMMphWulnGlJCx2QIPUslEaCDfH76FJ9aZYDjRNmSBs/V3xs5EVpPRGQnBTEjvezNxP+8XmbiqyBnMs0MSLp4KM44Ngme5YAHTAE1fGIJoYrZWzEdEUWosWlVbAj+8pdXSee87jfqjduLWtMr4iijY3SCzpCPLlET3aAWaiOKHtEzekVvzpPz4rw7H4vRklPsHKE/cD5/AImZktY=</latexit>

ma . 0.01 eV

• Extremely weakly interacting particle



Axion models
• Axion interactions are model dependent

• Two most popular classes of phenomenological viable 

    “invisible axion” models 

Hadronic or Kim-Shifman-Vainshtein-Zakharov (KSVZ) model

Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) model

• KSVZ type: at least one additional heavy quark is introduced

    which couples directly to the axion 

• All other fields do not carry PQ charge

• Axion interacts with ordinary matter through the anomaly 

    terms from loops of this new heavy quark



Axion models contd.
• Integrating out heavy quark loops, one obtains the effective 

    dimension-5 coupling of axions to gluons

• Coupling of the axion to SM matter fields are suppressed

    by additional loop factors

• In DFSZ scheme, no additional heavy quarks are introduced

• SM matter fields and two Higgs doublets carry appropriate 

    PQ charges 

• At low energies the axion-gluon interaction arises



Axion coupling to photons
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⇡0• Mixing with       generates coupling of the axion to photons
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                 Almost stable particle on cosmic time scale
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� � � � a �! hBi�a• Replacing                                              gives a mixing term in 

the photon-spin-0 system

• The photon        spin-0 conversion is possible in an external 
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Effects of spin                           coupling on photon propagation

EM field (Primakoff effect)

1
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<latexit sha1_base64="am5/nuLF4XFevHNYfC9Y0/sLBo8=">AAAB+HicdVDLSgNBEJyNrxgfiXr0MhgET8vuJibxFvDiMYJ5QLKE2clsMmT2wUyvEpd8iRcPinj1U7z5N84mEVS0oKGo6qa7y4sFV2BZH0ZubX1jcyu/XdjZ3dsvlg4OOypKJGVtGolI9jyimOAhawMHwXqxZCTwBOt608vM794yqXgU3sAsZm5AxiH3OSWgpWGpOBDMB8nHEyBSRnfDUtkyLxo159zBlmlZdadSy4hTrzoVbGslQxmt0BqW3gejiCYBC4EKolTftmJwUyKBU8HmhUGiWEzolIxZX9OQBEy56eLwOT7Vygj7kdQVAl6o3ydSEig1CzzdGRCYqN9eJv7l9RPwG27KwzgBFtLlIj8RGCKcpYBHXDIKYqYJoZLrWzGdEEko6KwKOoSvT/H/pOOYds2sXVfLTWsVRx4doxN0hmxUR010hVqojShK0AN6Qs/GvfFovBivy9acsZo5Qj9gvH0Cy2eTzg==</latexit>$• it could generate photon        spin-0 oscillations

for photons propagating in magnetic fields

G. Raffelt and L. Stodolsky, PRD 37, 1237 (1988)

<latexit sha1_base64="mHYWuRCcB950xbf7b8t0bWhQqKY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU80WWdtbQQSPFe0HtEvJptk2NJtdkqxQSn+CFw+KePUXefPfmG0rqOiDgcd7M8zMCxLBtcH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD8WXmt++Z0jyWd2aSMD8iQ8lDTomx0u0VOusXS7iMLTwPZcStYteSWq1aqdSQO7cwLsESjX7xvTeIaRoxaaggWnddnBh/SpThVLBZoZdqlhA6JkPWtVSSiGl/Oj91hk6sMkBhrGxJg+bq94kpibSeRIHtjIgZ6d9eJv7ldVMTVv0pl0lqmKSLRWEqkIlR9jcacMWoERNLCFXc3oroiChCjU2nYEP4+hT9T1qVsuuVvZvzUh0v48jDERzDKbhwAXW4hgY0gcIQHuAJnh3hPDovzuuiNecsZw7hB5y3T7CZjWI=</latexit>

E/



Astrophysical constraints
• Axions can be produced in hot and dense astrophysical 

    environments: ordinary stars, white dwarfs, supernovae etc

• Axion luminosity      depends on      , the relevant axion 

    production process, astrophysical model of the source

<latexit sha1_base64="msMoKsj8UU0K19Sj9jod8gmkZxc=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU9ikNa23ghcPHiraWmhD2Ww37dLNJuxuhBL6E7x4UMSrv8ib/8ZNW0FFHww83pthZl6QcKY0Qh9WYWV1bX2juFna2t7Z3SvvH3RUnEpC2yTmsewGWFHOBG1rpjntJpLiKOD0Lphc5P7dPZWKxeJWTxPqR3gkWMgI1ka6uRrgQbmC7POG5565ENkI1d2qlxO3XnOr0DFKjgpYojUov/eHMUkjKjThWKmegxLtZ1hqRjidlfqpogkmEzyiPUMFjqjys/mpM3hilCEMY2lKaDhXv09kOFJqGgWmM8J6rH57ufiX10t12PAzJpJUU0EWi8KUQx3D/G84ZJISzaeGYCKZuRWSMZaYaJNOyYTw9Sn8n3Rc2/Fs77pWaaJlHEVwBI7BKXBAHTTBJWiBNiBgBB7AE3i2uPVovVivi9aCtZw5BD9gvX0CcnmN4Q==</latexit>

La
<latexit sha1_base64="A/qZDZa2ah4NC0Tq8Kfyc2OXXOk=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSZpTeuu4MZlRfuANpTJdNIOnUzCzEQooZ/gxoUibv0id/6Nk7aCih64cDjnXu69J0g4UxqhD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNple5372nUrFY3OlZQv0IjwULGcHaSLfhEA/LFWRfNjz3woXIRqjuVr2cuPWaW4WOUXJUwAqtYfl9MIpJGlGhCcdK9R2UaD/DUjPC6bw0SBVNMJniMe0bKnBElZ8tTp3DM6OMYBhLU0LDhfp9IsORUrMoMJ0R1hP128vFv7x+qsOGnzGRpJoKslwUphzqGOZ/wxGTlGg+MwQTycytkEywxESbdEomhK9P4f+k49qOZ3s3tUoTreIoghNwCs6BA+qgCa5BC7QBAWPwAJ7As8WtR+vFel22FqzVzDH4AevtE5oVjfs=</latexit>

fa

• A sizeable      is associated with additional energy transport

    out of the source

<latexit sha1_base64="msMoKsj8UU0K19Sj9jod8gmkZxc=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU9ikNa23ghcPHiraWmhD2Ww37dLNJuxuhBL6E7x4UMSrv8ib/8ZNW0FFHww83pthZl6QcKY0Qh9WYWV1bX2juFna2t7Z3SvvH3RUnEpC2yTmsewGWFHOBG1rpjntJpLiKOD0Lphc5P7dPZWKxeJWTxPqR3gkWMgI1ka6uRrgQbmC7POG5565ENkI1d2qlxO3XnOr0DFKjgpYojUov/eHMUkjKjThWKmegxLtZ1hqRjidlfqpogkmEzyiPUMFjqjys/mpM3hilCEMY2lKaDhXv09kOFJqGgWmM8J6rH57ufiX10t12PAzJpJUU0EWi8KUQx3D/G84ZJISzaeGYCKZuRWSMZaYaJNOyYTw9Sn8n3Rc2/Fs77pWaaJlHEVwBI7BKXBAHTTBJWiBNiBgBB7AE3i2uPVovVivi9aCtZw5BD9gvX0CcnmN4Q==</latexit>

La

• Affect the behaviour of the source strongly

• Astrophysical studies of stars, white dwarfs, supernovae 

    etc can be used to derive constraints on           or <latexit sha1_base64="JjkulNcSuh9SZ8W4AeKQmVybPpg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmgckS5id9CZDZmaXmVkhhHyCFw+KePWLvPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmSTTDJssEYnuRNSg4AqblluBnVQjlZHAdjS+mfvtR9SGJ+rBTlIMJR0qHnNGrZPuZZ/2yxW/6i9A/pIgJxXI0eiXP3uDhGUSlWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdVRRiSacLk6dkTOnDEicaFfKkoX6c2JKpTETGblOSe3IrHpz8T+vm9n4OpxylWYWFVsuijNBbELmf5MB18ismDhCmebuVsJGVFNmXTolF0Kw+vJf0rqoBrVq7e6yUvfzOIpwAqdwDgFcQR1uoQFNYDCEJ3iBV094z96b975sLXj5zDH8gvfxDUHWjb4=</latexit>ma

<latexit sha1_base64="yeeNbQxdnIP5DTN8EJvO8QHJGN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU01EqseCF09SwX5AG8pku2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWj2aSMD/CoeQhp2is1A77SC7Ifb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+7pScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhDd+xmWSGibpYlGYCmJiMvudDLhi1IiJJUgVt7cSOkKF1NiESjYEb/nlVdK6rHq1au3hqlJ38ziKcAKncA4eXEMd7qABTaAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wfu0Y6c</latexit>

fa/N



Astrophysical constraints
• In stars including our Sun, axions can be produced 

    through the Primakoff process

<latexit sha1_base64="8Az0jpZtOhe/0mVnWrfMwgKTjmg=">AAACB3icbVDLSgMxFM34rPU16lKQYBGEQpkRqS4LblxWsA9sS7mTptPQZDIkGaWU7tz4K25cKOLWX3Dn35hpZ6GtBy6cnHMvufcEMWfaeN63s7S8srq2ntvIb25t7+y6e/t1LRNFaI1ILlUzAE05i2jNMMNpM1YURMBpIxhepX7jnirNZHRrRjHtCAgj1mcEjJW67lE7BCEAF/EdxW3FwoEBpeRD+ixi6LoFr+RNgReJn5ECylDtul/tniSJoJEhHLRu+V5sOmNQhhFOJ/l2omkMZAghbVkagaC6M57eMcEnVunhvlS2IoOn6u+JMQitRyKwnQLMQM97qfif10pM/7IzZlGcGBqR2Uf9hGMjcRoK7jFFieEjS4AoZnfFZAAKiLHR5W0I/vzJi6R+VvLLpfLNeaHiZXHk0CE6RqfIRxeogq5RFdUQQY/oGb2iN+fJeXHenY9Z65KTzRygP3A+fwCMTZfJ</latexit>

� + Ze ! Ze+ a

1

<latexit sha1_base64="CDzbS4sENubLKjGr+SNcBx6iYMk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS+idzCZDZmaXmVkhhHyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gd3O//cS04Yl6tJOUhRKHiseconVSuzdEKZH0yxW/6i9A1kmQkwrkaPTLX71BQjPJlKUCjekGfmrDKWrLqWCzUi8zLEU6xiHrOqpQMhNOF+fOyIVTBiROtCtlyUL9PTFFacxERq5Toh2ZVW8u/ud1MxvfhlOu0swyRZeL4kwQm5D572TANaNWTBxBqrm7ldARaqTWJVRyIQSrL6+T1lU1qFVrD9eVup/HUYQzOIdLCOAG6nAPDWgChTE8wyu8ean34r17H8vWgpfPnMIfeJ8/3OCPOA==</latexit>�
<latexit sha1_base64="tt0FY/euKFW1fElPKAbz2YuPuGc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwYWM3g==</latexit>a

<latexit sha1_base64="6UhXWH3pyO31ttZxry05wWxpCrg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae2oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/4j9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aVTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ22TAFTIjJpZQpri9lbARVZQZG07JhuAtv7xKWhdVr1at3V1W6m4eRxFO4BTOwYMrqMMtNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AHVKjUY=</latexit>

Ze

• Axionic energy drain                        

    leads to an enhanced consumption 

    of nuclear fuel within the star  

<latexit sha1_base64="JM2btsRSzyM1S+YFWl/4RoJEv+U=">AAACCnicbVC7TsMwFHXKq5RXgZHFUCGVpUoqVBgrsTAwFIk+pKZEN67TWrWTyHaQqqgzC7/CwgBCrHwBG3+D22aAliPZOjrnXtnn+DFnStv2t5VbWV1b38hvFra2d3b3ivsHLRUlktAmiXgkOz4oyllIm5ppTjuxpCB8Ttv+6Grqtx+oVCwK7/Q4pj0Bg5AFjIA2klc8Lt94gN1YRrGO8MBLwR2AENk9ua+eecWSXbFnwMvEyUgJZWh4xS+3H5FE0FATDkp1HTvWvRSkZoTTScFNFI2BjGBAu4aGIKjqpbMoE3xqlD4OImlOqPFM/b2RglBqLHwzKUAP1aI3Ff/zuokOLnspC+NE05DMHwoSjk3qaS+4zyQlmo8NASKZ+SsmQ5BAtGmvYEpwFiMvk1a14tQqtdvzUt3O6sijI3SCyshBF6iOrlEDNRFBj+gZvaI368l6sd6tj/lozsp2DtEfWJ8/RzGZ+A==</latexit>

(La / g2a��)

• Shorten the lifetime of a star

axion flux



GLOBULAR CLUSTERS

• Globular clusters are gravitationally bound associations of typically
106 stars

• The low metallicity is one indicator for their great age
• All stars in a given cluster are coeval; they  differ only in their mass

!"#$$%&'()*+,(,--,****************************./#)(0* 1)"")23,34 *******************************.)(,&)5*6789:86:6;
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Globular clusters

• Globular clusters (GCs) are bound systems of a 

    homogeneous population of low mass stars    

Allow for tests of stellar evolution theory
<latexit sha1_base64="WRp0Rr9oALy6FXWoE5NQo2OcYYI="></latexit>

=! ga!! ! 10! 10 GeV! 1



Photon-axion oscillation

<latexit sha1_base64="Vwgnh8XDBg/vZYeJpnRei0yxFXY="></latexit>!

