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LDM: Collective Effects in the Lab and in Stars

III. Dark matter detection: a thermal field theory 
approach 
• Axion detection with nanowires: TFT calculation 
• Plasmon-axion mixing in stars

Conclusions

I. Axion dark matter 
• Solving the strong CP problem 
• Why is the QCD axion a good DM candidate?
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II. Plasma Haloscopes: axion detection 
• From axion-photon coupling to axion-plasmon coupling  
• Axion detection with nanowires: a classical calculation
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(aka: two lessons 
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CP violation in neutrons: electric dipole moment
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CP violation in neutrons: electric dipole moment

+

—

Pd
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

µ
<latexit sha1_base64="YemHaJg63S4BgI9s8sM65zXHmgE=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5id7U2GzMwuM7NCWAL+gFf9A2/i1V/xB/wOJ8keTGJBQ1HVTXdXkHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0O/XbT6A0i+WjGSfgCzKQLGKUGCs99ETaL1fcqjsDXiVeTiooR6Nf/umFMU0FSEM50brruYnxM6IMoxwmpV6qISF0RAbQtVQSAdrPZqdO8JlVQhzFypY0eKb+nciI0HosAtspiBnqZW8q/ud1UxNd+xmTSWpA0vmiKOXYxHj6Nw6ZAmr42BJCFbO3YjokilBj01nYou1TQwgnNhhvOYZV0qpVvYtq7f6yUr/JIyqiE3SKzpGHrlAd3aEGaiKKBugFvaI359l5dz6cz3lrwclnjtECnK9ftX2Wow==</latexit>

µ
<latexit sha1_base64="YemHaJg63S4BgI9s8sM65zXHmgE=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5id7U2GzMwuM7NCWAL+gFf9A2/i1V/xB/wOJ8keTGJBQ1HVTXdXkHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0O/XbT6A0i+WjGSfgCzKQLGKUGCs99ETaL1fcqjsDXiVeTiooR6Nf/umFMU0FSEM50brruYnxM6IMoxwmpV6qISF0RAbQtVQSAdrPZqdO8JlVQhzFypY0eKb+nciI0HosAtspiBnqZW8q/ud1UxNd+xmTSWpA0vmiKOXYxHj6Nw6ZAmr42BJCFbO3YjokilBj01nYou1TQwgnNhhvOYZV0qpVvYtq7f6yUr/JIyqiE3SKzpGHrlAd3aEGaiKKBugFvaI359l5dz6cz3lrwclnjtECnK9ftX2Wow==</latexit>

d
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

EDM would violate P…—
+

this is a neutron
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d
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

d
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

µ
<latexit sha1_base64="YemHaJg63S4BgI9s8sM65zXHmgE=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5id7U2GzMwuM7NCWAL+gFf9A2/i1V/xB/wOJ8keTGJBQ1HVTXdXkHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0O/XbT6A0i+WjGSfgCzKQLGKUGCs99ETaL1fcqjsDXiVeTiooR6Nf/umFMU0FSEM50brruYnxM6IMoxwmpV6qISF0RAbQtVQSAdrPZqdO8JlVQhzFypY0eKb+nciI0HosAtspiBnqZW8q/ud1UxNd+xmTSWpA0vmiKOXYxHj6Nw6ZAmr42BJCFbO3YjokilBj01nYou1TQwgnNhhvOYZV0qpVvYtq7f6yUr/JIyqiE3SKzpGHrlAd3aEGaiKKBugFvaI359l5dz6cz3lrwclnjtECnK9ftX2Wow==</latexit>

EDM would violate P…

But also T (i.e. CP)

CP violation in neutrons: electric dipole moment

+

—

Pd
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

µ
<latexit sha1_base64="YemHaJg63S4BgI9s8sM65zXHmgE=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5id7U2GzMwuM7NCWAL+gFf9A2/i1V/xB/wOJ8keTGJBQ1HVTXdXkHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0O/XbT6A0i+WjGSfgCzKQLGKUGCs99ETaL1fcqjsDXiVeTiooR6Nf/umFMU0FSEM50brruYnxM6IMoxwmpV6qISF0RAbQtVQSAdrPZqdO8JlVQhzFypY0eKb+nciI0HosAtspiBnqZW8q/ud1UxNd+xmTSWpA0vmiKOXYxHj6Nw6ZAmr42BJCFbO3YjokilBj01nYou1TQwgnNhhvOYZV0qpVvYtq7f6yUr/JIyqiE3SKzpGHrlAd3aEGaiKKBugFvaI359l5dz6cz3lrwclnjtECnK9ftX2Wow==</latexit>

—
+

+
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d
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

d
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

µ
<latexit sha1_base64="YemHaJg63S4BgI9s8sM65zXHmgE=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5id7U2GzMwuM7NCWAL+gFf9A2/i1V/xB/wOJ8keTGJBQ1HVTXdXkHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0O/XbT6A0i+WjGSfgCzKQLGKUGCs99ETaL1fcqjsDXiVeTiooR6Nf/umFMU0FSEM50brruYnxM6IMoxwmpV6qISF0RAbQtVQSAdrPZqdO8JlVQhzFypY0eKb+nciI0HosAtspiBnqZW8q/ud1UxNd+xmTSWpA0vmiKOXYxHj6Nw6ZAmr42BJCFbO3YjokilBj01nYou1TQwgnNhhvOYZV0qpVvYtq7f6yUr/JIyqiE3SKzpGHrlAd3aEGaiKKBugFvaI359l5dz6cz3lrwclnjtECnK9ftX2Wow==</latexit>

EDM would violate P…

But also T (i.e. CP)

CP violation in neutrons: electric dipole moment
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Pd
<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

µ
<latexit sha1_base64="YemHaJg63S4BgI9s8sM65zXHmgE=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5id7U2GzMwuM7NCWAL+gFf9A2/i1V/xB/wOJ8keTGJBQ1HVTXdXkHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0O/XbT6A0i+WjGSfgCzKQLGKUGCs99ETaL1fcqjsDXiVeTiooR6Nf/umFMU0FSEM50brruYnxM6IMoxwmpV6qISF0RAbQtVQSAdrPZqdO8JlVQhzFypY0eKb+nciI0HosAtspiBnqZW8q/ud1UxNd+xmTSWpA0vmiKOXYxHj6Nw6ZAmr42BJCFbO3YjokilBj01nYou1TQwgnNhhvOYZV0qpVvYtq7f6yUr/JIyqiE3SKzpGHrlAd3aEGaiKKBugFvaI359l5dz6cz3lrwclnjtECnK9ftX2Wow==</latexit>

—
+

+

—

It is small. Perhaps because it is not allowed…

|dn| < 1.1⇥ 10�26 q cm
<latexit sha1_base64="kNch5I0dsd4VqY/G7rTZM+Lwzj4=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwQJUUBAwMFSyMRaIPqQmV47qtVdsJtoNUpf0EFn6FhQGEWBnZ+BvcNgO0HOlKR+fcq3vvCSJGlXacbyszN7+wuJRdzq2srq1v2JtbVRXGEpMKDlko6wFShFFBKppqRuqRJIgHjNSC3tXIrz0QqWgobnU/Ij5HHUHbFCNtpKa9P2g1xeDCLbjQ05QTBV3nLjkqng6hdwjvTXmSQ8ybdt4pOGPAWeKmJA9SlJv2l9cKccyJ0JghpRquE2k/QVJTzMgw58WKRAj3UIc0DBXI7PaT8UNDuGeUFmyH0pTQcKz+nkgQV6rPA9PJke6qaW8k/uc1Yt0+9xMqolgTgSeL2jGDOoSjdGCLSoI16xuCsKTmVoi7SCKsTYY5E4I7/fIsqRYL7nGheHOSL12mcWTBDtgFB8AFZ6AErkEZVAAGj+AZvII368l6sd6tj0lrxkpntsEfWJ8/WUyaQA==</latexit>

Physical Review Letters. 124 (8): 081803
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LQCD =
X

q

 q(i /D �mqe
i✓q ) q �

1

4
G2 � ✓

↵s

8⇡
GG̃

<latexit sha1_base64="9rpWKIpT3nKeLLCmc/5H3SpzOh8="></latexit>

Real mass Yukawa phase CP odd

The Lagrangian describing hadrons is
G̃µ⌫ =

1

2
✏µ⌫⇢�G⇢�

<latexit sha1_base64="LtOAZlcFKqzWmUltDa0TXFCIgZA="></latexit>
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LQCD =
X

q

 q(i /D �mqe
i✓q ) q �

1

4
G2 � ✓

↵s

8⇡
GG̃

<latexit sha1_base64="9rpWKIpT3nKeLLCmc/5H3SpzOh8="></latexit>

Real mass Yukawa phase CP odd

{ <latexit sha1_base64="+MGvvKhaPBafgG/7YVIPcsAdjvM=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMnkph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dTv32E0rFYvGoxwl6ERkIFjJKtJEeelm/XHGqzgz2KnFzUoEcjX75pxfENI1QaMqJUl3XSbSXEakZ5Tgp9VKFCaEjMsCuoYJEqLxsdunEPjNKYIexNCW0PVP/TmQkUmoc+aYzInqolr2p+J/XTXV47WVMJKlGQeeLwpTbOranb9sBk0g1HxtCqGTmVpsOiSRUm3AWtijz1BCDiQnGXY5hlbRqVfeiWru/rNRv8oiKcAKncA4uXEEd7qABTaAQwgu8wpv1bL1bH9bnvLVg5TPHsADr6xfrg5Yy</latexit>Remove phase by rotation finding

