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The strong CP problem
Why does QCD seem to conserve charge-parity (CP) symmetry?

Current limit: ✓  5⇥ 10�11

<latexit sha1_base64="G6Uo2hQVr47xlbjo2zRi39jiUW4=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0G0MexKgpZBG8sI5gHZGGYnN8mQ2Yczd4Ww5BNs/BUbC0VsLe38GyePQhMPDBzOuYc79/ixFBod59vKLC2vrK5l13Mbm1vbO/buXk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYrz+A0iIKb3EYQytgvVB0BWdopLZ97EXGHqdTD/uAbEQ9Cfe05KEIQFPXuUtPXXfUtvNOwZmALhJ3RvJkhkrb/vI6EU8CCJFLpnXTdWJspUyh4BJGOS/REDM+YD1oGhoys62VTg4a0SOjdGg3UuaFSCfq70TKAq2HgW8mA4Z9Pe+Nxf+8ZoLdi1YqwjhBCPl0UTeRFCM6bod2hAKOcmgI40qYv1LeZ4pxNB3mTAnu/MmLpHZWcIuF0k0xX76c1ZElB+SQnBCXnJMyuSYVUiWcPJJn8krerCfrxXq3PqajGWuW2Sd/YH3+ALlcnFo=</latexit>

Abel et al (2020)

CP violating term in QCD Lagrangian:

LCPV � ✓
g2s

32⇡2
GG̃

<latexit sha1_base64="ntOtvJ9PWd40Dl64tWCJZYrcFVQ="></latexit>

Neutron electric dipole moment (eDM) / ✓

<latexit sha1_base64="OkF5XSh0kygetPOxf8JjZ8vpO8E=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZmRii6LblxWsA/oDCWTZtrQzGRI7ghlKLjxV9y4UMStP+HOvzHTzkJbDwQO556b5JwgEVyD43xbpZXVtfWN8mZla3tnd8/eP2hrmSrKWlQKqboB0UzwmLWAg2DdRDESBYJ1gvFNPu88MKW5jO9hkjA/IsOYh5wSMFLfPvISJROQ2JPGlt+SeTBiQKa4b1edmjMDXiZuQaqoQLNvf3kDSdOIxUAF0brnOgn4GVHAqWDTipdqlhA6JkPWMzQmEdN+NsswxadGGeBQKnNiwDP190ZGIq0nUWCcEYGRXpzl4n+zXgrhlZ/xOEmBxXT+UJgKbDLnheABV4yCmBhCqOLmr5iOiCIUTG0VU4K7GHmZtM9rbr12cVevNq6LOsroGJ2gM+SiS9RAt6iJWoiiR/SMXtGb9WS9WO/Wx9xasoqdQ/QH1ucPlmmYIQ==</latexit>
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L✓ = �
✓
✓ +

a

fa

◆
g2

32⇡2
Gµ⌫ G̃

µ⌫

<latexit sha1_base64="29X7XOeW29dLPkC4I5yi3EA7ZC8="></latexit>

Solution: Introduce goldstone boson  with 
parameter  to make theta term dynamical

a
fa

Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)
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a

fa

◆
g2

32⇡2
Gµ⌫ G̃

µ⌫

<latexit sha1_base64="29X7XOeW29dLPkC4I5yi3EA7ZC8="></latexit>

Solution: Introduce goldstone boson  with 
parameter  to make theta term dynamical

a
fa

V(a)

QCD generates 
potential

Neutron eDM = 0

Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)
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Evidence for dark matter

Characteristic 
Scale

Galaxy rotation curves Merging galaxy clusters Large scale structure Cosmic microwave 
background

~kpc ~Mpc ~100 Mpc ~10 Gpc

~26% of energy in the Universe today is in a new form of feebly interacting matter

(Today) (370,000 after big bang)
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Axions as dark matter candidates

Misalignment Mechanism Decays of Topological Defects

• Light axions ( ) are feebly interacting and naturally long-livedma ≪ "(eV)

• Can be produced non-thermally in the early Universe

Can easily accommodate observed abundance of dark matter
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Properties of the axion

a

fa
Fµ⌫ F̃

µ⌫

<latexit sha1_base64="FZmfx1IpniaBEjnUMniM8qp+rAA=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyWRii6LQnFZwT6giWEymbRDJ5MwMxFKyD+48VfcuFDErRt3/o3TNoK2HrhwOOde7r3HTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPriZ+954ISWN+q8YJcSM04DSkGCkteeaJEwqEM5RnoYdy2PQyJ0odnuaOoiwgWTO/+1E8s2rVrCngIrELUgUFWp756QQxTiPCFWZIyr5tJcrNkFAUM5JXnFSSBOERGpC+phxFRLrZ9KccHmklgGEsdHEFp+rviQxFUo4jX3dGSA3lvDcR//P6qQov3IzyJFWE49miMGVQxXASEAyoIFixsSYIC6pvhXiIdEhKx1jRIdjzLy+SzmnNrtfOburVxmURRxkcgENwDGxwDhrgGrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmH/yB8fEN+gaffw==</latexit>

(Electro-Mag)

ma ⇠
⇤2
QCD

fa
⇠ 10�5 eV

✓
1012 GeV

fa

◆

<latexit sha1_base64="8Ghy/M7SmKvKqMGxnsVxGnzp3BY="></latexit>

Axion Couplings: L � a

fa
Gµ⌫G̃

µ⌫

<latexit sha1_base64="qO6UTGrW0brT0w51Zt1m43FQWdI="></latexit>

X

f

1

fa
@µa f̄�

µ�5f

<latexit sha1_base64="tDKj/MH40VZHckSBh0glnWqmUqM="></latexit>

(Term for Strong CP Problem) (Fermions)

