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Resonance occurs when: 

• Axion couples to a local oscillator 

• and             ma = !
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Resonance occurs when: 

• Axion couples to a local oscillator 

• and             ma = !
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Axion-photon coupling

Axion-fermion coupling

Haloscopes

Spin precession experiments
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Resonant detection 

• Pro: large amplitude 

• Con: axion mass unknown, need to scan             

Axion-photon coupling

Axion-fermion coupling

Haloscopes

Spin precession experiments
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<latexit sha1_base64="WOIsdMPtqjR6YaupmNjEsNNs8A8=">AAAB6nicbVDJSgNBEK2OW4xb1KOXwSB4CjOi6DHoxWMEs0AyhJ5OJbbpZejuEcKQfxBv0av/49m/cRLnYBIfVPF4r4paolhw63z/mxTW1jc2t4rbpZ3dvf2D8uFR0+rEMGwwLbRpR9Si4AobjjuB7dgglZHAVjS6m/mtFzSWa/XoxjGGkg4VH3BGXSY1u1rikPbKFb/qz+GtkiAnFchR75W/un3NEonKMUGt7QR+7MKUGseZwEmpm1iMKRvRIXYyqqhEG6bzbSfeWab0vYE2WSjnzdW/HSmV1o5llFVK6p7ssjcT//UiuTTZDW7ClKs4cajYoqe0kVSgDNMky5PsA8HyvaukeVENLqtXD5eV2m3+iyKcwCmcQwDXUIN7qEMDGDzDK0zhnQjyRqbk47e0QPKeY1gA+fwBP8+PQA==</latexit>

Resonant detection 

• Pro: large amplitude 

• Con: axion mass unknown, need to scan             

Axion-photon coupling

Axion-fermion coupling

Much tabletop opportunity!

Haloscopes

Spin precession experiments
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Plan of the talk

6

• Introduction 

• eV axion searches using integrated photonics 

• neV axion searches using superfluid 3He 

• feV axion searches using levitated ferromagnet 
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Cavity

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

Axion 
dark matter

Cavity based axion DM Searches

<latexit sha1_base64="H2hW+ZZKz78JOe0S926EAX0dTEA=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5IUqYKboi7EVQVbhaaWyfSkHTqTxJmJUNI8jBtfxY0LL7hw47M4vQhqPTDw8f/ncOb8fsyZ0o7zYc3Mzs0vLOaW8ssrq2vr9sZmXUWJpFCjEY/ktU8UcBZCTTPN4TqWQITP4crvnQz9qzuQikXhpe7H0BSkE7KAUaKN1LKPqq3UkwIr1sk8xQTcYi+QhKYXWSrG1mmWnX/TTQkPPNBkYKDesgtO0RkVngZ3AgU0qWrLfvXaEU0EhJpyolTDdWLdTInUjHLI8l6iICa0RzrQMBgSAaqZjo7M8K5R2jiIpHmhxiP150RKhFJ94ZtOQXRX/fWG4n9eI9HBYTNlYZxoCOl4UZBwrCM8TAy3mQSqed8AoZKZv2LaJSYjbXLNmxDcvydPQ71UdMvF8sV+oXI8iSOHttEO2kMuOkAVdIaqqIYoukeP6Bm9WA/Wk/VmvY9bZ6zJzBb6VdbnFwdJpQQ=</latexit>

Psig ' Q

mD
J2
D|⌘|2V

Dark photon

Axion
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Cavity based DM Searches

8

Cavity

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

momentum conservation

quality factor effective DM current
<latexit sha1_base64="H2hW+ZZKz78JOe0S926EAX0dTEA=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5IUqYKboi7EVQVbhaaWyfSkHTqTxJmJUNI8jBtfxY0LL7hw47M4vQhqPTDw8f/ncOb8fsyZ0o7zYc3Mzs0vLOaW8ssrq2vr9sZmXUWJpFCjEY/ktU8UcBZCTTPN4TqWQITP4crvnQz9qzuQikXhpe7H0BSkE7KAUaKN1LKPqq3UkwIr1sk8xQTcYi+QhKYXWSrG1mmWnX/TTQkPPNBkYKDesgtO0RkVngZ3AgU0qWrLfvXaEU0EhJpyolTDdWLdTInUjHLI8l6iICa0RzrQMBgSAaqZjo7M8K5R2jiIpHmhxiP150RKhFJ94ZtOQXRX/fWG4n9eI9HBYTNlYZxoCOl4UZBwrCM8TAy3mQSqed8AoZKZv2LaJSYjbXLNmxDcvydPQ71UdMvF8sV+oXI8iSOHttEO2kMuOkAVdIaqqIYoukeP6Bm9WA/Wk/VmvY9bZ6zJzBb6VdbnFwdJpQQ=</latexit>

Psig ' Q

mD
J2
D|⌘|2V

Axion 
dark matter

Axion

Dark photon
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cajohare/AxionLimits
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cajohare/AxionLimits
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cajohare/AxionLimits

LAMPOST
BREAD
Photonic chips?



Christina Gao | New Approaches in Light Dark Matter Detection

Ring Resonator: eV axion/dark photon

<latexit sha1_base64="X7dCf8IoQh+A1o9JW6X/wvtXbHs=">AAACEnicbVDLSgMxFM34rPVVdekmWATdlJniayMUBXHhoj76gE4dMplMG5pkhiQjlGG+wY2/4saFIm5dufNvTB8LbT0QOJxzDzf3+DGjStv2tzUzOze/sJhbyi+vrK6tFzY26ypKJCY1HLFINn2kCKOC1DTVjDRjSRD3GWn4vfOB33ggUtFI3Ol+TNocdQQNKUbaSF5hP3Ulhxe3N9mpG0qEU5eZcIDuy1l6BYU3tEkYZplXKNolewg4TZwxKYIxql7hyw0inHAiNGZIqZZjx7qdIqkpZiTLu4kiMcI91CEtQwXiRLXT4UkZ3DVKAMNImic0HKq/EyniSvW5byY50l016Q3E/7xWosOTdkpFnGgi8GhRmDCoIzjoBwZUEqxZ3xCEJTV/hbiLTDPatJg3JTiTJ0+TernkHJUOrw+KlbNxHTmwDXbAHnDAMaiAS1AFNYDBI3gGr+DNerJerHfrYzQ6Y40zW+APrM8fCyedvA==</latexit>

FSR =
�2

Lne↵

<latexit sha1_base64="/Iba6SIYF+wP/1zGYVqrDiFAHbg="></latexit>

FWHM =
�2

⇡Lne↵

1� ↵2

↵

12

<latexit sha1_base64="Qa/+vhbDUEsJuoc7JlriBSjZKVE="></latexit>

Finesse =
FSR

FWHM
=

1� ↵2

↵⇡
<latexit sha1_base64="oW08GGwbrFUgCGEWO+W386+xrzU=">AAACJ3icbVDLSsNAFJ34tr6iLt0MFsFVScTXRhEF6UKhgm2FJpTJ9KYOnUzCzEQoIX/jxl9xI6iILv0TpzGIrwMDh3PO5c49QcKZ0o7zZo2NT0xOTc/MVubmFxaX7OWVlopTSaFJYx7Lq4Ao4ExAUzPN4SqRQKKAQzsYnIz89g1IxWJxqYcJ+BHpCxYySrSRuvbhxYEXSkIzj5uhHskzT0b4tF0/z0tDdAsJwjA/y79iodmnFHTtqlNzCuC/xC1JFZVodO1HrxfTNAKhKSdKdVwn0X5GpGaUQ17xUgUJoQPSh46hgkSg/Ky4M8cbRunhMJbmCY0L9ftERiKlhlFgkhHR1+q3NxL/8zqpDvf9jIkk1SDo56Iw5VjHeFQa7jEJVPOhIYRKZv6K6TUx7WhTbcWU4P4++S9pbdXc3drOxXb16LisYwatoXW0iVy0h45QHTVQE1F0i+7RE3q27qwH68V6/YyOWeXMKvoB6/0DAF2nTQ==</latexit>

Q =
�

FWHM
=

ne↵L

�
finesse
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Dark photon

Axion

New Challenges:

• Phase matching 

• Large Q 

• Large V
momentum conservation

quality factor

<latexit sha1_base64="H2hW+ZZKz78JOe0S926EAX0dTEA=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5IUqYKboi7EVQVbhaaWyfSkHTqTxJmJUNI8jBtfxY0LL7hw47M4vQhqPTDw8f/ncOb8fsyZ0o7zYc3Mzs0vLOaW8ssrq2vr9sZmXUWJpFCjEY/ktU8UcBZCTTPN4TqWQITP4crvnQz9qzuQikXhpe7H0BSkE7KAUaKN1LKPqq3UkwIr1sk8xQTcYi+QhKYXWSrG1mmWnX/TTQkPPNBkYKDesgtO0RkVngZ3AgU0qWrLfvXaEU0EhJpyolTDdWLdTInUjHLI8l6iICa0RzrQMBgSAaqZjo7M8K5R2jiIpHmhxiP150RKhFJ94ZtOQXRX/fWG4n9eI9HBYTNlYZxoCOl4UZBwrCM8TAy3mQSqed8AoZKZv2LaJSYjbXLNmxDcvydPQ71UdMvF8sV+oXI8iSOHttEO2kMuOkAVdIaqqIYoukeP6Bm9WA/Wk/VmvY9bZ6zJzBb6VdbnFwdJpQQ=</latexit>

Psig ' Q

mD
J2
D|⌘|2V

effective DM current

Ring Resonator: eV axion/dark photon
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Our Proposal

New Challenges:

• Phase matching 

• Large Q 

• Large V

Our Proposal

<latexit sha1_base64="ztrjoOTnR6Tb+gHhnLLh22uKBTQ=">AAAB+3icbVDLSgMxFL1TX7W+xrp0EyyCqzIjvpZFNy4r2Ae0Q8mkaRuaZIYkI5Zh/BQ3LhRx64+4829M21lo64HA4Zxzyb0njDnTxvO+ncLK6tr6RnGztLW9s7vn7pebOkoUoQ0S8Ui1Q6wpZ5I2DDOctmNFsQg5bYXjm6nfeqBKs0jem0lMA4GHkg0YwcZKPbecdpVAihLKbOwpTHTWcyte1ZsBLRM/JxXIUe+5X91+RBJBpSEca93xvdgEKVaGEU6zUjfRNMZkjIe0Y6nEguogne2eoWOr9NEgUvZJg2bq74kUC60nIrRJgc1IL3pT8T+vk5jBVZAyGSeGSjL/aJBwZCI0LQL1mb3a8IklmChmd0VkhBUmxtZVsiX4iycvk+Zp1b+ont+dVWrXeR1FOIQjOAEfLqEGt1CHBhB4hGd4hTcnc16cd+djHi04+cwB/IHz+QOjT5TZ</latexit>

receiver bus

<latexit sha1_base64="tZPJLW19ybfkVTRr9RptcoZeat0=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9yF61Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSbNa8S4rF/fn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gABOI2h</latexit>n2
<latexit sha1_base64="rx1zOEd9XpjdVSGR+Y/mwv47nm4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSg+p5vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gD/pY2g</latexit>n1

