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Two Propositions on Axion Electrodynamics
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Axions in Solids?

High-energy physics: θ(x, t) is a fundamental field describing axion dynamics in QCD

“Standard Model” of Solids = electrons + ions + Coulomb interactions

           (governed by Maxwell’s equations, not QCD)

No room for extra fundamental fields (“UV” description is fixed)

Q. How can we mimic axions in solids?

A. as emergent phenomena at low energies, modifying Maxwell’s equations

Maxwell Lagrangian with an axion θ-term:

<latexit sha1_base64="+2B4x048CRcW5NdYqwI33k6j6UY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoMgCGFXVhNvQS8eEzCJkCxhdtKbjJl9MDMrhCVf4MWDIl79JG/+jZOHoKIFDUVVN91dfiK40rb9YeWWlldW1/LrhY3Nre2d4u5eS8WpZNhksYjlrU8VCh5hU3Mt8DaRSENfYNsfXU399j1KxePoRo8T9EI6iHjAGdVGapz0iiW7bLtnVbtCDJnBENe1nQuHOAulBAvUe8X3bj9maYiRZoIq1XHsRHsZlZozgZNCN1WYUDaiA+wYGtEQlZfNDp2QI6P0SRBLU5EmM/X7REZDpcahbzpDqofqtzcV//I6qQ6qXsajJNUYsfmiIBVEx2T6NelziUyLsSGUSW5uJWxIJWXaZFMwIXx9Sv4nrdOyc152G26pdrmIIw8HcAjH4EAFanANdWgCA4QHeIJn6856tF6s13lrzlrM7MMPWG+fss6M4w==</latexit>

+
<latexit sha1_base64="FrPuTzEg1OsDdSdIqHbUZWn/HCg="></latexit>

LEM =
1

8⇡

�
E2 �B2�

Maxwell Axion

Disclaimer: we’ll be discussing “static” axions for most of the talk, and in ordinary electromagnetism

fine structure constant α = 1/137

Image credit: Wikipedia, Etsy
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Warm-up: Maxwell’s Equations in Media

Charges & currents from electrons and ions = sources of E and B

Maxwell’s Equations (= Euler-Lagrange equations for A0, A)

<latexit sha1_base64="tMndKxWhGIDlQNhsioDMYaxJhxw="></latexit>

E = �rA0 � @tA

B = �r⇥A

<latexit sha1_base64="FrPuTzEg1OsDdSdIqHbUZWn/HCg="></latexit>

LEM =
1

8⇡

�
E2 �B2�

<latexit sha1_base64="W2AsQIrb7CMTsq8LZKFBwCfY7sY=">AAACFHicdVDLSgMxFM3UV62vqks3wSIIQpmR0daFUOrGZQX7gM5QMplMG5pJhiQjlKEf4cZfceNCEbcu3Pk3pg+hih4IOZxzL/feEySMKm3bn1ZuaXlldS2/XtjY3NreKe7utZRIJSZNLJiQnQApwignTU01I51EEhQHjLSD4dXEb98Rqajgt3qUED9GfU4jipE2Uq944gWChWoUmy/zOAoYGns4FBouGvUxvIR2r1iyy7Z7VrUr0JApDHFd27lwoDNXSmCORq/44YUCpzHhGjOkVNexE+1nSGqKGRkXvFSRBOEh6pOuoRzFRPnZ9KgxPDJKCCMhzeMaTtXFjgzFarKeqYyRHqjf3kT8y+umOqr6GeVJqgnHs0FRyqAWcJIQDKkkWLORIQhLanaFeIAkwtrkWDAhfF8K/yet07JzXnZv3FKtPo8jDw7AITgGDqiAGrgGDdAEGNyDR/AMXqwH68l6td5mpTlr3rMPfsB6/wJ6dZ8S</latexit>r ·B = 0 (no sources - unchanged 
from vacuum)

<latexit sha1_base64="6X24Y5NewKFTlf9gdKPKVslTBLY="></latexit>

r⇥E = �@tB

To go further, we need a physical picture of ρ and j (e.g. metal vs. insulator)
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+- +- +- +-

+- +- +- +-

+- +- +- +-

<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E
<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E

5

Polarization and Magnetization

Insulators: charges/currents bound to ions ⇒ electric/magnetic dipoles fixed in space

<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂
<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂
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+- +- +- +-

+- +- +- +-

+- +- +- +-

<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E
<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E

5

Polarization and Magnetization

Insulators: charges/currents bound to ions ⇒ electric/magnetic dipoles fixed in space

<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂
<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂

⇒  charges/currents cancel on averaging ⇒ nonzero only at boundaries 
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+- +- +- +-

+- +- +- +-

+- +- +- +-

<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E
<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E

5

Polarization and Magnetization

Insulators: charges/currents bound to ions ⇒ electric/magnetic dipoles fixed in space

<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂
<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂

⇒  charges/currents cancel on averaging ⇒ nonzero only at boundaries 

<latexit sha1_base64="MKxAc1uYtN5UFR/0TPkAq4RBpcQ=">AAAB+HicdVDNS8MwHE3n15wfq3r0EhyCp9FKdfM29OJxgvuArYw0TbewNClJKsyyv8SLB0W8+qd4878x3Sqo6IOQx3u/H3l5QcKo0o7zYZVWVtfWN8qbla3tnd2qvbffVSKVmHSwYEL2A6QIo5x0NNWM9BNJUBww0gumV7nfuyNSUcFv9SwhfozGnEYUI22kkV0dBoKFahabK2vP4ciuOXXHO2s6DWjIAoZ4nuNeuNAtlBoo0B7Z78NQ4DQmXGOGlBq4TqL9DElNMSPzyjBVJEF4isZkYChHMVF+tgg+h8dGCWEkpDlcw4X6fSNDscqzmckY6Yn67eXiX94g1VHTzyhPUk04Xj4UpQxqAfMWYEglwZrNDEFYUpMV4gmSCGvTVcWU8PVT+D/pntbd87p349Val0UdZXAIjsAJcEEDtMA1aIMOwCAFD+AJPFv31qP1Yr0uR0tWsXMAfsB6+wQq6pNw</latexit>

P

<latexit sha1_base64="oGyS/Ep6guOHRhjvtVuhZbHWT/Y="></latexit>

j = r⇥M

<latexit sha1_base64="k4sIf7wKjCOoh6BQxJpn+cJVbS4=">AAAB+HicdVDNS8MwHE3n15wfq3r0EhyCp9FKdfM29OJFmOA+YCsjTdMtmCYlSYVZ9pd48aCIV/8Ub/43plsFFX0Q8njv9yMvL0gYVdpxPqzS0vLK6lp5vbKxubVdtXd2u0qkEpMOFkzIfoAUYZSTjqaakX4iCYoDRnrB7UXu9+6IVFTwGz1NiB+jMacRxUgbaWRXh4FgoZrG5squZnBk15y64500nQY0ZA5DPM9xz1zoFkoNFGiP7PdhKHAaE64xQ0oNXCfRfoakppiRWWWYKpIgfIvGZGAoRzFRfjYPPoOHRglhJKQ5XMO5+n0jQ7HKs5nJGOmJ+u3l4l/eINVR088oT1JNOF48FKUMagHzFmBIJcGaTQ1BWFKTFeIJkghr01XFlPD1U/g/6R7X3dO6d+3VWudFHWWwDw7AEXBBA7TAJWiDDsAgBQ/gCTxb99aj9WK9LkZLVrGzB37AevsEJliTbQ==</latexit>