! 2 + " 2
z + 2 ! 2

"
0 ga! B/ 2!

ga! B/ 2! ! m2
a/ 2! 2

#$"
A!

a

#

= 0

<latexit sha1_base64="1JNKekVdq6uyKVZpnk4lWTCUCEE="></latexit>

L a!! =
ga!!

4
aFµ" ÷F µ" = ga!! a !E á!B

• Induces a mixing between the photon and the axion 

    in the presence of the background magnetic field

• Photon polarisation with electric field parallel (  ) to the 

    external      mixes with the axion

<latexit sha1_base64="wYGsOgWT68O0LGMLtcx+fGGUhao=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtbwYvHCvZD2qVk02wbmuwuSVYoS3+FFw+KePXnePPfmG0rqOiDgcd7M8zMCxLBtcH4wymsrW9sbhW3Szu7e/sH5cOjjo5TRVmbxiJWvYBoJnjE2oYbwXqJYkQGgnWD6VXud++Z0jyObs0sYb4k44iHnBJjpbtBQhQRgolhuYKr2MLzUE7cOnYtaTTqtVoDuQsL4wqs0BqW3wejmKaSRYYKonXfxYnxM6IMp4LNS4NUs4TQKRmzvqURkUz72eLgOTqzygiFsbIVGbRQv09kRGo9k4HtlMRM9G8vF//y+qkJ637GoyQ1LKLLRWEqkIlR/j0accWoETNLCFXc3oroxEZAjc2oZEP4+hT9Tzq1qutVvZuLShOv4ijCCZzCObhwCU24hha0gYKEB3iCZ0c5j86L87psLTirmWP4AeftE0ggkLM=</latexit>

!
<latexit sha1_base64="8VLcmxVWqBJYH8wmU39oVi5HjHk=">AAAB73icdVBNSwMxEM3Wr1q/qh69BIvgqWSLrO2t6MVjBfsB7VKy6bQNzWbXJFsoS/+EFw+KePXvePPfmG0rqOiDgcd7M8zMC2LBtSHkw8mtrW9sbuW3Czu7e/sHxcOjlo4SxaDJIhGpTkA1CC6habgR0IkV0DAQ0A4m15nfnoLSPJJ3ZhaDH9KR5EPOqLFSJ+1NgeGreb9YImVi4Xk4I26VuJbUatVKpYbdhUVICa3Q6Bffe4OIJSFIwwTVuuuS2PgpVYYzAfNCL9EQUzahI+haKmkI2k8X987xmVUGeBgpW9Lghfp9IqWh1rMwsJ0hNWP928vEv7xuYoZVP+UyTgxItlw0TAQ2Ec6exwOugBkxs4Qyxe2tmI2poszYiAo2hK9P8f+kVSm7Xtm7vSjVySqOPDpBp+gcuegS1dENaqAmYkigB/SEnp1759F5cV6XrTlnNXOMfsB5+wQNaI/0</latexit>

!B

Represents a            mixing problem<latexit sha1_base64="5WXeMBe7lvIGW+MY601I84J0X7Y=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZJpTeuu4MZlBfvANpTJdNIOnUzCzEQooX/hxoUibv0bd/6Nk7aCih64cDjnXu69J0g4U9pxPqzC2vrG5lZxu7Szu7d/UD486qg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mF7lfveeSsVicatnCfUjPBYsZARrI90hONAsogqiYbni2JcND10g6NiOU0dVLyeoXkNV6BolRwWs0BqW3wejmKQRFZpwrFTfdRLtZ1hqRjidlwapogkmUzymfUMFNmv8bHHxHJ4ZZQTDWJoSGi7U7xMZjpSaRYHpjLCeqN9eLv7l9VMdNvyMiSTVVJDlojDlUMcwfx+OmKRE85khmEhmboVkgiUm2oRUMiF8fQr/Jx1ku57t3dQqTWcVRxGcgFNwDlxQB01wDVqgDQgQ4AE8gWdLWY/Wi/W6bC1Yq5lj8APW2yerjJA9</latexit>

2 ! 2
<latexit sha1_base64="viZdejJ6gspEm125SNp1+tIQbuU="></latexit>

Pa! ! = sin 2 2! sin2
!

1
2

kx
"

; k = 2 " /L osc
<latexit sha1_base64="tPAY9KAt7EEM+xfhs9ue6cBPQHk="></latexit>

tan 2! =
ga! B "

m2
a



Photon-axion oscillation
• One possible explanation of the dimming of 

    type-Ia supernovae

<latexit sha1_base64="DWqCoZ3YT8o5s4Ac90wrvyRLtGI="></latexit>

P1 =
µ2

k2 sin2
!

kx
2

"
=

(µx)2

4

!
sin(kx/ 2)

kx/ 2

" 2

the distance traveled by photon,<latexit sha1_base64="m+SdKs98c+JPZURjqx+34gxxU8c=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4GjLTOq2uCm5cVrEPaIeSSTNtaCYzJBmxlP6BGxeKuPWP3Pk3ZtoKKnrgwuGce7n3niDhTGmEPqzcyura+kZ+s7C1vbO7V9w/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF9mfvuOSsVicasnCfUjPBQsZARrI93cX/SLJWSf1zz3zIXIRqjqlr2MuNWKW4aOUTKUwBKNfvG9N4hJGlGhCcdKdR2UaH+KpWaE01mhlyqaYDLGQ9o1VOCIKn86v3QGT4wygGEsTQkN5+r3iSmOlJpEgemMsB6p314m/uV1Ux3W/CkTSaqpIItFYcqhjmH2NhwwSYnmE0MwkczcCskIS0y0CadgQvj6FP5PWq7teLZ3XSnV0TKOPDgCx+AUOKAK6uAKNEATEBCCB/AEnq2x9Wi9WK+L1py1nDkEP2C9fQLEnY19</latexit>x :
<latexit sha1_base64="K5yFiovgLueaIq0jFafMUR7PnSI=">AAACDnicdVDLSgMxFM3UV62vqks3wVJwVTKl1HYhFN24rGAf0BmGTJppQ5OZIckIZZgvcOOvuHGhiFvX7vwb0xeo6IHLPZxzL8k9fsyZ0gh9Wrm19Y3Nrfx2YWd3b/+geHjUVVEiCe2QiEey72NFOQtpRzPNaT+WFAuf054/uZr5vTsqFYvCWz2NqSvwKGQBI1gbySuWHZHAC+gEEpN05KUYOiMsxKpl8DJLa5lXLKEKMqjX4YzYDWQb0mw2qtUmtOcWQiWwRNsrfjjDiCSChppwrNTARrF2Uyw1I5xmBSdRNMZkgkd0YGiIBVVuOj8ng2WjDGEQSVOhhnP1+0aKhVJT4ZtJgfVY/fZm4l/eINFBw01ZGCeahmTxUJBwqCM4ywYOmaRE86khmEhm/grJGJtktEmwYEJYXQr/J91qxa5X6je1Ugst48iDE3AKzoANzkELXIM26AAC7sEjeAYv1oP1ZL1ab4vRnLXcOQY/YL1/AVinm6k=</latexit>

µ =
ga!! B

4

• When the magnetic field is not constant, the total 

    photon-axion oscillation probability over many magnetic 

    domains is <latexit sha1_base64="d7mKDws3re3XwaqAg5A85gMQOsU="></latexit>

P! ! a =
1
3

!
1 ! e" y/L decay

"
<latexit sha1_base64="m3hMgAzDpkNKu0IZXD/EAI2IIl4=">AAACKXicbVDLSsNAFJ34rPUVdelmsAiuSlKluhEKblyIVLAPaEqYTCbt0JkkzEyEEOLnuPFX3Cgo6tYfcdpmUVsPDBzOOZc793gxo1JZ1pextLyyurZe2ihvbm3v7Jp7+20ZJQKTFo5YJLoekoTRkLQUVYx0Y0EQ9xjpeKOrsd95IELSKLxXaUz6HA1CGlCMlJZcs5HCS3gLb9zMERz6Ec/h4xRa8glGaa4DTiAQzmqzsTw7hU3Xzl2zYlWtCeAisQtSAQWarvnm+BFOOAkVZkjKnm3Fqp8hoShmJC87iSQxwiM0ID1NQ8SJ7GeTS3N4rBUfBpHQL1Rwos5OZIhLmXJPJzlSQznvjcX/vF6igot+RsM4USTE00VBwqCK4Lg26FNBsGKpJggLqv8K8RDpVpQut6xLsOdPXiTtWtWuV+t3Z5WGVdRRAofgCJwAG5yDBrgGTdACGDyBF/AOPoxn49X4NL6n0SWjmDkAf2D8/AKFyKYp</latexit>

y = NL dom L decay =
2L dom

3P1
<latexit sha1_base64="pL/FarkkgBP0LclOU4jyAYoDPQI="></latexit>

C.Cs«aki, N.Kaloper, J.Terning, PRL 88, 161302(2002);

Y.Grossman, SR, J.Zupan, PLB 543, 23(2002)



Solar axion searches
• Most important and strongest astrophysical source for axions

    is the core of the Sun

• Axions would be continuously produced in the magnetic and 

    electric field of the plasma via the 2-photon coupling

• After production freely stream out of the Sun

Differential solar axion flux on Earth
<latexit sha1_base64="tIzySF5a75lOyYCbq9zXKOr0vCI="></latexit>

d! a

dE
= 6 .02! 1010cm! 2s! 1keV! 1g2

10E 2.481e! E/ 1.205

<latexit sha1_base64="j3l1xrlTMCaRHdYYkRZaAwwfTLg=">AAACH3icbVDLSgMxFM3UV62vUZdugkWoC2tGpLoRCi50WcE+oFNLJk3b0GRmSDJCGeZP3PgrblwoIu76N2baEbT1QMjJOfdyc48XcqY0QhMrt7S8srqWXy9sbG5t79i7ew0VRJLQOgl4IFseVpQzn9Y105y2Qkmx8DhteqPr1G8+UqlY4N/rcUg7Ag981mcEayN17Upp0I0dlMAraAiG7gAL8XMlpw56iE9SO3algDe0kaTv5LhrF1EZTQEXiZORIshQ69pfbi8gkaC+Jhwr1XZQqDsxlpoRTpOCGykaYjLCA9o21MeCqk483S+BR0bpwX4gzfE1nKq/O2IslBoLz1QKrIdq3kvF/7x2pPuXnZj5YaSpT2aD+hGHOoBpWLDHJCWajw3BRDLzV0iGWGKiTaQFE4Izv/IiaZyVnUq5cnderKIsjjw4AIegBBxwAargFtRAHRDwBF7AG3i3nq1X68P6nJXmrKxnH/yBNfkG7J2gZw==</latexit>

(g10 = ga!! / 10! 10GeV! 1)

• Spectral energy distribution of the axion peaks at 
<latexit sha1_base64="MIcsh3AIaSAhh5cOfoUzexiepFw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzKjUl0W3LisYB/QGUomzbShySQkGbEO1V9x40IRt/6HO//GtJ2Fth64cDjnXu69J5KMauN5305haXllda24XtrY3NrecXf3mlqkCpMGFkyodoQ0YTQhDUMNI22pCOIRI61oeDXxW3dEaSqSWzOSJOSon9CYYmSs1HUPAiSlEvfwDD5mgeJwSJrjrlv2Kt4UcJH4OSmDHPWu+xX0BE45SQxmSOuO70kTZkgZihkZl4JUE4nwEPVJx9IEcaLDbHr9GB5bpQdjoWwlBk7V3xMZ4lqPeGQ7OTIDPe9NxP+8TmriyzCjiUwNSfBsUZwyaAScRAF7VBFs2MgShBW1t0I8QAphYwMr2RD8+ZcXSfO04lcr1Zvzcs3L4yiCQ3AEToAPLkANXIM6aAAMHsAzeAVvzpPz4rw7H7PWgpPP7IM/cD5/ANm8lMw=</latexit>

! 3 keV



Solar axion searches

Experimental Axion Searches 5

Fig. 4. Working principle of an axion helioscope. Axions produced i n the Sun core by
the Primako ! e! ect would be converted back into photons in a strong magnetic Þeld.
Eventually these photons, which have the same energy spectrum as the incoming
axions, could be collected by a X-ray detector placed a the end of the magnet Þeld
area

di! erential solar axion spectrum is

N =
!

d! a

dE
Pa! ! S t dE . (2)

Here d! a /dE is the di! erential axion ßux at the Earth, S the magnet bore
area, t the measurement time, andPa! ! the conversion probability of an
axion into a photon. To maximize t the magnet is mounted in a similar way
as conventional telescopes, such that it can follow the track of the Sun on the
sky.