<latexit sha1_base64="0OzA3ShKZDiIqTqAXe+ghqlvhT8=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR5LvXisYD+gXUo2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmd3O/80S1YYl8tFNFQ4FHksWMYOukTtbXAjVmg3LFr/oLoHUS5KQCOZqD8ld/mJBUUGkJx8b0Al/ZMMPaMsLprNRPDVWYTPCI9hyVWFATZotzZ+jCKUMUJ9qVtGih/p7IsDBmKiLXKbAdm1VvLv7n9VIb34YZkyq1VJLlojjlyCZo/jsaMk2J5VNHMNHM3YrIGGtMrEuo5EIIVl9eJ+2ralCr1h6uK/VGHkcRzuAcLiGAG6jDPTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwADv49g</latexit>

B

<latexit sha1_base64="1kbTOhf1dYzzAB+yk1mIsO4RVkA=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsKuSPQY9OIxgnlAsoTZ2dlkyOzMMtMrhDWCv+LFgyJe/Q1v/o2Tx0ETCxqKqm66u8JUcAOe9+0sLa+srq0XNoqbW9s7u+7efsOoTFNWp0oo3QqJYYJLVgcOgrVSzUgSCtYMB9djv3nPtOFK3sEwZUFCepLHnBKwUtc9zDs6wWlfgZL4MWLAKCg96rolr+xNgBeJPyMlNEOt6351IkWzhEmgghjT9r0Ugpxo4FSwUbGTGZYSOiA91rZUkoSZIJ/cP8InVolwrLQtCXii/p7ISWLMMAltZ0Kgb+a9sfif184gvgxyLtMMmKTTRXEmMCg8DgNHXNt/xdASQjW3t2LaJ5pQsJEVbQj+/MuLpHFW9ivlyu15qXo1i6OAjtAxOkU+ukBVdINqqI4oekDP6BW9OU/Oi/PufExbl5zZzAH6A+fzB4jZlnU=</latexit>

photon detector

<latexit sha1_base64="DakQvcRiYCxhHCYY8MmZPTII0mg=">AAACGnicbVC7SgNBFJ31bXxFLW0Gg2AVdkWipWhjqWASIQnh7uRuHJzHMjMrLkvyGzb+io2FInZi4984iSl8HRg4nHMud+6JU8GtC8OPYGp6ZnZufmGxtLS8srpWXt9oWJ0ZhnWmhTaXMVgUXGHdcSfwMjUIMhbYjK9PRn7zBo3lWl24PMWOhL7iCWfgvNQtR0XbSIq3IFOBdqiTYYqG654PCJEPb8DkXPWHBq1W4LSxg265ElbDMehfEk1IhUxw1i2/tXuaZRKVYwKsbUVh6joFGMeZwEGpnVlMgV1DH1ueKpBoO8X4tAHd8UqPJtr4pxwdq98nCpDW5jL2SQnuyv72RuJ/XitzyWGn4CrNHCr2tSjJBHWajnqiPW6QOZF7Asxw/1fKrsAAc77Nki8h+n3yX9LYq0a1au18v3J0PKljgWyRbbJLInJAjsgpOSN1wsgdeSBP5Dm4Dx6Dl+D1KzoVTGY2yQ8E758a8aNw</latexit>

examples of periodically varying resonatorsarXiv:2401.17260

with R. Harnik, R. Janish (Fermilab);  
N.Blinov (York U); N. Sinclair (Harvard)
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Our Proposal

New Challenges:

• Phase matching 

• Large Q 

• Large V

Our Proposal

Photonic Crystal

Bound States in Continuum

Sensor Network

<latexit sha1_base64="ztrjoOTnR6Tb+gHhnLLh22uKBTQ=">AAAB+3icbVDLSgMxFL1TX7W+xrp0EyyCqzIjvpZFNy4r2Ae0Q8mkaRuaZIYkI5Zh/BQ3LhRx64+4829M21lo64HA4Zxzyb0njDnTxvO+ncLK6tr6RnGztLW9s7vn7pebOkoUoQ0S8Ui1Q6wpZ5I2DDOctmNFsQg5bYXjm6nfeqBKs0jem0lMA4GHkg0YwcZKPbecdpVAihLKbOwpTHTWcyte1ZsBLRM/JxXIUe+5X91+RBJBpSEca93xvdgEKVaGEU6zUjfRNMZkjIe0Y6nEguogne2eoWOr9NEgUvZJg2bq74kUC60nIrRJgc1IL3pT8T+vk5jBVZAyGSeGSjL/aJBwZCI0LQL1mb3a8IklmChmd0VkhBUmxtZVsiX4iycvk+Zp1b+ont+dVWrXeR1FOIQjOAEfLqEGt1CHBhB4hGd4hTcnc16cd+djHi04+cwB/IHz+QOjT5TZ</latexit>

receiver bus

<latexit sha1_base64="tZPJLW19ybfkVTRr9RptcoZeat0=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9yF61Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSbNa8S4rF/fn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gABOI2h</latexit>n2
<latexit sha1_base64="rx1zOEd9XpjdVSGR+Y/mwv47nm4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSg+p5vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gD/pY2g</latexit>n1

<latexit sha1_base64="0OzA3ShKZDiIqTqAXe+ghqlvhT8=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR5LvXisYD+gXUo2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmd3O/80S1YYl8tFNFQ4FHksWMYOukTtbXAjVmg3LFr/oLoHUS5KQCOZqD8ld/mJBUUGkJx8b0Al/ZMMPaMsLprNRPDVWYTPCI9hyVWFATZotzZ+jCKUMUJ9qVtGih/p7IsDBmKiLXKbAdm1VvLv7n9VIb34YZkyq1VJLlojjlyCZo/jsaMk2J5VNHMNHM3YrIGGtMrEuo5EIIVl9eJ+2ralCr1h6uK/VGHkcRzuAcLiGAG6jDPTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwADv49g</latexit>

B

<latexit sha1_base64="1kbTOhf1dYzzAB+yk1mIsO4RVkA=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsKuSPQY9OIxgnlAsoTZ2dlkyOzMMtMrhDWCv+LFgyJe/Q1v/o2Tx0ETCxqKqm66u8JUcAOe9+0sLa+srq0XNoqbW9s7u+7efsOoTFNWp0oo3QqJYYJLVgcOgrVSzUgSCtYMB9djv3nPtOFK3sEwZUFCepLHnBKwUtc9zDs6wWlfgZL4MWLAKCg96rolr+xNgBeJPyMlNEOt6351IkWzhEmgghjT9r0Ugpxo4FSwUbGTGZYSOiA91rZUkoSZIJ/cP8InVolwrLQtCXii/p7ISWLMMAltZ0Kgb+a9sfif184gvgxyLtMMmKTTRXEmMCg8DgNHXNt/xdASQjW3t2LaJ5pQsJEVbQj+/MuLpHFW9ivlyu15qXo1i6OAjtAxOkU+ukBVdINqqI4oekDP6BW9OU/Oi/PufExbl5zZzAH6A+fzB4jZlnU=</latexit>

photon detector

<latexit sha1_base64="DakQvcRiYCxhHCYY8MmZPTII0mg=">AAACGnicbVC7SgNBFJ31bXxFLW0Gg2AVdkWipWhjqWASIQnh7uRuHJzHMjMrLkvyGzb+io2FInZi4984iSl8HRg4nHMud+6JU8GtC8OPYGp6ZnZufmGxtLS8srpWXt9oWJ0ZhnWmhTaXMVgUXGHdcSfwMjUIMhbYjK9PRn7zBo3lWl24PMWOhL7iCWfgvNQtR0XbSIq3IFOBdqiTYYqG654PCJEPb8DkXPWHBq1W4LSxg265ElbDMehfEk1IhUxw1i2/tXuaZRKVYwKsbUVh6joFGMeZwEGpnVlMgV1DH1ueKpBoO8X4tAHd8UqPJtr4pxwdq98nCpDW5jL2SQnuyv72RuJ/XitzyWGn4CrNHCr2tSjJBHWajnqiPW6QOZF7Asxw/1fKrsAAc77Nki8h+n3yX9LYq0a1au18v3J0PKljgWyRbbJLInJAjsgpOSN1wsgdeSBP5Dm4Dx6Dl+D1KzoVTGY2yQ8E758a8aNw</latexit>

examples of periodically varying resonatorsarXiv:2401.17260

with R. Harnik, R. Janish (Fermilab);  
N.Blinov (York U); N. Sinclair (Harvard)
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Phase Matching (Momentum Conservation)
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Periodic Photonic Structure: Bloch Modes

Lattice vector

Bloch wavevector

<latexit sha1_base64="ls2jEGv5yOQYkerOI2+sk2VcVAQ=">AAACFHicbVDLSgMxFM34rPU16tJNsAgthTIjvjZC0Y3LKvYBnaFk0kwbmkmGJFMow3yEG3/FjQtF3Lpw59+YPhbaeuDC4Zx7ufeeIGZUacf5tpaWV1bX1nMb+c2t7Z1de2+/oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMbsZ+c0ikooI/6FFM/Aj1OA0pRtpIHbvsDZEksaJM8GLqBSGUWelqUSzfZ6WOXXAqzgRwkbgzUgAz1Dr2l9cVOIkI15ghpdquE2s/RVJTzEiW9xJFYoQHqEfahnIUEeWnk6cyeGyULgyFNMU1nKi/J1IUKTWKAtMZId1X895Y/M9rJzq89FPK40QTjqeLwoRBLeA4IdilkmDNRoYgLKm5FeI+kghrk2PehODOv7xIGicV97xydndaqF7P4siBQ3AEisAFF6AKbkEN1AEGj+AZvII368l6sd6tj2nrkjWbOQB/YH3+AFHPnlk=</latexit>

"(r) = "(r+R)

e.x. <latexit sha1_base64="yhQ+2Hau/sbCa4FiXJts8qPXIGY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqxeh6MWTVDBtoQ1ls920SzebsB9CCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphyprTrfjuFldW19Y3iZmlre2d3r7x/0FSJkYT6JOGJbIdYUc4E9TXTnLZTSXEcctoKR7dTv/VEpWKJeNTjlAYxHggWMYK1lfz7nrm+6JUrbtWdAS0TLycVyNHolb+6/YSYmApNOFaq47mpDjIsNSOcTkpdo2iKyQgPaMdSgWOqgmx27ASdWKWPokTaEhrN1N8TGY6VGseh7YyxHqpFbyr+53WMjq6CjInUaCrIfFFkONIJmn6O+kxSovnYEkwks7ciMsQSE23zKdkQvMWXl0nzrOrVqrWH80r9Jo+jCEdwDKfgwSXU4Q4a4AMBBs/wCm+OcF6cd+dj3lpw8plD+APn8wcvgI5L</latexit>

Nu = 5

Resonator size << λdB

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{Unit cell
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Periodic Photonic Structure: Bloch Modes

Lattice vector

Bloch wavevector

<latexit sha1_base64="ls2jEGv5yOQYkerOI2+sk2VcVAQ=">AAACFHicbVDLSgMxFM34rPU16tJNsAgthTIjvjZC0Y3LKvYBnaFk0kwbmkmGJFMow3yEG3/FjQtF3Lpw59+YPhbaeuDC4Zx7ufeeIGZUacf5tpaWV1bX1nMb+c2t7Z1de2+/oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMbsZ+c0ikooI/6FFM/Aj1OA0pRtpIHbvsDZEksaJM8GLqBSGUWelqUSzfZ6WOXXAqzgRwkbgzUgAz1Dr2l9cVOIkI15ghpdquE2s/RVJTzEiW9xJFYoQHqEfahnIUEeWnk6cyeGyULgyFNMU1nKi/J1IUKTWKAtMZId1X895Y/M9rJzq89FPK40QTjqeLwoRBLeA4IdilkmDNRoYgLKm5FeI+kghrk2PehODOv7xIGicV97xydndaqF7P4siBQ3AEisAFF6AKbkEN1AEGj+AZvII368l6sd6tj2nrkjWbOQB/YH3+AFHPnlk=</latexit>