Axion Mass:

(Slight model dependence 
in couplings)

 other terms⋯ +
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Properties of the axion

a

fa
Fµ⌫ F̃

µ⌫
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(Electro-Mag)

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

Magnetic Field

Electric
Field

Axions

a ~E · ~B

<latexit sha1_base64="ZyGW8YVEbbdo+LWvAohxmAX+6eM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZQZqeiyVASXFewDOkPJZNI2NJMMSaZQhgE3/oobF4q49Sfc+Tem7Sy09cCFk3PuJfeeIGZUacf5tgorq2vrG8XN0tb2zu6evX/QUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GN1O/PSZSUcEf9CQmfoQGnPYpRtpIPfsIQe8cemOC09sMejgUev6qZz277FScGeAycXNSBjkaPfvLCwVOIsI1ZkipruvE2k+R1BQzkpW8RJEY4REakK6hHEVE+enshgyeGiWEfSFNcQ1n6u+JFEVKTaLAdEZID9WiNxX/87qJ7l/7KeVxognH84/6CYNawGkgMKSSYM0mhiAsqdkV4iGSCGsTW8mE4C6evExaFxW3Wrm8r5Zr9TyOIjgGJ+AMuOAK1MAdaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wd/TZbR</latexit>

ma ⇠
⇤2
QCD

fa
⇠ 10�5 eV

✓
1012 GeV

fa

◆

<latexit sha1_base64="8Ghy/M7SmKvKqMGxnsVxGnzp3BY="></latexit>

Axion Couplings: L � a

fa
Gµ⌫G̃

µ⌫

<latexit sha1_base64="qO6UTGrW0brT0w51Zt1m43FQWdI="></latexit>

X

f

1

fa
@µa f̄�

µ�5f

<latexit sha1_base64="tDKj/MH40VZHckSBh0glnWqmUqM="></latexit>

(Term for Strong CP Problem) (Fermions)

Axion Mass:

(Slight model dependence 
in couplings)

 other terms⋯ +
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Axion-like particles (ALPs)

a

fa
Fµ⌫ F̃

µ⌫

<latexit sha1_base64="FZmfx1IpniaBEjnUMniM8qp+rAA=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyWRii6LQnFZwT6giWEymbRDJ5MwMxFKyD+48VfcuFDErRt3/o3TNoK2HrhwOOde7r3HTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPriZ+954ISWN+q8YJcSM04DSkGCkteeaJEwqEM5RnoYdy2PQyJ0odnuaOoiwgWTO/+1E8s2rVrCngIrELUgUFWp756QQxTiPCFWZIyr5tJcrNkFAUM5JXnFSSBOERGpC+phxFRLrZ9KccHmklgGEsdHEFp+rviQxFUo4jX3dGSA3lvDcR//P6qQov3IzyJFWE49miMGVQxXASEAyoIFixsSYIC6pvhXiIdEhKx1jRIdjzLy+SzmnNrtfOburVxmURRxkcgENwDGxwDhrgGrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmH/yB8fEN+gaffw==</latexit>

(Electro-Mag)

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

Magnetic Field

Electric
Field

Axions

a ~E · ~B

<latexit sha1_base64="ZyGW8YVEbbdo+LWvAohxmAX+6eM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZQZqeiyVASXFewDOkPJZNI2NJMMSaZQhgE3/oobF4q49Sfc+Tem7Sy09cCFk3PuJfeeIGZUacf5tgorq2vrG8XN0tb2zu6evX/QUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GN1O/PSZSUcEf9CQmfoQGnPYpRtpIPfsIQe8cemOC09sMejgUev6qZz277FScGeAycXNSBjkaPfvLCwVOIsI1ZkipruvE2k+R1BQzkpW8RJEY4REakK6hHEVE+enshgyeGiWEfSFNcQ1n6u+JFEVKTaLAdEZID9WiNxX/87qJ7l/7KeVxognH84/6CYNawGkgMKSSYM0mhiAsqdkV4iGSCGsTW8mE4C6evExaFxW3Wrm8r5Zr9TyOIjgGJ+AMuOAK1MAdaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wd/TZbR</latexit>

Axion Couplings: L � a

fa
Gµ⌫G̃

µ⌫

<latexit sha1_base64="qO6UTGrW0brT0w51Zt1m43FQWdI="></latexit>

Axion mass  and decay constant  
uncorrelated 

ma fa

ALPs do not solve strong CP problem, but naturally emerge in String Theory from compactification

No Coupling  other terms⋯ +
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Axion-photon mixing

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

Outgoing photon

Background magnetic 
field

Incoming axion 
dark matter
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Axion-photon mixing

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

Outgoing photon

Background magnetic 
field

Incoming axion 
dark matter

pa→γ ∼ g2
aγγ B2 × (Length)2
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Axion-photon mixing

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

Outgoing photon

Background magnetic 
field

Incoming axion 
dark matter

pa→γ ∼ g2
aγγ B2 × (Length)2

Large conversion probabilities require: 
• Large magnetic fields 
• Large “Lengths” 
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Axion-photon mixing

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

Background magnetic 
field

pa→γ ∼ g2
aγγ B2 × (Length)2

Large conversion probabilities require: 
• Large magnetic fields 
• Large “Lengths” 

Length of magnetic field
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<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

pa→γ ∼ g2
aγγ B2 × (Length)2

Large conversion probabilities require: 
• Large magnetic fields 
• Large “Lengths” 