The number of photons leaving the magnetic Þeld towards the detector
is determined by the probability that an axion converts back to a Òobserv-
ableÓ photon inside the magnetic Þeld, assuming that the conversionvolume
(magnetic Þeld area) is evacuated, the probability is given by

Pa! ! =
"

Bga!!

2

# 2

2L 2 1 ! cos(qL)
(qL)2 , (3)

where B and L are the magnet Þeld strength and length of the Þeld, and

q = m2
a/ 2E! , (4)

is the longitudinal momentum di! erence (or momentum transfer) between
the axion and the photon of the energyE! . In order to achieve a maximum
conversion probability Pa! ! (constructive interference), the axion and photon
Þelds must remain in phase over the length of the magnetic Þeld, this sets the
requirement that qL < " (8; 10). Thus, the sensitivity of a helioscope is limited
to a speciÞc axion mass range for a givenq. For increasing axion masses the
conversion is suppressed by the momentum mismatch between the axion and
the photon, namely due to the form factor (1 ! cos(qL)) / (qL)2 in (3).

Coherence can be restored for higher axion masses by Þlling the magnetic
conversion region with a bu! er gas (10), such that the photons inside the

• Most sensitive axion experiment at present in the mass range
<latexit sha1_base64="EWi79eUnt+wwqnznYlT8+wrO5gM="></latexit>

10! 5eV ! ma ! 1eV are “axion helioscopes”, i.e. magnetic

solar telescopes

A. Ringwald, arXiv:0705.0615 
<latexit sha1_base64="xjDNOiZkon2Qps3UW4TBSJyXeAU="></latexit>

Pa! ! =

!
Bga!!

2

" 2

2L 2 1 ! cos(qL)
(qL)2

<latexit sha1_base64="SdicRpTKOvbxozWumuPvvyLdhW8=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInmpSpHoRCiJ4rGA/oI1hst22S3eTuLsRSuzBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFMWdKO863tbC4tLyymlvLr29sbm3bO7t1FSWS0BqJeCSbASjKWUhrmmlOm7GkIAJOG8Hgcuw3HqhULApv9TCmnoBeyLqMgDaSb+/f4wss7ko+4BNcwld+uwdCgG8XnKIzAZ4nbkYKKEPVt7/anYgkgoaacFCq5Tqx9lKQmhFOR/l2omgMZAA92jI0BEGVl07uH+Ejo3RwN5KmQo0n6u+JFIRSQxGYTgG6r2a9sfif10p099xLWRgnmoZkuqibcKwjPA4Dd5ikRPOhIUAkM7di0gcJRJvI8iYEd/bleVIvFd1ysXxzWqg4WRw5dIAO0TFy0RmqoGtURTVE0CN6Rq/ozXqyXqx362PaumBlM3voD6zPH66Sk+8=</latexit>

q = m2
a/ 2E!

<latexit sha1_base64="RbayncUSkt4EKC4KiQ/Wo7TfWR0=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ItHCImBjkSKC+YAkhL3NJlmyt3vu7inhTOFfsbFQxNa/Yee/cZNcoYkPBh7vzTAzL4g408bzvp3M0vLK6lp2PbexubW94+7u1bSMFaFVIrlUjQBrypmgVcMMp41IURwGnNaD4dXEr99TpZkUt2YU0XaI+4L1GMHGSh334K6MLpGPWmUp+or1BwYrJR86bt4reFOgReKnJA8pKh33q9WVJA6pMIRjrZu+F5l2gpVhhNNxrhVrGmEyxH3atFTgkOp2Mr1/jI6t0kU9qWwJg6bq74kEh1qPwsB2htgM9Lw3Ef/zmrHpXbQTJqLYUEFmi3oxR0aiSRioyxQlho8swUQxeysiA6wwMTaynA3Bn395kdROC36xULw5y5e8NI4sHMIRnIAP51CCa6hAFQg8wjO8wpvz5Lw4787HrDXjpDP78AfO5w+0dZU/</latexit>

qL < 1 =! sensitivity is limited to a specific axion mass range

CAST, IAXO

BabyIAXO
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<latexit sha1_base64="CeVYK0WgENmXRbpOVsf4oeI8Bf4="></latexit>

ga! < 5.7 ! 10! 1GeV! 1

New axion-photon coupling exclusion limits

Expected improvement over CAST

with IAXO 



!"#$%&'($)$%*+$%,-./#$%/*#%*/$01.*1)2$/'(-.-

34567*8$91.-00$7*:$;-07*<#1%%$))#7*<.-=-%/)-))-*-)*10>7*?@AB>ACD?DE

!"#$$%&'()*+,(,--,****************************./#)(0* 1)"")23,34 *******************************.)(,&)5*6789:86:6;

NuSTAR as an axion helioscope

Axion-photon conversions in solar atmosphere

pc: Alessandro Mirizzi

!"#$%&'()*+,--(%&.(/,-%&01*22(331%&0+,4,253,33,&,3&*-6%&789:69;<7<=

>#?'@"&@?&@ABC>&DEFBC?GCHE

!"#$$%&'()*+,(,--,****************************./#)(0* 1)"")23,34 *******************************.)(,&)5*6789:86:6;



!"#$%&'()*+,--(%&.(/,-%&01*22(331%&0+,4,253,33,&,3&*-6%&789:69;<7<=

>#?'@"&@?&@ABC>&DEFBC?GCHE

!"#$$%&'()*+,(,--,****************************./#)(0* 1)"")23,34 *******************************.)(,&)5*6789:86:6;

NuSTAR as axion helioscope

!"#$%&'()*+,--(%&.(/,-%&01*22(331%&0+,4,253,33,&,3&*-6%&789:69;<7<=

>#?'@"&@?&@ABC>&DEFBC?GCHE

!"#$$%&'()*+,(,--,****************************./#)(0* 1)"")23,34 *******************************.)(,&)5*6789:86:6;



Laser experiments
• Purely laboratory based experimental search for ultra-light

    (pseudo)scalar particles 

• Possible to make accurate measurements on the 

    modification of a polarisation state of a light beam  

• A laser light is reflected back and forth N times between two 

    mirrors, in a constant magnetic field orthogonal to the beam 

    direction 

• Total length travelled by the laser beam in magnetic field is 
<latexit sha1_base64="2GOvxmtEcyOsU6NVdP5TEY1xtMw=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CkNa0LoeDGhUgF+4AmlMl00g6dPJiZCDX0S9y4UMStn+LOv3HSVlDRAxcO59zLvff4CaNCmuaHVlhZXVvfKG6WtrZ3dsv63n5HxCnHpI1jFvOejwRhNCJtSSUjvYQTFPqMdP3JRe537wgXNI5u5TQhXohGEQ0oRlJJA718Bc/hNXQJY9AVNBzoFdM4azj2qQ1NwzTrdtXJiV2v2VVoKSVHBSzRGujv7jDGaUgiiRkSom+ZifQyxCXFjMxKbipIgvAEjUhf0QiFRHjZ/PAZPFbKEAYxVxVJOFe/T2QoFGIa+qozRHIsfnu5+JfXT2XQ8DIaJakkEV4sClIGZQzzFOCQcoIlmyqCMKfqVojHiCMsVVYlFcLXp/B/0rENyzGcm1qlaS7jKIJDcAROgAXqoAkuQQu0AQYpeABP4Fm71x61F+110VrQljMH4Ae0t08cEZIT</latexit>

L = N ! ! a few km

• Laser beam is linearly polarised to start with and after 

    traversing L , it is possible to measure small ellipticity and 

    change in the rotation of the polarisation plane



A method to measure vacuum birefringence

• Different polarisation vectors will propagate with 

     different phase velocities               different refractive indices

• Linear polarisation                     elliptical polarisation out of B

Ellipticity       induced by birefringence 
<latexit sha1_base64="ltY16IaBS8If7wVf/NVxeXTofCE=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4Ktkia3srePFYwX5Au5Rsmm1Dk+ySZIVS+he8eFDEq3/Im//GbFtBRR8MPN6bYWZelApuLMYf3tr6xubWdmGnuLu3f3BYOjpumyTTlLVoIhLdjYhhgivWstwK1k01IzISrBNNrnO/c8+04Ym6s9OUhZKMFI85JTaX+qnhg1IZV7BDEKCc+DXsO1Kv16rVOvIXFsZlWKE5KL33hwnNJFOWCmJMz8epDWdEW04Fmxf7mWEpoRMyYj1HFZHMhLPFrXN07pQhihPtSlm0UL9PzIg0Zioj1ymJHZvfXi7+5fUyG9fCGVdpZpmiy0VxJpBNUP44GnLNqBVTRwjV3N2K6JhoQq2Lp+hC+PoU/U/a1YofVILby3IDr+IowCmcwQX4cAUNuIEmtIDCGB7gCZ496T16L97rsnXNW82cwA94b595rI6A</latexit>

! <latexit sha1_base64="cBKiErczTfXOOuh+Srdz01OMRuk="></latexit>

! = "
L
#

(n! ! n" )
ALPS, BMV, OSQAR, PVLAS



Rotation and Ellipticity
<latexit sha1_base64="S3HBKUVGB4V5XgVD8NSNmjyNrFc=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjMi1WVRBJcV7APaYcikmTY0yQxJRizDLN34K25cKOLWT3Dn35hpR9DWA4GTc+7l3nuCmFGlHefLWlhcWl5ZLa2V1zc2t7btnd2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoMvfbd0QqGolbPY6Jx9FA0JBipI3k2wdpjyM9DEJ4kflpT3L480+v7nWW+XbFqToTwHniFqQCCjR8+7PXj3DCidCYIaW6rhNrL0VSU8xIVu4lisQIj9CAdA0ViBPlpZNDMnhklD4MI2me0HCi/u5IEVdqzANTmW+pZr1c/M/rJjo891Iq4kQTgaeDwoRBHcE8FdinkmDNxoYgLKnZFeIhkghrk13ZhODOnjxPWidVt1at3ZxW6k4RRwnsg0NwDFxwBurgGjRAE2DwAJ7AC3i1Hq1n6816n5YuWEXPHvgD6+Mbyi2Zyw==</latexit>

B Ext
<latexit sha1_base64="S3HBKUVGB4V5XgVD8NSNmjyNrFc=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjMi1WVRBJcV7APaYcikmTY0yQxJRizDLN34K25cKOLWT3Dn35hpR9DWA4GTc+7l3nuCmFGlHefLWlhcWl5ZLa2V1zc2t7btnd2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoMvfbd0QqGolbPY6Jx9FA0JBipI3k2wdpjyM9DEJ4kflpT3L480+v7nWW+XbFqToTwHniFqQCCjR8+7PXj3DCidCYIaW6rhNrL0VSU8xIVu4lisQIj9CAdA0ViBPlpZNDMnhklD4MI2me0HCi/u5IEVdqzANTmW+pZr1c/M/rJjo891Iq4kQTgaeDwoRBHcE8FdinkmDNxoYgLKnZFeIhkghrk13ZhODOnjxPWidVt1at3ZxW6k4RRwnsg0NwDFxwBurgGjRAE2DwAJ7AC3i1Hq1n6816n5YuWEXPHvgD6+Mbyi2Zyw==</latexit>

B Ext

<latexit sha1_base64="S3HBKUVGB4V5XgVD8NSNmjyNrFc=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjMi1WVRBJcV7APaYcikmTY0yQxJRizDLN34K25cKOLWT3Dn35hpR9DWA4GTc+7l3nuCmFGlHefLWlhcWl5ZLa2V1zc2t7btnd2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoMvfbd0QqGolbPY6Jx9FA0JBipI3k2wdpjyM9DEJ4kflpT3L480+v7nWW+XbFqToTwHniFqQCCjR8+7PXj3DCidCYIaW6rhNrL0VSU8xIVu4lisQIj9CAdA0ViBPlpZNDMnhklD4MI2me0HCi/u5IEVdqzANTmW+pZr1c/M/rJjo891Iq4kQTgaeDwoRBHcE8FdinkmDNxoYgLKnZFeIhkghrk13ZhODOnjxPWidVt1at3ZxW6k4RRwnsg0NwDFxwBurgGjRAE2DwAJ7AC3i1Hq1n6816n5YuWEXPHvgD6+Mbyi2Zyw==</latexit>