|✓̄| < 10�11
<latexit sha1_base64="2PCxtImNNVR7DcjqUQ0XTfcsjTw=">AAACFHicbVC7TsNAEDzzDOFloKCgsYiQaIjsgAQFRQQNZZDIQ0pCdL5s4lPOD92tkSLHv8EP0MIf0CFaen6A7+CcpCAJI600mtnV7o4bCa7Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pMJYMqiwUoWy4VIHgAVSRo4BGJIH6roC6O7jN/PoTSMXD4AGHEbR92g94jzOKWuqYh6OWS2XSQg+QpqNrx35Mzhwn7ZgFu2iPYS0SZ0oKZIpKx/xpdUMW+xAgE1SppmNH2E6oRM4EpPlWrCCibED70NQ0oD6odjJ+ILVOtNK1eqHUFaA1Vv9OJNRXaui7utOn6Kl5LxP/85ox9q7aCQ+iGCFgk0W9WFgYWlkaVpdLYCiGmlAmub7VYh6VlKHObGaL0k950M2CceZjWCS1UtE5L5buLwrlm2lEOXJEjskpccglKZM7UiFVwkhKXsgreTOejXfjw/ictC4Z05kDMgPj6xf5zZ7T</latexit>

The Lagrangian describing hadrons is

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � (✓ � arg detMq)

↵s

8⇡
GG̃

<latexit sha1_base64="M9vKVywvRCWeh6UFI15yHwqJxIs="></latexit>

G̃µ⌫ =
1

2
✏µ⌫⇢�G⇢�

<latexit sha1_base64="LtOAZlcFKqzWmUltDa0TXFCIgZA="></latexit>



Strong CP problem hint, cont’d
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LQCD =
X

q

 q(i /D �mqe
i✓q ) q �

1

4
G2 � ✓

↵s

8⇡
GG̃

<latexit sha1_base64="9rpWKIpT3nKeLLCmc/5H3SpzOh8="></latexit>

Real mass Yukawa phase CP odd

{ <latexit sha1_base64="+MGvvKhaPBafgG/7YVIPcsAdjvM=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMnkph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dTv32E0rFYvGoxwl6ERkIFjJKtJEeelm/XHGqzgz2KnFzUoEcjX75pxfENI1QaMqJUl3XSbSXEakZ5Tgp9VKFCaEjMsCuoYJEqLxsdunEPjNKYIexNCW0PVP/TmQkUmoc+aYzInqolr2p+J/XTXV47WVMJKlGQeeLwpTbOranb9sBk0g1HxtCqGTmVpsOiSRUm3AWtijz1BCDiQnGXY5hlbRqVfeiWru/rNRv8oiKcAKncA4uXEEd7qABTaAQwgu8wpv1bL1bH9bnvLVg5TPHsADr6xfrg5Yy</latexit>

The Lagrangian describing hadrons is

Remove phase by rotation finding

|✓̄| < 10�11
<latexit sha1_base64="2PCxtImNNVR7DcjqUQ0XTfcsjTw=">AAACFHicbVC7TsNAEDzzDOFloKCgsYiQaIjsgAQFRQQNZZDIQ0pCdL5s4lPOD92tkSLHv8EP0MIf0CFaen6A7+CcpCAJI600mtnV7o4bCa7Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pMJYMqiwUoWy4VIHgAVSRo4BGJIH6roC6O7jN/PoTSMXD4AGHEbR92g94jzOKWuqYh6OWS2XSQg+QpqNrx35Mzhwn7ZgFu2iPYS0SZ0oKZIpKx/xpdUMW+xAgE1SppmNH2E6oRM4EpPlWrCCibED70NQ0oD6odjJ+ILVOtNK1eqHUFaA1Vv9OJNRXaui7utOn6Kl5LxP/85ox9q7aCQ+iGCFgk0W9WFgYWlkaVpdLYCiGmlAmub7VYh6VlKHObGaL0k950M2CceZjWCS1UtE5L5buLwrlm2lEOXJEjskpccglKZM7UiFVwkhKXsgreTOejXfjw/ictC4Z05kDMgPj6xf5zZ7T</latexit>

Why?

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � (✓ � arg detMq)

↵s

8⇡
GG̃

<latexit sha1_base64="M9vKVywvRCWeh6UFI15yHwqJxIs="></latexit>

G̃µ⌫ =
1

2
✏µ⌫⇢�G⇢�

<latexit sha1_base64="LtOAZlcFKqzWmUltDa0TXFCIgZA="></latexit>



The (QCD) axion
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qL ! e�i↵/2qL
<latexit sha1_base64="xsCvmxekecDV0Z1aV1Ewt5FT/gk=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiB4Mc5EQY9BLx48RDALJDHUdCqZJj2L3T1KGHL1N/wBr/oH3sSr+AN+h53lYBIfFDzeq6KqnhsJrrRtf1uphcWl5ZX0amZtfWNzK7u9U1FhLBmWWShCWXNBoeABljXXAmuRRPBdgVW3dzn0qw8oFQ+DW92PsOlDN+AdzkAbqZWl963rhuRdT4OU4SPFu+SIN0BEHhwXBsZsZXN23h6BzhNnQnJkglIr+9Nohyz2MdBMgFJ1x450MwGpORM4yDRihRGwHnSxbmgAPqpmMvpkQA+M0qadUJoKNB2pfycS8JXq+67p9EF7atYbiv959Vh3zpsJD6JYY8DGizqxoDqkw1hom0tkWvQNASa5uZUyDyQwbcKb2qLMUx62ByYYZzaGeVIp5J2TfOHmNFe8mESUJntknxwSh5yRIrkiJVImjDyRF/JK3qxn6936sD7HrSlrMrNLpmB9/QJl8KLJ</latexit>

qR ! e+i↵/2qR
<latexit sha1_base64="ZwA27rbuS2unkBA/MrbpGzxhiXY=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiAIQpyJgh6DXjxGMQskMdR0KpkmPYvdPUoYcvU3/AGv+gfexKv4A36HneVgEh8UPN6roqqeGwmutG1/W6mFxaXllfRqZm19Y3Mru71TUWEsGZZZKEJZc0Gh4AGWNdcCa5FE8F2BVbd3OfSrDygVD4Nb3Y+w6UM34B3OQBuplaX3rZuG5F1Pg5ThI8W75Ig3QEQeHBcGxmxlc3beHoHOE2dCcmSCUiv702iHLPYx0EyAUnXHjnQzAak5EzjINGKFEbAedLFuaAA+qmYy+mRAD4zSpp1Qmgo0Hal/JxLwler7run0QXtq1huK/3n1WHfOmwkPolhjwMaLOrGgOqTDWGibS2Ra9A0BJrm5lTIPJDBtwpvaosxTHrYHJhhnNoZ5UinknZN84fo0V7yYRJQme2SfHBKHnJEiuSIlUiaMPJEX8krerGfr3fqwPsetKWsys0umYH39AnZ0otM=</latexit>

mq ! mqe
�i↵

<latexit sha1_base64="ky51G+5zKHh8Cf1di4tl9hpskAI=">AAACHHicbVDJSgNBEO1xjXEb9ejBxiB4McxEQY9BLx4jmAWSGGo6lUyTnsXuHiUMOfob/oBX/QNv4lXwB/wOO8vBJD5oePVeFdX1vFhwpR3n21pYXFpeWc2sZdc3Nre27Z3diooSybDMIhHJmgcKBQ+xrLkWWIslQuAJrHq9q6FffUCpeBTe6n6MzQC6Ie9wBtpILfsgaN03JO/6GqSMHqkpKd6lJ7wBIvZh0LJzTt4Zgc4Td0JyZIJSy/5ptCOWBBhqJkCpuuvEupmC1JwJHGQbicIYWA+6WDc0hABVMx0dMqBHRmnTTiTNCzUdqX8nUgiU6gee6QxA+2rWG4r/efVEdy6aKQ/jRGPIxos6iaA6osNUaJtLZFr0DQEmufkrZT5IYNpkN7VFmaN8bA+DcWdjmCeVQt49zRduznLFy0lEGbJPDskxcck5KZJrUiJlwsgTeSGv5M16tt6tD+tz3LpgTWb2yBSsr185QaLA</latexit>

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � ✓̄

↵s

8⇡
GG̃

<latexit sha1_base64="zM/YuYmIrjfoeGtLZCqmD2mq3n4="></latexit>

}
<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit> }

<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit>

U(1)chiral
<latexit sha1_base64="tliTR/WFTPXlznGe60xPRwCWVcI=">AAACDnicbZBNTsMwEIWd8lfKXwpLNhYVUtlUSUGCZQUblkUibaU2ihzHba3aTmQ7oCrqHbgAW7gBO8SWK3ABzoHTZgEtT7L09GZGM/7ChFGlHefLKq2tb2xulbcrO7t7+wd29bCj4lRi4uGYxbIXIkUYFcTTVDPSSyRBPGSkG05u8nr3gUhFY3GvpwnxORoJOqQYaRMFdtWru2dBNpAc4jGViM0Cu+Y0nLngqnELUwOF2oH9PYhinHIiNGZIqb7rJNrPkNQUMzKrDFJFEoQnaET6xgrEifKz+ekzeGqSCA5jaZ7QcJ7+nsgQV2rKQ9PJkR6r5Voe/lfrp3p45WdUJKkmAi8WDVMGdQxzDjCikmDNpsYgLKm51QBAEmFtaP3ZosynxiTKwbjLGFZNp9lwzxvNu4ta67pAVAbH4ATUgQsuQQvcgjbwAAaP4Bm8gFfryXqz3q2PRWvJKmaOwB9Znz/vJ5we</latexit> U(1)PQ