Length of magnetic field

Length set by momentum transfer from 
magnetic field 

δk ∼ m2
a /(2ω)

Lδk ∼ δk−1
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(e.g. galaxy, SN)

Lδk ∼ δk−1 ∼ 2ω
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High-energy indirect axion searches
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Spectral 

distortion
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Axion-photon mixing Galactic/Cluster Magnetic Field

High-Energy Photons High-Energy AxionsAstrophysical 
gamma-ray source 

(e.g. galaxy, SN)

Lδk ∼ δk−1 ∼ 2ω
m2a

LB ∼ "(Mpc)

High-energy indirect axion searches

Absorption,
Spectral 

distortion

ma ∼ 10−10 eV
ma ∼ 10−9 eV

ma ∼ 5 × 10−8 eV

ma ∼ 1 × 10−8 eV

Taking ω ∼ "(100) GeV
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Image credit: Ciaran O’hare 
(Slightly out of date — c. 2021)
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(Slightly out of date — c. 2021)
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<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

pa→γ ∼ g2
aγγ B2 × (Length)2

Large conversion probabilities require: 
• Large magnetic fields 
• Large “Lengths” 

Momentum mismatch in vacuum

δk ∼ ω2 − m2
a − ω
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Axion-photon mixing
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<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

pa→γ ∼ g2
aγγ B2 × (Length)2

Large conversion probabilities require: 
• Large magnetic fields 
• Large “Lengths” 

Momentum mismatch in plasma

δk ∼ ω2 − m2
a − ω2 − ω2

p
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<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

pa→γ ∼ g2
aγγ B2 × (Length)2

Large conversion probabilities require: 
• Large magnetic fields 
• Large “Lengths” 

Momentum mismatch in plasma

δk ∼ ω2 − m2
a − ω2 − ω2

p

Ideal environments: Large coherent magnetic fields and spatially varying plasmas
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Neutron star magnetospheres
~⌦

<latexit sha1_base64="ZOOUJdF2CbTiOoEytlHEkr1b8cI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRizcr2A9oQtlsp+3S3STsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWju5nfGqPSPI6ezCTBQNJBxPucUWMl3x8jy/wHiQM67ZYrbtWdg6wSLycVyFHvlr/8XsxSiZFhgmrd8dzEBBlVhjOB05KfakwoG9EBdiyNqEQdZPObp+TMKj3Sj5WtyJC5+nsio1LriQxtp6RmqJe9mfif10lN/ybIeJSkBiO2WNRPBTExmQVAelwhM2JiCWWK21sJG1JFmbExlWwI3vLLq6R5UfUuq1ePl5XabR5HEU7gFM7Bg2uowT3UoQEMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AOeWR0Q==</latexit>

| ~B| . 1015 G

<latexit sha1_base64="5JSFePhINBQCtpbIsUFVozHk1HY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwkLArCVqGWGgZwTwgG8Ps5CYZMrO7zMwGwma/wMZfsbFQxNbazr9x8ig08cCFwzn3cu89XsiZ0rb9baXW1jc2t9LbmZ3dvf2D7OFRXQWRpFCjAQ9k0yMKOPOhppnm0AwlEOFxaHjD66nfGIFULPDv9TiEtiB9n/UYJdpInWx+4o6AxpVkgl0OSikmsGM/xE4pwe45jl0p8E3Syebsgj0DXiXOguTQAtVO9svtBjQS4GvKiVItxw51OyZSM8ohybiRgpDQIelDy1CfCFDtePZOgvNG6eJeIE35Gs/U3xMxEUqNhWc6BdEDtexNxf+8VqR7V+2Y+WGkwafzRb2IYx3gaTa4yyRQzceGECqZuRXTAZGEapNgxoTgLL+8SuoXBadYKN0Vc+XKIo40OkGn6Aw56BKV0S2qohqi6BE9o1f0Zj1ZL9a79TFvTVmLmWP0B9bnD2gfmww=</latexit>

rNS ⇠ 10 km

<latexit sha1_base64="jTNj5OoIfM3wgrIToptnStISNJ8=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJIRZdFN66kon1AE8JkOmmHzkzCzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rYXFpeWV1dJaeX1jc2vb3tltqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0Or8Z++4FIRWNxr0cJ8TnqCxpRjLSRAntfBtnNXQ49RTl0HeidwMyTHA55HtgVp+pMAOeJW5AKKNAI7C+vF+OUE6ExQ0p1XSfRfoakppiRvOyliiQID1GfdA0ViBPlZ5MfcnhklB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zuqmOLvyMiiTVRODpoihlUMdwHAjsUUmwZiNDEJbU3ArxAEmEtYmtbEJwZ1+eJ63Tqlurnt3WKvXLIo4SOACH4Bi44BzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wB9bnD82Fllo=</latexit>

Neutron 
star

Magnetic field lines
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Neutron star magnetospheres