B Ext
<latexit sha1_base64="S3HBKUVGB4V5XgVD8NSNmjyNrFc=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjMi1WVRBJcV7APaYcikmTY0yQxJRizDLN34K25cKOLWT3Dn35hpR9DWA4GTc+7l3nuCmFGlHefLWlhcWl5ZLa2V1zc2t7btnd2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoMvfbd0QqGolbPY6Jx9FA0JBipI3k2wdpjyM9DEJ4kflpT3L480+v7nWW+XbFqToTwHniFqQCCjR8+7PXj3DCidCYIaW6rhNrL0VSU8xIVu4lisQIj9CAdA0ViBPlpZNDMnhklD4MI2me0HCi/u5IEVdqzANTmW+pZr1c/M/rJjo891Iq4kQTgaeDwoRBHcE8FdinkmDNxoYgLKnZFeIhkghrk13ZhODOnjxPWidVt1at3ZxW6k4RRwnsg0NwDFxwBurgGjRAE2DwAJ7AC3i1Hq1n6816n5YuWEXPHvgD6+Mbyi2Zyw==</latexit>

B Ext

<latexit sha1_base64="S3HBKUVGB4V5XgVD8NSNmjyNrFc=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjMi1WVRBJcV7APaYcikmTY0yQxJRizDLN34K25cKOLWT3Dn35hpR9DWA4GTc+7l3nuCmFGlHefLWlhcWl5ZLa2V1zc2t7btnd2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoMvfbd0QqGolbPY6Jx9FA0JBipI3k2wdpjyM9DEJ4kflpT3L480+v7nWW+XbFqToTwHniFqQCCjR8+7PXj3DCidCYIaW6rhNrL0VSU8xIVu4lisQIj9CAdA0ViBPlpZNDMnhklD4MI2me0HCi/u5IEVdqzANTmW+pZr1c/M/rJjo891Iq4kQTgaeDwoRBHcE8FdinkmDNxoYgLKnZFeIhkghrk13ZhODOnjxPWidVt1at3ZxW6k4RRwnsg0NwDFxwBurgGjRAE2DwAJ7AC3i1Hq1n6816n5YuWEXPHvgD6+Mbyi2Zyw==</latexit>

B Ext

<latexit sha1_base64="S3HBKUVGB4V5XgVD8NSNmjyNrFc=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjMi1WVRBJcV7APaYcikmTY0yQxJRizDLN34K25cKOLWT3Dn35hpR9DWA4GTc+7l3nuCmFGlHefLWlhcWl5ZLa2V1zc2t7btnd2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoMvfbd0QqGolbPY6Jx9FA0JBipI3k2wdpjyM9DEJ4kflpT3L480+v7nWW+XbFqToTwHniFqQCCjR8+7PXj3DCidCYIaW6rhNrL0VSU8xIVu4lisQIj9CAdA0ViBPlpZNDMnhklD4MI2me0HCi/u5IEVdqzANTmW+pZr1c/M/rJjo891Iq4kQTgaeDwoRBHcE8FdinkmDNxoYgLKnZFeIhkghrk13ZhODOnjxPWidVt1at3ZxW6k4RRwnsg0NwDFxwBurgGjRAE2DwAJ7AC3i1Hq1n6816n5YuWEXPHvgD6+Mbyi2Zyw==</latexit>

B Ext

<latexit sha1_base64="KGrgdPecnHtIywx6gACUz/YJAaQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KIVI8FLx4r2FZoQ9hsN+nS3STsboQQ6l/x4kERr/4Qb/4bt20EbX0wzOO9GXb2BSlnSjvOl1VZW9/Y3Kpu13Z29/YP7MOjnkoySWiXJDyR9wFWlLOYdjXTnN6nkmIRcNoPJtczv/9ApWJJfKfzlHoCRzELGcHaSL5dj/wCo2GEhfhpU99uOE1nDrRK3JI0oETHtz+Ho4RkgsaacKzUwHVS7RVYakY4ndaGmaIpJhMc0YGhMRZUecX8+Ck6NcoIhYk0FWs0V39vFFgolYvATAqsx2rZm4n/eYNMh1deweI00zQmi4fCjCOdoFkSaMQkJZrnhmAimbkVkTGWmGiTV82E4C5/eZX0zptuq9m6vWi0nTKOKhzDCZyBC5fQhhvoQBcI5PAEL/BqPVrP1pv1vhitWOVOHf7A+vgGRzmUfw==</latexit>ga!!

<latexit sha1_base64="KGrgdPecnHtIywx6gACUz/YJAaQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KIVI8FLx4r2FZoQ9hsN+nS3STsboQQ6l/x4kERr/4Qb/4bt20EbX0wzOO9GXb2BSlnSjvOl1VZW9/Y3Kpu13Z29/YP7MOjnkoySWiXJDyR9wFWlLOYdjXTnN6nkmIRcNoPJtczv/9ApWJJfKfzlHoCRzELGcHaSL5dj/wCo2GEhfhpU99uOE1nDrRK3JI0oETHtz+Ho4RkgsaacKzUwHVS7RVYakY4ndaGmaIpJhMc0YGhMRZUecX8+Ck6NcoIhYk0FWs0V39vFFgolYvATAqsx2rZm4n/eYNMh1deweI00zQmi4fCjCOdoFkSaMQkJZrnhmAimbkVkTGWmGiTV82E4C5/eZX0zptuq9m6vWi0nTKOKhzDCZyBC5fQhhvoQBcI5PAEL/BqPVrP1pv1vhitWOVOHf7A+vgGRzmUfw==</latexit>ga!!
<latexit sha1_base64="KGrgdPecnHtIywx6gACUz/YJAaQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KIVI8FLx4r2FZoQ9hsN+nS3STsboQQ6l/x4kERr/4Qb/4bt20EbX0wzOO9GXb2BSlnSjvOl1VZW9/Y3Kpu13Z29/YP7MOjnkoySWiXJDyR9wFWlLOYdjXTnN6nkmIRcNoPJtczv/9ApWJJfKfzlHoCRzELGcHaSL5dj/wCo2GEhfhpU99uOE1nDrRK3JI0oETHtz+Ho4RkgsaacKzUwHVS7RVYakY4ndaGmaIpJhMc0YGhMRZUecX8+Ck6NcoIhYk0FWs0V39vFFgolYvATAqsx2rZm4n/eYNMh1deweI00zQmi4fCjCOdoFkSaMQkJZrnhmAimbkVkTGWmGiTV82E4C5/eZX0zptuq9m6vWi0nTKOKhzDCZyBC5fQhhvoQBcI5PAEL/BqPVrP1pv1vhitWOVOHf7A+vgGRzmUfw==</latexit>ga!!

<latexit sha1_base64="uIrFB8LC2JSyvZotsVqnIm+5fBY=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WVBBJcV7AOaECbTm3boZBJmJkIJBX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ0w5U9pxvq2V1bX1jc3KVnV7Z3dv3z447KgkkxTaNOGJ7IVEAWcC2pppDr1UAolDDt1wfFP43UeQiiXiQU9S8GMyFCxilGgjBfZx7sVEj8II304DLyWScA48sGtO3ZkBLxO3JDVUohXYX94goVkMQlNOlOq7Tqr9nEjNKIdp1csUpISOyRD6hgoSg/LzWfwpPjPKAEeJNE9oPFN/b+QkVmoSh2ayyKoWvUL8z+tnOrr2cybSTIOg80NRxrFOcNEFHjAJVPOJIYRKZrJiOjIVUG0aq5oS3MUvL5PORd1t1Bv3l7WmU9ZRQSfoFJ0jF12hJrpDLdRGFOXoGb2iN+vJerHerY/56IpV7hyhP7A+fwBKCpWp</latexit>

E ! <latexit sha1_base64="uIrFB8LC2JSyvZotsVqnIm+5fBY=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WVBBJcV7AOaECbTm3boZBJmJkIJBX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ0w5U9pxvq2V1bX1jc3KVnV7Z3dv3z447KgkkxTaNOGJ7IVEAWcC2pppDr1UAolDDt1wfFP43UeQiiXiQU9S8GMyFCxilGgjBfZx7sVEj8II304DLyWScA48sGtO3ZkBLxO3JDVUohXYX94goVkMQlNOlOq7Tqr9nEjNKIdp1csUpISOyRD6hgoSg/LzWfwpPjPKAEeJNE9oPFN/b+QkVmoSh2ayyKoWvUL8z+tnOrr2cybSTIOg80NRxrFOcNEFHjAJVPOJIYRKZrJiOjIVUG0aq5oS3MUvL5PORd1t1Bv3l7WmU9ZRQSfoFJ0jF12hJrpDLdRGFOXoGb2iN+vJerHerY/56IpV7hyhP7A+fwBKCpWp</latexit>

E !

<latexit sha1_base64="uIrFB8LC2JSyvZotsVqnIm+5fBY=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WVBBJcV7AOaECbTm3boZBJmJkIJBX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ0w5U9pxvq2V1bX1jc3KVnV7Z3dv3z447KgkkxTaNOGJ7IVEAWcC2pppDr1UAolDDt1wfFP43UeQiiXiQU9S8GMyFCxilGgjBfZx7sVEj8II304DLyWScA48sGtO3ZkBLxO3JDVUohXYX94goVkMQlNOlOq7Tqr9nEjNKIdp1csUpISOyRD6hgoSg/LzWfwpPjPKAEeJNE9oPFN/b+QkVmoSh2ayyKoWvUL8z+tnOrr2cybSTIOg80NRxrFOcNEFHjAJVPOJIYRKZrJiOjIVUG0aq5oS3MUvL5PORd1t1Bv3l7WmU9ZRQSfoFJ0jF12hJrpDLdRGFOXoGb2iN+vJerHerY/56IpV7hyhP7A+fwBKCpWp</latexit>

E !
<latexit sha1_base64="uIrFB8LC2JSyvZotsVqnIm+5fBY=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WVBBJcV7AOaECbTm3boZBJmJkIJBX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ0w5U9pxvq2V1bX1jc3KVnV7Z3dv3z447KgkkxTaNOGJ7IVEAWcC2pppDr1UAolDDt1wfFP43UeQiiXiQU9S8GMyFCxilGgjBfZx7sVEj8II304DLyWScA48sGtO3ZkBLxO3JDVUohXYX94goVkMQlNOlOq7Tqr9nEjNKIdp1csUpISOyRD6hgoSg/LzWfwpPjPKAEeJNE9oPFN/b+QkVmoSh2ayyKoWvUL8z+tnOrr2cybSTIOg80NRxrFOcNEFHjAJVPOJIYRKZrJiOjIVUG0aq5oS3MUvL5PORd1t1Bv3l7WmU9ZRQSfoFJ0jF12hJrpDLdRGFOXoGb2iN+vJerHerY/56IpV7hyhP7A+fwBKCpWp</latexit>

E !
<latexit sha1_base64="u4dY4VCx4TxJWIbE5PGWHjIcmB8=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi1WVBBJcV7APaECbTm3boZBJmJkqJ/RQ3LhRx65e482+ctFlo64GBwzn3cs+cIOFMacf5tkpr6xubW+Xtys7u3v6BXT3sqDiVFNo05rHsBUQBZwLammkOvUQCiQIO3WBynfvdB5CKxeJeTxPwIjISLGSUaCP5djUbRESPgxDfzPxBAjLx7ZpTd+bAq8QtSA0VaPn212AY0zQCoSknSvVdJ9FeRqRmlMOsMkgVJIROyAj6hgoSgfKyefQZPjXKEIexNE9oPFd/b2QkUmoaBWYyz6mWvVz8z+unOrzyMiaSVIOgi0NhyrGOcd4DHjIJVPOpIYRKZrJiOiaSUG3aqpgS3OUvr5LOed1t1Bt3F7WmU9RRRsfoBJ0hF12iJrpFLdRGFD2iZ/SK3qwn68V6tz4WoyWr2DlCf2B9/gAxTJPr</latexit>

E !
<latexit sha1_base64="u4dY4VCx4TxJWIbE5PGWHjIcmB8=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi1WVBBJcV7APaECbTm3boZBJmJkqJ/RQ3LhRx65e482+ctFlo64GBwzn3cs+cIOFMacf5tkpr6xubW+Xtys7u3v6BXT3sqDiVFNo05rHsBUQBZwLammkOvUQCiQIO3WBynfvdB5CKxeJeTxPwIjISLGSUaCP5djUbRESPgxDfzPxBAjLx7ZpTd+bAq8QtSA0VaPn212AY0zQCoSknSvVdJ9FeRqRmlMOsMkgVJIROyAj6hgoSgfKyefQZPjXKEIexNE9oPFd/b2QkUmoaBWYyz6mWvVz8z+unOrzyMiaSVIOgi0NhyrGOcd4DHjIJVPOpIYRKZrJiOiaSUG3aqpgS3OUvr5LOed1t1Bt3F7WmU9RRRsfoBJ0hF12iJrpFLdRGFD2iZ/SK3qwn68V6tz4WoyWr2DlCf2B9/gAxTJPr</latexit>

E !