<latexit sha1_base64="iny6mMYxzAYxxIgNlAoyf/nAMtA=">AAACBHicbVDLTsJAFJ3iC/GFunTTSExwQ1o00SXRjUtILGCgIdPpBSbMTJuZqQlp2PoDbvUP3Bm3/oc/4Hc4hS4UPMlNTs65N/feE8SMKu04X1ZhbX1jc6u4XdrZ3ds/KB8etVWUSAIeiVgkuwFWwKgAT1PNoBtLwDxg0Akmt5nfeQSpaCTu9TQGn+ORoENKsDbSg1d1zwdpszUblCtOzZnDXiVuTiooR3NQ/u6HEUk4CE0YVqrnOrH2Uyw1JQxmpX6iIMZkgkfQM1RgDspP5wfP7DOjhPYwkqaEtufq74kUc6WmPDCdHOuxWvYy8T+vl+jhtZ9SEScaBFksGibM1pGdfW+HVALRbGoIJpKaW20yxhITbTL6s0WZp8YQZsG4yzGskna95l7U6q3LSuMmj6iITtApqiIXXaEGukNN5CGCOHpGL+jVerLerHfrY9FasPKZY/QH1ucPG0OYcA==</latexit>

Introduce a global symmetry spontaneously broken at some high scale fa, 
the Peccei-Quinn symmetry



The (QCD) axion
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qL ! e�i↵/2qL
<latexit sha1_base64="xsCvmxekecDV0Z1aV1Ewt5FT/gk=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiB4Mc5EQY9BLx48RDALJDHUdCqZJj2L3T1KGHL1N/wBr/oH3sSr+AN+h53lYBIfFDzeq6KqnhsJrrRtf1uphcWl5ZX0amZtfWNzK7u9U1FhLBmWWShCWXNBoeABljXXAmuRRPBdgVW3dzn0qw8oFQ+DW92PsOlDN+AdzkAbqZWl963rhuRdT4OU4SPFu+SIN0BEHhwXBsZsZXN23h6BzhNnQnJkglIr+9Nohyz2MdBMgFJ1x450MwGpORM4yDRihRGwHnSxbmgAPqpmMvpkQA+M0qadUJoKNB2pfycS8JXq+67p9EF7atYbiv959Vh3zpsJD6JYY8DGizqxoDqkw1hom0tkWvQNASa5uZUyDyQwbcKb2qLMUx62ByYYZzaGeVIp5J2TfOHmNFe8mESUJntknxwSh5yRIrkiJVImjDyRF/JK3qxn6936sD7HrSlrMrNLpmB9/QJl8KLJ</latexit>

qR ! e+i↵/2qR
<latexit sha1_base64="ZwA27rbuS2unkBA/MrbpGzxhiXY=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiAIQpyJgh6DXjxGMQskMdR0KpkmPYvdPUoYcvU3/AGv+gfexKv4A36HneVgEh8UPN6roqqeGwmutG1/W6mFxaXllfRqZm19Y3Mru71TUWEsGZZZKEJZc0Gh4AGWNdcCa5FE8F2BVbd3OfSrDygVD4Nb3Y+w6UM34B3OQBuplaX3rZuG5F1Pg5ThI8W75Ig3QEQeHBcGxmxlc3beHoHOE2dCcmSCUiv702iHLPYx0EyAUnXHjnQzAak5EzjINGKFEbAedLFuaAA+qmYy+mRAD4zSpp1Qmgo0Hal/JxLwler7run0QXtq1huK/3n1WHfOmwkPolhjwMaLOrGgOqTDWGibS2Ra9A0BJrm5lTIPJDBtwpvaosxTHrYHJhhnNoZ5UinknZN84fo0V7yYRJQme2SfHBKHnJEiuSIlUiaMPJEX8krerGfr3fqwPsetKWsys0umYH39AnZ0otM=</latexit>

mq ! mqe
�i↵

<latexit sha1_base64="ky51G+5zKHh8Cf1di4tl9hpskAI=">AAACHHicbVDJSgNBEO1xjXEb9ejBxiB4McxEQY9BLx4jmAWSGGo6lUyTnsXuHiUMOfob/oBX/QNv4lXwB/wOO8vBJD5oePVeFdX1vFhwpR3n21pYXFpeWc2sZdc3Nre27Z3diooSybDMIhHJmgcKBQ+xrLkWWIslQuAJrHq9q6FffUCpeBTe6n6MzQC6Ie9wBtpILfsgaN03JO/6GqSMHqkpKd6lJ7wBIvZh0LJzTt4Zgc4Td0JyZIJSy/5ptCOWBBhqJkCpuuvEupmC1JwJHGQbicIYWA+6WDc0hABVMx0dMqBHRmnTTiTNCzUdqX8nUgiU6gee6QxA+2rWG4r/efVEdy6aKQ/jRGPIxos6iaA6osNUaJtLZFr0DQEmufkrZT5IYNpkN7VFmaN8bA+DcWdjmCeVQt49zRduznLFy0lEGbJPDskxcck5KZJrUiJlwsgTeSGv5M16tt6tD+tz3LpgTWb2yBSsr185QaLA</latexit>

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � ✓̄

↵s

8⇡
GG̃

<latexit sha1_base64="zM/YuYmIrjfoeGtLZCqmD2mq3n4="></latexit>

}
<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit> }

<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit>

U(1)chiral
<latexit sha1_base64="tliTR/WFTPXlznGe60xPRwCWVcI=">AAACDnicbZBNTsMwEIWd8lfKXwpLNhYVUtlUSUGCZQUblkUibaU2ihzHba3aTmQ7oCrqHbgAW7gBO8SWK3ABzoHTZgEtT7L09GZGM/7ChFGlHefLKq2tb2xulbcrO7t7+wd29bCj4lRi4uGYxbIXIkUYFcTTVDPSSyRBPGSkG05u8nr3gUhFY3GvpwnxORoJOqQYaRMFdtWru2dBNpAc4jGViM0Cu+Y0nLngqnELUwOF2oH9PYhinHIiNGZIqb7rJNrPkNQUMzKrDFJFEoQnaET6xgrEifKz+ekzeGqSCA5jaZ7QcJ7+nsgQV2rKQ9PJkR6r5Voe/lfrp3p45WdUJKkmAi8WDVMGdQxzDjCikmDNpsYgLKm51QBAEmFtaP3ZosynxiTKwbjLGFZNp9lwzxvNu4ta67pAVAbH4ATUgQsuQQvcgjbwAAaP4Bm8gFfryXqz3q2PRWvJKmaOwB9Znz/vJ5we</latexit> U(1)PQ

<latexit sha1_base64="iny6mMYxzAYxxIgNlAoyf/nAMtA=">AAACBHicbVDLTsJAFJ3iC/GFunTTSExwQ1o00SXRjUtILGCgIdPpBSbMTJuZqQlp2PoDbvUP3Bm3/oc/4Hc4hS4UPMlNTs65N/feE8SMKu04X1ZhbX1jc6u4XdrZ3ds/KB8etVWUSAIeiVgkuwFWwKgAT1PNoBtLwDxg0Akmt5nfeQSpaCTu9TQGn+ORoENKsDbSg1d1zwdpszUblCtOzZnDXiVuTiooR3NQ/u6HEUk4CE0YVqrnOrH2Uyw1JQxmpX6iIMZkgkfQM1RgDspP5wfP7DOjhPYwkqaEtufq74kUc6WmPDCdHOuxWvYy8T+vl+jhtZ9SEScaBFksGibM1pGdfW+HVALRbGoIJpKaW20yxhITbTL6s0WZp8YQZsG4yzGskna95l7U6q3LSuMmj6iITtApqiIXXaEGukNN5CGCOHpGL+jVerLerHfrY9FasPKZY/QH1ucPG0OYcA==</latexit>

Lesson 1 
After the SSB, we have a pseudo Goldstone boson rotating the angle away 

✔STRONG CP PROBLEM SOLVED

↵ ⌘ a

fa
<latexit sha1_base64="a/RB3DvsW6n/ihoAXnodt2WDEic=">AAACF3icbZBLSgNBEIZ74ivG16g73TQGwVWYiYIug25cRjCJkAmhplOTNOl52N0TCEPAa3gBt3oDd+LWpRfwHHYeC5P4Q8PPX1VU1+cngivtON9WbmV1bX0jv1nY2t7Z3bP3D+oqTiXDGotFLB98UCh4hDXNtcCHRCKEvsCG378Z1xsDlIrH0b0eJtgKoRvxgDPQJmrbRx6IpAcePqZ8QL1AAstglAVtGLXtolNyJqLLxp2ZIpmp2rZ/vE7M0hAjzQQo1XSdRLcykJozgaOClypMgPWhi01jIwhRtbLJDSN6apIODWJpXqTpJP07kUGo1DD0TWcIuqcWa+Pwv1oz1cFVK+NRkmqM2HRRkAqqYzoGQjtcItNiaAwwyc1fKeuB4aANtrktyhzVw84YjLuIYdnUyyX3vFS+uyhWrmeI8uSYnJAz4pJLUiG3pEpqhJEn8kJeyZv1bL1bH9bntDVnzWYOyZysr1+416Dz</latexit>