M⊙

⇒ write ρ & j in terms of “polarization”& “magnetization” (need ∂tP for consistency)
<latexit sha1_base64="HbIo0aDqwZq5OdCgacHPxUFv2z4="></latexit>

j = r⇥M + @tP
<latexit sha1_base64="QODhE5kwO7kfbgUY8jMY13j/OkA=">AAACGHicdVDLSgMxFM3UV62vqks3wSK4sc7IaOtCKLpxWcE+oDOUTCZtQzPJkGSEMsxnuPFX3LhQxG13/o3pQ6iiB0IO59zLvfcEMaNK2/anlVtaXlldy68XNja3tneKu3tNJRKJSQMLJmQ7QIowyklDU81IO5YERQEjrWB4M/FbD0QqKvi9HsXEj1Cf0x7FSBupWzz15EDAK3jiBYKFahSZL/U4ChjKPBwKDReNetYtluyy7Z5X7Qo0ZApDXNd2Lh3ozJUSmKPeLY69UOAkIlxjhpTqOHas/RRJTTEjWcFLFIkRHqI+6RjKUUSUn04Py+CRUULYE9I8ruFUXexIUaQmq5nKCOmB+u1NxL+8TqJ7VT+lPE404Xg2qJcwqAWcpARDKgnWbGQIwpKaXSEeIImwNlkWTAjfl8L/SfOs7FyU3Tu3VLuex5EHB+AQHAMHVEAN3II6aAAMHsEzeAVv1pP1Yr1bH7PSnDXv2Qc/YI2/AMJ1oOo=</latexit>

⇢ = �r · P

<latexit sha1_base64="QODhE5kwO7kfbgUY8jMY13j/OkA=">AAACGHicdVDLSgMxFM3UV62vqks3wSK4sc7IaOtCKLpxWcE+oDOUTCZtQzPJkGSEMsxnuPFX3LhQxG13/o3pQ6iiB0IO59zLvfcEMaNK2/anlVtaXlldy68XNja3tneKu3tNJRKJSQMLJmQ7QIowyklDU81IO5YERQEjrWB4M/FbD0QqKvi9HsXEj1Cf0x7FSBupWzz15EDAK3jiBYKFahSZL/U4ChjKPBwKDReNetYtluyy7Z5X7Qo0ZApDXNd2Lh3ozJUSmKPeLY69UOAkIlxjhpTqOHas/RRJTTEjWcFLFIkRHqI+6RjKUUSUn04Py+CRUULYE9I8ruFUXexIUaQmq5nKCOmB+u1NxL+8TqJ7VT+lPE404Xg2qJcwqAWcpARDKgnWbGQIwpKaXSEeIImwNlkWTAjfl8L/SfOs7FyU3Tu3VLuex5EHB+AQHAMHVEAN3II6aAAMHsEzeAVv1pP1Yr1bH7PSnDXv2Qc/YI2/AMJ1oOo=</latexit>

⇢ = �r · P
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+- +- +- +-

+- +- +- +-

<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E
<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E

5

Polarization and Magnetization

Insulators: charges/currents bound to ions ⇒ electric/magnetic dipoles fixed in space

<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂
<latexit sha1_base64="xTZendiAKuk0QRr4cQv303CUyBM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuu1I3LCvYB7VgymUwbzGSGJKOUof/hxoUibv0Xd/6NaTuCih4IOZxzLzk5fsKZ0rb9YRWWlldW14rrpY3Nre2d8u5eR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+7cXM795RqVgsrvUkoV6ER4KFjGBtpJuBH/NATSJzZc3psFyxq7Z7WrdryJA5DHFd2zl3kJMrFcjRGpbfB0FM0ogKTThWqu/YifYyLDUjnE5Lg1TRBJNbPKJ9QwWOqPKyeeopOjJKgMJYmiM0mqvfNzIcqVk0MxlhPVa/vZn4l9dPdVj3MiaSVFNBFg+FKUc6RrMKUMAkJZpPDMFEMpMVkTGWmGhTVMmU8PVT9D/pnFSds6p75VYazbyOIhzAIRyDAzVowCW0oA0EJDzAEzxb99aj9WK9LkYLVr6zDz9gvX0CQoeTBw==</latexit>

B

⨂

⇒  charges/currents cancel on averaging ⇒ nonzero only at boundaries 

<latexit sha1_base64="MKxAc1uYtN5UFR/0TPkAq4RBpcQ=">AAAB+HicdVDNS8MwHE3n15wfq3r0EhyCp9FKdfM29OJxgvuArYw0TbewNClJKsyyv8SLB0W8+qd4878x3Sqo6IOQx3u/H3l5QcKo0o7zYZVWVtfWN8qbla3tnd2qvbffVSKVmHSwYEL2A6QIo5x0NNWM9BNJUBww0gumV7nfuyNSUcFv9SwhfozGnEYUI22kkV0dBoKFahabK2vP4ciuOXXHO2s6DWjIAoZ4nuNeuNAtlBoo0B7Z78NQ4DQmXGOGlBq4TqL9DElNMSPzyjBVJEF4isZkYChHMVF+tgg+h8dGCWEkpDlcw4X6fSNDscqzmckY6Yn67eXiX94g1VHTzyhPUk04Xj4UpQxqAfMWYEglwZrNDEFYUpMV4gmSCGvTVcWU8PVT+D/pntbd87p349Val0UdZXAIjsAJcEEDtMA1aIMOwCAFD+AJPFv31qP1Yr0uR0tWsXMAfsB6+wQq6pNw</latexit>

P

<latexit sha1_base64="oGyS/Ep6guOHRhjvtVuhZbHWT/Y="></latexit>

j = r⇥M

<latexit sha1_base64="k4sIf7wKjCOoh6BQxJpn+cJVbS4=">AAAB+HicdVDNS8MwHE3n15wfq3r0EhyCp9FKdfM29OJFmOA+YCsjTdMtmCYlSYVZ9pd48aCIV/8Ub/43plsFFX0Q8njv9yMvL0gYVdpxPqzS0vLK6lp5vbKxubVdtXd2u0qkEpMOFkzIfoAUYZSTjqaakX4iCYoDRnrB7UXu9+6IVFTwGz1NiB+jMacRxUgbaWRXh4FgoZrG5squZnBk15y64500nQY0ZA5DPM9xz1zoFkoNFGiP7PdhKHAaE64xQ0oNXCfRfoakppiRWWWYKpIgfIvGZGAoRzFRfjYPPoOHRglhJKQ5XMO5+n0jQ7HKs5nJGOmJ+u3l4l/eINVR088oT1JNOF48FKUMagHzFmBIJcGaTQ1BWFKTFeIJkghr01XFlPD1U/g/6R7X3dO6d+3VWudFHWWwDw7AEXBBA7TAJWiDDsAgBQ/gCTxb99aj9WK9LkZLVrGzB37AevsEJliTbQ==</latexit>