Neutron star surface

E

<latexit sha1_base64="TK6Aci0UrFnriFDUnpmtB7x26E0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i01XoriuCxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuE0rqOiDgcd7M8zM82POlHacDyu3tLyyupZfL2xsbm3vFHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv31PpWKRuNWTmHohHgoWMIK1kRrX/WLJsSuOe3HmIMd2MmSk6p66yF0oJVig3i++9wYRSUIqNOFYqa7rxNpLsdSMcDot9BJFY0zGeEi7hgocUuWl2aFTdGSUAQoiaUpolKnfJ1IcKjUJfdMZYj1Sv72Z+JfXTXRQ9VIm4kRTQeaLgoQjHaHZ12jAJCWaTwzBRDJzKyIjLDHRJpuCCeHrU/Q/aZ3YbtmuNMql2uUijjwcwCEcgwvnUIMbqEMTCFB4gCd4tu6sR+vFep235qzFzD78gPX2Ccz+jPM=</latexit>

e

<latexit sha1_base64="yHe0qu50/eU95w6W5zZLEOFUjfU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadk1m5jcgl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywvp777XuQisXiVk8S8CMyFCxklGgjNaCfLzh2tVIueh52bK9cKpaLhriuU/Vc7NrOAgW0Qr2ff+8NYppGIDTlRKmu6yTanxKpGeUwy/VSBQmhYzKErqGCRKD86eLQGT4zygCHsTQlNF6o3yemJFJqEgWmMyJ6pH57c/Evr5vqsOJPmUhSDYIuF4UpxzrG86/xgEmgmk8MIVQycyumIyIJ1SabnAnh61P8P2ld2K5nlxpeoXa1iiOLTtApOkcuukQ1dIPqqIkoAvSAntCzdWc9Wi/W67I1Y61mjtEPWG+fPDWNPg==</latexit>

Neutron star surface

E

<latexit sha1_base64="TK6Aci0UrFnriFDUnpmtB7x26E0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i01XoriuCxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuE0rqOiDgcd7M8zM82POlHacDyu3tLyyupZfL2xsbm3vFHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv31PpWKRuNWTmHohHgoWMIK1kRrX/WLJsSuOe3HmIMd2MmSk6p66yF0oJVig3i++9wYRSUIqNOFYqa7rxNpLsdSMcDot9BJFY0zGeEi7hgocUuWl2aFTdGSUAQoiaUpolKnfJ1IcKjUJfdMZYj1Sv72Z+JfXTXRQ9VIm4kRTQeaLgoQjHaHZ12jAJCWaTwzBRDJzKyIjLDHRJpuCCeHrU/Q/aZ3YbtmuNMql2uUijjwcwCEcgwvnUIMbqEMTCFB4gCd4tu6sR+vFep235qzFzD78gPX2Ccz+jPM=</latexit>

e

<latexit sha1_base64="yHe0qu50/eU95w6W5zZLEOFUjfU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadk1m5jcgl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywvp777XuQisXiVk8S8CMyFCxklGgjNaCfLzh2tVIueh52bK9cKpaLhriuU/Vc7NrOAgW0Qr2ff+8NYppGIDTlRKmu6yTanxKpGeUwy/VSBQmhYzKErqGCRKD86eLQGT4zygCHsTQlNF6o3yemJFJqEgWmMyJ6pH57c/Evr5vqsOJPmUhSDYIuF4UpxzrG86/xgEmgmk8MIVQycyumIyIJ1SabnAnh61P8P2ld2K5nlxpeoXa1iiOLTtApOkcuukQ1dIPqqIkoAvSAntCzdWc9Wi/W67I1Y61mjtEPWG+fPDWNPg==</latexit>

�

<latexit sha1_base64="aOaN2XHWYNL+hGb2/Q5cxflRT+w=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjK1tXVXdOOygn1AO5RMmmlj8xiSjFBK/8GNC0Xc+j/u/BvTh6CiBy4czrmXe++JEs6MRejDy6ysrq1vZDdzW9s7u3v5/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxpdzfzWPdWGKXlrxwkNBR5IFjOCrZOa3QEWAvfyBeSj81JQDCDyyyioFtGCXFTOYOCjOQpgiXov/97tK5IKKi3h2JhOgBIbTrC2jHA6zXVTQxNMRnhAO45KLKgJJ/Nrp/DEKX0YK+1KWjhXv09MsDBmLCLXKbAdmt/eTPzL66Q2roYTJpPUUkkWi+KUQ6vg7HXYZ5oSy8eOYKKZuxWSIdaYWBdQzoXw9Sn8nzSLflDyyzelQu1yGUcWHIFjcAoCUAE1cA3qoAEIuAMP4Ak8e8p79F6810VrxlvOHIIf8N4+Adi7j1Q=</latexit>

~⌦

<latexit sha1_base64="ZOOUJdF2CbTiOoEytlHEkr1b8cI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRizcr2A9oQtlsp+3S3STsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWju5nfGqPSPI6ezCTBQNJBxPucUWMl3x8jy/wHiQM67ZYrbtWdg6wSLycVyFHvlr/8XsxSiZFhgmrd8dzEBBlVhjOB05KfakwoG9EBdiyNqEQdZPObp+TMKj3Sj5WtyJC5+nsio1LriQxtp6RmqJe9mfif10lN/ybIeJSkBiO2WNRPBTExmQVAelwhM2JiCWWK21sJG1JFmbExlWwI3vLLq6R5UfUuq1ePl5XabR5HEU7gFM7Bg2uowT3UoQEMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AOeWR0Q==</latexit>

| ~B| . 1015 G

<latexit sha1_base64="5JSFePhINBQCtpbIsUFVozHk1HY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwkLArCVqGWGgZwTwgG8Ps5CYZMrO7zMwGwma/wMZfsbFQxNbazr9x8ig08cCFwzn3cu89XsiZ0rb9baXW1jc2t9LbmZ3dvf2D7OFRXQWRpFCjAQ9k0yMKOPOhppnm0AwlEOFxaHjD66nfGIFULPDv9TiEtiB9n/UYJdpInWx+4o6AxpVkgl0OSikmsGM/xE4pwe45jl0p8E3Syebsgj0DXiXOguTQAtVO9svtBjQS4GvKiVItxw51OyZSM8ohybiRgpDQIelDy1CfCFDtePZOgvNG6eJeIE35Gs/U3xMxEUqNhWc6BdEDtexNxf+8VqR7V+2Y+WGkwafzRb2IYx3gaTa4yyRQzceGECqZuRXTAZGEapNgxoTgLL+8SuoXBadYKN0Vc+XKIo40OkGn6Aw56BKV0S2qohqi6BE9o1f0Zj1ZL9a79TFvTVmLmWP0B9bnD2gfmww=</latexit>