<latexit sha1_base64="u4dY4VCx4TxJWIbE5PGWHjIcmB8=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi1WVBBJcV7APaECbTm3boZBJmJkqJ/RQ3LhRx65e482+ctFlo64GBwzn3cs+cIOFMacf5tkpr6xubW+Xtys7u3v6BXT3sqDiVFNo05rHsBUQBZwLammkOvUQCiQIO3WBynfvdB5CKxeJeTxPwIjISLGSUaCP5djUbRESPgxDfzPxBAjLx7ZpTd+bAq8QtSA0VaPn212AY0zQCoSknSvVdJ9FeRqRmlMOsMkgVJIROyAj6hgoSgfKyefQZPjXKEIexNE9oPFd/b2QkUmoaBWYyz6mWvVz8z+unOrzyMiaSVIOgi0NhyrGOcd4DHjIJVPOpIYRKZrJiOiaSUG3aqpgS3OUvr5LOed1t1Bt3F7WmU9RRRsfoBJ0hF12iJrpFLdRGFD2iZ/SK3qwn68V6tz4WoyWr2DlCf2B9/gAxTJPr</latexit>

E !
<latexit sha1_base64="u4dY4VCx4TxJWIbE5PGWHjIcmB8=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi1WVBBJcV7APaECbTm3boZBJmJkqJ/RQ3LhRx65e482+ctFlo64GBwzn3cs+cIOFMacf5tkpr6xubW+Xtys7u3v6BXT3sqDiVFNo05rHsBUQBZwLammkOvUQCiQIO3WBynfvdB5CKxeJeTxPwIjISLGSUaCP5djUbRESPgxDfzPxBAjLx7ZpTd+bAq8QtSA0VaPn212AY0zQCoSknSvVdJ9FeRqRmlMOsMkgVJIROyAj6hgoSgfKyefQZPjXKEIexNE9oPFd/b2QkUmoaBWYyz6mWvVz8z+unOrzyMiaSVIOgi0NhyrGOcd4DHjIJVPOpIYRKZrJiOiaSUG3aqpgS3OUvr5LOed1t1Bt3F7WmU9RRRsfoBJ0hF12iJrpFLdRGFD2iZ/SK3qwn68V6tz4WoyWr2DlCf2B9/gAxTJPr</latexit>

E !

Rotation

Ellipticity

Before Aft er

Before Aft er

<latexit sha1_base64="y7XZlS3/WLNSl91nmp5ovLrQyn4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBi8cKthbSUDbbSbt0sxt2J4US+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O6WNza3tnfJuZW//4PCoenzSMSrTDNpMCaW7ETUguIQ2chTQTTXQJBLwFI3v5v7TBLThSj7iNIUwoUPJY84oWinoTaiG1HChZL9a8+reAu468QtSIwVa/epXb6BYloBEJqgxge+lGOZUI2cCZpVeZiClbEyHEFgqaQImzBcnz9wLqwzcWGlbEt2F+nsip4kx0ySynQnFkVn15uJ/XpBhfBvmXKYZgmTLRXEmXFTu/H93wDUwFFNLKNPc3uqyEdWUoU2pYkPwV19eJ52rut+oNx6ua02viKNMzsg5uSQ+uSFNck9apE0YUeSZvJI3B50X5935WLaWnGLmlPyB8/kDt/eRgA==</latexit>!

<latexit sha1_base64="xWf7hVPLXDT4rgW3o6woDS1vKz4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXBonhw2rNq3sL4HXiF6QGBVrD6tdgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMLp4xwFGtXyuKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ug0yrpLUMkWXi6JUYBvj/HE84ppRK2aOEKq5uxXTCdGEWhdPxYXgr768TjpXdb9Rbzxc15peEUcZzuAcLsGHG2jCPbSgDRQm8Ayv8IYkekHv6GPZWkLFzCn8Afr8ASJnjkM=</latexit>

!

<latexit sha1_base64="tt0FY/euKFW1fElPKAbz2YuPuGc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwYWM3g==</latexit>a

<latexit sha1_base64="tt0FY/euKFW1fElPKAbz2YuPuGc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwYWM3g==</latexit>a

a)

b)

<latexit sha1_base 64="uIrFB8LC2JSyvZotsVqnIm+5fBY=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WVBBJcV7AOaECbTm3boZBJmJkIJBX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ0w5U9pxvq2V1bX1jc3KVnV7Z3dv3z447KgkkxTaNOGJ7IVEAWcC2pppDr1UAolDDt1wfFP43UeQiiXiQU9S8GMyFCxilGgjBfZx7sVEj8II304DLyWScA48sGtO3ZkBLxO3JDVUohXYX94goVkMQlNOlOq7Tqr9nEjNKIdp1csUpISOyRD6hgoSg/LzWfwpPjPKAEeJNE9oPFN/b+QkVmoSh2ayyKoWvUL8z+tnOrr2cybSTIOg80NRxrFOcNEFHjAJVPOJIYRKZrJiOjIVUG0aq5oS3MUvL5PORd1t1Bv3l7WmU9ZRQSfoFJ0jF12hJrpDLdRGFOXoGb2iN+vJerHerY/56IpV7hyhP7A+fwBKCpWp</latexit>

E !Retardation of

<latexit sha1_base64="4Yy/FmzNTXVn9+HG1F91UQRpDZY=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlEqsuCCC4r2Ac0pUymk3boZBJmJsUS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZU2Nre2d8q7lb39g8Mj+7jaUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vc397oxKxSLxqOcxHYR4LFjACNZGGtrV1JtRglIvxHriB+guy4Z2zak7C6B14hakBgVaQ/vLG0UkCanQhGOl+q4T60GKpWaE06ziJYrGmEzxmPYNFTikapAusmfo3CgjFETSPKHRQv29keJQqXnom8k8olr1cvE/r5/o4GaQMhEnmgqyPBQkHOkI5UWgEZOUaD43BBPJTFZEJlhiok1dFVOCu/rlddK5rLuNeuPhqtZ0ijrKcApncAEuXEMT7qEFbSDwBM/wCm9WZr1Y79bHcrRkFTsn8AfW5w+9o5Q1</latexit>

!E
<latexit sha1_base64="4Yy/FmzNTXVn9+HG1F91UQRpDZY=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlEqsuCCC4r2Ac0pUymk3boZBJmJsUS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZU2Nre2d8q7lb39g8Mj+7jaUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vc397oxKxSLxqOcxHYR4LFjACNZGGtrV1JtRglIvxHriB+guy4Z2zak7C6B14hakBgVaQ/vLG0UkCanQhGOl+q4T60GKpWaE06ziJYrGmEzxmPYNFTikapAusmfo3CgjFETSPKHRQv29keJQqXnom8k8olr1cvE/r5/o4GaQMhEnmgqyPBQkHOkI5UWgEZOUaD43BBPJTFZEJlhiok1dFVOCu/rlddK5rLuNeuPhqtZ0ijrKcApncAEuXEMT7qEFbSDwBM/wCm9WZr1Y79bHcrRkFTsn8AfW5w+9o5Q1</latexit>

!E

<latexit sha1_base64="4Yy/FmzNTXVn9+HG1F91UQRpDZY=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlEqsuCCC4r2Ac0pUymk3boZBJmJsUS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZU2Nre2d8q7lb39g8Mj+7jaUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vc397oxKxSLxqOcxHYR4LFjACNZGGtrV1JtRglIvxHriB+guy4Z2zak7C6B14hakBgVaQ/vLG0UkCanQhGOl+q4T60GKpWaE06ziJYrGmEzxmPYNFTikapAusmfo3CgjFETSPKHRQv29keJQqXnom8k8olr1cvE/r5/o4GaQMhEnmgqyPBQkHOkI5UWgEZOUaD43BBPJTFZEJlhiok1dFVOCu/rlddK5rLuNeuPhqtZ0ijrKcApncAEuXEMT7qEFbSDwBM/wCm9WZr1Y79bHcrRkFTsn8AfW5w+9o5Q1</latexit>

!E
<latexit sha1_base64="4Yy/FmzNTXVn9+HG1F91UQRpDZY=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlEqsuCCC4r2Ac0pUymk3boZBJmJsUS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZU2Nre2d8q7lb39g8Mj+7jaUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vc397oxKxSLxqOcxHYR4LFjACNZGGtrV1JtRglIvxHriB+guy4Z2zak7C6B14hakBgVaQ/vLG0UkCanQhGOl+q4T60GKpWaE06ziJYrGmEzxmPYNFTikapAusmfo3CgjFETSPKHRQv29keJQqXnom8k8olr1cvE/r5/o4GaQMhEnmgqyPBQkHOkI5UWgEZOUaD43BBPJTFZEJlhiok1dFVOCu/rlddK5rLuNeuPhqtZ0ijrKcApncAEuXEMT7qEFbSDwBM/wCm9WZr1Y79bHcrRkFTsn8AfW5w+9o5Q1</latexit>

!E

1



Rotation and Ellipticity

<latexit sha1_base64="NVWC1hWXCzfUIx5bRlhkz/WB4Zo="></latexit>

! ! N
B 2L 3m2

a

96" M 2 sin(2#)

Birefringence and linear dichroism of the vacuum are 

characterised by 

<latexit sha1_base64="38fqDdFfJWpZeVPJ8iVOSQOnrKw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWklOqy4MaFiwr2AU0Mk+mkHTozCTMToYS68VfcuFDErX/hzr9x2mahrQcuHM65l3vvCRNGlXacb6uwsrq2vlHcLG1t7+zu2fsHbRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0dXU7zwQqWgs7vQ4IT5HA0EjipE2UmAf8QDdV+ENPIc16MWcDBD0GINuYJedijMDXCZuTsogRzOwv7x+jFNOhMYMKdVznUT7GZKaYkYmJS9VJEF4hAakZ6hAnCg/m30wgadG6cMolqaEhjP190SGuFJjHppOjvRQLXpT8T+vl+ro0s+oSFJNBJ4vilIGdQynccA+lQRrNjYEYUnNrRAPkURYm9BKJgR38eVl0q5W3HqlflsrN5w8jiI4BifgDLjgAjTANWiCFsDgETyDV/BmPVkv1rv1MW8tWPnMIfgD6/MH1wCUig==</latexit>

m2
aL/ 4! ! 1In the limit

<latexit sha1_base64="JjkulNcSuh9SZ8W4AeKQmVybPpg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmgckS5id9CZDZmaXmVkhhHyCFw+KePWLvPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmSTTDJssEYnuRNSg4AqblluBnVQjlZHAdjS+mfvtR9SGJ+rBTlIMJR0qHnNGrZPuZZ/2yxW/6i9A/pIgJxXI0eiXP3uDhGUSlWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdVRRiSacLk6dkTOnDEicaFfKkoX6c2JKpTETGblOSe3IrHpz8T+vm9n4OpxylWYWFVsuijNBbELmf5MB18ismDhCmebuVsJGVFNmXTolF0Kw+vJf0rqoBrVq7e6yUvfzOIpwAqdwDgFcQR1uoQFNYDCEJ3iBV094z96b975sLXj5zDH8gvfxDUHWjb4=</latexit>ma
<latexit sha1_base64="OZxU3hkIaWk93/J3niGIjta1lj4=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiYi1Y1QcONGqGAf0IZwM520Q2eSMDMRSihu/BU3LhRx61e482+cthG09cDlHs65l5l7goQzpR3ny1pYXFpeWS2sFdc3Nre27Z3dhopTSWidxDyWrQAU5Syidc00p61EUhABp81gcDX2m/dUKhZHd3qYUE9AL2IhI6CN5Nv7N/gSuyc9PwPc6YEQP23k2yWn7EyA54mbkxLKUfPtz043JqmgkSYclGq7TqK9DKRmhNNRsZMqmgAZQI+2DY1AUOVlkxNG+MgoXRzG0lSk8UT9vZGBUGooAjMpQPfVrDcW//PaqQ4vvIxFSappRKYPhSnHOsbjPHCXSUo0HxoCRDLzV0z6IIFok1rRhODOnjxPGqdlt1Ku3J6Vqk4eRwEdoEN0jFx0jqroGtVQHRH0gJ7QC3q1Hq1n6816n44uWPnOHvoD6+MbA12V5Q==</latexit>

M = 1 /g a!!is the axion mass and the inverse coupling 

constant to two photons
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Nthe photon energy, and the effective path lengths

and the number of paths the light travels
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Light-shining-through-wall 

• Axions and axion-like particles (alps) can also be tested in 

    laboratory by a different kind of experiments  

P. Sikivie, PRL 51, 1415 (1983)

• After a laser beam passes through a magnetic field an axion 

    component can be generated

• Light shining from a wall by using a second magnet Experimental Axion Searches 15

Fig. 10. Schematic view of a photon regeneration or light shining thr ough a wall
experiment. A polarized laser beam enters a transverse magnetic Þeld from the left.
A small fraction of the laser photons can be transmuted to, e. g., axions. While the
laser light is blocked by a thick absorbing wall, the axions w ould pass it. A second
magnetic Þeld behind the wall is used to reconvert the axions to photons which are
Þnally detected (31)

wereF (qL) is the form factor given by (3). A fraction of these weakly interact-
ing particles will turn back into detectable photons after they have passed the
wall and enter the second magnetic Þeld, called ÒAxion DetectorÓ in Fig. 10.
The total probability to observe a regenerated photon with a detector located
at the end of the second magnetic Þeld is