"(r) = "(r+R)
Resonator size << λdB

e.x. <latexit sha1_base64="yhQ+2Hau/sbCa4FiXJts8qPXIGY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqxeh6MWTVDBtoQ1ls920SzebsB9CCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphyprTrfjuFldW19Y3iZmlre2d3r7x/0FSJkYT6JOGJbIdYUc4E9TXTnLZTSXEcctoKR7dTv/VEpWKJeNTjlAYxHggWMYK1lfz7nrm+6JUrbtWdAS0TLycVyNHolb+6/YSYmApNOFaq47mpDjIsNSOcTkpdo2iKyQgPaMdSgWOqgmx27ASdWKWPokTaEhrN1N8TGY6VGseh7YyxHqpFbyr+53WMjq6CjInUaCrIfFFkONIJmn6O+kxSovnYEkwks7ciMsQSE23zKdkQvMWXl0nzrOrVqrWH80r9Jo+jCEdwDKfgwSXU4Q4a4AMBBs/wCm+OcF6cd+dj3lpw8plD+APn8wcvgI5L</latexit>

Nu = 5
<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{
DM couples to          modes <latexit sha1_base64="G+ywtFmXMBjHibTlFW2CiIv27XQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXgQvFewHtkvJpmkbmk1CkhXL0n/hxYMiXv033vw3pu0etPXBwOO9GWbmRYozY33/28utrK6tb+Q3C1vbO7t7xf2DhpGJJrROJJe6FWFDORO0bpnltKU0xXHEaTMaXU/95iPVhklxb8eKhjEeCNZnBFsnPdx2sFJaPiG/Wyz5ZX8GtEyCjJQgQ61b/Or0JEliKizh2Jh24CsbplhbRjidFDqJoQqTER7QtqMCx9SE6eziCTpxSg/1pXYlLJqpvydSHBszjiPXGWM7NIveVPzPaye2fxmmTKjEUkHmi/oJR1ai6fuoxzQllo8dwUQzdysiQ6wxsS6kggshWHx5mTTOykGlXLk7L1WvsjjycATHcAoBXEAVbqAGdSAg4Ble4c0z3ov37n3MW3NeNnMIf+B9/gD5dJB6</latexit>

K ⇡ 0

Unit cell
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What about Q?
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Nature Reviews Materials 
volume 1, Article number: 16048 (2016)

Bound States in the Continuum

Infinite Q for 
perfect BIC

https://www.nature.com/natrevmats
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https://www.teraxion.com/en/company/fiberbragggrating/ Patterned slab

1D and 2D Examples that support BIC modes
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https://www.teraxion.com/en/company/fiberbragggrating/ Patterned slab

<latexit sha1_base64="G65ajOEzB9Jn7+lGdOxSEGoSGj4=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFdlRqSKq6IblxXsBTrDkElP29BMZkgyQpl24au4caGIW1/DnW9j2s5CW38IfPnPOeTkDxPOlHacb6uwsrq2vlHcLG1t7+zu2fsHTRWnkkKDxjyW7ZAo4ExAQzPNoZ1IIFHIoRUOb6f11iNIxWLxoEcJ+BHpC9ZjlGhjBfbR2ANNgnR8jZ2K43qKRQbcwC6b60x4GdwcyihXPbC/vG5M0wiEppwo1XGdRPsZkZpRDpOSlypICB2SPnQMChKB8rPZ/hN8apwu7sXSHKHxzP09kZFIqVEUms6I6IFarE3N/2qdVPeu/IyJJNUg6PyhXsqxjvE0DNxlEqjmIwOESmZ2xXRAJKHaRFYyIbiLX16G5nnFrVaq9xfl2k0eRxEdoxN0hlx0iWroDtVRA1E0Rs/oFb1ZT9aL9W59zFsLVj5ziP7I+vwBV9GUYQ==</latexit>

|⌘u| : 0.01 ⇠ 0.1 Not optimized

1D and 2D Examples that support BIC modes
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Coupling N Resonators in Series
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N Resonators in Series

24

… 
<latexit sha1_base64="UwMRRSv4DboDZZvRAdSApIltDUc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppo3NJCHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/VbT1QbJsWDHSsaJnggWMwItk5qdkdYKdwrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdu0EnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vw4wJlVoqyHxRnHJkJZq+jvpMU2L52BFMNHO3IjLEGhPrAiq5EILFl5dJ86waXFYv7s8rtZs8jiIcwTGcQgBXUIM7qEMDCDzCM7zCmye9F+/d+5i3Frx85hD+wPv8AZlsjyk=</latexit>

<latexit sha1_base64="F5DkElhHnnADT2xbvGMDVtxEGb4=">AAAB8HicbVDLSgMxFM34rPVVdekmWAQRLDPia1l047KCfUg7ljtp2oYmmZBkhDL0K9y4UMStn+POvzFtZ6GtBy4czrmXe++JFGfG+v63t7C4tLyymlvLr29sbm0XdnZrJk40oVUS81g3IjCUM0mrlllOG0pTEBGn9WhwM/brT1QbFst7O1Q0FNCTrMsIWCc9nLQGoBQ8HrcLRb/kT4DnSZCRIspQaRe+Wp2YJIJKSzgY0wx8ZcMUtGWE01G+lRiqgAygR5uOShDUhOnk4BE+dEoHd2PtSlo8UX9PpCCMGYrIdQqwfTPrjcX/vGZiu1dhyqRKLJVkuqibcGxjPP4ed5imxPKhI0A0c7di0gcNxLqM8i6EYPbleVI7LQUXpfO7s2L5Oosjh/bRATpCAbpEZXSLKqiKCBLoGb2iN097L9679zFtXfCymT30B97nDyFGj/w=</latexit>

�⇤

<latexit sha1_base64="wVNPTidnOFb00HtjN39OOcpPzBY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA+15vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gDr142T</latexit>a1
<latexit sha1_base64="q9AISI9UburW4eeMTsXbP+uc7zA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis90F61Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSbNa8S4rF/fn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gDtW42U</latexit>a2

<latexit sha1_base64="WNvHAK1Z/vZRtiAI9rmS4Eilzmg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiyeJaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj66nfekSleSwfzDhBP6IDyUPOqLHSPe3d9soVt+rOQP4SLycVyFHvlT+7/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZAjq/RJGCtb0pCZ+nMio5HW4yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/Hlv6R5UvXOq2d3p5XaVR5HEQ7gEI7BgwuowQ3UoQEMBvAEL/DqCOfZeXPe560FJ5/Zh19wPr4BF9qNsA==</latexit>aN

<latexit sha1_base64="vgNNh3EA2LTqozU4MntUl7yHh70=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyURX8uiG5cV7APaGCbTSTt0MgkzE7WE/IcbF4q49V/c+TdO2yy09cCFwzn3cu89fsyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv+6Hritx+oVCwSd3ocUzfEA8ECRrA20r3ycDXt+QF6yjzn2CtX7Jo9BVokTk4qkKPhlb96/YgkIRWacKxU17Fj7aZYakY4zUq9RNEYkxEe0K6hAodUuen06gwdGaWPgkiaEhpN1d8TKQ6VGoe+6QyxHqp5byL+53UTHVy6KRNxoqkgs0VBwpGO0CQC1GeSEs3HhmAimbkVkSGWmGgTVMmE4My/vEhaJzXnvHZ2e1qpX+VxFOEADqEKDlxAHW6gAU0gIOEZXuHNerRerHfrY9ZasPKZffgD6/MHdKGR2A==</latexit>

sa(x1)
<latexit sha1_base64="FaCC6g5LVVf1+tiMxrqIiRhJcfQ=">AAAB9XicbVDLTsJAFL3FF+ILdelmIjHBDWkJPpZENy4xkUcCtZkOU5gwnTYzU5U0/IcbFxrj1n9x5984QBcKnuQmJ+fcm3vv8WPOlLbtbyu3srq2vpHfLGxt7+zuFfcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R9dTv/1ApWKRuNPjmLohHggWMIK1ke6Vh8tpzw/Q08SrnnrFkl2xZ0DLxMlICTI0vOJXrx+RJKRCE46V6jp2rN0US80Ip5NCL1E0xmSEB7RrqMAhVW46u3qCTozSR0EkTQmNZurviRSHSo1D33SGWA/VojcV//O6iQ4u3ZSJONFUkPmiIOFIR2gaAeozSYnmY0MwkczcisgQS0y0CapgQnAWX14mrWrFOa+c3dZK9assjjwcwTGUwYELqMMNNKAJBCQ8wyu8WY/Wi/Vufcxbc1Y2cwh/YH3+AHYmkdk=</latexit>

sa(x2)
<latexit sha1_base64="Ss6FKKTbcVwEMhbg/jMWmCMyiz8=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWR+lgW3biSCvYBbQyT6aQdOpmEmYlaQv/DjQtF3Pov7vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g18VsPVCoWiTs9iqkb4r5gASNYG+leebicdv0APY29m2OvWLIr9hRokTgZKUGGulf86vYikoRUaMKxUh3HjrWbYqkZ4XRc6CaKxpgMcZ92DBU4pMpNp1eP0ZFReiiIpCmh0VT9PZHiUKlR6JvOEOuBmvcm4n9eJ9HBhZsyESeaCjJbFCQc6QhNIkA9JinRfGQIJpKZWxEZYImJNkEVTAjO/MuLpHlScc4qp7fVUu0yiyMPB3AIZXDgHGpwDXVoAAEJz/AKb9aj9WK9Wx+z1pyVzezDH1ifP6CykfU=</latexit>

sa(xN )

<latexit sha1_base64="GkQX5/L2G0hjnmmMzS/af9EIhcE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOldneESYI97JUrbtWdgSwTLycVyFHvlb+6/ZimEZOGCtS647mJ8TNUhlPBJqVuqlmCdIQD1rFUYsS0n83unZATq/RJGCtb0pCZ+nsiw0jrcRTYzgjNUC96U/E/r5Oa8NrPuExSwySdLwpTQUxMps+TPleMGjG2BKni9lZCh6iQGhtRyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGkBBwDO8wpvz6Lw4787HvLXg5DOH8AfO5w8LmY/9</latexit>a

<latexit sha1_base64="BDH2yFgR6qV35bMHX3I1QDDkt9o=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62srq1vlDcrW9s7u3vV/YNHqzNDWYtqoU0nJpYJrlgLOAjWSQ0jMhasHY9up377iRnLtXqAccoiSQaKJ5wScFJoe3nXSKwzmPSqNb/uz4CXSVCQGirQ7FW/un1NM8kUUEGsDQM/hSgnBjgVbFLpZpalhI7IgIWOKiKZjfLZyRN84pQ+TrRxpQDP1N8TOZHWjmXsOiWBoV30puJ/XphBch3lXKUZMEXni5JMYNB4+j/uc8MoiLEjhBrubsV0SAyh4FKquBCCxZeXyeNZPbisX9yf1xo3RRxldISO0SkK0BVqoDvURC1EkUbP6BW9eeC9eO/ex7y15BUzh+gPvM8fiPCRbw==</latexit>sout