rNS ⇠ 10 km

<latexit sha1_base64="jTNj5OoIfM3wgrIToptnStISNJ8=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJIRZdFN66kon1AE8JkOmmHzkzCzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rYXFpeWV1dJaeX1jc2vb3tltqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0Or8Z++4FIRWNxr0cJ8TnqCxpRjLSRAntfBtnNXQ49RTl0HeidwMyTHA55HtgVp+pMAOeJW5AKKNAI7C+vF+OUE6ExQ0p1XSfRfoakppiRvOyliiQID1GfdA0ViBPlZ5MfcnhklB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zuqmOLvyMiiTVRODpoihlUMdwHAjsUUmwZiNDEJbU3ArxAEmEtYmtbEJwZ1+eJ63Tqlurnt3WKvXLIo4SOACH4Bi44BzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wB9bnD82Fllo=</latexit>

Neutron 
star

Magnetic field lines
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Neutron star magnetospheres

Neutron star surface

E

<latexit sha1_base64="TK6Aci0UrFnriFDUnpmtB7x26E0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i01XoriuCxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuE0rqOiDgcd7M8zM82POlHacDyu3tLyyupZfL2xsbm3vFHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv31PpWKRuNWTmHohHgoWMIK1kRrX/WLJsSuOe3HmIMd2MmSk6p66yF0oJVig3i++9wYRSUIqNOFYqa7rxNpLsdSMcDot9BJFY0zGeEi7hgocUuWl2aFTdGSUAQoiaUpolKnfJ1IcKjUJfdMZYj1Sv72Z+JfXTXRQ9VIm4kRTQeaLgoQjHaHZ12jAJCWaTwzBRDJzKyIjLDHRJpuCCeHrU/Q/aZ3YbtmuNMql2uUijjwcwCEcgwvnUIMbqEMTCFB4gCd4tu6sR+vFep235qzFzD78gPX2Ccz+jPM=</latexit>

e

<latexit sha1_base64="yHe0qu50/eU95w6W5zZLEOFUjfU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadk1m5jcgl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywvp777XuQisXiVk8S8CMyFCxklGgjNaCfLzh2tVIueh52bK9cKpaLhriuU/Vc7NrOAgW0Qr2ff+8NYppGIDTlRKmu6yTanxKpGeUwy/VSBQmhYzKErqGCRKD86eLQGT4zygCHsTQlNF6o3yemJFJqEgWmMyJ6pH57c/Evr5vqsOJPmUhSDYIuF4UpxzrG86/xgEmgmk8MIVQycyumIyIJ1SabnAnh61P8P2ld2K5nlxpeoXa1iiOLTtApOkcuukQ1dIPqqIkoAvSAntCzdWc9Wi/W67I1Y61mjtEPWG+fPDWNPg==</latexit>

Neutron star surface

E

<latexit sha1_base64="TK6Aci0UrFnriFDUnpmtB7x26E0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i01XoriuCxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuE0rqOiDgcd7M8zM82POlHacDyu3tLyyupZfL2xsbm3vFHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv31PpWKRuNWTmHohHgoWMIK1kRrX/WLJsSuOe3HmIMd2MmSk6p66yF0oJVig3i++9wYRSUIqNOFYqa7rxNpLsdSMcDot9BJFY0zGeEi7hgocUuWl2aFTdGSUAQoiaUpolKnfJ1IcKjUJfdMZYj1Sv72Z+JfXTXRQ9VIm4kRTQeaLgoQjHaHZ12jAJCWaTwzBRDJzKyIjLDHRJpuCCeHrU/Q/aZ3YbtmuNMql2uUijjwcwCEcgwvnUIMbqEMTCFB4gCd4tu6sR+vFep235qzFzD78gPX2Ccz+jPM=</latexit>

e

<latexit sha1_base64="yHe0qu50/eU95w6W5zZLEOFUjfU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadk1m5jcgl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywvp777XuQisXiVk8S8CMyFCxklGgjNaCfLzh2tVIueh52bK9cKpaLhriuU/Vc7NrOAgW0Qr2ff+8NYppGIDTlRKmu6yTanxKpGeUwy/VSBQmhYzKErqGCRKD86eLQGT4zygCHsTQlNF6o3yemJFJqEgWmMyJ6pH57c/Evr5vqsOJPmUhSDYIuF4UpxzrG86/xgEmgmk8MIVQycyumIyIJ1SabnAnh61P8P2ld2K5nlxpeoXa1iiOLTtApOkcuukQ1dIPqqIkoAvSAntCzdWc9Wi/W67I1Y61mjtEPWG+fPDWNPg==</latexit>