M⊙

⇒ write ρ & j in terms of “polarization”& “magnetization” (need ∂tP for consistency)
<latexit sha1_base64="HbIo0aDqwZq5OdCgacHPxUFv2z4="></latexit>

j = r⇥M + @tP
<latexit sha1_base64="QODhE5kwO7kfbgUY8jMY13j/OkA=">AAACGHicdVDLSgMxFM3UV62vqks3wSK4sc7IaOtCKLpxWcE+oDOUTCZtQzPJkGSEMsxnuPFX3LhQxG13/o3pQ6iiB0IO59zLvfcEMaNK2/anlVtaXlldy68XNja3tneKu3tNJRKJSQMLJmQ7QIowyklDU81IO5YERQEjrWB4M/FbD0QqKvi9HsXEj1Cf0x7FSBupWzz15EDAK3jiBYKFahSZL/U4ChjKPBwKDReNetYtluyy7Z5X7Qo0ZApDXNd2Lh3ozJUSmKPeLY69UOAkIlxjhpTqOHas/RRJTTEjWcFLFIkRHqI+6RjKUUSUn04Py+CRUULYE9I8ruFUXexIUaQmq5nKCOmB+u1NxL+8TqJ7VT+lPE404Xg2qJcwqAWcpARDKgnWbGQIwpKaXSEeIImwNlkWTAjfl8L/SfOs7FyU3Tu3VLuex5EHB+AQHAMHVEAN3II6aAAMHsEzeAVv1pP1Yr1bH7PSnDXv2Qc/YI2/AMJ1oOo=</latexit>

⇢ = �r · P

<latexit sha1_base64="QODhE5kwO7kfbgUY8jMY13j/OkA=">AAACGHicdVDLSgMxFM3UV62vqks3wSK4sc7IaOtCKLpxWcE+oDOUTCZtQzPJkGSEMsxnuPFX3LhQxG13/o3pQ6iiB0IO59zLvfcEMaNK2/anlVtaXlldy68XNja3tneKu3tNJRKJSQMLJmQ7QIowyklDU81IO5YERQEjrWB4M/FbD0QqKvi9HsXEj1Cf0x7FSBupWzz15EDAK3jiBYKFahSZL/U4ChjKPBwKDReNetYtluyy7Z5X7Qo0ZApDXNd2Lh3ozJUSmKPeLY69UOAkIlxjhpTqOHas/RRJTTEjWcFLFIkRHqI+6RjKUUSUn04Py+CRUULYE9I8ruFUXexIUaQmq5nKCOmB+u1NxL+8TqJ7VT+lPE404Xg2qJcwqAWcpARDKgnWbGQIwpKaXSEeIImwNlkWTAjfl8L/SfOs7FyU3Tu3VLuex5EHB+AQHAMHVEAN3II6aAAMHsEzeAVv1pP1Yr1bH7PSnDXv2Qc/YI2/AMJ1oOo=</latexit>

⇢ = �r · P

<latexit sha1_base64="0bnxqvhnuI9O8tzzDU6I7f+bWA4=">AAACHnicdZBLS8NAEMc39VXrK+rRy2IRvFgSSW09CKVeehEq2Ac0oWy223bp5sHuRighn8SLX8WLB0UET/pt3LQRWtGBZf/8ZoaZ+bsho0IaxpeWW1ldW9/Ibxa2tnd29/T9g7YIIo5JCwcs4F0XCcKoT1qSSka6ISfIcxnpuJPrNN+5J1zQwL+T05A4Hhr5dEgxkgr19bLtBmwgpp764kYCr+AiqCfwzLJDugRvEtjXi0bJsMpVowKVmIUSlmWYlyY0M1IEWTT7+oc9CHDkEV9ihoTomUYonRhxSTEjScGOBAkRnqAR6SnpI48IJ56dl8ATRQZwGHD1fAlndLEjRp5Id1OVHpJj8TuXwr9yvUgOq05M/TCSxMfzQcOIQRnA1Cs4oJxgyaZKIMyp2hXiMeIIS+VoQZnwcyn8X7TPS+ZFybq1irV6ZkceHIFjcApMUAE10ABN0AIYPIAn8AJetUftWXvT3uelOS3rOQRLoX1+A7RKotw=</latexit>

H = B � 4⇡M
⨂

<latexit sha1_base64="dSI6cN+49HE9Pr7MCM1FJSz79Z8="></latexit>

r⇥ (B � 4⇡M| {z }) = @t(E + 4⇡P| {z })
<latexit sha1_base64="wHHsYkf3C1/ue6jpyYBCns5GI2E="></latexit>

r · (E + 4⇡P| {z }) = 0
<latexit sha1_base64="UKyZF5bbLTLvW6/1b3O91OAbAnM=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4KtlSansr6sFjBfuAdi3ZbLYNzSZLklXK0v/hxYMiXv0v3vw3ZtsKKjoQMsx8H5mMH3OmDUIfTm5ldW19I79Z2Nre2d0r7h90tEwUoW0iuVQ9H2vKmaBtwwynvVhRHPmcdv3JReZ376jSTIobM42pF+GRYCEj2FjpduBLHuhpZK/0cjYsllAZWdRqMCNuHbmWNBr1SqUB3bmFUAks0RoW3weBJElEhSEca913UWy8FCvDCKezwiDRNMZkgke0b6nAEdVeOk89gydWCWAolT3CwLn6fSPFkc6i2ckIm7H+7WXiX14/MWHdS5mIE0MFWTwUJhwaCbMKYMAUJYZPLcFEMZsVkjFWmBhbVMGW8PVT+D/pVMpurVy9rpaa58s68uAIHINT4IIz0ARXoAXagAAFHsATeHbunUfnxXldjOac5c4h+AHn7RNee5Mb</latexit>

D
<latexit sha1_base64="UKyZF5bbLTLvW6/1b3O91OAbAnM=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4KtlSansr6sFjBfuAdi3ZbLYNzSZLklXK0v/hxYMiXv0v3vw3ZtsKKjoQMsx8H5mMH3OmDUIfTm5ldW19I79Z2Nre2d0r7h90tEwUoW0iuVQ9H2vKmaBtwwynvVhRHPmcdv3JReZ376jSTIobM42pF+GRYCEj2FjpduBLHuhpZK/0cjYsllAZWdRqMCNuHbmWNBr1SqUB3bmFUAks0RoW3weBJElEhSEca913UWy8FCvDCKezwiDRNMZkgke0b6nAEdVeOk89gydWCWAolT3CwLn6fSPFkc6i2ckIm7H+7WXiX14/MWHdS5mIE0MFWTwUJhwaCbMKYMAUJYZPLcFEMZsVkjFWmBhbVMGW8PVT+D/pVMpurVy9rpaa58s68uAIHINT4IIz0ARXoAXagAAFHsATeHbunUfnxXldjOac5c4h+AHn7RNee5Mb</latexit>