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit> {
<latexit sha1_base64="vissBQe9Vk3j5g1F0e8wevSK7sU=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBLxtSy6cVnBPqCNYTK5aYdOJmFmIpaQX3HjQhG3/og7/8bpY6GtBy4czrmXe+8JUs6Udpxva2l5ZXVtvbRR3tza3tm19yotlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQxvxn77EaRiibjXoxS8mPQFixgl2ki+XYGH/IQJX+JeEkOf4LDw7apTcybAi8SdkSqaoeHbX70woVkMQlNOlOq6Tqq9nEjNKIei3MsUpIQOSR+6hgoSg/Lyye0FPjJKiKNEmhIaT9TfEzmJlRrFgemMiR6oeW8s/ud1Mx1deTkTaaZB0OmiKONYJ3gcBA6ZBKr5yBBCJTO3YjogklBt4iqbENz5lxdJ67TmXtTO786q9etZHCV0gA7RMXLRJaqjW9RATUTRE3pGr+jNKqwX6936mLYuWbOZffQH1ucPWL+UAg==</latexit>

e�inr!d

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{<latexit sha1_base64="6I04E8iIRPS0hm/2sN7mbP17h3w=">AAACGXicbZC7TsMwFIadci+3ACOLRYUEA1VScRsRLIwgUVqpKZHjnhSrThzZTkUV5TVYeBUWBhBihIm3wW2DBJRfsvT5P+fIPn+QcKa043xapanpmdm5+YXy4tLyyqq9tn6tRCop1KngQjYDooCzGOqaaQ7NRAKJAg6NoHc2rDf6IBUT8ZUeJNCOSDdmIaNEG8u3HbjJ9pgnIugSnHlBiPu5TzzaEXpndL3LfXfvm2q7uW9XnKozEp4Et4AKKnTh2+9eR9A0glhTTpRquU6i2xmRmlEOedlLFSSE9kgXWgZjEoFqZ6PNcrxtnA4OhTQn1njk/pzISKTUIApMZ0T0rfpbG5r/1VqpDo/bGYuTVENMxw+FKcda4GFMuMMkUM0HBgiVzPwV01siCdUmzLIJwf278iRc16ruYfXgcr9yclrEMY820RbaQS46QifoHF2gOqLoHj2iZ/RiPVhP1qv1Nm4tWcXMBvol6+MLZCWf6g==</latexit>

e�i!va·(x1�x2)

N DM sources:

N resonators:

• DM sources a standing wave that can couple to either left or 
right-traveling wave in the bus. 

• DM field is coherent over each resonator, but could be 
incoherent across neighboring resonators.
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N Resonators in Series

25

• Solve the output using Heisenberg Langevin equations 

• Gaussian distribution of  is assumed. va

… 
<latexit sha1_base64="UwMRRSv4DboDZZvRAdSApIltDUc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppo3NJCHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/VbT1QbJsWDHSsaJnggWMwItk5qdkdYKdwrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdu0EnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vw4wJlVoqyHxRnHJkJZq+jvpMU2L52BFMNHO3IjLEGhPrAiq5EILFl5dJ86waXFYv7s8rtZs8jiIcwTGcQgBXUIM7qEMDCDzCM7zCmye9F+/d+5i3Frx85hD+wPv8AZlsjyk=</latexit>

<latexit sha1_base64="F5DkElhHnnADT2xbvGMDVtxEGb4=">AAAB8HicbVDLSgMxFM34rPVVdekmWAQRLDPia1l047KCfUg7ljtp2oYmmZBkhDL0K9y4UMStn+POvzFtZ6GtBy4czrmXe++JFGfG+v63t7C4tLyymlvLr29sbm0XdnZrJk40oVUS81g3IjCUM0mrlllOG0pTEBGn9WhwM/brT1QbFst7O1Q0FNCTrMsIWCc9nLQGoBQ8HrcLRb/kT4DnSZCRIspQaRe+Wp2YJIJKSzgY0wx8ZcMUtGWE01G+lRiqgAygR5uOShDUhOnk4BE+dEoHd2PtSlo8UX9PpCCMGYrIdQqwfTPrjcX/vGZiu1dhyqRKLJVkuqibcGxjPP4ed5imxPKhI0A0c7di0gcNxLqM8i6EYPbleVI7LQUXpfO7s2L5Oosjh/bRATpCAbpEZXSLKqiKCBLoGb2iN097L9679zFtXfCymT30B97nDyFGj/w=</latexit>

�⇤

<latexit sha1_base64="wVNPTidnOFb00HtjN39OOcpPzBY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA+15vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gDr142T</latexit>a1
<latexit sha1_base64="q9AISI9UburW4eeMTsXbP+uc7zA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis90F61Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSbNa8S4rF/fn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gDtW42U</latexit>a2

<latexit sha1_base64="WNvHAK1Z/vZRtiAI9rmS4Eilzmg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiyeJaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj66nfekSleSwfzDhBP6IDyUPOqLHSPe3d9soVt+rOQP4SLycVyFHvlT+7/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZAjq/RJGCtb0pCZ+nMio5HW4yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/Hlv6R5UvXOq2d3p5XaVR5HEQ7gEI7BgwuowQ3UoQEMBvAEL/DqCOfZeXPe560FJ5/Zh19wPr4BF9qNsA==</latexit>aN

<latexit sha1_base64="vgNNh3EA2LTqozU4MntUl7yHh70=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyURX8uiG5cV7APaGCbTSTt0MgkzE7WE/IcbF4q49V/c+TdO2yy09cCFwzn3cu89fsyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv+6Hritx+oVCwSd3ocUzfEA8ECRrA20r3ycDXt+QF6yjzn2CtX7Jo9BVokTk4qkKPhlb96/YgkIRWacKxU17Fj7aZYakY4zUq9RNEYkxEe0K6hAodUuen06gwdGaWPgkiaEhpN1d8TKQ6VGoe+6QyxHqp5byL+53UTHVy6KRNxoqkgs0VBwpGO0CQC1GeSEs3HhmAimbkVkSGWmGgTVMmE4My/vEhaJzXnvHZ2e1qpX+VxFOEADqEKDlxAHW6gAU0gIOEZXuHNerRerHfrY9ZasPKZffgD6/MHdKGR2A==</latexit>

sa(x1)
<latexit sha1_base64="FaCC6g5LVVf1+tiMxrqIiRhJcfQ=">AAAB9XicbVDLTsJAFL3FF+ILdelmIjHBDWkJPpZENy4xkUcCtZkOU5gwnTYzU5U0/IcbFxrj1n9x5984QBcKnuQmJ+fcm3vv8WPOlLbtbyu3srq2vpHfLGxt7+zuFfcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R9dTv/1ApWKRuNPjmLohHggWMIK1ke6Vh8tpzw/Q08SrnnrFkl2xZ0DLxMlICTI0vOJXrx+RJKRCE46V6jp2rN0US80Ip5NCL1E0xmSEB7RrqMAhVW46u3qCTozSR0EkTQmNZurviRSHSo1D33SGWA/VojcV//O6iQ4u3ZSJONFUkPmiIOFIR2gaAeozSYnmY0MwkczcisgQS0y0CapgQnAWX14mrWrFOa+c3dZK9assjjwcwTGUwYELqMMNNKAJBCQ8wyu8WY/Wi/Vufcxbc1Y2cwh/YH3+AHYmkdk=</latexit>

sa(x2)
<latexit sha1_base64="Ss6FKKTbcVwEMhbg/jMWmCMyiz8=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWR+lgW3biSCvYBbQyT6aQdOpmEmYlaQv/DjQtF3Pov7vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g18VsPVCoWiTs9iqkb4r5gASNYG+leebicdv0APY29m2OvWLIr9hRokTgZKUGGulf86vYikoRUaMKxUh3HjrWbYqkZ4XRc6CaKxpgMcZ92DBU4pMpNp1eP0ZFReiiIpCmh0VT9PZHiUKlR6JvOEOuBmvcm4n9eJ9HBhZsyESeaCjJbFCQc6QhNIkA9JinRfGQIJpKZWxEZYImJNkEVTAjO/MuLpHlScc4qp7fVUu0yiyMPB3AIZXDgHGpwDXVoAAEJz/AKb9aj9WK9Wx+z1pyVzezDH1ifP6CykfU=</latexit>

sa(xN )

<latexit sha1_base64="GkQX5/L2G0hjnmmMzS/af9EIhcE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOldneESYI97JUrbtWdgSwTLycVyFHvlb+6/ZimEZOGCtS647mJ8TNUhlPBJqVuqlmCdIQD1rFUYsS0n83unZATq/RJGCtb0pCZ+nsiw0jrcRTYzgjNUC96U/E/r5Oa8NrPuExSwySdLwpTQUxMps+TPleMGjG2BKni9lZCh6iQGhtRyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGkBBwDO8wpvz6Lw4787HvLXg5DOH8AfO5w8LmY/9</latexit>a

<latexit sha1_base64="BDH2yFgR6qV35bMHX3I1QDDkt9o=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62srq1vlDcrW9s7u3vV/YNHqzNDWYtqoU0nJpYJrlgLOAjWSQ0jMhasHY9up377iRnLtXqAccoiSQaKJ5wScFJoe3nXSKwzmPSqNb/uz4CXSVCQGirQ7FW/un1NM8kUUEGsDQM/hSgnBjgVbFLpZpalhI7IgIWOKiKZjfLZyRN84pQ+TrRxpQDP1N8TOZHWjmXsOiWBoV30puJ/XphBch3lXKUZMEXni5JMYNB4+j/uc8MoiLEjhBrubsV0SAyh4FKquBCCxZeXyeNZPbisX9yf1xo3RRxldISO0SkK0BVqoDvURC1EkUbP6BW9eeC9eO/ex7y15BUzh+gPvM8fiPCRbw==</latexit>sout

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit> {
<latexit sha1_base64="vissBQe9Vk3j5g1F0e8wevSK7sU=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBLxtSy6cVnBPqCNYTK5aYdOJmFmIpaQX3HjQhG3/og7/8bpY6GtBy4czrmXe+8JUs6Udpxva2l5ZXVtvbRR3tza3tm19yotlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQxvxn77EaRiibjXoxS8mPQFixgl2ki+XYGH/IQJX+JeEkOf4LDw7apTcybAi8SdkSqaoeHbX70woVkMQlNOlOq6Tqq9nEjNKIei3MsUpIQOSR+6hgoSg/Lyye0FPjJKiKNEmhIaT9TfEzmJlRrFgemMiR6oeW8s/ud1Mx1deTkTaaZB0OmiKONYJ3gcBA6ZBKr5yBBCJTO3YjogklBt4iqbENz5lxdJ67TmXtTO786q9etZHCV0gA7RMXLRJaqjW9RATUTRE3pGr+jNKqwX6936mLYuWbOZffQH1ucPWL+UAg==</latexit>

e�inr!d

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{<latexit sha1_base64="6I04E8iIRPS0hm/2sN7mbP17h3w=">AAACGXicbZC7TsMwFIadci+3ACOLRYUEA1VScRsRLIwgUVqpKZHjnhSrThzZTkUV5TVYeBUWBhBihIm3wW2DBJRfsvT5P+fIPn+QcKa043xapanpmdm5+YXy4tLyyqq9tn6tRCop1KngQjYDooCzGOqaaQ7NRAKJAg6NoHc2rDf6IBUT8ZUeJNCOSDdmIaNEG8u3HbjJ9pgnIugSnHlBiPu5TzzaEXpndL3LfXfvm2q7uW9XnKozEp4Et4AKKnTh2+9eR9A0glhTTpRquU6i2xmRmlEOedlLFSSE9kgXWgZjEoFqZ6PNcrxtnA4OhTQn1njk/pzISKTUIApMZ0T0rfpbG5r/1VqpDo/bGYuTVENMxw+FKcda4GFMuMMkUM0HBgiVzPwV01siCdUmzLIJwf278iRc16ruYfXgcr9yclrEMY820RbaQS46QifoHF2gOqLoHj2iZ/RiPVhP1qv1Nm4tWcXMBvol6+MLZCWf6g==</latexit>

e�i!va·(x1�x2)