P! ! a! ! = P2
! ! a . (23)

The expected counting rate depends on the power of the laserP and can be
enhanced by an optical cavity installed on the production side. If the total
number of reßections in the primary magnet isNr and the detection e! ciency
is ! , then the total number of counts expected from reconversion calculates
from (32)
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where the approximation (25) is valid only for ma $
#

2#" /L .
The pioneering experiment based on this technique was performed by the

Brookhaven-Fermilab-Rutherford-Trieste (BFRT) collaboration . They used
two superconducting dipole magnets of lengthL = 4 .4 m which were able
to provide a magnetic Þeld ofB = 3 .7 T. The optical laser with a wavelength
of $ = 514 nm had an average power of!P" = 3 W and was operated in an
optical cavity providing 200 reßections. Since no signal from photon regener-
ation was found, the BFRT collaboration was able to set an upper limit on
ga!! of (35)

ga!! < 6.7 %10" 7 GeV (95% C.L.) , (26)

Very small effect
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Constraining eV-scale axion-like particle dark 
matter - from the M87 galaxy

• Due to its coupling to photons, ALPs can decay into two photons

• Decay rate should be slow enough so that ALPs are stable on the 

    cosmological time scale

• Constrain the line emission from the decay of eV scale ALP DM

     using multi-wavelength data obtained from the central region of M87

     galaxy by several telescopes such as Swift, Astrosat, Kanata, Spitzer and 

     International Ultraviolet Explorer

• Derive constraints on            for ALP mass range 
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2 eV ! ma ! 20 eV

corresponding to infrared to ultraviolet frequencies



Constraining eV-scale axion-like particle dark 
matter

<latexit sha1_base64="ylWIOqMGSCvMpBiqk6h7zzv4H2E="></latexit>
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The ALP decay rate

The photon flux density from the decay of ALP DM

is the width of the produced photon line
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! c = ma/ 4" is the central frequency of the photon line

velocity dispersion of DM particles
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Constraints in the mass window (2-16) eV for the MWL (2018) dataset

by the EHT Multi-wavelength campaign 

Constraints in the mass window (5-20) eV for the historical dataset

A. Kar, SR, P. Sarkar,
JCAP 05 (2025) 100



¥ Event Horizon Telescope observations 

   of supermassive black hole M87* 

   discovered the potential existence of 

   magnetic field of the order ~30 Gauss.         

Akiyama et al. EHT collaboration 

Astrophys.J.Lett 875(2019) 

¥ EHT achieved to get an image of 

    the black hole photon sphere 

    through radio observations 

¥ Conversion of such photons into axions may lead to a 

   dimming of the photon ring around the black hole shadow.

¥ Frequency band and magnitude of dimming depend on 
axion-photon coupling and axion mass.  

¥ Distorted spectrum of photon ring provides a tool for 
detecting axions 

Photon ring dimming of a black hole

SR, P. Sarkar, S. Sau, S. SenGupta, 
JCAP11(2023)099



• Searches for DM induced relativistic axion signals 

   using radio telescopes can play an important role in 

   axion physics

Searching for relativistic axions with SKA

A. Kar, T. Kumar, SR, J. Zupan, JCAP 08 (2023) 056 

• We explore the upcoming radio telescope Square 
Kilometre Array (SKA) to search for relativistic axions 
from dark matter decays

• Axions subsequently converted into photons in the 
magnetic field of an astrophysical objects such as a dwarf 
spheroidal galaxy (dSph).



https://cajohare.github.io/AxionLimits/
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Conclusions
• Axions appear as a solution to the strong CP problem

• Coupling of axion with photons have several implications 

• Constraints have been derived on the axion-photon 

    mixing from various astrophysical observations and

    laboratory experiments

• Axions or ALPs can act as cold dark matter

• Axion / ALP searches are very important, with possible 

    discovery opportunities



PQ Mechanism 
A single complex scalar field                              invariant 
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! : Goldstone boson (axion)

Having shift symmetry under 
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Impose appropriate PQ charges to quarks so that there exists

                                           anomaly
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U(1)P Q ! SU(3)C ! SU(3)C



Axion cold dark matter

<latexit sha1_base64="6uTpLpCHluAy6R86nfDl5Mj1sUs="></latexit>

L =
1
2

|! µ " |2 ! Ve! (" , T)
<latexit sha1_base64="a50xnhtY4Hy/hYKxz0EHKH21C4M="></latexit>

Ve! =
!
4

(|" |2 ! #2)2 +
!
6

T2|" |2

<latexit sha1_base64="2n0Myqb6ZH+rs/IYQSRb8/84nss=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARKkhJVKrLghuXLdgLNLGcTKfN0MmFmYlSQnwPN76KGxeKuHEh+DZOLwtt/WHg5zvncOb8XsyZVJb1beSWlldW1/LrhY3Nre0dc3evKaNEENogEY9E2wNJOQtpQzHFaTsWFAKP05Y3vBrXW3dUSBaFN2oUUzeAQcj6jIDSqGueNUr2cTd1RIBr9ewEPzixz7Aj2MBXIER0jyeA3qaaAo99yHDXLFplayK8aOyZKaKZal3z0+lFJAloqAgHKTu2FSs3BaEY4TQrOImkMZAhDGhH2xACKt10clyGjzTp4X4k9AsVntDfEykEUo4CT3cGoHw5XxvD/2qdRPUv3ZSFcaJoSKaL+gnHKsLjpHCPCUoUH2kDRDD9V0x8EECUzrOgQ7DnT140zdOyXSlX6ufFqjWLI48O0CEqIRtdoCq6RjXUQAQ9omf0it6MJ+PFeDc+pq05Yzazj/7I+PoB2m+gmw==</latexit>

U(1)PQ , ! ! ! ei !

<latexit sha1_base64="c8VOk30IUerwFATgzYI7FqAeZjw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5RdkepJCl48Vth+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTau++0U1tY3NreK26Wd3b39g/LhUUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHw389tPVGkWS99MEhoIPJQsYgQbKz366Bb5fXKB+uWKW3XnQKvEy0kFcjT65a/eICapoNIQjrXuem5iggwrwwin01Iv1TTBZIyHtGupxILqIJsfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6CbImExSQyVZLIpSjkyMZt+jAVOUGD6xBBPF7K2IjLDCxNiMSjYEb/nlVdK6rHq1au3hqlJ38ziKcAKncA4eXEMd7qEBTSAg4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gC12I8B</latexit>

T > T c,
<latexit sha1_base64="n3s843sJ8tSVjrvGBGln/bdxXTw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqdNLRoLcELdfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/N4pObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMyeJwOhOUM5sYQyLeythI2opgxtRCUbgrf88ippXVS9WrV2f1mpu3kcRTiBUzgHD66gDnfQgCYwkPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDsxWPDQ==</latexit>

! = 0
<latexit sha1_base64="crD+p1Ku6iLF2UMaA7enX7AKqmE=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgIeFOJFpYBGwsI1w+JDnC3mYvWbK7d+zuCeHIr7CxUMTWn2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY7vZn77iSrNYumbSUIDgYeSRYxgY6VHH90iv08uUL9ccavuHGiVeDmpQI5Gv/zVG8QkFVQawrHWXc9NTJBhZRjhdFrqpZommIzxkHYtlVhQHWTzg6fozCoDFMXKljRorv6eyLDQeiJC2ymwGellbyb+53VTE90EGZNJaqgki0VRypGJ0ex7NGCKEsMnlmCimL0VkRFWmBibUcmG4C2/vEpal1WvVq09XFXqbh5HEU7gFM7Bg2uowz00oAkEBDzDK7w5ynlx3p2PRWvByWeO4Q+czx+yxI7/</latexit>

T < T c,
<latexit sha1_base64="N+DoaQPGhbdWShbMLtvvboAWiEE=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIePEYwTwgu4TZyWwyZPbhTG8gbPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfiKFRtv+ttbWNza3tgs7xd29/YPD0tFxU8epYrzBYhmrtk81lyLiDRQoeTtRnIa+5C1/eDfzWyOutIijRxwn3AtpPxKBYBSN5E3cZCAm5Ja4HGm3VLYr9hxklTg5KUOOerf05fZiloY8Qiap1h3HTtDLqELBJJ8W3VTzhLIh7fOOoRENufay+dFTcm6UHgliZSpCMld/T2Q01Hoc+qYzpDjQy95M/M/rpBjceJmIkhR5xBaLglQSjMksAdITijOUY0MoU8LcStiAKsrQ5FQ0ITjLL6+S5mXFqVaqD1flmp3HUYBTOIMLcOAaanAPdWgAgyd4hld4s0bWi/VufSxa16x85gT+wPr8ARYXkZ0=</latexit>

|! | = "
<latexit sha1_base64="SbGgNU2fpHg4UZKKlVj1a+Ff+oE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m2bp7ibsboQQ+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wuyv8/hNVmsXy0WQJ9QWeShYygk0hjZKIjesNt+kugNaJV5IGlOiM61+jSUxSQaUhHGs99NzE+DlWhhFO57VRqmmCyQxP6dBSiQXVfr64dY4urDJBYaxsSYMW6u+JHAutMxHYToFNpFe9QvzPG6YmvPVzJpPUUEmWi8KUIxOj4nE0YYoSwzNLMFHM3opIhBUmxsZTsyF4qy+vk95V02s1Ww/XjbZbxlGFMziHS/DgBtpwDx3oAoEInuEV3hzhvDjvzseyteKUM6fwB87nDxGwjjg=</latexit>

!

<latexit sha1_base64="4T7GE9u6PGTqxIOPnjwJwbYGgD0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVEpLoRCm5cVrAPaGKZTG/aoZMHMxOhpHXjr7hxoYhb/8Kdf+OkzUJbD1zu4Zx7mbnHizmTyrK+jcLS8srqWnG9tLG5tb1j7u41ZZQICg0a8Ui0PSKBsxAaiikO7VgACTwOLW94nfmtBxCSReGdGsXgBqQfMp9RorTUNQ+ceMDwFR5nfQz3KSOnDigy6Zplq2JNgReJnZMyylHvml9OL6JJAKGinEjZsa1YuSkRilEOk5KTSIgJHZI+dDQNSQDSTacXTPCxVnrYj4SuUOGp+nsjJYGUo8DTkwFRAznvZeJ/XidR/qWbsjBOFIR09pCfcKwinMWBe0wAVXykCaGC6b9iOiCCUKVDK+kQ7PmTF0nzrGJXK9Xb83LNyuMookN0hE6QjS5QDd2gOmogih7RM3pFb8aT8WK8Gx+z0YKR7+yjPzA+fwD3bJaN</latexit>

! = |! |eia/ !

The Peccei-Quinn scalar field has the following Lagrangian:

<latexit sha1_base64="DPye4hcNmvzJ/cRLVfmNjXVlOCI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx48RDAPSZYwO5lNhsxjmZkVwpKv8OJBEa9+jjf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOesx6BHN0N0X9csWv+nOgVRLkpAI5Gv3yV2+gSCqotIRjY7qBn9gww9oywum01EsNTTAZ4yHtOiqxoCbM5gdP0ZlTBihW2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxtfhxmTSWqpJItFccqRVWj2PRowTYnlE0cw0czdisgIa0ysy6jkQgiWX14lrYtqUKvW7i8rdT+PowgncArnEMAV1OEWGtAEAgKe4RXePO29eO/ex6K14OUzx/AH3ucPCCuP3Q==</latexit>

L is invariant under global 

At high temp minimum at 

At obtains VEV

<latexit sha1_base64="tt0FY/euKFW1fElPKAbz2YuPuGc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwYWM3g==</latexit>aThe axion      is a Nambu-Goldstone boson associated with this 
spontaneous symmetry breaking 

The axion is massless at this point



When the item decreases further and becomes comparable to the 

QCD scale     , the axion obtains its mass through QCD 

non-perturbative effect

Axion cold dark matter

<latexit sha1_base64="AguF8IE7IXpqqgXt0EsZLqG+TYU=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXBjQsXFewD2lBuJpN26GQSZiZCCf0INy4Ucev3uPNvnLZZaPXAwOGcc5l7T5AKro3rfjmltfWNza3ydmVnd2//oHp41NFJpihr00QkqhegZoJL1jbcCNZLFcM4EKwbTG7mfveRKc0T+WCmKfNjHEkecYrGSt3BnY2GOKzW3Lq7APlLvILUoEBrWP0chAnNYiYNFah133NT4+eoDKeCzSqDTLMU6QRHrG+pxJhpP1+sOyNnVglJlCj7pCEL9edEjrHW0ziwyRjNWK96c/E/r5+Z6NrPuUwzwyRdfhRlgpiEzG8nIVeMGjG1BKnidldCx6iQGttQxZbgrZ78l3Qu6l6j3ri/rDXdoo4ynMApnIMHV9CEW2hBGyhM4Ale4NVJnWfnzXlfRktOMXMMv+B8fAMJzY9W</latexit>

!