D
<latexit sha1_base64="/0e9gcmbAFp1KBzZxWhMXNpUlq0=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4KtlSansreumxgn1Au5ZsNtuGZpMlySpl6f/w4kERr/4Xb/4bs20FFR0IGWa+j0zGjznTBqEPJ7e2vrG5ld8u7Ozu7R8UD4+6WiaK0A6RXKq+jzXlTNCOYYbTfqwojnxOe/70KvN7d1RpJsWNmcXUi/BYsJARbKx0O/QlD/Qsslfamo+KJVRGFrUazIhbR64ljUa9UmlAd2EhVAIrtEfF92EgSRJRYQjHWg9cFBsvxcowwum8MEw0jTGZ4jEdWCpwRLWXLlLP4ZlVAhhKZY8wcKF+30hxpLNodjLCZqJ/e5n4lzdITFj3UibixFBBlg+FCYdGwqwCGDBFieEzSzBRzGaFZIIVJsYWVbAlfP0U/k+6lbJbK1evq6Xm5aqOPDgBp+AcuOACNEELtEEHEKDAA3gCz8698+i8OK/L0Zyz2jkGP+C8fQJkj5Mf</latexit>

H
“displacement

 field”
“magnetic field 

strength”

<latexit sha1_base64="LSFor7g9Zc81o4eR4T1fVWRvjO8=">AAACHXicdZBLS8NAEMc3Pmt9RT16WSyCIJREoq0HofgAjxXsA5pQNptNu3TzYHcjlJAv4sWv4sWDIh68iN/GTRuhig4s++c3M8zM340ZFdIwPrW5+YXFpeXSSnl1bX1jU9/aboso4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7rI8507wgWNwls5jokToEFIfYqRVKivW7YbMU+MA/Wllxk8g7PgKoOH0LJjOgubWV+vGFXDOq4bNajEJJSwLMM8NaFZkAoootnX320vwklAQokZEqJnGrF0UsQlxYxkZTsRJEZ4hAakp2SIAiKcdHJdBvcV8aAfcfVCCSd0tiNFgchXU5UBkkPxO5fDv3K9RPp1J6VhnEgS4ukgP2FQRjC3CnqUEyzZWAmEOVW7QjxEHGGpDC0rE74vhf+L9lHVPKlaN1alcV7YUQK7YA8cABPUQANcgyZoAQzuwSN4Bi/ag/akvWpv09I5rejZAT9C+/gCSTCisg==</latexit>

D = E + 4⇡P

Introduce “coarse-grained” fields averaged over atomic scales:
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+-Consider applying E to a dielectric medium 
(no frozen-in polarization)
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Linear Media: Insulators as New Vacua

+-Consider applying E to a dielectric medium 
(no frozen-in polarization)

+-
<latexit sha1_base64="tuR7T+jJJ187pCkfqC386ONxL4c=">AAACD3icdVDLSsNAFJ3UV62vqEs3g0VxVRKJti6EogguK9gHNCFMJpN26OTBzEQoIX/gxl9x40IRt27d+TdO2gpV9MAwh3Pu5d57vIRRIQ3jUystLC4tr5RXK2vrG5tb+vZOR8Qpx6SNYxbznocEYTQibUklI72EExR6jHS90WXhd+8IFzSObuU4IU6IBhENKEZSSa5+aHsx88U4VF/WyuE5tPGQugTO61e5q1eNmmGdNIw6VGQCRSzLMM9MaM6UKpih5eofth/jNCSRxAwJ0TeNRDoZ4pJiRvKKnQqSIDxCA9JXNEIhEU42uSeHB0rxYRBz9SIJJ+p8R4ZCUaymKkMkh+K3V4h/ef1UBg0no1GSShLh6aAgZVDGsAgH+pQTLNlYEYQ5VbtCPEQcYakirKgQvi+F/5POcc08rVk3VrV5MYujDPbAPjgCJqiDJrgGLdAGGNyDR/AMXrQH7Ul71d6mpSVt1rMLfkB7/wJ455z3</latexit>

P = �eE

<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E
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Linear Media: Insulators as New Vacua

+-Consider applying E to a dielectric medium 
(no frozen-in polarization)

+-
<latexit sha1_base64="tuR7T+jJJ187pCkfqC386ONxL4c=">AAACD3icdVDLSsNAFJ3UV62vqEs3g0VxVRKJti6EogguK9gHNCFMJpN26OTBzEQoIX/gxl9x40IRt27d+TdO2gpV9MAwh3Pu5d57vIRRIQ3jUystLC4tr5RXK2vrG5tb+vZOR8Qpx6SNYxbznocEYTQibUklI72EExR6jHS90WXhd+8IFzSObuU4IU6IBhENKEZSSa5+aHsx88U4VF/WyuE5tPGQugTO61e5q1eNmmGdNIw6VGQCRSzLMM9MaM6UKpih5eofth/jNCSRxAwJ0TeNRDoZ4pJiRvKKnQqSIDxCA9JXNEIhEU42uSeHB0rxYRBz9SIJJ+p8R4ZCUaymKkMkh+K3V4h/ef1UBg0no1GSShLh6aAgZVDGsAgH+pQTLNlYEYQ5VbtCPEQcYakirKgQvi+F/5POcc08rVk3VrV5MYujDPbAPjgCJqiDJrgGLdAGGNyDR/AMXrQH7Ul71d6mpSVt1rMLfkB7/wJ455z3</latexit>

P = �eE

<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E

Similarly, if there is no frozen-in magnetization,
<latexit sha1_base64="1sgiSd8D86oE04LjoiCJE3Hc9l8=">AAACD3icdVDLSsNAFJ34rPUVdelmsCiuSiLR1oVQdNONUME+oAlhMpm0QycPZiZCCfkDN/6KGxeKuHXrzr9x0laoogeGOZxzL/fe4yWMCmkYn9rC4tLyympprby+sbm1re/sdkScckzaOGYx73lIEEYj0pZUMtJLOEGhx0jXG10VfveOcEHj6FaOE+KEaBDRgGIkleTqR7YXM1+MQ/Vl1zm8gDYeUjeE83ozd/WKUTWs07pRg4pMoIhlGea5Cc2ZUgEztFz9w/ZjnIYkkpghIfqmkUgnQ1xSzEhetlNBEoRHaED6ikYoJMLJJvfk8FApPgxirl4k4USd78hQKIrVVGWI5FD89grxL6+fyqDuZDRKUkkiPB0UpAzKGBbhQJ9ygiUbK4Iwp2pXiIeIIyxVhGUVwvel8H/SOamaZ1Xrxqo0LmdxlMA+OADHwAQ10ABN0AJtgME9eATP4EV70J60V+1tWrqgzXr2wA9o71+FN5z/</latexit>