N DM sources:

N resonators:
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Same Frequency

… 
<latexit sha1_base64="UwMRRSv4DboDZZvRAdSApIltDUc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppo3NJCHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/VbT1QbJsWDHSsaJnggWMwItk5qdkdYKdwrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdu0EnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vw4wJlVoqyHxRnHJkJZq+jvpMU2L52BFMNHO3IjLEGhPrAiq5EILFl5dJ86waXFYv7s8rtZs8jiIcwTGcQgBXUIM7qEMDCDzCM7zCmye9F+/d+5i3Frx85hD+wPv8AZlsjyk=</latexit>

<latexit sha1_base64="F5DkElhHnnADT2xbvGMDVtxEGb4=">AAAB8HicbVDLSgMxFM34rPVVdekmWAQRLDPia1l047KCfUg7ljtp2oYmmZBkhDL0K9y4UMStn+POvzFtZ6GtBy4czrmXe++JFGfG+v63t7C4tLyymlvLr29sbm0XdnZrJk40oVUS81g3IjCUM0mrlllOG0pTEBGn9WhwM/brT1QbFst7O1Q0FNCTrMsIWCc9nLQGoBQ8HrcLRb/kT4DnSZCRIspQaRe+Wp2YJIJKSzgY0wx8ZcMUtGWE01G+lRiqgAygR5uOShDUhOnk4BE+dEoHd2PtSlo8UX9PpCCMGYrIdQqwfTPrjcX/vGZiu1dhyqRKLJVkuqibcGxjPP4ed5imxPKhI0A0c7di0gcNxLqM8i6EYPbleVI7LQUXpfO7s2L5Oosjh/bRATpCAbpEZXSLKqiKCBLoGb2iN097L9679zFtXfCymT30B97nDyFGj/w=</latexit>

�⇤

<latexit sha1_base64="wVNPTidnOFb00HtjN39OOcpPzBY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA+15vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gDr142T</latexit>a1
<latexit sha1_base64="q9AISI9UburW4eeMTsXbP+uc7zA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis90F61Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSbNa8S4rF/fn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gDtW42U</latexit>a2

<latexit sha1_base64="WNvHAK1Z/vZRtiAI9rmS4Eilzmg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiyeJaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj66nfekSleSwfzDhBP6IDyUPOqLHSPe3d9soVt+rOQP4SLycVyFHvlT+7/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZAjq/RJGCtb0pCZ+nMio5HW4yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/Hlv6R5UvXOq2d3p5XaVR5HEQ7gEI7BgwuowQ3UoQEMBvAEL/DqCOfZeXPe560FJ5/Zh19wPr4BF9qNsA==</latexit>aN

<latexit sha1_base64="vgNNh3EA2LTqozU4MntUl7yHh70=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyURX8uiG5cV7APaGCbTSTt0MgkzE7WE/IcbF4q49V/c+TdO2yy09cCFwzn3cu89fsyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv+6Hritx+oVCwSd3ocUzfEA8ECRrA20r3ycDXt+QF6yjzn2CtX7Jo9BVokTk4qkKPhlb96/YgkIRWacKxU17Fj7aZYakY4zUq9RNEYkxEe0K6hAodUuen06gwdGaWPgkiaEhpN1d8TKQ6VGoe+6QyxHqp5byL+53UTHVy6KRNxoqkgs0VBwpGO0CQC1GeSEs3HhmAimbkVkSGWmGgTVMmE4My/vEhaJzXnvHZ2e1qpX+VxFOEADqEKDlxAHW6gAU0gIOEZXuHNerRerHfrY9ZasPKZffgD6/MHdKGR2A==</latexit>

sa(x1)
<latexit sha1_base64="FaCC6g5LVVf1+tiMxrqIiRhJcfQ=">AAAB9XicbVDLTsJAFL3FF+ILdelmIjHBDWkJPpZENy4xkUcCtZkOU5gwnTYzU5U0/IcbFxrj1n9x5984QBcKnuQmJ+fcm3vv8WPOlLbtbyu3srq2vpHfLGxt7+zuFfcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R9dTv/1ApWKRuNPjmLohHggWMIK1ke6Vh8tpzw/Q08SrnnrFkl2xZ0DLxMlICTI0vOJXrx+RJKRCE46V6jp2rN0US80Ip5NCL1E0xmSEB7RrqMAhVW46u3qCTozSR0EkTQmNZurviRSHSo1D33SGWA/VojcV//O6iQ4u3ZSJONFUkPmiIOFIR2gaAeozSYnmY0MwkczcisgQS0y0CapgQnAWX14mrWrFOa+c3dZK9assjjwcwTGUwYELqMMNNKAJBCQ8wyu8WY/Wi/Vufcxbc1Y2cwh/YH3+AHYmkdk=</latexit>

sa(x2)
<latexit sha1_base64="Ss6FKKTbcVwEMhbg/jMWmCMyiz8=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWR+lgW3biSCvYBbQyT6aQdOpmEmYlaQv/DjQtF3Pov7vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g18VsPVCoWiTs9iqkb4r5gASNYG+leebicdv0APY29m2OvWLIr9hRokTgZKUGGulf86vYikoRUaMKxUh3HjrWbYqkZ4XRc6CaKxpgMcZ92DBU4pMpNp1eP0ZFReiiIpCmh0VT9PZHiUKlR6JvOEOuBmvcm4n9eJ9HBhZsyESeaCjJbFCQc6QhNIkA9JinRfGQIJpKZWxEZYImJNkEVTAjO/MuLpHlScc4qp7fVUu0yiyMPB3AIZXDgHGpwDXVoAAEJz/AKb9aj9WK9Wx+z1pyVzezDH1ifP6CykfU=</latexit>

sa(xN )

<latexit sha1_base64="GkQX5/L2G0hjnmmMzS/af9EIhcE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOldneESYI97JUrbtWdgSwTLycVyFHvlb+6/ZimEZOGCtS647mJ8TNUhlPBJqVuqlmCdIQD1rFUYsS0n83unZATq/RJGCtb0pCZ+nsiw0jrcRTYzgjNUC96U/E/r5Oa8NrPuExSwySdLwpTQUxMps+TPleMGjG2BKni9lZCh6iQGhtRyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGkBBwDO8wpvz6Lw4787HvLXg5DOH8AfO5w8LmY/9</latexit>a

<latexit sha1_base64="BDH2yFgR6qV35bMHX3I1QDDkt9o=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62srq1vlDcrW9s7u3vV/YNHqzNDWYtqoU0nJpYJrlgLOAjWSQ0jMhasHY9up377iRnLtXqAccoiSQaKJ5wScFJoe3nXSKwzmPSqNb/uz4CXSVCQGirQ7FW/un1NM8kUUEGsDQM/hSgnBjgVbFLpZpalhI7IgIWOKiKZjfLZyRN84pQ+TrRxpQDP1N8TOZHWjmXsOiWBoV30puJ/XphBch3lXKUZMEXni5JMYNB4+j/uc8MoiLEjhBrubsV0SAyh4FKquBCCxZeXyeNZPbisX9yf1xo3RRxldISO0SkK0BVqoDvURC1EkUbP6BW9eeC9eO/ex7y15BUzh+gPvM8fiPCRbw==</latexit>sout

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit> {

<latexit sha1_base64="vissBQe9Vk3j5g1F0e8wevSK7sU=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBLxtSy6cVnBPqCNYTK5aYdOJmFmIpaQX3HjQhG3/og7/8bpY6GtBy4czrmXe+8JUs6Udpxva2l5ZXVtvbRR3tza3tm19yotlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQxvxn77EaRiibjXoxS8mPQFixgl2ki+XYGH/IQJX+JeEkOf4LDw7apTcybAi8SdkSqaoeHbX70woVkMQlNOlOq6Tqq9nEjNKIei3MsUpIQOSR+6hgoSg/Lyye0FPjJKiKNEmhIaT9TfEzmJlRrFgemMiR6oeW8s/ud1Mx1deTkTaaZB0OmiKONYJ3gcBA6ZBKr5yBBCJTO3YjogklBt4iqbENz5lxdJ67TmXtTO786q9etZHCV0gA7RMXLRJaqjW9RATUTRE3pGr+jNKqwX6936mLYuWbOZffQH1ucPWL+UAg==</latexit>

e�inr!d

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{<latexit sha1_base64="6I04E8iIRPS0hm/2sN7mbP17h3w=">AAACGXicbZC7TsMwFIadci+3ACOLRYUEA1VScRsRLIwgUVqpKZHjnhSrThzZTkUV5TVYeBUWBhBihIm3wW2DBJRfsvT5P+fIPn+QcKa043xapanpmdm5+YXy4tLyyqq9tn6tRCop1KngQjYDooCzGOqaaQ7NRAKJAg6NoHc2rDf6IBUT8ZUeJNCOSDdmIaNEG8u3HbjJ9pgnIugSnHlBiPu5TzzaEXpndL3LfXfvm2q7uW9XnKozEp4Et4AKKnTh2+9eR9A0glhTTpRquU6i2xmRmlEOedlLFSSE9kgXWgZjEoFqZ6PNcrxtnA4OhTQn1njk/pzISKTUIApMZ0T0rfpbG5r/1VqpDo/bGYuTVENMxw+FKcda4GFMuMMkUM0HBgiVzPwV01siCdUmzLIJwf278iRc16ruYfXgcr9yclrEMY820RbaQS46QifoHF2gOqLoHj2iZ/RiPVhP1qv1Nm4tWcXMBvol6+MLZCWf6g==</latexit>

e�i!va·(x1�x2)
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(! ° !R)/!R

10°5

10°4

10°3

10°2

10°1

100

101

P
N

(!
)/

P
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R
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!R

, Q0 = 103
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<latexit sha1_base64="WVt2uUrUYi2sMLPvx7k/+bTz8vk=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4ijPidhGCXjwmYBZIhqGnU0ma9Cx21wTCkO/w4kERr36MN//GTjIHTXxQ8Hiviqp6fiyFRtv+tnIrq2vrG/nNwtb2zu5ecf+goaNEcajzSEaq5TMNUoRQR4ESWrECFvgSmv7wfuo3R6C0iMJHHMfgBqwfip7gDI3kdnxAdlvz7LOaB16xZJftGegycTJSIhmqXvGr0414EkCIXDKt244do5syhYJLmBQ6iYaY8SHrQ9vQkAWg3XR29ISeGKVLe5EyFSKdqb8nUhZoPQ580xkwHOhFbyr+57UT7N24qQjjBCHk80W9RFKM6DQB2hUKOMqxIYwrYW6lfMAU42hyKpgQnMWXl0njvOxclS9rF6XKXRZHnhyRY3JKHHJNKuSBVEmdcPJEnskrebNG1ov1bn3MW3NWNnNI/sD6/AGhd5Ff</latexit>

� = Q0/Qe

26

No gain after going beyond the DM 
coherence length.
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First degree of coherence of axion field
<latexit sha1_base64="VCpnyZMU3GhlLcMcaLrzzrTB2Ow="></latexit>

g(1)(x,x0, t, t0) ⇠ hâ(x, t)â(x0, t0)i ⇠
Z

d3vf(v)e�imv·(x�x0)+ i
2mv2(t�t0)

<latexit sha1_base64="ySWj0+TPS/Yus/DG8MLYwRXabJ4="></latexit>

|g(1)(x,x0)| ⇡ e�
1
4m

2
av

2
0 |x�x0|2

⇢
= 1 coherent
< 1 incoherent

<latexit sha1_base64="8CYhzYLOq4u8LtQzggNCPsk6+lc="></latexit>

v ⇠ f(v) =
1

⇡3/2v30
e�(v+v�)2/v2

0Gaussian dist.