�

<latexit sha1_base64="aOaN2XHWYNL+hGb2/Q5cxflRT+w=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjK1tXVXdOOygn1AO5RMmmlj8xiSjFBK/8GNC0Xc+j/u/BvTh6CiBy4czrmXe++JEs6MRejDy6ysrq1vZDdzW9s7u3v5/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxpdzfzWPdWGKXlrxwkNBR5IFjOCrZOa3QEWAvfyBeSj81JQDCDyyyioFtGCXFTOYOCjOQpgiXov/97tK5IKKi3h2JhOgBIbTrC2jHA6zXVTQxNMRnhAO45KLKgJJ/Nrp/DEKX0YK+1KWjhXv09MsDBmLCLXKbAdmt/eTPzL66Q2roYTJpPUUkkWi+KUQ6vg7HXYZ5oSy8eOYKKZuxWSIdaYWBdQzoXw9Sn8nzSLflDyyzelQu1yGUcWHIFjcAoCUAE1cA3qoAEIuAMP4Ak8e8p79F6810VrxlvOHIIf8N4+Adi7j1Q=</latexit>

Goldreich-Julian Model 
(Force-free solution)

Goldreich & Julian 1969

nGJ(~r) = |n+ � n�|

<latexit sha1_base64="Z7tLD8lgjVuHi3LEP7m6vdEhP+s=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQkZZdqehFKHpQPFWwP9AuJZtm29BsdkmyhbLdB/Diq3jxoIhXH8Cbb2O23YO2DoQMM/ORfOMEjEplmt9GZml5ZXUtu57b2Nza3snv7jWkHwpM6thnvmg5SBJGOakrqhhpBYIgz2Gk6QyvE785IkJSnz+ocUBsD/U5dSlGSkvdfIF3o5u7uNgZERyJ+BhewomWTmJYgvouxROY0ymzbE4BF4mVkgJIUevmvzo9H4ce4QozJGXbMgNlR0goihmJc51QkgDhIeqTtqYceUTa0XSZGB5ppQddX+jDFZyqvyci5Ek59hyd9JAayHkvEf/z2qFyL+yI8iBUhOPZQ27IoPJh0gzsUUGwYmNNEBZU/xXiARIIK91fUoI1v/IiaZyWrUr57L5SqF6ldWTBATgERWCBc1AFt6AG6gCDR/AMXsGb8WS8GO/GxyyaMdKZffAHxucP/rCZqg==</latexit>

~E · ~B = 0

<latexit sha1_base64="NUAsxOF49HexlbiBgf364C3c6ZA=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyWRim6EUhFcVrAPaEKZTCbt0MkkzEwKJQQ3/oobF4q49Svc+TdO0yy09cCFM+fcy9x7vJhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+GbmdydESBrxBzWNiRuiIacBxUhpaWAeOROC09sMOtiPFMxfzQxeQ2tgVq2alQMuE7sgVVCgNTC/HD/CSUi4wgxJ2betWLkpEopiRrKKk0gSIzxGQ9LXlKOQSDfNT8jgqVZ8GERCF1cwV39PpCiUchp6ujNEaiQXvZn4n9dPVHDlppTHiSIczz8KEgZVBGd5QJ8KghWbaoKwoHpXiEdIIKx0ahUdgr148jLpnNfseu3ivl5tNIs4yuAYnIAzYINL0AB3oAXaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx+jtJZL</latexit>

~⌦

<latexit sha1_base64="ZOOUJdF2CbTiOoEytlHEkr1b8cI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRizcr2A9oQtlsp+3S3STsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWju5nfGqPSPI6ezCTBQNJBxPucUWMl3x8jy/wHiQM67ZYrbtWdg6wSLycVyFHvlr/8XsxSiZFhgmrd8dzEBBlVhjOB05KfakwoG9EBdiyNqEQdZPObp+TMKj3Sj5WtyJC5+nsio1LriQxtp6RmqJe9mfif10lN/ybIeJSkBiO2WNRPBTExmQVAelwhM2JiCWWK21sJG1JFmbExlWwI3vLLq6R5UfUuq1ePl5XabR5HEU7gFM7Bg2uowT3UoQEMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AOeWR0Q==</latexit>

| ~B| . 1015 G

<latexit sha1_base64="5JSFePhINBQCtpbIsUFVozHk1HY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwkLArCVqGWGgZwTwgG8Ps5CYZMrO7zMwGwma/wMZfsbFQxNbazr9x8ig08cCFwzn3cu89XsiZ0rb9baXW1jc2t9LbmZ3dvf2D7OFRXQWRpFCjAQ9k0yMKOPOhppnm0AwlEOFxaHjD66nfGIFULPDv9TiEtiB9n/UYJdpInWx+4o6AxpVkgl0OSikmsGM/xE4pwe45jl0p8E3Syebsgj0DXiXOguTQAtVO9svtBjQS4GvKiVItxw51OyZSM8ohybiRgpDQIelDy1CfCFDtePZOgvNG6eJeIE35Gs/U3xMxEUqNhWc6BdEDtexNxf+8VqR7V+2Y+WGkwafzRb2IYx3gaTa4yyRQzceGECqZuRXTAZGEapNgxoTgLL+8SuoXBadYKN0Vc+XKIo40OkGn6Aw56BKV0S2qohqi6BE9o1f0Zj1ZL9a79TFvTVmLmWP0B9bnD2gfmww=</latexit>

rNS ⇠ 10 km

<latexit sha1_base64="jTNj5OoIfM3wgrIToptnStISNJ8=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJIRZdFN66kon1AE8JkOmmHzkzCzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rYXFpeWV1dJaeX1jc2vb3tltqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0Or8Z++4FIRWNxr0cJ8TnqCxpRjLSRAntfBtnNXQ49RTl0HeidwMyTHA55HtgVp+pMAOeJW5AKKNAI7C+vF+OUE6ExQ0p1XSfRfoakppiRvOyliiQID1GfdA0ViBPlZ5MfcnhklB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zuqmOLvyMiiTVRODpoihlUMdwHAjsUUmwZiNDEJbU3ArxAEmEtYmtbEJwZ1+eJ63Tqlurnt3WKvXLIo4SOACH4Bi44BzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wB9bnD82Fllo=</latexit>