M = �mH
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Linear Media: Insulators as New Vacua

+-Consider applying E to a dielectric medium 
(no frozen-in polarization)

+-
<latexit sha1_base64="tuR7T+jJJ187pCkfqC386ONxL4c=">AAACD3icdVDLSsNAFJ3UV62vqEs3g0VxVRKJti6EogguK9gHNCFMJpN26OTBzEQoIX/gxl9x40IRt27d+TdO2gpV9MAwh3Pu5d57vIRRIQ3jUystLC4tr5RXK2vrG5tb+vZOR8Qpx6SNYxbznocEYTQibUklI72EExR6jHS90WXhd+8IFzSObuU4IU6IBhENKEZSSa5+aHsx88U4VF/WyuE5tPGQugTO61e5q1eNmmGdNIw6VGQCRSzLMM9MaM6UKpih5eofth/jNCSRxAwJ0TeNRDoZ4pJiRvKKnQqSIDxCA9JXNEIhEU42uSeHB0rxYRBz9SIJJ+p8R4ZCUaymKkMkh+K3V4h/ef1UBg0no1GSShLh6aAgZVDGsAgH+pQTLNlYEYQ5VbtCPEQcYakirKgQvi+F/5POcc08rVk3VrV5MYujDPbAPjgCJqiDJrgGLdAGGNyDR/AMXrQH7Ul71d6mpSVt1rMLfkB7/wJ455z3</latexit>

P = �eE

<latexit sha1_base64="GYawoV1+L7/M45377qp+FjqIC6I=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqszIaOuuKILLCvYB7VgymbQNZjJDklHK0P9w40IRt/6LO//GTDuCih4IOZxzLzk5fsyZ0rb9YRUWFpeWV4qrpbX1jc2t8vZOW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+7Xnmd+6oVCwS13oSUy/EI8GGjGBtpJu+H/FATUJzpRfTQbliV233uG7XkCEzGOK6tnPqICdXKpCjOSi/94OIJCEVmnCsVM+xY+2lWGpGOJ2W+omiMSa3eER7hgocUuWls9RTdGCUAA0jaY7QaKZ+30hxqLJoZjLEeqx+e5n4l9dL9LDupUzEiaaCzB8aJhzpCGUVoIBJSjSfGIKJZCYrImMsMdGmqJIp4eun6H/SPqo6J1X3yq00zvI6irAH+3AIDtSgAZfQhBYQkPAAT/Bs3VuP1ov1Oh8tWPnOLvyA9fYJRxaTCg==</latexit>

E

Similarly, if there is no frozen-in magnetization,
<latexit sha1_base64="1sgiSd8D86oE04LjoiCJE3Hc9l8=">AAACD3icdVDLSsNAFJ34rPUVdelmsCiuSiLR1oVQdNONUME+oAlhMpm0QycPZiZCCfkDN/6KGxeKuHXrzr9x0laoogeGOZxzL/fe4yWMCmkYn9rC4tLyympprby+sbm1re/sdkScckzaOGYx73lIEEYj0pZUMtJLOEGhx0jXG10VfveOcEHj6FaOE+KEaBDRgGIkleTqR7YXM1+MQ/Vl1zm8gDYeUjeE83ozd/WKUTWs07pRg4pMoIhlGea5Cc2ZUgEztFz9w/ZjnIYkkpghIfqmkUgnQ1xSzEhetlNBEoRHaED6ikYoJMLJJvfk8FApPgxirl4k4USd78hQKIrVVGWI5FD89grxL6+fyqDuZDRKUkkiPB0UpAzKGBbhQJ9ygiUbK4Iwp2pXiIeIIyxVhGUVwvel8H/SOamaZ1Xrxqo0LmdxlMA+OADHwAQ10ABN0AJtgME9eATP4EV70J60V+1tWrqgzXr2wA9o71+FN5z/</latexit>

M = �mH

<latexit sha1_base64="zaKaoDaHZTdvUgS2dXaSGmqqLeU="></latexit>

D = (1 + 4⇡�e)E ⌘ ✏E
<latexit sha1_base64="oPpg879dDat8Og/yBpsH2r6znOg="></latexit>

B = (1 + 4⇡�m)H ⌘ µH
dielectric 
constant

magnetic 
permeability
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E

Similarly, if there is no frozen-in magnetization,
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M = �mH

<latexit sha1_base64="tHIalyCdgi4M5TpMlO9adOJpUl4="></latexit>

Le↵
EM =

1

8⇡

✓
✏E2 � 1

µ
B2

◆
Can capture role of medium via an “effective Lagrangian”

<latexit sha1_base64="zaKaoDaHZTdvUgS2dXaSGmqqLeU="></latexit>
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dielectric 
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magnetic 
permeability
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E

Similarly, if there is no frozen-in magnetization,
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M = �mH

<latexit sha1_base64="tHIalyCdgi4M5TpMlO9adOJpUl4="></latexit>

Le↵
EM =

1

8⇡

✓
✏E2 � 1

µ
B2

◆
Can capture role of medium via an “effective Lagrangian”

<latexit sha1_base64="zaKaoDaHZTdvUgS2dXaSGmqqLeU="></latexit>

D = (1 + 4⇡�e)E ⌘ ✏E
<latexit sha1_base64="oPpg879dDat8Og/yBpsH2r6znOg="></latexit>

B = (1 + 4⇡�m)H ⌘ µH
dielectric 
constant

magnetic 
permeability

Lesson: each insulator is effectively a new “vacuum” for electromagnetism
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How can an insulator generate a θ-term?

<latexit sha1_base64="tHIalyCdgi4M5TpMlO9adOJpUl4="></latexit>

Le↵
EM =

1

8⇡

✓
✏E2 � 1

µ
B2

◆
The insulators we normally encounter can be recast as

How does a θ-term change Maxwell’s equations in media?
Maxwell

Image credit: Wikipedia, Etsy
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How can an insulator generate a θ-term?

<latexit sha1_base64="tHIalyCdgi4M5TpMlO9adOJpUl4="></latexit>

Le↵
EM =

1

8⇡

✓
✏E2 � 1

µ
B2

◆
The insulators we normally encounter can be recast as

How does a θ-term change Maxwell’s equations in media?
AxionMaxwell

Image credit: Wikipedia, Etsy
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µ
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◆
The insulators we normally encounter can be recast as

How does a θ-term change Maxwell’s equations in media?
Axion

Effectively, and

Magnetic field induces 
electric polarization

Electric field induces 
magnetization

Maxwell

Image credit: Wikipedia, Etsy
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How can an insulator generate a θ-term?

<latexit sha1_base64="tHIalyCdgi4M5TpMlO9adOJpUl4="></latexit>

Le↵
EM =

1

8⇡

✓
✏E2 � 1

µ
B2

◆
The insulators we normally encounter can be recast as

How does a θ-term change Maxwell’s equations in media?
Axion

Effectively, and

Magnetic field induces 
electric polarization

Electric field induces 
magnetization

How could such a “magneto-electric polarizability” arise in a solid?