<latexit sha1_base64="OL7wGEOsm4ehK4JlGGye0fjCR/g=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpUl0W3bisYB/QlDCZ3rRDZ5IwMymUkJ9w46+4caGIW8Gdf+P0sdDWAwOHc+5h7j1BwpnSjvNtFdbWNza3itulnd29/QP78Kil4lRSaNKYx7ITEAWcRdDUTHPoJBKICDi0g9Ht1G+PQSoWRw96kkBPkEHEQkaJNpJvX3h6CBLCWILHTaxP/IzGw9xTTGAvlIRm1TwTPhn7Tu7bZafizIBXibsgZbRAw7e/vH5MUwGRppwo1XWdRPcyIjWjHPKSlypICB2RAXQNjYgA1ctmV+X4zCh9bDYzL9J4pv5OZEQoNRGBmRRED9WyNxX/87qpDq97GYuSVENE5x+FKcc6xtOKcJ9JoJpPDCFUMrMrpkNiqtCmyJIpwV0+eZW0qhW3VqndX5brN4s6iugEnaJz5KIrVEd3qIGaiKJH9Ixe0Zv1ZL1Y79bHfLRgLTLH6A+szx/r05/t</latexit>

) �coh ⇠ 2

mav0

Perfectly coherent 
Partially coherent 

D. Y. Cheong, N. L. Rodd, L.-T. Wang, 
Phys. Rev. D 111, 015028 (2025)
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How does coherence length affect signal power?

28

<latexit sha1_base64="H2hW+ZZKz78JOe0S926EAX0dTEA=">AAACJHicbZDLSsNAFIYnXmu9RV26GSyCq5IUqYKboi7EVQVbhaaWyfSkHTqTxJmJUNI8jBtfxY0LL7hw47M4vQhqPTDw8f/ncOb8fsyZ0o7zYc3Mzs0vLOaW8ssrq2vr9sZmXUWJpFCjEY/ktU8UcBZCTTPN4TqWQITP4crvnQz9qzuQikXhpe7H0BSkE7KAUaKN1LKPqq3UkwIr1sk8xQTcYi+QhKYXWSrG1mmWnX/TTQkPPNBkYKDesgtO0RkVngZ3AgU0qWrLfvXaEU0EhJpyolTDdWLdTInUjHLI8l6iICa0RzrQMBgSAaqZjo7M8K5R2jiIpHmhxiP150RKhFJ94ZtOQXRX/fWG4n9eI9HBYTNlYZxoCOl4UZBwrCM8TAy3mQSqed8AoZKZv2LaJSYjbXLNmxDcvydPQ71UdMvF8sV+oXI8iSOHttEO2kMuOkAVdIaqqIYoukeP6Bm9WA/Wk/VmvY9bZ6zJzBb6VdbnFwdJpQQ=</latexit>

Psig ' Q

mD
J2
D|⌘|2V

coh
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<latexit sha1_base64="sLNQvhKkvblZx6ZDEp2YVNrP+gU=">AAACGXicbVA9TxtBEN1zIIBDkiOUNCusSKSIdRdFQImIFFEaCdtItmXNredg5b3dy+4c4nTy30iTv5ImBQhRQsW/Yf1R8JFXPb03o5n3klxJR1H0ENTeLC2/XVldq79bf//hY7jxqeNMYQW2hVHGnibgUEmNbZKk8DS3CFmisJuMf0z97gVaJ40+oTLHQQZnWqZSAHlpGEY78IX3CS+p+mnxV4FalF+zQpHMFV7iiFt0RgMZy8FaKCfDsBE1oxn4axIvSIMt0BqGd/2REUWGmoQC53pxlNOgAktSKJzU+4XDHMQYzrDnqYYM3aCaJZvwz14Z8dRfT40mPlOfblSQOVdmiZ/MgM7dS28q/s/rFZTuDyqp84J85PmhtFCcDJ/WxEfSoiBVegLCSv8rF+dgQZAvs+5LiF9Gfk0635rxbnP3+Hvj4HBRxyrbYttsh8Vsjx2wI9ZibSbYb/aXXbHr4E/wL7gJbuejtWCxs8meIbh/BH8coUk=</latexit>

(a)Frequency-multiplexed resonator array
<latexit sha1_base64="ImH4NfaaNplr5opza9BB8VkRGcM="></latexit>

Q = 500
ω = Q→1

εR = 1 eV
ϑ = 2ϖ/(nrεR)

<latexit sha1_base64="WYFQzFaVh8aomuQ3kzNpoJ0hWPI=">AAACCnicbVC7SgNBFJ2NrxhfUcHGZjQIVmHXIlqG2FhJIuYB2WWZndwkQ2Z2l5lZIYTUNv5KGgtFbPMFdjZ+i5OHoIkHLhzOuZd77wlizpS27U8rtbK6tr6R3sxsbe/s7mX3D2oqSiSFKo14JBsBUcBZCFXNNIdGLIGIgEM96F1P/PoDSMWi8F73Y/AE6YSszSjRRvKzJ24LuCb41o0EdIh/5yomsJ138I/gZ3N23p4CLxNnTnLFo8oXG5XGZT/74bYimggINeVEqaZjx9obEKkZ5TDMuImCmNAe6UDT0JAIUN5g+soQnxmlhduRNBVqPFV/TwyIUKovAtMpiO6qRW8i/uc1E92+8gYsjBMNIZ0taicc6whPcsEtJoFq3jeEUMnMrZh2iSRUm/QyJgRn8eVlUrvIO4V8oWLSKKEZ0ugYnaJz5KBLVEQ3qIyqiKJHNEIv6NV6sp6tN+t91pqy5jOH6A+s8TdGF50R</latexit>

ωNεR → 0.1εR

<latexit sha1_base64="h3YFj+MtTeF0kX2X3JsZ3/s3zsY=">AAACBnicbVDLSgMxFM3UV62vUZcihBahIpQZF9Vl0Y3LivYBbSmZNG1DM8mQ3BHL0JUbP8CfcONCEbd+g7v+jeljodUDFw7n3Jvce4JIcAOeN3ZSS8srq2vp9czG5tb2jru7VzUq1pRVqBJK1wNimOCSVYCDYPVIMxIGgtWCweXEr90xbbiStzCMWCskPcm7nBKwUts9zAfHuAnsHpIbSuwrPUxVGBHNjZKjtpvzCt4U+C/x5yRXyjZPnsalYbntfjU7isYhk0AFMabhexG0EqKBU8FGmWZsWETogPRYw1JJQmZayfSMET6ySgd3lbYlAU/VnxMJCY0ZhoHtDAn0zaI3Ef/zGjF0z1sJl1EMTNLZR91YYFB4kgnucM0oiKElhGpud8W0TzShYJPL2BD8xZP/kuppwS8Witc2jQs0QxodoCzKIx+doRK6QmVUQRQ9oGf0it6cR+fFeXc+Zq0pZz6zj37B+fwGHGeb6w==</latexit>

(b)Scaling comparison

<latexit sha1_base64="VKbTpOOui3Wsc9DoGWiYPqQ1zws=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NB8BR2RaLHoBePEcwDkiXMTjrJkNkHM71qWHPwV7x4UMSrv+HNv3GS7EETCxqKqm66u/xYCo2O823llpZXVtfy64WNza3tHXt3r66jRHGo8UhGqukzDVKEUEOBEpqxAhb4Ehr+8GriN+5AaRGFtziKwQtYPxQ9wRkaqWMftBEeMK1G96CoZpgohqDHHbvolJwp6CJxM1IkGaod+6vdjXgSQIhcMq1brhOjlzKFgksYF9qJhpjxIetDy9CQBaC9dHr/mB4bpUt7kTIVIp2qvydSFmg9CnzTGTAc6HlvIv7ntRLsXXipCOMEIeSzRb1EUozoJAzaFQo4ypEhjCthbqV8wBTjaCIrmBDc+ZcXSf205JZL5ZuzYuUyiyNPDskROSEuOScVck2qpEY4eSTP5JW8WU/Wi/Vufcxac1Y2s0/+wPr8AexKlrQ=</latexit>

Power saturates

<latexit sha1_base64="BDH2yFgR6qV35bMHX3I1QDDkt9o=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62srq1vlDcrW9s7u3vV/YNHqzNDWYtqoU0nJpYJrlgLOAjWSQ0jMhasHY9up377iRnLtXqAccoiSQaKJ5wScFJoe3nXSKwzmPSqNb/uz4CXSVCQGirQ7FW/un1NM8kUUEGsDQM/hSgnBjgVbFLpZpalhI7IgIWOKiKZjfLZyRN84pQ+TrRxpQDP1N8TOZHWjmXsOiWBoV30puJ/XphBch3lXKUZMEXni5JMYNB4+j/uc8MoiLEjhBrubsV0SAyh4FKquBCCxZeXyeNZPbisX9yf1xo3RRxldISO0SkK0BVqoDvURC1EkUbP6BW9eeC9eO/ex7y15BUzh+gPvM8fiPCRbw==</latexit>sout

<latexit sha1_base64="aTduzXSsfajCNe26dgIcFxsRIDo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWMU84BkCbOT2WTIPNaZWSEs+QkvHhTx6u9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlHyw44SGAg8kixnB1kntrhJ0gHv3vVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGb3TtCpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4UZk0lqqSTzRXHKkVVo+jzqM02J5WNHMNHM3YrIEGtMrIuo6EIIFl9eJs3zSlCtVO8uyrXrPI4CHMMJnEEAl1CDW6hDAwhweIZXePMevRfv3fuYt654+cwR/IH3+QPvHY/r</latexit>ωR
<latexit sha1_base64="gALFYt6AeRCZg/QssP9GTnAMyJw=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJUhJKIVI9FLx6r2A9oQthsJu3SzSbsbsQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IGVUKtv+NlZW19Y3Nktb5e2d3b1986DSkUkmCLRJwhLRC7AERjm0FVUMeqkAHAcMusHoZup3H0FImvAHNU7Bi/GA04gSrLTkmxU3iWGA/fuac+aGwBQ+9c2qXbdnsJaJU5AqKtDyzS83TEgWA1eEYSn7jp0qL8dCUcJgUnYzCSkmIzyAvqYcxyC9fHb7xDrRSmhFidDFlTVTf0/kOJZyHAe6M8ZqKBe9qfif189UdOXllKeZAk7mi6KMWSqxpkFYIRVAFBtrgomg+laLDLHAROm4yjoEZ/HlZdI5rzuNeuPuotq8LuIooSN0jGrIQZeoiW5RC7URQU/oGb2iN2NivBjvxse8dcUoZg7RHxifP61ok5M=</latexit>