The axion field starts to oscillate coherently around its minimum 

when the cosmic expansion rate       becomes comparable to axion

mass 

<latexit sha1_base64="hZQZ6PwZ0+9Z8l9i2lgIBoQkWic=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw0mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8aqXavCnX3DyOApzDBVyBB7dQgzo0oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Am6GMxQ==</latexit>

H
<latexit sha1_base64="JjkulNcSuh9SZ8W4AeKQmVybPpg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmgckS5id9CZDZmaXmVkhhHyCFw+KePWLvPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmSTTDJssEYnuRNSg4AqblluBnVQjlZHAdjS+mfvtR9SGJ+rBTlIMJR0qHnNGrZPuZZ/2yxW/6i9A/pIgJxXI0eiXP3uDhGUSlWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdVRRiSacLk6dkTOnDEicaFfKkoX6c2JKpTETGblOSe3IrHpz8T+vm9n4OpxylWYWFVsuijNBbELmf5MB18ismDhCmebuVsJGVFNmXTolF0Kw+vJf0rqoBrVq7e6yUvfzOIpwAqdwDgFcQR1uoQFNYDCEJ3iBV094z96b975sLXj5zDH8gvfxDUHWjb4=</latexit>ma

Once         takes on its T-independent value, this axion condensate 

behaves as cold dark matter with a relic density governed by the initial 
angle                        at onset of oscillation                   

<latexit sha1_base64="JjkulNcSuh9SZ8W4AeKQmVybPpg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmgckS5id9CZDZmaXmVkhhHyCFw+KePWLvPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmSTTDJssEYnuRNSg4AqblluBnVQjlZHAdjS+mfvtR9SGJ+rBTlIMJR0qHnNGrZPuZZ/2yxW/6i9A/pIgJxXI0eiXP3uDhGUSlWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdVRRiSacLk6dkTOnDEicaFfKkoX6c2JKpTETGblOSe3IrHpz8T+vm9n4OpxylWYWFVsuijNBbELmf5MB18ismDhCmebuVsJGVFNmXTolF0Kw+vJf0rqoBrVq7e6yUvfzOIpwAqdwDgFcQR1uoQFNYDCEJ3iBV094z96b975sLXj5zDH8gvfxDUHWjb4=</latexit>ma

<latexit sha1_base64="/7HI8PWMc7D3OH/kDKTcxx6X6W4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV3VGpLoRCm5cVrAP6Awlk2ba0ExmSO4IZSj4K25cKOLW73Dn35hpZ6GtBxJOzrmXe3OCRHANjvNtlVZW19Y3ypuVre2d3T17/6Ct41RR1qKxiFU3IJoJLlkLOAjWTRQjUSBYJxjf5n7nkSnNY/kAk4T5ERlKHnJKwEh9+8iDEQPSd/ENzu9z7OVPu+rUnBnwMnELUkUFmn37yxvENI2YBCqI1j3XScDPiAJOBZtWvFSzhNAxGbKeoZJETPvZbP0pPjXKAIexMkcCnqm/OzISaT2JAlMZERjpRS8X//N6KYTXfsZlkgKTdD4oTAWGGOdZ4AFXjIKYGEKo4mZXTEdEEQomsYoJwV388jJpX9Tceq1+f1ltOEUcZXSMTtAZctEVaqA71EQtRFGGntErerOerBfr3fqYl5asoucQ/YH1+QOYVpPr</latexit>

! 1 = a1/ "

<latexit sha1_base64="3Cwx0GQWbVclJnbv7/N90CJkBeE="></latexit>

! ah2 = 0 .18 ! 2
1

! f a

1012 GeV

" 1.19! "
400 MeV

"



           Problem
<latexit sha1_base64="92QMG1y3d6Ab2fMx+OZkJgd3sYw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1EyZpTeuu4sZlBdMW2lAm00k7dvJgZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/fe4yecSYXQh7Gyura+sVnYKm7v7O7tlw4O2zJOBaEuiXksuj6WlLOIuoopTruJoDj0Oe34k6vc79xTIVkc3appQr0QjyIWMIKVltpuxTobXA5KZWReNBz73IbIRKhuV52c2PWaXYWWVnKUwRKtQem9P4xJGtJIEY6l7FkoUV6GhWKE01mxn0qaYDLBI9rTNMIhlV42v3YGT7UyhEEsdEUKztXvExkOpZyGvu4MsRrL314u/uX1UhU0vIxFSapoRBaLgpRDFcP8dThkghLFp5pgIpi+FZIxFpgoHVBRh/D1KfyftG3TckznplZuomUcBXAMTkAFWKAOmuAatIALCLgDD+AJPBux8Wi8GK+L1hVjOXMEfsB4+wSGCI5q</latexit>

U(1)A

• QCD Lagrangian possesses an approximate global symmetry 
<latexit sha1_base64="fdIki8S1OMvES/4LzhH2QFkXUSc=">AAACAXicdVDLSgMxFM3UV62vUTeCm2AR6qZMp3VaF0LBhS5cVHHaQjuUTJppQzMPkoxQhrrxV9y4UMStf+HOvzHTVlDRA4Fzz7mXm3vciFEhDeNDyywsLi2vZFdza+sbm1v69k5ThDHHxMYhC3nbRYIwGhBbUslIO+IE+S4jLXd0lvqtW8IFDYMbOY6I46NBQD2KkVRST987h6fQLnhHvWvYldQnYlZd9vS8UTypWeaxCY2iYVTNspUSs1oxy7CklBR5MEejp793+yGOfRJIzJAQnZIRSSdBXFLMyCTXjQWJEB6hAekoGiC1y0mmF0zgoVL60Au5eoGEU/X7RIJ8Ica+qzp9JIfit5eKf3mdWHo1J6FBFEsS4NkiL2ZQhjCNA/YpJ1iysSIIc6r+CvEQcYSlCi2nQvi6FP5PmmaxZBWtq0q+bszjyIJ9cAAKoASqoA4uQAPYAIM78ACewLN2rz1qL9rrrDWjzWd2wQ9ob581nZTO</latexit>

G = U(f )R ! U(f )L in the limit 
<latexit sha1_base64="YGVSyZbEVTmFbiT2+1AIplwnM0I=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKkzTmtZdwY3LCrYW2hAm00k7dPJgZmIpsZ/ixoUibv0Sd/6Nk7aCih64cDjnXu69x084kwqhD6Owtr6xuVXcLu3s7u0fmOXDroxTQWiHxDwWPR9LyllEO4opTnuJoDj0Ob31J5e5f3tHhWRxdKNmCXVDPIpYwAhWWvLMcugFcCDYaKywEPEUIs+sIOui6djnNkQWQg275uTEbtTtGqxqJUcFrND2zPfBMCZpSCNFOJayX0WJcjMsFCOczkuDVNIEkwke0b6mEQ6pdLPF6XN4qpUhDGKhK1JwoX6fyHAo5Sz0dWeI1Vj+9nLxL6+fqqDpZixKUkUjslwUpByqGOY5wCETlCg+0wQTwfStkIyxwETptEo6hK9P4f+ka1tVx3Ku65UWWsVRBMfgBJyBKmiAFrgCbdABBEzBA3gCz8a98Wi8GK/L1oKxmjkCP2C8fQIQf5PZ</latexit>

mf ! 0

• Regarding the u and d quarks, the theory shows a symmetry 
<latexit sha1_base64="LSKKiFUFVIaPGOGPdl9AYJj7JAU=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxC3ZRMkdruCm5cuKjitIW2lEyatqGZB8kdoZbir7hxoYhb/8Odf2NmWkFFDwTOPede7s3xIik0EPJhZZaWV1bXsuu5jc2t7R17d6+hw1gx7rJQhqrlUc2lCLgLAiRvRYpT35O86Y3PE795y5UWYXADk4h3fToMxEAwCkbq2QduoXTSu8QdED7XOK2ue3aeFIlBuYwT4lSIY0i1WimVqthJLULyaIF6z37v9EMW+zwAJqnWbYdE0J1SBYJJPst1Ys0jysZ0yNuGBtTs6k7T62f42Ch9PAiVeQHgVP0+MaW+1hPfM50+hZH+7SXiX147hkGlOxVBFAMP2HzRIJYYQpxEgftCcQZyYghlSphbMRtRRRmYwHImhK+f4v9Jo1R0ysXy1Wm+RhZxZNEhOkIF5KAzVEMXqI5cxNAdekBP6Nm6tx6tF+t13pqxFjP76Aest0+5ZpNz</latexit>

U(2)L ! U(2)R

• Vectorial part of this symmetry                   (and its subgroup
<latexit sha1_base64="AMoFcxymobUizirlVSB/hvW68cA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahIpSklOqx4MWDhyqmLbahbLabdulmE3Y3Qgn9F148KOLVf+PNf+O2zUFbHww83pthZp4fc6a0bX9bubX1jc2t/HZhZ3dv/6B4eNRSUSIJdUnEI9nxsaKcCepqpjntxJLi0Oe07Y+vZ377iUrFIvGgJzH1QjwULGAEayM9uuXqeT+9vbif9oslu2LPgVaJk5ESZGj2i1+9QUSSkApNOFaq69ix9lIsNSOcTgu9RNEYkzEe0q6hAodUeen84ik6M8oABZE0JTSaq78nUhwqNQl90xliPVLL3kz8z+smOrjyUibiRFNBFouChCMdodn7aMAkJZpPDMFEMnMrIiMsMdEmpIIJwVl+eZW0qhWnXqnf1UoNO4sjDydwCmVw4BIacANNcIGAgGd4hTdLWS/Wu/WxaM1Z2cwx/IH1+QMG64/P</latexit>

U(2)L + R
<latexit sha1_base64="v2lWPZMjF5YUBxHJqqm1yzjpwPI=">AAAB/HicbZDNSsNAFIUn9a/Wv2iXbgaLUBFKIlLdCAU3LlxUMW2hDWEynbRDJ5MwMxFCqK/ixoUibn0Qd76N0zQLbT0w8HHuvdw7x48Zlcqyvo3Syura+kZ5s7K1vbO7Z+4fdGSUCEwcHLFI9HwkCaOcOIoqRnqxICj0Gen6k+tZvftIhKQRf1BpTNwQjTgNKEZKW55Zder2ideBVzCH7Pb0fuqZNath5YLLYBdQA4Xanvk1GEY4CQlXmCEp+7YVKzdDQlHMyLQySCSJEZ6gEelr5Cgk0s3y46fwWDtDGERCP65g7v6eyFAoZRr6ujNEaiwXazPzv1o/UcGlm1EeJ4pwPF8UJAyqCM6SgEMqCFYs1YCwoPpWiMdIIKx0XhUdgr345WXonDXsZqN5d15rWUUcZXAIjkAd2OACtMANaAMHYJCCZ/AK3own48V4Nz7mrSWjmKmCPzI+fwD9Z5Ji</latexit>

U(1)V = U(1)L + R ) is an exact symmetry 
<latexit sha1_base64="OI0xjYuXR8+xRzTLP57Pj6tvNeQ=">AAAB/nicdZDLSgMxFIYzXmu9jYorN8EitAtLZpCxXQgVNy5cVHHaQjuUTJq2oZkLSUYoQ8FXceNCEbc+hzvfxnRaQUUPBD7+/xzOye/HnEmF0IexsLi0vLKaW8uvb2xubZs7uw0ZJYJQl0Q8Ei0fS8pZSF3FFKetWFAc+Jw2/dHF1G/eUSFZFN6qcUy9AA9C1mcEKy11zf2iW7RL3XN4BjNIb46vJqWuWUBlpMtx4BSsCrI0VKsV265CK7MQKoB51bvme6cXkSSgoSIcS9m2UKy8FAvFCKeTfCeRNMZkhAe0rTHEAZVemp0/gUda6cF+JPQLFczU7xMpDqQcB77uDLAayt/eVPzLayeqX/FSFsaJoiGZLeonHKoITrOAPSYoUXysARPB9K2QDLHAROnE8jqEr5/C/6Fhly2n7FyfFGpoHkcOHIBDUAQWOAU1cAnqwAUEpOABPIFn4954NF6M11nrgjGf2QM/ynj7BAc/kvM=</latexit>

(U(2)A = U(2)R ! L )• Axial part                                 is not preserved by the QCD vacuum

• Four Goldstone bosons are expected.                      corresponds to 
<latexit sha1_base64="2dloDEnCpVBPnOJe6oFPLiwcjfQ=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBUEsiUl0W3LisYB/QxjKZTtqhk0mYmQih1F9x40IRt36IO//GSZuFth4Y7uGce7l3jh9zprTjfFuFldW19Y3iZmlre2d3z94/aKkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH99kfvuRSsUica/TmHohHgoWMIK1kfp2uRezh/MzlBVnXk77dsWpOjOgZeLmpAI5Gn37qzeISBJSoQnHSnVdJ9beBEvNCKfTUi9RNMZkjIe0a6jAIVXeZHb8FB0bZYCCSJonNJqpvycmOFQqDX3TGWI9UoteJv7ndRMdXHsTJuJEU0Hmi4KEIx2hLAk0YJISzVNDMJHM3IrICEtMtMmrZEJwF7+8TFoXVbdWrd1dVupOHkcRDuEITsCFK6jDLTSgCQRSeIZXeLOerBfr3fqYtxasfKYMf2B9/gBTjZM7</latexit>