Introduce a global symmetry spontaneously broken at some high scale fa, 
the Peccei-Quinn symmetry



The (QCD) axion is massive
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Lesson 1, cont’d 
The same rotation gives a mass to the axion (w/ two quarks)

m2
a =

mumd

mu +md

hūui
f2
a

<latexit sha1_base64="FcUNbLysCTsbGCaozrOBh1id1UE="></latexit>

In other words, give enough time to the universe and it relax to a CP 
conserving QCD Lagrangian*

*your mileage may vary

C
re

di
t: 

G
.R

af
fe

lt



Axion cosmology in a nutshell
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Suppose PQ is broken before inflation. The axion field is homogeneous

H =
Ṙ

R
<latexit sha1_base64="41GMdLYxoV6Ioxfec5JXgY7iaf4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0I1QdNNlFfuANpTJdNIOnUzCzI0QQv0VNy4UceuHuPNvnLZZaOuBC4dz7mHuHD8WXIPjfFuFtfWNza3idmlnd2//wD48ausoUZS1aCQi1fWJZoJL1gIOgnVjxUjoC9bxJ7czv/PIlOaRfIA0Zl5IRpIHnBIw0sAuN677gSI06w8jyO6nUzMDu+JUnTnwKnFzUkE5mgP7y6RpEjIJVBCte64Tg5cRBZwKNi31E81iQidkxHqGShIy7WXz46f41ChDHETKjAQ8V38nMhJqnYa+2QwJjPWyNxP/83oJBFdexmWcAJN08VCQCAwRnjWBh1wxCiI1hFDFza2YjonpAkxfJVOCu/zlVdKuVd3zau3uolK/yesoomN0gs6Qiy5RHTVQE7UQRSl6Rq/ozXqyXqx362OxWrDyTBn9gfX5AyV/lRk=</latexit>

where V = m2
aa

<latexit sha1_base64="itxHaI+mU71x2sui/lz6E5TaFn0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHCOYhyRp6J5NkyMzuMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKMrqNBKRagWomeAhqxtuBGvFiqEMBGsGo5up33xiSvMovDfjmPkSByHvc4rGSg+NK9nFxwrBbrHklt0ZyDLxMlKCDLVu8avTi2giWWioQK3bnhsbP0VlOBVsUugkmsVIRzhgbUtDlEz76ezgCTmxSo/0I2UrNGSm/p5IUWo9loHtlGiGetGbiv957cT0L/2Uh3FiWEjni/qJICYi0+9JjytGjRhbglRxeyuhQ1RIjc2oYEPwFl9eJo1K2TsrV+7OS9XrLI48HMExnIIHF1CFW6hBHShIeIZXeHOU8+K8Ox/z1pyTzRzCHzifP6n0j6k=</latexit>

ä+ 3Hȧ+
@V

@a
= 0

<latexit sha1_base64="92FRO992PTCBhtNH0HbN/4shzxw=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQplpC7oRim66rGBroTOUO5lMG5p5kGSEMsyPuPFX3LhQxIUb8W9M20G09UDg5Jx7b3KPG3MmlWl+GYWV1bX1jeJmaWt7Z3evvH/QlVEiCO2QiEei54KknIW0o5jitBcLCoHL6Z07vp76d/dUSBaFt2oSUyeAYch8RkBpaVBu2J4XqRSys3oL2zm1fQEktWMQigFPu1n2c8GQXZqDcsWsmjPgZWLlpIJytAflDz2aJAENFeEgZd8yY+Wk05GE06xkJ5LGQMYwpH1NQwiodNLZdhk+0YqH/UjoEyo8U393pBBIOQlcXRmAGslFbyr+5/UT5V84KQvjRNGQzB/yE45VhKdRYY8JShSfaAJEMP1XTEago1E60JIOwVpceZl0a1WrXq3dNCrNqzyOIjpCx+gUWegcNVELtVEHEfSAntALejUejWfjzXiflxaMvOcQ/YHx+Q1lC6K6</latexit>
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Suppose PQ is broken before inflation. The axion field is homogeneous

H =
Ṙ

R
<latexit sha1_base64="41GMdLYxoV6Ioxfec5JXgY7iaf4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0I1QdNNlFfuANpTJdNIOnUzCzI0QQv0VNy4UceuHuPNvnLZZaOuBC4dz7mHuHD8WXIPjfFuFtfWNza3idmlnd2//wD48ausoUZS1aCQi1fWJZoJL1gIOgnVjxUjoC9bxJ7czv/PIlOaRfIA0Zl5IRpIHnBIw0sAuN677gSI06w8jyO6nUzMDu+JUnTnwKnFzUkE5mgP7y6RpEjIJVBCte64Tg5cRBZwKNi31E81iQidkxHqGShIy7WXz46f41ChDHETKjAQ8V38nMhJqnYa+2QwJjPWyNxP/83oJBFdexmWcAJN08VCQCAwRnjWBh1wxCiI1hFDFza2YjonpAkxfJVOCu/zlVdKuVd3zau3uolK/yesoomN0gs6Qiy5RHTVQE7UQRSl6Rq/ozXqyXqx362OxWrDyTBn9gfX5AyV/lRk=</latexit>

ä ' �m2
aa

<latexit sha1_base64="VmB2jwQfDHrgaHyQsGXRxTCJFq0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0tSBV0W3bisYB/QxnAzmbRDZ5I4MxFK7MJfceNCEbf+hjv/xuljoa0HLhzOuZd77wlSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqySShdZLwRLYCUJSzmNY105y2UklBBJw2g/7VyG8+UKlYEt/qQUo9Ad2YRYyANpJv73fCMNE5DDuKCXp/Iny4q2Dw7ZJTdsbA88SdkhKaoubbX50wIZmgsSYclGq7Tqq9HKRmhNNhsZMpmgLpQ5e2DY1BUOXl4/uH+MgoIY4SaSrWeKz+nshBKDUQgekUoHtq1huJ/3ntTEcXXs7iNNM0JpNFUcaxTvAoDBwySYnmA0OASGZuxaQHEog2kRVNCO7sy/OkUSm7p+XKzVmpejmNo4AO0CE6Ri46R1V0jWqojgh6RM/oFb1ZT9aL9W59TFoXrOnMHvoD6/MHmsSV0Q==</latexit>

a '

R(H ⇠ ma)

R(t)

�3/2
a0 cosmat

<latexit sha1_base64="62Yg561xa/sJZLpYPnZS+nLErkI="></latexit>

After being a damped harmonic oscillator, it becomes

where V = m2
aa

<latexit sha1_base64="itxHaI+mU71x2sui/lz6E5TaFn0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHCOYhyRp6J5NkyMzuMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKMrqNBKRagWomeAhqxtuBGvFiqEMBGsGo5up33xiSvMovDfjmPkSByHvc4rGSg+NK9nFxwrBbrHklt0ZyDLxMlKCDLVu8avTi2giWWioQK3bnhsbP0VlOBVsUugkmsVIRzhgbUtDlEz76ezgCTmxSo/0I2UrNGSm/p5IUWo9loHtlGiGetGbiv957cT0L/2Uh3FiWEjni/qJICYi0+9JjytGjRhbglRxeyuhQ1RIjc2oYEPwFl9eJo1K2TsrV+7OS9XrLI48HMExnIIHF1CFW6hBHShIeIZXeHOU8+K8Ox/z1pyTzRzCHzifP6n0j6k=</latexit>

ä+ 3Hȧ+
@V

@a
= 0

<latexit sha1_base64="92FRO992PTCBhtNH0HbN/4shzxw=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQplpC7oRim66rGBroTOUO5lMG5p5kGSEMsyPuPFX3LhQxIUb8W9M20G09UDg5Jx7b3KPG3MmlWl+GYWV1bX1jeJmaWt7Z3evvH/QlVEiCO2QiEei54KknIW0o5jitBcLCoHL6Z07vp76d/dUSBaFt2oSUyeAYch8RkBpaVBu2J4XqRSys3oL2zm1fQEktWMQigFPu1n2c8GQXZqDcsWsmjPgZWLlpIJytAflDz2aJAENFeEgZd8yY+Wk05GE06xkJ5LGQMYwpH1NQwiodNLZdhk+0YqH/UjoEyo8U393pBBIOQlcXRmAGslFbyr+5/UT5V84KQvjRNGQzB/yE45VhKdRYY8JShSfaAJEMP1XTEago1E60JIOwVpceZl0a1WrXq3dNCrNqzyOIjpCx+gUWegcNVELtVEHEfSAntALejUejWfjzXiflxaMvOcQ/YHx+Q1lC6K6</latexit>
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Suppose PQ is broken before inflation. The axion field is homogeneous