ωR(1 + ε)
<latexit sha1_base64="tvCE/A6R8wFzslleZjgggOBrA+I=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahIpZEpLosunElVewDmhgmk5t26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nu8hFEhTfNbm5tfWFxaLqwUV9fWNzb1re2miFNOoEFiFvO2hwUwGkFDUsmgnXDAoceg5fUvR37rAbigcXQnBwk4Ie5GNKAESyW5+q4dh9DF7m3ZOrJ9YBIf3mfXx9bQ1UtmxRzDmCVWTkooR93Vv2w/JmkIkSQMC9GxzEQ6GeaSEgbDop0KSDDp4y50FI1wCMLJxh8MjQOl+EYQc1WRNMbq74kMh0IMQk91hlj2xLQ3Ev/zOqkMzp2MRkkqISKTRUHKDBkbozgMn3Igkg0UwYRTdatBephjIlVoRRWCNf3yLGmeVKxqpXpzWqpd5HEU0B7aR2VkoTNUQ1eojhqIoEf0jF7Rm/akvWjv2sekdU7LZ3bQH2ifP8HVldE=</latexit>

ωR(1 + ε)N→1

<latexit sha1_base64="SN0zGKw489iWbDFmXDTqJxO0AcY=">AAACDHicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREpLos6sKNUME+oAlhMp20Q2eSMDMRa8gv+A1ude1O3PoPLv0Tp20WtvXAhcM593Iux48Zlcqyvo3C0vLK6lpxvbSxubW9Y+7utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6TtD6/GfvuBCEmj8F6NYuJy1A9pQDFSWvLMA+mljuDw+jarOD5PHzPPPvHMslW1JoCLxM5JGeRoeOaP04twwkmoMENSdm0rVm6KhKKYkazkJJLECA9Rn3Q1DREn0k0n32fwWCs9GERCT6jgRP17kSIu5Yj7epMjNZDz3lj8z+smKrhwUxrGiSIhngYFCYMqguMqYI8KghUbaYKwoPpXiAdIIKx0YTMpPs90J/Z8A4ukdVq1a9Xa3Vm5fpm3UwSH4AhUgA3OQR3cgAZoAgyewAt4BW/Gs/FufBif09WCkd/sgxkYX7+m85tG</latexit>

sDM(x1)
<latexit sha1_base64="zJgIqcGLVeXhynyKGeG7iF2z6LI=">AAACDHicbVDLSsNAFJ34rPUVHzs3g0Wom5IUqS6LunAjVLAPaEKYTCft0JkkzEzEGvILfoNbXbsTt/6DS//EaZuFbT1w4XDOvZzL8WNGpbKsb2NpeWV1bb2wUdzc2t7ZNff2WzJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2h1djv/1AhKRReK9GMXE56oc0oBgpLXnmofRSR3B4fZuVHZ+nj5lXPfXMklWxJoCLxM5JCeRoeOaP04twwkmoMENSdm0rVm6KhKKYkazoJJLECA9Rn3Q1DREn0k0n32fwRCs9GERCT6jgRP17kSIu5Yj7epMjNZDz3lj8z+smKrhwUxrGiSIhngYFCYMqguMqYI8KghUbaYKwoPpXiAdIIKx0YTMpPs90J/Z8A4ukVa3YtUrt7qxUv8zbKYAjcAzKwAbnoA5uQAM0AQZP4AW8gjfj2Xg3PozP6eqSkd8cgBkYX7+oh5tH</latexit>

sDM(x2)
<latexit sha1_base64="joeP3dSm9AbO1tTmBMmPoRwLEeU=">AAACDnicbVDLSsNAFJ34rPUVFdy4GSxC3ZREpLos6sKNUsE+oAlhMp20Q2eSMDMRS8w/+A1ude1O3PoLLv0Tp20WtvXAhcM593Iux48Zlcqyvo2FxaXlldXCWnF9Y3Nr29zZbcooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1yO/NYDEZJG4b0axsTlqBfSgGKktOSZ+9JLHcHh1U1WdnyePmZeepsde2bJqlhjwHli56QEctQ988fpRjjhJFSYISk7thUrN0VCUcxIVnQSSWKEB6hHOpqGiBPppuP/M3iklS4MIqEnVHCs/r1IEZdyyH29yZHqy1lvJP7ndRIVnLspDeNEkRBPgoKEQRXBURmwSwXBig01QVhQ/SvEfSQQVrqyqRSfZ7oTe7aBedI8qdjVSvXutFS7yNspgANwCMrABmegBq5BHTQABk/gBbyCN+PZeDc+jM/J6oKR3+yBKRhfv7WbnG8=</latexit>

sDM(xN )

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·

<latexit sha1_base64="9kF0VHKR+cFXrozqej5VSVMW2bg=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiQuqpti0Y3LCvYBTSiTyaQdOkmGmYlQQn/DjQtF3fod7t2If+P0sdDWAwOHc87l3jmB4Expx/m2Ciura+sbxU17a3tnd6+0f9BSaSYJbZKUp7ITYEU5S2hTM81pR0iK44DTdjC8nvjteyoVS5M7PRLUj3E/YREjWBvJC2uugzxu8iHulcpOxZkCLRN3TsqXH3ZNvH7ZjV7p0wtTksU00YRjpbquI7SfY6kZ4XRse5miApMh7tOuoQmOqfLz6c1jdGKUEEWpNC/RaKr+nshxrNQoDkwyxnqgFr2J+J/XzXR04ecsEZmmCZktijKOdIomBaCQSUo0HxmCiWTmVkQGWGKiTU22KcFd/PIyaZ1V3GqleuuU61cwQxGO4BhOwYVzqMMNNKAJBAQ8wBM8W5n1aL1Yb7NowZrPHMIfWO8/Gx6UGQ==</latexit>

d = 10ω

<latexit sha1_base64="06eEJIJNUulf7bCIXw5H700sJ2o=">AAAB6nicbVC7SgNBFL3rM8ZXVLCxGQyCVdi1iJYhNpYJmgckIcxO7iZDZmeXmVkhLPkEGwtFbG39C7/AzsZvcfIoNPHAhcM593LvPX4suDau++WsrK6tb2xmtrLbO7t7+7mDw7qOEsWwxiIRqaZPNQousWa4EdiMFdLQF9jwh9cTv3GPSvNI3plRjJ2Q9iUPOKPGSreyq7q5vFtwpyDLxJuTfOm4+s3fyx+Vbu6z3YtYEqI0TFCtW54bm05KleFM4DjbTjTGlA1pH1uWShqi7qTTU8fkzCo9EkTKljRkqv6eSGmo9Sj0bWdIzUAvehPxP6+VmOCqk3IZJwYlmy0KEkFMRCZ/kx5XyIwYWUKZ4vZWwgZUUWZsOlkbgrf48jKpXxS8YqFYtWmUYYYMnMApnIMHl1CCG6hADRj04QGe4NkRzqPz4rzOWlec+cwR/IHz9gNBMpF/</latexit>nr

<latexit sha1_base64="cfWWag39gR7gG+pxCQAtw4f9qYs=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8laRI9Vj04rGC/YA2lMl20y7dbNbdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXSs608bxvZ219Y3Nru7BT3N3bPzgsHR23dJIqQpsk4YnqhKgpZ4I2DTOcdqSiGIectsPx7cxvP1GlWSIezETSIMahYBEjaKzU6Y1RSuxX+6WyV/HmcFeJn5My5Gj0S1+9QULSmApDOGrd9T1pggyVYYTTabGXaiqRjHFIu5YKjKkOsvm9U/fcKgM3SpQtYdy5+nsiw1jrSRzazhjNSC97M/E/r5ua6DrImJCpoYIsFkUpd03izp53B0xRYvjEEiSK2VtdMkKFxNiIijYEf/nlVdKqVvxapXZ/Wa7f5HEU4BTO4AJ8uII63EEDmkCAwzO8wpvz6Lw4787HonXNyWdO4A+czx/EoI/P</latexit>ω2

<latexit sha1_base64="YnYjbWIjvPLzytiVY0hMkO0F78Q=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSKIYNktUj0WvXisYD9gu5Zsmm1Ds5uQZIWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5oeRMG9f9dlZW19Y3Ngtbxe2d3b390sFhS4tUEdokggvVCbGmnCW0aZjhtCMVxXHIaTsc3U799hNVmonkwYwlDWI8SFjECDZW8i+6Iywl7lUfz3ulsltxZ0DLxMtJGXI0eqWvbl+QNKaJIRxr7XuuNEGGlWGE00mxm2oqMRnhAfUtTXBMdZDNTp6gU6v0USSUrcSgmfp7IsOx1uM4tJ0xNkO96E3F/zw/NdF1kLFEpoYmZL4oSjkyAk3/R32mKDF8bAkmitlbERlihYmxKRVtCN7iy8ukVa14tUrt/rJcv8njKMAxnMAZeHAFdbiDBjSBgIBneIU3xzgvzrvzMW9dcfKZI/gD5/MHTgKQog==</latexit>

→ω→
2

Different Frequencies

Signal width grows like .N × δ

29
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Projected Sensitivity
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Axion DM Search Needs a Background Magnetic Field

31

Above ~1.1 eV, Skipper CCD

Below ~1.1 eV, Superconducting 
Nanowire Single Photon Detector
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Axion DM Search Needs a Background Magnetic Field

32
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Dark Photon Dark Matter Searches

33

Dark photon searches 
do not need external 
magnetic field.
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Plan of the talk

34

• Introduction 

• eV axion searches using integrated photonics 

• neV axion searches using superfluid 3He 

• feV axion searches using levitated ferromagnet 
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Nuclear magnetic resonance with a  
 homogeneous precession domain of 3He-B 

with W.P. Halperin, M. Nguyen, J.W. Scott (Northwestern); 
Y. Kahn (Toronto U); J. Schütte-Engel (Berkeley); J. Foster (Fermilab)

Phys.Rev.Lett. 129 (2022) 21, 211801 
Phys. Rev. D 110, 115020 (2024).
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Nuclear magnetic resonance

36

Larmor frequency = oscillation frequency 

!L = �B0

<latexit sha1_base64="pcFac8bGu7bn7LGBWX5MDxY0I6k=">AAAB+XicbVDLSsNAFL2pr1pf0S7dBIvgqiRS0Y1Q6saFiwr2AU0Ik+ltHJqZCZmJUEK/RdxVt36Ia//GtGZhWw/cy+Gce7mPII6Y0rb9bZQ2Nre2d8q7lb39g8Mj8/ikq2SaUOxQGcmkHxCFERPY0UxH2I8TJDyIsBeM7+Z+7wUTxaR40pMYPU5CwUaMEp1Lvll1JceQ+A+3bkg4J1bLt32zZtftBax14hSkBgXavvnlDiVNOQpNI6LUwLFj7WUk0YxGOK24qcKY0DEJcZBTQTgqL1ssP7XOc2VojWSSh9DWQv3bkRGu1IQHeSUn+lmtenPxXy/gK5P16MbLmIhTjYIue0ImnETIvSzN8zT/gLN67zrpXtadRv3qsVFrtopflOEUzuACHLiGJtxDGzpAYQKvMIN3IzPejJnx8VtaMoqeKizB+PwBKrmUKw==</latexit>