! ! , ! 0, ! +

<latexit sha1_base64="G4LPWIY3Mz9HqwJYMJCqXsPX1JA=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLDHrEePGI0RUS2JBu6UJDt9u0XROy4Ud48aAxXv093vw3FtiDgi+Z5OW9mczMCyVn2rjut1NYW9/Y3Cpul3Z29/YPyodHjzpJFaE+SXiiOiHWlDNBfcMMpx2pKI5DTtvh+Gbmt5+o0iwRD2YiaRDjoWARI9hYqX3vV+vn/et+ueLW3DnQKvFyUoEcrX75qzdISBpTYQjHWnc9V5ogw8owwum01Es1lZiM8ZB2LRU4pjrI5udO0ZlVBihKlC1h0Fz9PZHhWOtJHNrOGJuRXvZm4n9eNzXRVZAxIVNDBVksilKOTIJmv6MBU5QYPrEEE8XsrYiMsMLE2IRKNgRv+eVV8liveY1a4+6i0nTzOIpwAqdQBQ8uoQm30AIfCIzhGV7hzZHOi/PufCxaC04+cwx/4Hz+AMlSjoQ=</latexit>

SU(2)A
<latexit sha1_base64="sORINpN0wSa5bB2KDdZP6KuZX7w=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrDHrEePGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77x/0y9X3Jo7B1olXk4qkKPZL3/1BpKkMRWGcKx113MTE2RYGUY4nZZ6qaYJJmM8pF1LBY6pDrL5tVN0ZpUBiqSyJQyaq78nMhxrPYlD2xljM9LL3kz8z+umJroOMiaS1FBBFouilCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2/vEpaFzWvXqvfX1Yabh5HEU7gFKrgwRU04A6a4AOBR3iGV3hzpPPivDsfi9aCk88cwx84nz8jH44m</latexit>

U(1)Abreaking. The expected fourth boson related to 

breaking does not exist  This is the            problem
<latexit sha1_base64="92QMG1y3d6Ab2fMx+OZkJgd3sYw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1EyZpTeuu4sZlBdMW2lAm00k7dvJgZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/fe4yecSYXQh7Gyura+sVnYKm7v7O7tlw4O2zJOBaEuiXksuj6WlLOIuoopTruJoDj0Oe34k6vc79xTIVkc3appQr0QjyIWMIKVltpuxTobXA5KZWReNBz73IbIRKhuV52c2PWaXYWWVnKUwRKtQem9P4xJGtJIEY6l7FkoUV6GhWKE01mxn0qaYDLBI9rTNMIhlV42v3YGT7UyhEEsdEUKztXvExkOpZyGvu4MsRrL314u/uX1UhU0vIxFSapoRBaLgpRDFcP8dThkghLFp5pgIpi+FZIxFpgoHVBRh/D1KfyftG3TckznplZuomUcBXAMTkAFWKAOmuAatIALCLgDD+AJPBux8Wi8GK+L1hVjOXMEfsB4+wSGCI5q</latexit>

U(1)A



Solution to           problem<latexit sha1_base64="92QMG1y3d6Ab2fMx+OZkJgd3sYw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1EyZpTeuu4sZlBdMW2lAm00k7dvJgZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/fe4yecSYXQh7Gyura+sVnYKm7v7O7tlw4O2zJOBaEuiXksuj6WlLOIuoopTruJoDj0Oe34k6vc79xTIVkc3appQr0QjyIWMIKVltpuxTobXA5KZWReNBz73IbIRKhuV52c2PWaXYWWVnKUwRKtQem9P4xJGtJIEY6l7FkoUV6GhWKE01mxn0qaYDLBI9rTNMIhlV42v3YGT7UyhEEsdEUKztXvExkOpZyGvu4MsRrL314u/uX1UhU0vIxFSapoRBaLgpRDFcP8dThkghLFp5pgIpi+FZIxFpgoHVBRh/D1KfyftG3TckznplZuomUcBXAMTkAFWKAOmuAatIALCLgDD+AJPBux8Wi8GK+L1hVjOXMEfsB4+wSGCI5q</latexit>

U(1)A

’t Hoof
•          has a chiral anomaly (ABJ anomaly) and that the ground

   state of QCD is non-trivial

<latexit sha1_base64="sORINpN0wSa5bB2KDdZP6KuZX7w=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrDHrEePGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77x/0y9X3Jo7B1olXk4qkKPZL3/1BpKkMRWGcKx113MTE2RYGUY4nZZ6qaYJJmM8pF1LBY6pDrL5tVN0ZpUBiqSyJQyaq78nMhxrPYlD2xljM9LL3kz8z+umJroOMiaS1FBBFouilCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2/vEpaFzWvXqvfX1Yabh5HEU7gFKrgwRU04A6a4AOBR3iGV3hzpPPivDsfi9aCk88cwx84nz8jH44m</latexit>

U(1)A

Current 
<latexit sha1_base64="bsVVdn97bV0m2+m7jcxPqdQj9Ks="></latexit>

Jµ =
1
2

øq! µ ! 5q not conserved

<latexit sha1_base64="yKHL72u2QGc0KQ7Huz8G9ep7Q/c="></latexit>

! µ Jµ = nf
g2

s

32" 2 Ga
µ !

÷Gµ! a

<latexit sha1_base64="b8J6+Ku+4vIoJJzpPSdSlr2l6Ac="></latexit>

÷Ga
µ ! =

1
2

! µ !"# G"# a total number of quark flavours <latexit sha1_base64="fPAgtpO5TlCSk8AU/788AHzvh/g=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSZpTeuu4MZlRfuANpTJdNIOnUzCzEQooZ/gxoUibv0id/6Nk7aCih64cDjnXu69J0g4UxqhD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNple5372nUrFY3OlZQv0IjwULGcHaSLdiGA7LFWRfNjz3woXIRqjuVr2cuPWaW4WOUXJUwAqtYfl9MIpJGlGhCcdK9R2UaD/DUjPC6bw0SBVNMJniMe0bKnBElZ8tTp3DM6OMYBhLU0LDhfp9IsORUrMoMJ0R1hP128vFv7x+qsOGnzGRpJoKslwUphzqGOZ/wxGTlGg+MwQTycytkEywxESbdEomhK9P4f+k49qOZ3s3tUoTreIoghNwCs6BA+qgCa5BC7QBAWPwAJ7As8WtR+vFel22FqzVzDH4AevtE63Zjgg=</latexit>nf

• QCD vacuum has infinitely degenerate vacua, topologically 
different

<latexit sha1_base64="/6PQgmFzPsZp8ybd0aA91fXfb+s=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4KpMisd0VXOiygn1AE8NkOm2HTiZhZqKUUHDjr7hxoYhbf8Kdf+OkraCiBy4czrmXe+8JE86URujDWlhcWl5ZLawV1zc2t7btnd2WilNJaJPEPJadECvKmaBNzTSnnURSHIWctsPRWe63b6hULBZXepxQP8IDwfqMYG2kwN4/v8ZB5kUp9EQ6gZ5kg6HGUsa3MLBLqIwMXBfmxKkix5BarVqp1KAztRAqgTkagf3u9WKSRlRowrFSXQcl2s+w1IxwOil6qaIJJiM8oF1DBY6o8rPpDxN4ZJQe7MfSlNBwqn6fyHCk1DgKTWeE9VD99nLxL6+b6n7Vz5hIUk0FmS3qpxzqGOaBwB6TlGg+NgQTycytkAyxxESb2IomhK9P4f+kVSk7btm9PCnV0TyOAjgAh+AYOOAU1MEFaIAmIOAOPIAn8GzdW4/Wi/U6a12w5jN74Aest08MlpfE</latexit>

Ga
µ ! ! Gluon field strength



<latexit sha1_base64="92QMG1y3d6Ab2fMx+OZkJgd3sYw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1EyZpTeuu4sZlBdMW2lAm00k7dvJgZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/fe4yecSYXQh7Gyura+sVnYKm7v7O7tlw4O2zJOBaEuiXksuj6WlLOIuoopTruJoDj0Oe34k6vc79xTIVkc3appQr0QjyIWMIKVltpuxTobXA5KZWReNBz73IbIRKhuV52c2PWaXYWWVnKUwRKtQem9P4xJGtJIEY6l7FkoUV6GhWKE01mxn0qaYDLBI9rTNMIhlV42v3YGT7UyhEEsdEUKztXvExkOpZyGvu4MsRrL314u/uX1UhU0vIxFSapoRBaLgpRDFcP8dThkghLFp5pgIpi+FZIxFpgoHVBRh/D1KfyftG3TckznplZuomUcBXAMTkAFWKAOmuAatIALCLgDD+AJPBux8Wi8GK+L1hVjOXMEfsB4+wSGCI5q</latexit>

U(1)A

• Because of the non-trivial properties of the QCD vacuum, 

    and the chiral anomaly of            , it was shown that              is 

    not a quantum symmetry of QCD, and therefore no 

    Nambu-Goldstone boson is expected

Solution to           problem 

<latexit sha1_base64="92QMG1y3d6Ab2fMx+OZkJgd3sYw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1EyZpTeuu4sZlBdMW2lAm00k7dvJgZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/fe4yecSYXQh7Gyura+sVnYKm7v7O7tlw4O2zJOBaEuiXksuj6WlLOIuoopTruJoDj0Oe34k6vc79xTIVkc3appQr0QjyIWMIKVltpuxTobXA5KZWReNBz73IbIRKhuV52c2PWaXYWWVnKUwRKtQem9P4xJGtJIEY6l7FkoUV6GhWKE01mxn0qaYDLBI9rTNMIhlV42v3YGT7UyhEEsdEUKztXvExkOpZyGvu4MsRrL314u/uX1UhU0vIxFSapoRBaLgpRDFcP8dThkghLFp5pgIpi+FZIxFpgoHVBRh/D1KfyftG3TckznplZuomUcBXAMTkAFWKAOmuAatIALCLgDD+AJPBux8Wi8GK+L1hVjOXMEfsB4+wSGCI5q</latexit>

U(1)A
<latexit sha1_base64="92QMG1y3d6Ab2fMx+OZkJgd3sYw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1EyZpTeuu4sZlBdMW2lAm00k7dvJgZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/fe4yecSYXQh7Gyura+sVnYKm7v7O7tlw4O2zJOBaEuiXksuj6WlLOIuoopTruJoDj0Oe34k6vc79xTIVkc3appQr0QjyIWMIKVltpuxTobXA5KZWReNBz73IbIRKhuV52c2PWaXYWWVnKUwRKtQem9P4xJGtJIEY6l7FkoUV6GhWKE01mxn0qaYDLBI9rTNMIhlV42v3YGT7UyhEEsdEUKztXvExkOpZyGvu4MsRrL314u/uX1UhU0vIxFSapoRBaLgpRDFcP8dThkghLFp5pgIpi+FZIxFpgoHVBRh/D1KfyftG3TckznplZuomUcBXAMTkAFWKAOmuAatIALCLgDD+AJPBux8Wi8GK+L1hVjOXMEfsB4+wSGCI5q</latexit>

U(1)A

• The QCD Lagrangian is modified by 

<latexit sha1_base64="VBmA+6qdiZt18hg45pLPfjskRlQ="></latexit>

L ! = !
g2

s

32! 2 Ga
µ !

÷Gµ! a

<latexit sha1_base64="UhVoN/cA9ekTH9u/xb8AXtP5LY4="></latexit>

= !
g2

s

8! 2
"E a á"B a

color electric and magnetic fields
<latexit sha1_base64="nmhgBsRE5uqNF9uFWD46b70gwwM=">AAACAnicdZDLSgMxFIYz9VbrbdSVuAkWwYWUTJGxdVUUwWUFe4F2LJk0bUMzmSHJFMpQ3Pgqblwo4tancOfbmGkrqOiBwMf/n8PJ+f2IM6UR+rAyC4tLyyvZ1dza+sbmlr29U1dhLAmtkZCHsuljRTkTtKaZ5rQZSYoDn9OGP7xI/caISsVCcaPHEfUC3BesxwjWRurYe0l7RAm8nNziYzjjc8PwDHbsPCogU64LU3BKyDFQLpeKxTJ0phZCeTCvasd+b3dDEgdUaMKxUi0HRdpLsNSMcDrJtWNFI0yGuE9bBgUOqPKS6QkTeGiULuyF0jyh4VT9PpHgQKlx4JvOAOuB+u2l4l9eK9a9kpcwEcWaCjJb1Is51CFM84BdJinRfGwAE8nMXyEZYImJNqnlTAhfl8L/oV4sOG7BvT7JV9A8jizYBwfgCDjgFFTAFaiCGiDgDjyAJ/Bs3VuP1ov1OmvNWPOZXfCjrLdPSHKWCg==</latexit>

!E a, !B a :

(violates P, T and CP)