V = m2
aa

<latexit sha1_base64="itxHaI+mU71x2sui/lz6E5TaFn0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHCOYhyRp6J5NkyMzuMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKMrqNBKRagWomeAhqxtuBGvFiqEMBGsGo5up33xiSvMovDfjmPkSByHvc4rGSg+NK9nFxwrBbrHklt0ZyDLxMlKCDLVu8avTi2giWWioQK3bnhsbP0VlOBVsUugkmsVIRzhgbUtDlEz76ezgCTmxSo/0I2UrNGSm/p5IUWo9loHtlGiGetGbiv957cT0L/2Uh3FiWEjni/qJICYi0+9JjytGjRhbglRxeyuhQ1RIjc2oYEPwFl9eJo1K2TsrV+7OS9XrLI48HMExnIIHF1CFW6hBHShIeIZXeHOU8+K8Ox/z1pyTzRzCHzifP6n0j6k=</latexit>

H =
Ṙ

R
<latexit sha1_base64="41GMdLYxoV6Ioxfec5JXgY7iaf4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0I1QdNNlFfuANpTJdNIOnUzCzI0QQv0VNy4UceuHuPNvnLZZaOuBC4dz7mHuHD8WXIPjfFuFtfWNza3idmlnd2//wD48ausoUZS1aCQi1fWJZoJL1gIOgnVjxUjoC9bxJ7czv/PIlOaRfIA0Zl5IRpIHnBIw0sAuN677gSI06w8jyO6nUzMDu+JUnTnwKnFzUkE5mgP7y6RpEjIJVBCte64Tg5cRBZwKNi31E81iQidkxHqGShIy7WXz46f41ChDHETKjAQ8V38nMhJqnYa+2QwJjPWyNxP/83oJBFdexmWcAJN08VCQCAwRnjWBh1wxCiI1hFDFza2YjonpAkxfJVOCu/zlVdKuVd3zau3uolK/yesoomN0gs6Qiy5RHTVQE7UQRSl6Rq/ozXqyXqx362OxWrDyTBn9gfX5AyV/lRk=</latexit>

ä ' �m2
aa

<latexit sha1_base64="VmB2jwQfDHrgaHyQsGXRxTCJFq0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0tSBV0W3bisYB/QxnAzmbRDZ5I4MxFK7MJfceNCEbf+hjv/xuljoa0HLhzOuZd77wlSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqySShdZLwRLYCUJSzmNY105y2UklBBJw2g/7VyG8+UKlYEt/qQUo9Ad2YRYyANpJv73fCMNE5DDuKCXp/Iny4q2Dw7ZJTdsbA88SdkhKaoubbX50wIZmgsSYclGq7Tqq9HKRmhNNhsZMpmgLpQ5e2DY1BUOXl4/uH+MgoIY4SaSrWeKz+nshBKDUQgekUoHtq1huJ/3ntTEcXXs7iNNM0JpNFUcaxTvAoDBwySYnmA0OASGZuxaQHEog2kRVNCO7sy/OkUSm7p+XKzVmpejmNo4AO0CE6Ri46R1V0jWqojgh6RM/oFb1ZT9aL9W59TFoXrOnMHvoD6/MHmsSV0Q==</latexit>

a '

R(H ⇠ ma)

R(t)

�3/2
a0 cosmat

<latexit sha1_base64="62Yg561xa/sJZLpYPnZS+nLErkI="></latexit>

a ' ✓0fa

s
ma(TC)

ma(T )


R(H ⇠ ma)

R(t)

�3/2
a0 cosmat

<latexit sha1_base64="cJz6YNwvPWKtZuiWTIx3dZ144kI="></latexit>

After being a damped harmonic oscillator, it becomes

Including an additional temperature dependence

Lesson 2 
Axion can be a dark matter candidate

✔DM MISTERY SOLVED

whereä+ 3Hȧ+
@V

@a
= 0

<latexit sha1_base64="92FRO992PTCBhtNH0HbN/4shzxw=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQplpC7oRim66rGBroTOUO5lMG5p5kGSEMsyPuPFX3LhQxIUb8W9M20G09UDg5Jx7b3KPG3MmlWl+GYWV1bX1jeJmaWt7Z3evvH/QlVEiCO2QiEei54KknIW0o5jitBcLCoHL6Z07vp76d/dUSBaFt2oSUyeAYch8RkBpaVBu2J4XqRSys3oL2zm1fQEktWMQigFPu1n2c8GQXZqDcsWsmjPgZWLlpIJytAflDz2aJAENFeEgZd8yY+Wk05GE06xkJ5LGQMYwpH1NQwiodNLZdhk+0YqH/UjoEyo8U393pBBIOQlcXRmAGslFbyr+5/UT5V84KQvjRNGQzB/yE45VhKdRYY8JShSfaAJEMP1XTEago1E60JIOwVpceZl0a1WrXq3dNCrNqzyOIjpCx+gUWegcNVELtVEHEfSAntALejUejWfjzXiflxaMvOcQ/YHx+Q1lC6K6</latexit>

⇢a =
1

2
m2

aa
2

<latexit sha1_base64="6jH4AimqrSleKLgdOjLYcnCyahU=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRR0I1QdOOygn1AE8NkOmmHTmbCzEQooQs3/oobF4q49SPc+TdO2yy09cCFwzn3cu89Ucqo0o7zbZVWVtfWN8qbla3tnd09e/+grUQmMWlhwYTsRkgRRjlpaaoZ6aaSoCRipBONrqd+54FIRQW/0+OUBAkacBpTjLSRQrvqy6EI0aUfS4Rzd5J7kyRE9x40Fdo1p+7MAJeJW5AaKNAM7S+/L3CWEK4xQ0r1XCfVQY6kppiRScXPFEkRHqEB6RnKUUJUkM+emMBjo/RhLKQpruFM/T2Ro0SpcRKZzgTpoVr0puJ/Xi/T8UWQU55mmnA8XxRnDGoBp4nAPpUEazY2BGFJza0QD5GJQ5vcKiYEd/HlZdL26u5p3bs9qzWuijjKoAqOwAlwwTlogBvQBC2AwSN4Bq/gzXqyXqx362PeWrKKmUPwB9bnD7Kql3g=</latexit>
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(If broken after inflation, more axions produced from cosmic strings and 
domain walls)

QCD Axion cosmology in a nutshell

C
re

di
t: 

S
.K

ni
rc

k

On QCD axion GW and axion production: Sikivie 1982, Chang et al. hep-ph/9808302, hep-ph/
9807374, Hiramatsu et al 1002.1555, 1309.5001, 1207.3166. Ask for additional bibliography on the 
topic of axions from strings 
On N=1 ALPs: Gorghetto et al. 2101.11007
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(If broken after inflation, more axions produced from cosmic strings and 
domain walls)

C
re

di
t: 

S
.K

ni
rc

k

QCD Axion cosmology in a nutshell

On QCD axion GW and axion production: Sikivie 1982, Chang et al. hep-ph/9808302, hep-ph/
9807374, Hiramatsu et al 1002.1555, 1309.5001, 1207.3166. Ask for additional bibliography on the 
topic of axions from strings 
On N=1 ALPs: Gorghetto et al. 2101.11007

New QCD axion detection ideas!  
Examples:  
• MADMAX, Phys.Rev.Lett. 118 (2017) 9, 091801 
• Plasma haloscope (Lawson, Millar, Pancaldi, EV, Wilczek), Phys.Rev.Lett. 123 (2019) 14, 141802



22

(If broken after inflation, more axions produced from cosmic strings and 
domain walls)

QCD Axion cosmology in a nutshell

C
re

di
t: 

S
.K

ni
rc

k

Buschmann et al., Nature Communications volume 13, Article number: 1049 (2022)

Latest results: 40 ≲ ma /μeV ≲ 180

https://www.nature.com/ncomms


How to detect the 
axion
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The QCD axion solves the strong CP problem and is a good DM candidate. 
How to detect it?

L = �1

4
ga�aF F̃ = ga�aE ·B

<latexit sha1_base64="Zq2XCT47qanNpcC44VHQsnkanUg="></latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>Cosmo bounds

Direct detection
Astro bounds

(model dependent)

Primakoff effect
Credit: C.A.J.O’Hare

Axion parameter 
space, 2022 circa
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The QCD axion solves the strong CP problem and is a good DM candidate. 
How to detect it?

L = �1

4
ga�aF F̃ = ga�aE ·B

<latexit sha1_base64="Zq2XCT47qanNpcC44VHQsnkanUg="></latexit>

(model dependent)

Credit: C.A.J.O’Hare
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The QCD axion solves the strong CP problem and is a good DM candidate. 
How to detect it?