(need to generate a “crossed response” between E and B)

Maxwell

Image credit: Wikipedia, Etsy
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Quantum Theory of Solids

Electrons in solids: described by Schrödinger equation in periodic potential
<latexit sha1_base64="jVtyGbWRGv8YlNudNLk3e368XMU="></latexit>✓
p2

2M
+ V (r)

◆
 (r) = E (r)

<latexit sha1_base64="cP9GIPc0xdT0V34V4UBOSWhyF8Q=">AAACFHicdZDLSsNAFIYn9VbrLerSzWARWgolkWgrKBTcuKxia6ENZTKdtEMnF2YmQgl5CDe+ihsXirh14c63cdKmUEUPDHz8/znMOb8TMiqkYXxpuaXlldW1/HphY3Nre0ff3WuLIOKYtHDAAt5xkCCM+qQlqWSkE3KCPIeRO2d8mfp394QLGvi3chIS20NDn7oUI6mkvl5pl3oekiPHjXkCK3O+ScrwAi56ZQj7etGoGtZJ3ahBBdNSYFmGeWZCM1OKIKtmX//sDQIcecSXmCEhuqYRSjtGXFLMSFLoRYKECI/RkHQV+sgjwo6nRyXwSCkD6AZcPV/Cqbo4ESNPiInnqM50SfHbS8W/vG4k3bodUz+MJPHx7CM3YlAGME0IDignWLKJAoQ5VbtCPEIcYalyLKgQ5pfC/6F9XDVPq9a1VWycZ3HkwQE4BCVgghpogCvQBC2AwQN4Ai/gVXvUnrU37X3WmtOymX3wo7SPb8vrnWU=</latexit>

V (r+R) = V (r)
<latexit sha1_base64="O1xEVlW1f+54usPsQt52XadSGNE=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyWRaCu4KLhxWcU+oAllMp20g5NJmJkINfRL3LhQxK2f4s6/cfoQVPTAwOGce7lnTphyprTjfFiFpeWV1bXiemljc2u7bO/stlWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQT3l5M/c4dlYol4kaPUxrEeChYxAjWRurbZT/GehRG+fUE+Uygvl1xqo53UndqyJAZDPE8xz1zkbtQKrBAs2+/+4OEZDEVmnCsVM91Uh3kWGpGOJ2U/EzRFJNbPKQ9QwWOqQryWfAJOjTKAEWJNE9oNFO/b+Q4Vmoch2ZyGlP99qbiX14v01E9yJlIM00FmR+KMo50gqYtoAGTlGg+NgQTyUxWREZYYqJNVyVTwtdP0f+kfVx1T6velVdpnC/qKMI+HMARuFCDBlxCE1pAIIMHeIJn6956tF6s1/lowVrs7MEPWG+ffWGS+g==</latexit>

R 2 lattice (assume cubic)

Bloch’s Theorem: 

<latexit sha1_base64="wWN7dauXjVC6OP3Tj+PZ55hpI5w="></latexit>

H nk(r) = Enk nk(r)

eigenstates = (plane wave) ⨉ (periodic function)
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Quantum Theory of Solids

Electrons in solids: described by Schrödinger equation in periodic potential
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<latexit sha1_base64="O1xEVlW1f+54usPsQt52XadSGNE=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyWRaCu4KLhxWcU+oAllMp20g5NJmJkINfRL3LhQxK2f4s6/cfoQVPTAwOGce7lnTphyprTjfFiFpeWV1bXiemljc2u7bO/stlWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQT3l5M/c4dlYol4kaPUxrEeChYxAjWRurbZT/GehRG+fUE+Uygvl1xqo53UndqyJAZDPE8xz1zkbtQKrBAs2+/+4OEZDEVmnCsVM91Uh3kWGpGOJ2U/EzRFJNbPKQ9QwWOqQryWfAJOjTKAEWJNE9oNFO/b+Q4Vmoch2ZyGlP99qbiX14v01E9yJlIM00FmR+KMo50gqYtoAGTlGg+NgQTyUxWREZYYqJNVyVTwtdP0f+kfVx1T6velVdpnC/qKMI+HMARuFCDBlxCE1pAIIMHeIJn6956tF6s1/lowVrs7MEPWG+ffWGS+g==</latexit>

R 2 lattice (assume cubic)

Bloch’s Theorem: 

<latexit sha1_base64="wWN7dauXjVC6OP3Tj+PZ55hpI5w="></latexit>

H nk(r) = Enk nk(r)

eigenstates = (plane wave) ⨉ (periodic function)
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R 2 lattice (assume cubic)

Bloch’s Theorem: 

<latexit sha1_base64="wWN7dauXjVC6OP3Tj+PZ55hpI5w="></latexit>

H nk(r) = Enk nk(r)

eigenstates = (plane wave) ⨉ (periodic function)

- energy levels :“bands” w/ discrete label n + “gaps”

- insulators: electrons fully fill bands, gap to excitations 
(hence “bound charges/currents”)

gap

gap
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Quantum Theory of Solids

Electrons in solids: described by Schrödinger equation in periodic potential
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Bloch’s Theorem: 
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H nk(r) = Enk nk(r)

eigenstates = (plane wave) ⨉ (periodic function)

- energy levels :“bands” w/ discrete label n + “gaps”

- insulators: electrons fully fill bands, gap to excitations 
(hence “bound charges/currents”)

gap

gap- “crystal momentum” k is continuous and  periodic

- e.g. in 1D we have k ≡ k + 2π/a
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Electrons in solids: described by Schrödinger equation in periodic potential
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R 2 lattice (assume cubic)

Bloch’s Theorem: 

<latexit sha1_base64="wWN7dauXjVC6OP3Tj+PZ55hpI5w="></latexit>

H nk(r) = Enk nk(r)

eigenstates = (plane wave) ⨉ (periodic function)

- energy levels :“bands” w/ discrete label n + “gaps”

- insulators: electrons fully fill bands, gap to excitations 
(hence “bound charges/currents”)

gap

gap- “crystal momentum” k is continuous and  periodic

- e.g. in 1D we have k ≡ k + 2π/a

⇒ allowed k values = circle [“Brillouin Zone”; torus in D>1]
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Topology in Solids: A Glimpse

The phase of the wavefunction is usually unimportant, but can 
play a meaningful role when it changes nontrivially over a 
closed loop (“Berry’s phase”)

Nontrivial winding of Bloch wavefunctions across Brillouin Zone 
torii can lead to new forces on electrons.

BZ
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Such forces give rise to θ term [= “Chern-Simons* action”]

… but microscopic details are gory (and take a whole textbook)

*Jim Simons left academia to start one of the world’s most successful hedge funds; today, the Simons 
Foundation funds a lot of research into topological matter, including my Berkeley postdoc (2011-14).