Neutron 
star

Magnetic field lines
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Neutron star magnetospheres

Neutron star surface

E

<latexit sha1_base64="TK6Aci0UrFnriFDUnpmtB7x26E0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i01XoriuCxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuE0rqOiDgcd7M8zM82POlHacDyu3tLyyupZfL2xsbm3vFHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv31PpWKRuNWTmHohHgoWMIK1kRrX/WLJsSuOe3HmIMd2MmSk6p66yF0oJVig3i++9wYRSUIqNOFYqa7rxNpLsdSMcDot9BJFY0zGeEi7hgocUuWl2aFTdGSUAQoiaUpolKnfJ1IcKjUJfdMZYj1Sv72Z+JfXTXRQ9VIm4kRTQeaLgoQjHaHZ12jAJCWaTwzBRDJzKyIjLDHRJpuCCeHrU/Q/aZ3YbtmuNMql2uUijjwcwCEcgwvnUIMbqEMTCFB4gCd4tu6sR+vFep235qzFzD78gPX2Ccz+jPM=</latexit>

e

<latexit sha1_base64="yHe0qu50/eU95w6W5zZLEOFUjfU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadk1m5jcgl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywvp777XuQisXiVk8S8CMyFCxklGgjNaCfLzh2tVIueh52bK9cKpaLhriuU/Vc7NrOAgW0Qr2ff+8NYppGIDTlRKmu6yTanxKpGeUwy/VSBQmhYzKErqGCRKD86eLQGT4zygCHsTQlNF6o3yemJFJqEgWmMyJ6pH57c/Evr5vqsOJPmUhSDYIuF4UpxzrG86/xgEmgmk8MIVQycyumIyIJ1SabnAnh61P8P2ld2K5nlxpeoXa1iiOLTtApOkcuukQ1dIPqqIkoAvSAntCzdWc9Wi/W67I1Y61mjtEPWG+fPDWNPg==</latexit>

Neutron star surface

E

<latexit sha1_base64="TK6Aci0UrFnriFDUnpmtB7x26E0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i01XoriuCxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuE0rqOiDgcd7M8zM82POlHacDyu3tLyyupZfL2xsbm3vFHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv31PpWKRuNWTmHohHgoWMIK1kRrX/WLJsSuOe3HmIMd2MmSk6p66yF0oJVig3i++9wYRSUIqNOFYqa7rxNpLsdSMcDot9BJFY0zGeEi7hgocUuWl2aFTdGSUAQoiaUpolKnfJ1IcKjUJfdMZYj1Sv72Z+JfXTXRQ9VIm4kRTQeaLgoQjHaHZ12jAJCWaTwzBRDJzKyIjLDHRJpuCCeHrU/Q/aZ3YbtmuNMql2uUijjwcwCEcgwvnUIMbqEMTCFB4gCd4tu6sR+vFep235qzFzD78gPX2Ccz+jPM=</latexit>
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Goldreich-Julian Model 
(Force-free solution)

Goldreich & Julian 1969
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Neutron 
star

Magnetic field lines

ma ≲ 10−4 eV
Resonances for:
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Image credit: Ciaran O’hare
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Prabhu (2021), Noordhuis, Prabhu, SJW, Cruz, Chen, Weniger (2022), Noordhuis, Prabhu, SJW, 
Weniger (Appearing soon), Caputo, Philippov, SJW (Appearing soon)

13

Neutron stars as axion labs

Part 1: Resonant production of radio photons from axion 
dark matter

Part 2: Axion production from pulsar pair cascades

See e.g.: Pshirkov & Popov (2009), Hook et al. (2018), Safdi et al. (2018), Battye et al. (2019, 2021), 
SJW et al. (2021, 2022), Foster, SJW et al (2022), Thejmsland, McDonald, SJW (To appear), SJW et 
al (To appear), McDonald & SJW (To appear),… 
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Neutron stars as axion labs

Magnetic field lines

Resonant Production 
of Radio Photons

Axion Dark Matter

Neutron 
star

Spectral Lines from Axion Dark Matter: 
See e.g.: Pshirkov & Popov (2009), Hook et al. (2018), 
Safdi et al. (2018), Battye et al. (2019, 2021), SJW et al. 
(2021, 2022), Foster, SJW et al (2022), …
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Neutron stars as axion labs

Magnetic field lines

Resonant Production 
of Radio Photons

Axion Dark Matter

Neutron 
star

Photon
Frequency

Flux

ma
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Spectral Lines from Axion Dark Matter: 
See e.g.: Pshirkov & Popov (2009), Hook et al. (2018), 
Safdi et al. (2018), Battye et al. (2019, 2021), SJW et al. 
(2021, 2022), Foster, SJW et al (2022), …

ma ∼ ωp
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Photon production from axion dark matter

Resonant Conversion  

Location:  
Efficiency: 

ma ∼ ωp
(∂ωp)−1

Animations available at: https://github.com/SamWitte/GIF_Storage

Step 1: Define plasma  
structure of magnetosphere

https://github.com/SamWitte/GIF_Storage
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Photon production from axion dark matter

Animations available at: https://github.com/SamWitte/GIF_Storage

Smaller axion mass   resonant surface is larger 
Larger axion mass     resonant surface is smaller