L = �1

4
ga�aF F̃ = ga�aE ·B

<latexit sha1_base64="Zq2XCT47qanNpcC44VHQsnkanUg="></latexit>

(model dependent)

ga� = � ↵

2⇡fa
Ca�

<latexit sha1_base64="kDa5QBHVM6Qodtf/vyZ7IO8SKms=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4sc5UQTdCsRuXFewDOmW4k2ba0GRmSDJCGeYz3Pgrblwo4rY7/8b0AWrrgcDhnHO5ucePOVPatr+s3Mrq2vpGfrOwtb2zu1fcP2iqKJGENkjEI9n2QVHOQtrQTHPajiUF4XPa8oe1id96pFKxKHzQo5h2BfRDFjAC2khe8bzvpeD2QQjIbs7cQAJJXeDxALK04sYMBx5ktZ+MVyzZZXsKvEycOSmhOepecez2IpIIGmrCQamOY8e6m4LUjHCaFdxE0RjIEPq0Y2gIgqpuOj0swydG6eEgkuaFGk/V3xMpCKVGwjdJAXqgFr2J+J/XSXRw3U1ZGCeahmS2KEg41hGetIR7TFKi+cgQIJKZv2IyAFOONl0WTAnO4snLpFkpOxflyv1lqXo7ryOPjtAxOkUOukJVdIfqqIEIekIv6A29W8/Wq/Vhfc6iOWs+c4j+wBp/A5h9oL4=</latexit>

Credit: C.A.J.O’Hare

Latest predictions post-inflationary scenario



From axion-photon to axion-plasmon

27

In cavity searches,  
the cavity size~Compton 
wavelength. But as they become 
more massive, it is prohibitive

Axion DM is slow and massive. We need to correct for the energy-momentum 
conservation



From axion-photon to axion-plasmon

28

Axion DM is slow and massive. We need to correct for the energy-momentum 
conservation

In cavity searches,  
the cavity size~Compton 
wavelength. But as they become 
more massive, it is prohibitive

In a medium, photons are “massive” with mass=plasma frequency! 
The basic idea of tunable plasma haloscopes:

!pl = ma
<latexit sha1_base64="L4Hf/xGR6yCOLGEREdnMf3K7DQA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInspuFfQiFL14rGA/oF2W2TRtQ5PNkmSFuvSXePGgiFd/ijf/jWm7B219MPB4b4aZeVHCmTae9+0U1tY3NreK26Wd3b39sntw2NIyVYQ2ieRSdSLQlLOYNg0znHYSRUFEnLaj8e3Mbz9SpZmMH8wkoYGAYcwGjICxUuiWe1LQIYRZwqfXIoTQrXhVbw68SvycVFCORuh+9fqSpILGhnDQuut7iQkyUIYRTqelXqppAmQMQ9q1NAZBdZDND5/iU6v08UAqW7HBc/X3RAZC64mIbKcAM9LL3kz8z+umZnAVZCxOUkNjslg0SDk2Es9SwH2mKDF8YgkQxeytmIxAATE2q5INwV9+eZW0alX/vFq7v6jUb/I4iugYnaAz5KNLVEd3qIGaiKAUPaNX9OY8OS/Ou/OxaC04+cwR+gPn8wf0uZNH</latexit>

Alternative:



Axion detection in a medium

29

Two equivalent descriptions: 
• Maxwell equations in a medium 
• Thermal field theory
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Two equivalent descriptions: 
• Maxwell equations in a medium 
• Thermal field theory

r⇥H� Ḋ = ga�Bȧ
<latexit sha1_base64="lol4lv++FOvvNVOA/Q1QKThqAHc=">AAACKXicbVDLSgMxFM34rPVVdekmWAQ3lhkVdCOU6qJLBatCp5Q7adqGJpkhuSOUYX7Hjb/iRkFRt/6I6WPh60DgcM495N4TJVJY9P13b2Z2bn5hsbBUXF5ZXVsvbWxe2zg1jDdYLGNzG4HlUmjeQIGS3yaGg4okv4kGZyP/5o4bK2J9hcOEtxT0tOgKBuikdqkaaogk0BCF4paGUSw7WT3fn5CwE2N2nuenvXYGYQ+Ugnzi1PKxB3m7VPYr/hj0LwmmpEymuGiXnl2SpYprZBKsbQZ+gq0MDAomeV4MU8sTYAPo8aajGtxerWx8aU53ndKh3di4p5GO1e+JDJS1QxW5SQXYt7+9kfif10yxe9LKhE5S5JpNPuqmkmJMR7XRjjCcoRw6AswItytlfTDA0JVbdCUEv0/+S64PKsFh5eDyqFytTesokG2yQ/ZIQI5JldTJBWkQRu7JI3khr96D9+S9eR+T0RlvmtkiP+B9fgEnz6hz</latexit>

(Drude model)

B field

Axion detection in a medium

D = ✏E
<latexit sha1_base64="CiBhJzwNqAFbOnNjB/3W515BkfY=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmqoBuh+ACXFWwrNKFMJpN26GQmzEyEEgJu/BU3LhRx60+482+ctllo64ELh3Pu5d57goRRpR3n2yotLC4tr5RXK2vrG5tb9vZOW4lUYtLCggl5HyBFGOWkpalm5D6RBMUBI51geDn2Ow9EKir4nR4lxI9Rn9OIYqSN1LP3vECwMLvKzz2SKMoEh1PlOu/ZVafmTADniVuQKijQ7NlfXihwGhOuMUNKdV0n0X6GpKaYkbzipYokCA9Rn3QN5Sgmys8mP+Tw0CghjIQ0xTWcqL8nMhQrNYoD0xkjPVCz3lj8z+umOjrzM8qTVBOOp4uilEEt4DgQGFJJsGYjQxCW1NwK8QBJhLWJrWJCcGdfniftes09rtVvT6qNiyKOMtgHB+AIuOAUNMANaIIWwOARPINX8GY9WS/Wu/UxbS1Zxcwu+APr8wcoqZfZ</latexit>

H = B/µ
<latexit sha1_base64="3U9X7eLZw7as3RIPaNWI5oAPe8M=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFd1pgq6EUrddFnBXqAzlEwmbUOTzJBkhDLOwldx40IRt76GO9/GtJ2Ftv4Q+PjPOZyTP4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxrfTeueBSEUjca8nMfE5Ggo6oBhpY/XtIy+IWJg2shs4p3p27vGkb5edijMTXAY3hzLI1ezbX14Y4YQToTFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DArEifLT2f0ZPDVOCAeRNE9oOHN/T6SIKzXhgenkSI/UYm1q/lfrJXpw7adUxIkmAs8XDRIGdQSnYcCQSoI1mxhAWFJzK8QjJBHWJrKSCcFd/PIytKsV96JSvbss1+p5HEVwDE7AGXDBFaiBBmiCFsDgETyDV/BmPVkv1rv1MW8tWPnMIfgj6/MHiBaVyQ==</latexit>

✏, µ
<latexit sha1_base64="H0Qtn5yZzuTEEOxbrd43hx9S0oo=">AAAB83icbVDJSgNBEO2JW4xb1KOXxiB4kDATBT0GvXiMYBbIDKGn05M06Y1ehBDyG148KOLVn/Hm39hJ5qCJDwoe71VRVS9VjBobht9BYW19Y3OruF3a2d3bPygfHrWMdBqTJpZM6k6KDGFUkKallpGO0gTxlJF2Orqb+e0nog2V4tGOFUk4GgiaUYysl+KYKEOZFBcxd71yJayGc8BVEuWkAnI0euWvuC+x40RYzJAx3ShUNpkgbSlmZFqKnSEK4REakK6nAnFiksn85ik880ofZlL7EhbO1d8TE8SNGfPUd3Jkh2bZm4n/eV1ns5tkQoVylgi8WJQ5Bq2EswBgn2qCLRt7grCm/laIh0gjbH1MJR9CtPzyKmnVqtFltfZwVanf5nEUwQk4BecgAtegDu5BAzQBBgo8g1fwFrjgJXgPPhathSCfOQZ/EHz+ABXJkbY=</latexit>

The axion field is  which modifies the Maxwell equationsa(t) = a0e−imat

L = �1

4
Fµ⌫F

µ⌫ � jµAµ +
1

2
@µa@

µa� 1

2
m2

aa
2 � ga�

4
aFµ⌫ F̃

µ⌫

<latexit sha1_base64="uEDGAzmvqi7aj0jboTGGt0XuKdU="></latexit>
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The axion field is  which modifies the Maxwell equationsa(t) = a0e−imat

E = �ga�Ba

✏
= �ga�Ba

 
1�

!2
pl

!2
a � i!a�

!�1

<latexit sha1_base64="AAiYknKCPfbH0MIWt4jt1gWBMf0="></latexit>

Dielectric function Damping rate

Where we have used ✏ = 1�
!2
pl

!2
a � i!a�

<latexit sha1_base64="ww0Tn74ebWGJS3oVdvuLaBOqnA8=">AAACKHicbVBLS8NAEN74tr6qHr0Ei+DFklRBL6LoQY8KVoWmlsl2UpfuI+xuhBLyc7z4V7yIKOLVX+K2Ft8DC99jhtn54pQzY4Pg1RsZHRufmJyaLs3Mzs0vlBeXzo3KNMU6VVzpyxgMciaxbpnleJlqBBFzvIi7h33/4ga1YUqe2V6KTQEdyRJGwTqpVd6LMDWMK7kbbkSJBppHSmAHWnnKi6ta8UnBsQ32xaIjEAKKVrkSVINB+X9BOAQVMqyTVvkxaiuaCZSWcjCmEQapbeagLaMci1KUGUyBdqGDDQclCDTNfHBo4a85pe0nSrsnrT9Qv0/kIIzpidh1CrDX5rfXF//zGplNdpo5k2lmUdKPRUnGfav8fmp+m2mklvccAKqZ+6tPr8HFZV22JRdC+Pvkv+C8Vg03q7XTrcr+wTCOKbJCVsk6Cck22SfH5ITUCSW35J48kWfvznvwXrzXj9YRbzizTH6U9/YO+H6nxQ==</latexit>