[Qi-Hughes-Zhang ’08; Essin-Moore-Vanderbilt ’09]
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Topology in Solids: A Glimpse

The phase of the wavefunction is usually unimportant, but can 
play a meaningful role when it changes nontrivially over a 
closed loop (“Berry’s phase”)

Nontrivial winding of Bloch wavefunctions across Brillouin Zone 
torii can lead to new forces on electrons.

BZ

Instead, let’s “coarse-grain” and think about axion 
physics in solids in the spirit of “effective field theory”
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Topology, Symmetries and the θ-angle

Axion term enters quantum theory only via 

Topology of electromagnetic fields requires 
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Consider two symmetries of many solids:
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Topology of electromagnetic fields requires 
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Topology, Symmetries and the θ-angle

Axion term enters quantum theory only via 

Consider two symmetries of many solids:

time-reversal ⇒

inversion ⇒

Both of these transform

Topology of electromagnetic fields requires 

Only values consistent with either symmetry: 

Other values forbidden ⇒ θ can’t continuously vary ⇒ quantized

Symmetry can fix θ independent of material details!



S.A. Parameswaran | Axion Electrodynamics in Solids | Oxford Saturday Morning of Theoretical Physics 26.11.22 11

What does θ≠0 mean in a solid?



S.A. Parameswaran | Axion Electrodynamics in Solids | Oxford Saturday Morning of Theoretical Physics 26.11.22 11

What does θ≠0 mean in a solid?

Superficially: and

Magnetic field induces 
electric polarization

Electric field induces 
magnetization
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But consider the modified Maxwell equations (the ones w/ sources): 

11

What does θ≠0 mean in a solid?

Superficially: and

Magnetic field induces 
electric polarization

Electric field induces 
magnetization

Expanding and rearranging, Using the 2 source-free Maxwell equations 
<latexit sha1_base64="W2AsQIrb7CMTsq8LZKFBwCfY7sY=">AAACFHicdVDLSgMxFM3UV62vqks3wSIIQpmR0daFUOrGZQX7gM5QMplMG5pJhiQjlKEf4cZfceNCEbcu3Pk3pg+hih4IOZxzL/feEySMKm3bn1ZuaXlldS2/XtjY3NreKe7utZRIJSZNLJiQnQApwignTU01I51EEhQHjLSD4dXEb98Rqajgt3qUED9GfU4jipE2Uq944gWChWoUmy/zOAoYGns4FBouGvUxvIR2r1iyy7Z7VrUr0JApDHFd27lwoDNXSmCORq/44YUCpzHhGjOkVNexE+1nSGqKGRkXvFSRBOEh6pOuoRzFRPnZ9KgxPDJKCCMhzeMaTtXFjgzFarKeqYyRHqjf3kT8y+umOqr6GeVJqgnHs0FRyqAWcJIQDKkkWLORIQhLanaFeIAkwtrkWDAhfF8K/yet07JzXnZv3FKtPo8jDw7AITgGDqiAGrgGDdAEGNyDR/AMXqwH68l6td5mpTlr3rMPfsB6/wJ6dZ8S</latexit>r ·B = 0

<latexit sha1_base64="6X24Y5NewKFTlf9gdKPKVslTBLY="></latexit>

r⇥E = �@tB
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But consider the modified Maxwell equations (the ones w/ sources): 

11

What does θ≠0 mean in a solid?

Superficially: and

Magnetic field induces 
electric polarization

Electric field induces 
magnetization

Expanding and rearranging,

Maxwell’s equations are modifed only if θ varies in space or time 
(e.g. at interfaces between systems with θ = 0 and θ = π)

Using the 2 source-free Maxwell equations 
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Interfaces between θ=0 and θ=π

Consider interface between θ = 0 and θ = π and apply only B field as shown

B

y

z

x⊙

B
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⇒ surface charge density

appears at the interface
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Interfaces between θ=0 and θ=π

Consider interface between θ = 0 and θ = π and apply only B field as shown

B

y

z

x⊙

B E

This generates E parallel to B, inside the material, 
with strength related by fine structure constant!

⇒ surface charge density

appears at the interface

+ + + + + + + + + + + +
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Consider interface between θ = 0 and θ = π and apply only E field as shown

y

z

x⊙

E

E

Interfaces between θ=0 and θ=π
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Consider interface between θ = 0 and θ = π and apply only E field as shown

y

z

x⊙

E

E

appears at the interface

⨂ ⨂ ⨂ ⨂ ⨂ ⨂ ⨂

(1/4π from Ampere’s law)

⇒ surface current density

Interfaces between θ=0 and θ=π
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Consider interface between θ = 0 and θ = π and apply only E field as shown

y

z

x⊙

E

This generates B parallel to E inside the material,
with strength related by fine structure constant! 

B

E

appears at the interface

⨂ ⨂ ⨂ ⨂ ⨂ ⨂ ⨂

(1/4π from Ampere’s law)

⇒ surface current density

Interfaces between θ=0 and θ=π
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“Half Integer Quantized Hall Effect” on Surfaces

E
y

z

x⊙

We have just shown that applying an electric field E
parallel to the surface generates a quantized surface 

current perpendicular to E:

⨂ ⨂ ⨂ ⨂ ⨂ ⨂ ⨂
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“Half Integer Quantized Hall Effect” on Surfaces

E
y

z

x⊙

We have just shown that applying an electric field E
parallel to the surface generates a quantized surface 

current perpendicular to E:

⨂ ⨂ ⨂ ⨂ ⨂ ⨂ ⨂

This is a version of the Hall effect,  more familiar for conductors in a B field 
 (transverse E field required to overcome Lorentz force and maintain a fixed current)

[E. Hall, PhD Thesis, 1879]

j

B

E



S.A. Parameswaran | Axion Electrodynamics in Solids | Oxford Saturday Morning of Theoretical Physics 26.11.22 14

“Half Integer Quantized Hall Effect” on Surfaces

E
y

z

x⊙

We have just shown that applying an electric field E
parallel to the surface generates a quantized surface 

current perpendicular to E:

⨂ ⨂ ⨂ ⨂ ⨂ ⨂ ⨂

surfaces between insulators with θ=0 and θ=π
have a half-integer quantized “surface Hall conductivity”

This is a version of the Hall effect,  more familiar for conductors in a B field 
 (transverse E field required to overcome Lorentz force and maintain a fixed current)

[E. Hall, PhD Thesis, 1879]

j

B

E
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Half-Integer Hall Quantization as a Signature
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Half-Integer Hall Quantization as a Signature

Surface changes near the interface are 
purely 2D. As such, for weak interactions 

(assumed here) they can only have* 

σxy = (integer) e2/h

*The physics of 2D quantized Hall effects is a rich story in its own right, recognized with 3 Nobel Prizes: 
von Klitzing (’85) ; Tsui, Störmer, Laughlin (’98); Haldane & Thouless (’16)
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*The physics of 2D quantized Hall effects is a rich story in its own right, recognized with 3 Nobel Prizes: 
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⇒ can’t change “halfness” of σxy
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Half-Integer Hall Quantization as a Signature