→
→

https://github.com/SamWitte/GIF_Storage
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Photon production from axion dark matter
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Larger axion mass     resonant surface is smaller

→
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The strong CP problemNeutron Stars as a Probe of Axion Dark Matter

SJW, Noordhuis, Edwards, Weniger (2021)

Conversion Surface

Photons

Final Photon Position

Final Photon Position

Ray tracing allows for: 
• Accurate mapping of radio 

flux  
• Back-reaction on axion 

phase space 
• Line broadening effects 
• Path-dependent absorption

Ray tracing

Animations available at: https://github.com/SamWitte/GIF_Storage

Step 2: Axion phase 
space to photon flux

https://github.com/SamWitte/GIF_Storage
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The strong CP problemNeutron Stars as a Probe of Axion Dark Matter

SJW, Noordhuis, Edwards, Weniger (2021)

Conversion Surface

Photons

Final Photon Position

Final Photon Position

Ray tracing allows for: 
• Accurate mapping of radio 

flux  
• Back-reaction on axion 

phase space 
• Line broadening effects 
• Path-dependent absorption

Ray tracing
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SJW, Noordhuis, Edwards, Weniger (2021)

Log10 (Flux)

[Arb. Units]

Radio signal from isolated neutron star

Projected sky flux as viewed from neutron star
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SJW, Noordhuis, Edwards, Weniger (2021)

Frequency [1/ma ⇥ 10�5]
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Log10 (Flux)

[Arb. Units]

Radio signal from isolated neutron star

Projected sky flux as viewed from neutron star
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SJW, Noordhuis, Edwards, Weniger (2021)

Frequency [1/ma ⇥ 10�5]
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Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)

Survey Details:
• Telescope: Green Bank Telescope, 100m Single Dish
• Observation Frequency: 4–8 GHz  [C band]
• Observation Target: Milky Way Galactic Center [inner ~ few pcs]  

      (need high dark matter densities)
• Observation Time: ~4.6 hours
• Observation Strategy: On/off target

Data courtesy of the Breakthrough Listen Initiative 

Observing the galactic center with the Green Bank Telescope
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Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)
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• Observation Target: Milky Way Galactic Center [inner ~ few pcs]  

      (need high dark matter densities)
• Observation Time: ~4.6 hours
• Observation Strategy: On/off target

Data courtesy of the Breakthrough Listen Initiative 
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Observing the galactic center with the Green Bank Telescope
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Searching for axions in the galactic center

Fiducial Model (Maximally Conservative)

QCD axion benchmarks

SKA 10 Sigma Detection

Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)
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See e.g.: Pshirkov & Popov (2009), Hook et al. (2018), Safdi et al. (2018), Battye et al. (2019, 2021), 
SJW et al. (2021, 2022), Foster, SJW et al (2022), Thejmsland, McDonald, SJW (To appear), SJW et 
al (To appear), McDonald & SJW (To appear),… 

21

Neutron stars as axion labs

Part 1: Resonant production of radio photons from axion 
dark matter

Part 2: Sourcing axions from the vacuum gap collapse

Prabhu (2021), Noordhuis, Prabhu, SJW, Cruz, Chen, Weniger (2022), Noordhuis, Prabhu, SJW, 
Weniger (Appearing soon), Caputo, Philippov, SJW (Appearing soon)
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Axions from vacuum gap collapse

Neutron 
star

Photon

Sourced Axions

Vacuum Gap Collapse

Axions from Vacuum Gap Collapse: 
Prabhu 2021, 
Noordhuis, Prabhu, SJW, Cruz, Chen, Weniger (2022)
Noordhuis, Prabhu, SJW, Weniger (Appearing soon)
Caputo, Philippov, SJW (Appearing soon)

a ~E · ~B
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Vacuum gap collapse

Simulations curtesy of F. Cruz and A. Chen
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Radio Spectrum

Noordhuis, Prabhu, SJW, Chen, Cruz, Weniger (2022)

Typical Level of 
Observed Emission
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Constraints

Noordhuis, Prabhu, SJW, Chen, Cruz, Weniger (2022) 
Plot made using cajohare.github.io/AxionLimits/

Future outlook: 
•Wider frequency observations

•Full population in ATNF pulsar 
catalogue

•3D PIC simulations

Current search: 
•Uses only 27 well-studied pulsars!
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All pulsars are surrounded by extremely 
dense clouds of axions.

If there exists an axion with a mass 
10−8eV ≲ ma ≲ 10−5eV
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Axion clouds

For these masses, most energy 
goes into gravitationally bound 
states…

Can accumulate for ~kyr 
timescales
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Quenching of bound state growth

Noordhuis, Prabhu, Weniger, SJW  (To appear)

Emission from resonant conversion:

NS ma ∼ ωp
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Quenching of bound state growth

Noordhuis, Prabhu, Weniger, SJW  (To appear)

Emission from resonant conversion:

NS

Equilibrium density

Resonance blocked

Photons

ma ∼ ωp
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Noordhuis, Prabhu, Weniger, SJW(To appear) 

Bound state profiles
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Evolution of bound cloud

Noordhuis, Prabhu, Weniger, SJW(To appear) 

ma = 10−6 eV
gaγγ = 10−11 GeV−1 Magneto-rotational  

spin down 

Charge 
separation at 

death

Equilibrium
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Take-Home Message
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Neutron stars are incredible 
axion laboratories, with rich and 

powerful signatures

Spectral lines from axion dark matter

Axion clouds around pulsars

Broadband radio emission

Transient linesTransient bursts
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