(Drude model)

B field

Axion detection in a medium

r⇥H� Ḋ = ga�Bȧ
<latexit sha1_base64="lol4lv++FOvvNVOA/Q1QKThqAHc=">AAACKXicbVDLSgMxFM34rPVVdekmWAQ3lhkVdCOU6qJLBatCp5Q7adqGJpkhuSOUYX7Hjb/iRkFRt/6I6WPh60DgcM495N4TJVJY9P13b2Z2bn5hsbBUXF5ZXVsvbWxe2zg1jDdYLGNzG4HlUmjeQIGS3yaGg4okv4kGZyP/5o4bK2J9hcOEtxT0tOgKBuikdqkaaogk0BCF4paGUSw7WT3fn5CwE2N2nuenvXYGYQ+Ugnzi1PKxB3m7VPYr/hj0LwmmpEymuGiXnl2SpYprZBKsbQZ+gq0MDAomeV4MU8sTYAPo8aajGtxerWx8aU53ndKh3di4p5GO1e+JDJS1QxW5SQXYt7+9kfif10yxe9LKhE5S5JpNPuqmkmJMR7XRjjCcoRw6AswItytlfTDA0JVbdCUEv0/+S64PKsFh5eDyqFytTesokG2yQ/ZIQI5JldTJBWkQRu7JI3khr96D9+S9eR+T0RlvmtkiP+B9fgEnz6hz</latexit>

D = ✏E
<latexit sha1_base64="CiBhJzwNqAFbOnNjB/3W515BkfY=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmqoBuh+ACXFWwrNKFMJpN26GQmzEyEEgJu/BU3LhRx60+482+ctllo64ELh3Pu5d57goRRpR3n2yotLC4tr5RXK2vrG5tb9vZOW4lUYtLCggl5HyBFGOWkpalm5D6RBMUBI51geDn2Ow9EKir4nR4lxI9Rn9OIYqSN1LP3vECwMLvKzz2SKMoEh1PlOu/ZVafmTADniVuQKijQ7NlfXihwGhOuMUNKdV0n0X6GpKaYkbzipYokCA9Rn3QN5Sgmys8mP+Tw0CghjIQ0xTWcqL8nMhQrNYoD0xkjPVCz3lj8z+umOjrzM8qTVBOOp4uilEEt4DgQGFJJsGYjQxCW1NwK8QBJhLWJrWJCcGdfniftes09rtVvT6qNiyKOMtgHB+AIuOAUNMANaIIWwOARPINX8GY9WS/Wu/UxbS1Zxcwu+APr8wcoqZfZ</latexit>

H = B/µ
<latexit sha1_base64="3U9X7eLZw7as3RIPaNWI5oAPe8M=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFd1pgq6EUrddFnBXqAzlEwmbUOTzJBkhDLOwldx40IRt76GO9/GtJ2Ftv4Q+PjPOZyTP4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxrfTeueBSEUjca8nMfE5Ggo6oBhpY/XtIy+IWJg2shs4p3p27vGkb5edijMTXAY3hzLI1ezbX14Y4YQToTFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DArEifLT2f0ZPDVOCAeRNE9oOHN/T6SIKzXhgenkSI/UYm1q/lfrJXpw7adUxIkmAs8XDRIGdQSnYcCQSoI1mxhAWFJzK8QjJBHWJrKSCcFd/PIytKsV96JSvbss1+p5HEVwDE7AGXDBFaiBBmiCFsDgETyDV/BmPVkv1rv1MW8tWPnMIfgj6/MHiBaVyQ==</latexit>

Two equivalent descriptions: 
• Maxwell equations in a medium 
• Thermal field theory

✏, µ
<latexit sha1_base64="H0Qtn5yZzuTEEOxbrd43hx9S0oo=">AAAB83icbVDJSgNBEO2JW4xb1KOXxiB4kDATBT0GvXiMYBbIDKGn05M06Y1ehBDyG148KOLVn/Hm39hJ5qCJDwoe71VRVS9VjBobht9BYW19Y3OruF3a2d3bPygfHrWMdBqTJpZM6k6KDGFUkKallpGO0gTxlJF2Orqb+e0nog2V4tGOFUk4GgiaUYysl+KYKEOZFBcxd71yJayGc8BVEuWkAnI0euWvuC+x40RYzJAx3ShUNpkgbSlmZFqKnSEK4REakK6nAnFiksn85ik880ofZlL7EhbO1d8TE8SNGfPUd3Jkh2bZm4n/eV1ns5tkQoVylgi8WJQ5Bq2EswBgn2qCLRt7grCm/laIh0gjbH1MJR9CtPzyKmnVqtFltfZwVanf5nEUwQk4BecgAtegDu5BAzQBBgo8g1fwFrjgJXgPPhathSCfOQZ/EHz+ABXJkbY=</latexit>

L = �1

4
Fµ⌫F

µ⌫ � jµAµ +
1

2
@µa@

µa� 1

2
m2

aa
2 � ga�

4
aFµ⌫ F̃

µ⌫

<latexit sha1_base64="uEDGAzmvqi7aj0jboTGGt0XuKdU="></latexit>
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We have a resonance! We need the damping (resistivity) to be low, and the 
plasma frequency must be tunable

Possible ideas: semiconductors, Josephson junctions, wire metamaterials

E = �ga�Ba

✏
= �ga�Ba

 
1�

!2
pl

!2
a � i!a�

!�1

<latexit sha1_base64="AAiYknKCPfbH0MIWt4jt1gWBMf0="></latexit>
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Wire metamaterial
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We have a resonance! We need the damping (resistivity) to be low, and the 
plasma frequency must be tunable

Possible ideas: semiconductors, Josephson junctions, wire metamaterials

In a usual metal,

!2
pl =

e2ne

me
<latexit sha1_base64="dOiO9pJ9Hsxx07LEE4G4uKfc9hE=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuykwVdCMU3bisYB/Qx5BJ77ShSWZIMkIZunbjr7hxoYhbv8Cdf2P6WGjrgXs5nHMvyT1hwpk2nvftLC2vrK6t5zbym1vbO7vu3n5Nx6miUKUxj1UjJBo4k1A1zHBoJAqICDnUw8HN2K8/gNIslvdmmEBbkJ5kEaPEWClwj1qxgB4JsoSPOqWrVqQIzaBTwjKAUSZsC9yCV/QmwIvEn5ECmqESuF+tbkxTAdJQTrRu+l5i2hlRhlEOo3wr1ZAQOiA9aFoqiQDdzianjPCJVbo4ipUtafBE/b2REaH1UIR2UhDT1/PeWPzPa6YmumxnTCapAUmnD0UpxybG41xwlymghg8tIVQx+1dM+8SmYWx6eRuCP3/yIqmViv5ZsXR3Xihfz+LIoUN0jE6Rjy5QGd2iCqoiih7RM3pFb86T8+K8Ox/T0SVntnOA/sD5/AF0Gpq+</latexit>

E = �ga�Ba

✏
= �ga�Ba

 
1�

!2
pl

!2
a � i!a�

!�1

<latexit sha1_base64="AAiYknKCPfbH0MIWt4jt1gWBMf0="></latexit>

C
re

di
t: 

A
. M

ill
ar

Pendry et al. J. Phys. Condens. Matter 10, 1998



Wire metamaterial
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We have a resonance! We need the damping (resistivity) to be low, and the 
plasma frequency must be tunable

Possible ideas: semiconductors, Josephson junctions, wire metamaterials

In a usual metal,

!2
pl =

e2ne

me
<latexit sha1_base64="dOiO9pJ9Hsxx07LEE4G4uKfc9hE=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuykwVdCMU3bisYB/Qx5BJ77ShSWZIMkIZunbjr7hxoYhbv8Cdf2P6WGjrgXs5nHMvyT1hwpk2nvftLC2vrK6t5zbym1vbO7vu3n5Nx6miUKUxj1UjJBo4k1A1zHBoJAqICDnUw8HN2K8/gNIslvdmmEBbkJ5kEaPEWClwj1qxgB4JsoSPOqWrVqQIzaBTwjKAUSZsC9yCV/QmwIvEn5ECmqESuF+tbkxTAdJQTrRu+l5i2hlRhlEOo3wr1ZAQOiA9aFoqiQDdzianjPCJVbo4ipUtafBE/b2REaH1UIR2UhDT1/PeWPzPa6YmumxnTCapAUmnD0UpxybG41xwlymghg8tIVQx+1dM+8SmYWx6eRuCP3/yIqmViv5ZsXR3Xihfz+LIoUN0jE6Rjy5QGd2iCqoiih7RM3pFb86T8+K8Ox/T0SVntnOA/sD5/AF0Gpq+</latexit>