Viewed as a purely 2D system our θ-interface is “anomalous”
(There is no paradox since it requires the third dimension over which θ varies)

Surface changes near the interface are 
purely 2D. As such, for weak interactions 

(assumed here) they can only have* 

σxy = (integer) e2/h

You can “paste” any number of 2D layers 
you like on the surface but they can only 

change the surface σxy by an integer

*The physics of 2D quantized Hall effects is a rich story in its own right, recognized with 3 Nobel Prizes: 
von Klitzing (’85) ; Tsui, Störmer, Laughlin (’98); Haldane & Thouless (’16)

⇒ can’t change “halfness” of σxy



S.A. Parameswaran | Axion Electrodynamics in Solids | Oxford Saturday Morning of Theoretical Physics 26.11.22 16

Materials: Topological Insulators

Consider solid with θ = π  and fully time-reversal symmetric (incl. surface)

Insulators have σxy ≠ 0 only if T is broken: contradiction on the surface!
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Materials: Topological Insulators

Consider solid with θ = π  and fully time-reversal symmetric (incl. surface)

Insulators have σxy ≠ 0 only if T is broken: contradiction on the surface!

Resolution of paradox: surfaces are conducting, not insulating
(i.e., 2d metals that can screen surface currents)

A T-symmetric system w/ θ = π  is a “topological insulator”:
A new phase of matter whose interface with a trivial insulator is always metallic 

(as long as T is unbroken)

*Rahul Roy (Oxford PDRA ’09-’12, now a professor at UCLA ) co-discovered TIs while still a PhD student at the U. of Illinois.

[Prediction in 3D: Moore & Balents ’07; Fu-Kane-Mele ’07; Qi-Hughes-Zhang ’08; Roy* ’09] 
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Consider solid with θ = π  and fully time-reversal symmetric (incl. surface)

Insulators have σxy ≠ 0 only if T is broken: contradiction on the surface!

Resolution of paradox: surfaces are conducting, not insulating
(i.e., 2d metals that can screen surface currents)

A T-symmetric system w/ θ = π  is a “topological insulator”:
A new phase of matter whose interface with a trivial insulator is always metallic 

(as long as T is unbroken)

*Rahul Roy (Oxford PDRA ’09-’12, now a professor at UCLA ) co-discovered TIs while still a PhD student at the U. of Illinois.

[Prediction in 3D: Moore & Balents ’07; Fu-Kane-Mele ’07; Qi-Hughes-Zhang ’08; Roy* ’09] 

Experimentally detectable b/c surface metals special:  host odd # of “Dirac cones” 

Dispersion of surface bands can be 
measured by Angle-Resolved 

Photoemission Spectroscopy (ARPES)

[Hsieh et al Nature 452, 970 ’08]

Oxford’s Yulin Chen is a world leader in 
ARPES experiments on topological matterBi1-xSbx



S.A. Parameswaran | Axion Electrodynamics in Solids | Oxford Saturday Morning of Theoretical Physics 26.11.22 17

Materials: Axion Insulators

If θ = π enforced by inversion symmetry, there is no paradox: 
surfaces always break inversion so need not be metallic 

(still a new phase, but the signature is more subtle)
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Materials: Axion Insulators

If θ = π enforced by inversion symmetry, there is no paradox: 
surfaces always break inversion so need not be metallic 

(still a new phase, but the signature is more subtle)

For purists, the term “axion insulator” is reserved for systems w/  quantized θ = π
(besides inversion, other crystalline or magnetic symmetries can also do this)

… however, very similar (but non-quantized) response if θ ≈ π  
(e.g. by breaking time-reversal w/ magnetism)
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Materials: Axion Insulators

If θ = π enforced by inversion symmetry, there is no paradox: 
surfaces always break inversion so need not be metallic 

(still a new phase, but the signature is more subtle)

For purists, the term “axion insulator” is reserved for systems w/  quantized θ = π
(besides inversion, other crystalline or magnetic symmetries can also do this)

… however, very similar (but non-quantized) response if θ ≈ π  
(e.g. by breaking time-reversal w/ magnetism)

tricky to pin down “halfness” of a single surface - much work ongoing to do better

One signature of magnetoelectric effect: quantized “Faraday rotation” of polarized light

[L.Wu. et al Science 354, 1124 ’16]
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The Witten Effect

Imagine a sphere with θ=0 inside a θ=π region, 
and place inside it a point magnetic charge or “magnetic monopole” 

B
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In θ=π region, axion electrodynamics produces 

E
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The Witten Effect

Imagine a sphere with θ=0 inside a θ=π region, 
and place inside it a point magnetic charge or “magnetic monopole” 

B

Argument independent of size* of θ=0 “hole” ⇒ monopoles are “dyons”

*Ultimately linked to boundary conditions on gauge fields at the origin.

Equivalent to field of a point electric charge 

In θ=π region, axion electrodynamics produces 

E
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Teaser: “Magnetic Monopoles” and Witten Effect in Materials?

Real magnetic monopoles are very difficult to detect (maybe 1 seen in ~40 yrs?)
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Teaser: “Magnetic Monopoles” and Witten Effect in Materials?

Real magnetic monopoles are very difficult to detect (maybe 1 seen in ~40 yrs?)

… but  we can have emergent monopoles in magnetic materials

Oxford postdoc, 
2006-10

Wykeham Professor,
 2021-

BA ’94, DPhil ’97,  
faculty ’06-’07

Nature 451, 42 ‘08
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Teaser: “Magnetic Monopoles” and Witten Effect in Materials?

Real magnetic monopoles are very difficult to detect (maybe 1 seen in ~40 yrs?)

The “E” and “B” fields of these monopoles are also emergent 
(correlated excitations of many spins) and in the right 

circumstances can also experience θ-terms.

The “Witten effect” of monopoles in this fully-emergent axion 
electrodynamics could have observable signatures!

… but  we can have emergent monopoles in magnetic materials

Oxford postdoc, 
2006-10

Wykeham Professor,
 2021-

BA ’94, DPhil ’97,  
faculty ’06-’07

Nature 451, 42 ‘08
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Summary
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Summary

We now know several insulators whose band topology places them in a new 
state of matter, an “axion insulator” whose “vacua” includes a θ term

Insulators can be viewed as “new vacua” for electromagnetism

There are many active experimental searches for the exotic phenomena 
predicted by axion electrodynamics

May be possible to also study the Witten effect, and dynamical axions in solids
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Summary

We now know several insulators whose band topology places them in a new 
state of matter, an “axion insulator” whose “vacua” includes a θ term

Insulators can be viewed as “new vacua” for electromagnetism

There are many active experimental searches for the exotic phenomena 
predicted by axion electrodynamics

May be possible to also study the Witten effect, and dynamical axions in solids

“It's very difficult to know whether something is useful or not, but 
one can know that it's exciting.”

— F.D.M. Haldane, October 4, 2016, on the day of the Nobel announcement