but in a nanowire system

less charges

effective 
mass

E = �ga�Ba

✏
= �ga�Ba

 
1�

!2
pl

!2
a � i!a�

!�1

<latexit sha1_base64="AAiYknKCPfbH0MIWt4jt1gWBMf0="></latexit>

ne =
nmetal⇡r2

a2
<latexit sha1_base64="ZOoycc3lzOk+4Ca+aua7go84h4E=">AAACD3icbVDLSgMxFM3UV62vqks3waK4KjNV0I1QdOOygn1Apw6Z9E4bmmSGJCOUoX/gxl9x40IRt27d+Temj4W2HriXwzn3ktwTJpxp47rfTm5peWV1Lb9e2Njc2t4p7u41dJwqCnUa81i1QqKBMwl1wwyHVqKAiJBDMxxcj/3mAyjNYnlnhgl0BOlJFjFKjJWC4rEM4BJjP1KEZjLIfCWwAEP4yE8YVveVUUZsC4olt+xOgBeJNyMlNEMtKH753ZimAqShnGjd9tzEdDKiDKMcRgU/1ZAQOiA9aFsqiQDdySb3jPCRVbo4ipUtafBE/b2REaH1UIR2UhDT1/PeWPzPa6cmuuhkTCapAUmnD0UpxybG43Bwlymghg8tIVQx+1dM+8RGY2yEBRuCN3/yImlUyt5puXJ7VqpezeLIowN0iE6Qh85RFd2gGqojih7RM3pFb86T8+K8Ox/T0Zwz29lHf+B8/gBaj5w9</latexit>

meff =
e2⇡r2nmetal

2⇡
log

a

r
<latexit sha1_base64="JsNCJOj+rAyTeaHBCprYLAW1U0g=">AAACJ3icbVDLSgMxFM34tr6qLt0Ei+CqzFRBN0rRjUsFq0KnDpn0Tg0mmSHJCCXkb9z4K24EFdGlf2L6WPg6EDiccy4396QFZ9qE4UcwMTk1PTM7N19ZWFxaXqmurl3ovFQUWjTnubpKiQbOJLQMMxyuCgVEpBwu09vjgX95B0qzXJ6bfgEdQXqSZYwS46WkeigSC1nmDuJMEWrhuhEXDKvrBpaJjZXAAgzhztmB7mKe9+woSZxVziXVWlgPh8B/STQmNTTGaVJ9jrs5LQVIQznRuh2FhelYogyjHFwlLjUUhN6SHrQ9lUSA7tjhnQ5veaWLs1z5Jw0eqt8nLBFa90Xqk4KYG/3bG4j/ee3SZPsdy2RRGpB0tCgrOTY5HpSGu0wBNbzvCaGK+b9iekN8DcZXW/ElRL9P/ksuGvVop9442601j8Z1zKENtIm2UYT2UBOdoFPUQhTdo0f0gl6Dh+ApeAveR9GJYDyzjn4g+PwCZ+enjA==</latexit>

!2
pl =

e2ne

me↵
=

2⇡

a2 log a/r
<latexit sha1_base64="ri8nBnlOyZ0Mwp+ZbYjCufe95/w="></latexit>
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Pendry et al. J. Phys. Condens. Matter 10, 1998
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E = �ga�Ba

✏
= �ga�Ba

 
1�

!2
pl

!2
a � i!a�

!�1

<latexit sha1_base64="AAiYknKCPfbH0MIWt4jt1gWBMf0="></latexit>

The axion generates an electric field

• Copper wires 

• Strong magnetic field (solenoid is fine!) 

• Not limited by size 

• Tunability

log a/r � 1
<latexit sha1_base64="oQxKC+7gg1KvPD2NcWLUDBM/ZOM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXjxWsB/QXUs2Tbeh2WRJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObqZ++5EqzaS4N+OEBjGOBBswgo2VHnwuowyfqYkfRcjrlStu1Z0BLRMvJxXI0eiVv/y+JGlMhSEca9313MQEGVaGEU4nJT/VNMFkhCPatVTgmOogm109QSdW6aOBVLaEQTP190SGY63HcWg7Y2yGetGbiv953dQMroKMiSQ1VJD5okHKkZFoGgHqM0WJ4WNLMFHM3orIECtMjA2qZEPwFl9eJq1a1Tuv1u4uKvXrPI4iHMExnIIHl1CHW2hAEwgoeIZXeHOenBfn3fmYtxacfOYQ/sD5/AHnBZId</latexit>

r = 10µm
<latexit sha1_base64="qR6bwXTLH1oZeADKtaoY+j0HfMk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0q6EUoevFYwX5Iu5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh08SppqxBYxHrdkgME1yxhuVWsHaiGZGhYK1wdDv1W09MGx6rBztOWCDJQPGIU2Kd9Kivfa8rUyx7pbJX8WbAy8TPSRly1Hulr24/pqlkylJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gikpkgmx08wadO6eMo1q6UxTP190RGpDFjGbpOSezQLHpT8T+vk9roKsi4SlLLFJ0vilKBbYyn3+M+14xaMXaEUM3drZgOiSbUuoyKLgR/8eVl0qxW/PNK9f6iXLvJ4yjAMZzAGfhwCTW4gzo0gIKEZ3iFN6TRC3pHH/PWFZTPHMEfoM8fuEiPsw==</latexit>

a = 3mm
<latexit sha1_base64="gneQrKAdBPnir8QsyDOffWPS35g=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9ltC3oRil48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/n4pi7EoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITXQcZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qlev1h4aleZtHkcRzuAcLsGDK2jCPbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD0+qjls=</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

!2
pl =

e2ne

me↵
=

2⇡

a2 log a/r
' (100GHz)

2

<latexit sha1_base64="ayEka/I/lm/f04ODqG8ltJXoI1w="></latexit>

⃗B

V



Projected reach
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Loss rate

Q =
!

�
<latexit sha1_base64="/pnAEoG1zWP/qFBtNW/qRirClUU=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokVdCNUHShyxbsA5pQbqaTduhMEmYmQgnZ+CtuXCji1s9w5984fSy09cCFwzn3cu89QcKZ0o7zbRVWVtfWN4qbpa3tnd09e/+gpeJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsY3U789iOVisXRgx4n1BcwiFjICGgj9eyjxrUXSiCZFws6gDzz7kAIyHt22ak4U+Bl4s5JGc1R79lfXj8mqaCRJhyU6rpOov0MpGaE07zkpYomQEYwoF1DIxBU+dn0gRyfGqWPw1iaijSeqr8nMhBKjUVgOgXooVr0JuJ/XjfV4ZWfsShJNY3IbFGYcqxjPEkD95mkRPOxIUAkM7diMgSThzaZlUwI7uLLy6RVrbjnlWrjoly7mcdRRMfoBJ0hF12iGrpHddREBOXoGb2iN+vJerHerY9Za8GazxyiP7A+fwAFJpav</latexit>
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where we used

Quality factor

“geometric factor”, goes to 1
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Lawson, Millar, Pancaldi, Vitagliano, Wilczek (2019) 
Gelmini, Millar, Takhistov, Vitagliano (2020)
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From coverage to the experiment
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Axion Longitudinal Plasmon HAloscope
Stockholm University, UC Berkeley, MIT, 
ITMO, the University of Arizona, Cambridge, 
the University of Maryland and UC Davis

https://axiondm.fysik.su.se/alpha/



Dark matter 
detection:  
a TFT approach



Crash course in thermal field theory

40

See also: Weldon (1983), Redondo and Raffelt (2013), An, Pospelov and Pradler (2013), Hardy and Lasenby (2016)



Thermal field theory is very similar to zero temperature QFT.  

The imaginary part of a particle self energy

gives the rate with which a distribution of particles goes to equilbrium. For bosons

This is analogous to the optical theorem in QFT, the imaginary part of the self 
energy is related to the decay rate

41

Crash course in thermal field theory



Suppose we have two particles that can be converted into each other (so there is 
mixing)
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Crash course in thermal field theory

Two cases: 

• Many axions, no photons (laboratory) 

• Many photons, no axions (stars) 



Equilibrium is reached when
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DM detection w/ thermal field theory

The power deposited in the detector is

SO we just need to compute the imaginary part of the polarization tensor!

The master equations for axions and plasmons are
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DM detection w/ thermal field theory

The dispersion relation of the plasmon is

The self energy of an axion is

!p = e2
ne

m2
e
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DM detection w/ thermal field theory

Using we have

The power deposited in the detector is
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DM detection w/ thermal field theory

Using we have

The power deposited in the detector is
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Collective effects in stars

In the lab: one can compute the signal in a plasma haloscope and obtain the 
classical result  

In the sky: Energy loss in stars and supernovae, other signals



Collective effects in stars

In the sun: a 
previously 
overlooked 
contribution to the 
axion flux in 
helioscopes

In supernovae: a 
previously 
overlooked 
contribution to 
(heavy) axion flux

Caputo, Carenza, Lucente, Vitagliano et al., Phys.Rev.Lett. 127 (2021) 18, 181102
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Caputo, Millar, Vitagliano (2020) 
O’Hare, Caputo, Millar, Vitagliano (2020)



Conclusions



• The axion is a well-motivated dark matter candidate
• Plasma haloscopes are a promising new avenue
• We can probe larger mass axions
• We have competitive sensitivity, larger volumes, cheaper magnets (we can use 

a solenoid, and potentially probe any mass with the right metamaterial)
• The same process can be very important in stars and supernovae
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Conclusions



Thank you
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