B0

<latexit sha1_base64="Yp9p0dbnJJcdpEGfGcgc9KM0/ME=">AAAB53icbVBNT8JAEJ3FL8Qv1KOXRmLiibQGo0eCF48YLZBAQ7bLgBt2t013a0IafoLxhl79RZ79Ny7Yg4AvmcnLezOZjzAWXBvX/SaFjc2t7Z3ibmlv/+DwqHx80tJRmjD0WSSipBNSjYIr9A03AjtxglSGAtvh+G7ut18w0TxST2YSYyDpSPEhZ9RY6bHRd/vlilt1F3DWiZeTCuRo9stfvUHEUonKMEG17npubIKMJoYzgdNSL9UYUzamI+xaqqhEHWSLVafOhVUGzjBKbCjjLNS/HRmVWk9kaCslNc961ZuL/3qhXJlshrdBxlWcGlRs2VNRIqlAGWSpzVP7AW/13nXSuqp6ter1Q61Sb+S/KMIZnMMleHADdbiHJvjAYASvMIN3wskbmZGP39ICyXtOYQnk8wdsPI2O</latexit>

B? cos (!t)

<latexit sha1_base64="7yE9hqPjl7GsnYyrndhHndg8Zgg=">AAACMXicbVDLSsNAFJ34rO+qSzfBIihISWJt667UjeCmglWhCWUy3sah8wgzE6GEfJT4IS7Fnbr1J0xqF7Z64A6Hc86duXPDmFFtHOfNmptfWFxaLq2srq1vbG6Vt3dutEwUgS6RTKq7EGtgVEDXUMPgLlaAecjgNhyeF/7tIyhNpbg2oxgCjiNBB5Rgk0v98mW7n/oxqDjzidQ+g4E5TP3xvT0VhUHqVM+ade/UO3aqjtPwTuoF8Ro17yTzJYcIZ7bxFY0ezFG/XClCBey/xJ2QCpqg0y+/+PeSJByEIQxr3XOd2AQpVoYSBtmqn2iIMRniCHo5FZiDDtLxcJl9kCv39kCqvISxx+rvjhRzrUc8zJMcmwc96xXiv17IZ142g2aQUhEnBgSZ9oRUHDPgQZrkZ5ZvwJ39719y41XdWvX0qlZptSe7KKE9tI8OkYsaqIUuUAd1EUFP6BW9ow/r2Xqz3q3Pn+icNenZRVOwvr4BzjSoSg==</latexit>

!

<latexit sha1_base64="UjcFu7RO7QilP3EmAyQB2wvTljE=">AAACFXicbZDLSsNAFIYn9VbrLerSTbAILiQm6dVd0Y3LCvYCTSiT6TQOnUvITIQS8hjiw4i76rZr38akdmGrP8zw8f/nzOX4ISVSWdaXVtjY3NreKe6W9vYPDo/045OuFHGEcAcJKqK+DyWmhOOOIorifhhhyHyKe/7kLs97zziSRPBHNQ2xx2DAyZggqDJrqF8n7uKQQRT4XmKZN826U3OuLNOyGk6lnoPTqDqV1BUMBzAd6uU8y2X8BXsJZbBUe6jP3ZFAMcNcIQqlHNhWqLwERoogitOSG0scQjSBAR5kyCHD0ksWb0qNi8wZGWMRZYsrY+H+7kggk3LK/KySQfUk17Pc/Dfz2drNatz0EsLDWGGOVjMuIgYpZl4SZ3s+AXv9v3+h65h21aw9VMut2+UsiuAMnINLYIMGaIF70AYdgMALeAMz8KG9au/aTPv8KS1oy55TsCJt/g0r+5x/</latexit>

This can come from axion dark matter!
Gyromagnetic ratio of the material

Resonance condition:

Graham and Rajendran (2013)
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Axion’s coupling to nucleons

37

Axion nucleon coupling N

<latexit sha1_base64="OkZkh1C2vOzy0Yx/kh8Tr6Jqtlc=">AAAB5XicbVDLSsNAFL1TX7W+qi7dBIvgqiRS0WXRjStpwT6gDWUyva1DZyYhMxFK6BeIu+rWT3Lt3ziNWdjWA/dyOOde7iOIBNfGdb9JYWNza3unuFva2z84PCofn7R1mMQMWywUYdwNqEbBFbYMNwK7UYxUBgI7weR+4XdeMNY8VE9mGqEv6VjxEWfUWKn5OChX3KqbwVknXk4qkKMxKH/1hyFLJCrDBNW657mR8VMaG84Ezkr9RGNE2YSOsWepohK1n2aLzpwLqwydURjbUMbJ1L8dKZVaT2VgKyU1z3rVW4j/eoFcmWxGt37KVZQYVGzZU2EsqUDpp4nNM/sBb/XeddK+qnq16nWzVqnf5b8owhmcwyV4cAN1eIAGtIABwivM4Z2MyRuZk4/f0gLJe05hCeTzB1yDjPc=</latexit>

N

<latexit sha1_base64="OkZkh1C2vOzy0Yx/kh8Tr6Jqtlc=">AAAB5XicbVDLSsNAFL1TX7W+qi7dBIvgqiRS0WXRjStpwT6gDWUyva1DZyYhMxFK6BeIu+rWT3Lt3ziNWdjWA/dyOOde7iOIBNfGdb9JYWNza3unuFva2z84PCofn7R1mMQMWywUYdwNqEbBFbYMNwK7UYxUBgI7weR+4XdeMNY8VE9mGqEv6VjxEWfUWKn5OChX3KqbwVknXk4qkKMxKH/1hyFLJCrDBNW657mR8VMaG84Ezkr9RGNE2YSOsWepohK1n2aLzpwLqwydURjbUMbJ1L8dKZVaT2VgKyU1z3rVW4j/eoFcmWxGt37KVZQYVGzZU2EsqUDpp4nNM/sBb/XeddK+qnq16nWzVqnf5b8owhmcwyV4cAN1eIAGtIABwivM4Z2MyRuZk4/f0gLJe05hCeTzB1yDjPc=</latexit>

a

<latexit sha1_base64="ZecyBd2Y80Q4Hrk2iqVrDcxySO4=">AAAB5XicbVBNTwIxEJ3iF+IX6tHLRmLiiewajB6JXjxCIkICG9ItAza03U3bNSEbfoHxhl79SZ79Nxbcg4AvmcnLezOZjygR3Fjf/yaFjc2t7Z3ibmlv/+DwqHx88mTiVDNssVjEuhNRg4IrbFluBXYSjVRGAtvR+H7ut19QGx6rRztJMJR0pPiQM2qd1KT9csWv+gt46yTISQVyNPrlr94gZqlEZZmgxnQDP7FhRrXlTOC01EsNJpSN6Qi7jioq0YTZYtGpd+GUgTeMtQtlvYX6tyOj0piJjFylpPbZrHpz8V8vkiuT7fA2zLhKUouKLXsq1pIKlGGWujx1HwhW710nT1fVoFa9btYq9bv8F0U4g3O4hABuoA4P0IAWMEB4hRm8kxF5IzPy8VtaIHnPKSyBfP4AeRaNCg==</latexit>

gaN�5

<latexit sha1_base64="RyA0XdWCFc1kcXOi6n3/qsdqwPE=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WXRjSupYB/QxjCZ3sahM5MwMxFKyH+Iu+rWf3Ht35jWLGz1wL0czrmX+whizrRxnC+rtLa+sblV3q7s7O7tH1QPj7o6ShTFDo14pPoB0ciZxI5hhmM/VkhEwLEXTG7mfu8ZlWaRfDDTGD1BQsnGjBKTS4+hn5K7bBgSIYjf9Ks1p+4sYP8lbkFqUKDtVz+Ho4gmAqWhnGg9cJ3YeClRhlGOWWWYaIwJnZAQBzmVRKD20sXWmX2WKyN7HKk8pLEX6u+OlAitpyLIKwUxT3rVm4v/eoFYmWzGV17KZJwYlHTZk5EShKPw0iTPWf4Bd/Xev6R7UXcb9eZ9o9a6Ln5RhhM4hXNw4RJacAtt6AAFBS8wgzfLWK/WzHr/KS1ZRc8xLMH6+AYBi5KL</latexit>

Ba ⇠ 1

�
gaN

p
⇢DMvDM

<latexit sha1_base64="EWFI374BLZlbKtS5bVVvgOpZElA=">AAACI3icbZDLSsNAFIYn9VbrLerSTbAIrkoiim6EUl24USrYCzQhnEyn7dDMJM5MCmXI04gPIy6E6saF72Jai9jWH+bw8f/nMJwTxCGVyrY/jdzS8srqWn69sLG5tb1j7u7VZZQITGo4CiPRDECSkHJSU1SFpBkLAiwISSPoX43zxoAISSP+oIYx8Rh0Oe1QDCqzfPOy4oMrKbPcjgCsnVS7XWAM0q6v4S515aNQ2hW9yM8qs65v09Qa/LJvFu2SPZG1CM4Uimiqqm++ue0IJ4xwhUOQsuXYsfI0CEVxSNKCm0gSA+5Dl7Qy5MCI9PRkzdQ6ypy21YlE9riyJu7fCQ1MyiELsk4Gqifns7H5bxawuZ9V58LTlMeJIhzPZjwSDELCPJ1kdXwBZ37fRaiflJzT0tn9abFcmd4ijw7QITpGDjpHZXSDqqiGMHpCL2iE3o1n49UYGR8/rTljOrOPZmR8fQNIyKa9</latexit>

He↵ � ~S · ~Ba

<latexit sha1_base64="KGTqgxNsGyObjrwGNQpguIVZ8OM=">AAACD3icbVBNS8NAEN3Ur1q/oh69BIugl5JIRY+lXnqsaD+gCWGzndSl2d2wuymUkN8g/hjxVr168uy/Ma052OqDGd68N8MwE8QRVdq2v4zS2vrG5lZ5u7Kzu7d/YB4edZVIJIEOEZGQ/QAriCiHjqY6gn4sAbMggl4wvp37vQlIRQV/0NMYPIZHnIaUYJ1LvnnR8lNXMgvCMHNVEivQljsBkt5nLhmKomhmPvbNql2zF7D+EqcgVVSg7Zuf7lCQhAHXJMJKDRw71l6KpaYkgqziJgpiTMZ4BIOccsxAeenipMw6y5WhFQqZB9fWQv09kWKm1JQFeSfD+lGtenPxXy9gK5t1eOOllMeJBk6WPS4kwxEwL03ynOUfcFbv/Uu6lzWnXru6q1cbzeIXZXSCTtE5ctA1aqAWaqMOIugJvaAZejOejVdjZrz/tJaMYuYYLcH4+AZZBJ5U</latexit>

Effective Hamiltonian for nuclear spins

Effective magnetic field due to axion DM
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Constraints on axion nucleon coupling 
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NMR in the homogeneous precession domain of 3He-B 

BEC of N Magnons

coherent precession 
at fixed angle �0 = cos�1(�1/4)

<latexit sha1_base64="hnzjmrIxUNAfV3sTAM1d1lXNFio=">AAACAnicdVBNS0JBFJ1nX2Zfr1pFmyEJbKHNiKUuAqlNS4P8ADWZN446OO+DmXmBPKRNf6VNiyLa9iva9W+apwYVdeDC4Zx7ufceJxBcaYQ+rMTC4tLySnI1tba+sbllb+/UlR9KymrUF75sOkQxwT1W01wL1gwkI64jWMMZXcR+45ZJxX3vWo8D1nHJwON9Tok2UtfeaztMky6CZ7BNfXUTZfEkk8XHhaOunUY5hBDGGMYEF0+RIeVyKY9LEMeWQRrMUe3a7+2eT0OXeZoKolQLo0B3IiI1p4JNUu1QsYDQERmwlqEecZnqRNMXJvDQKD3Y96UpT8Op+n0iIq5SY9cxnS7RQ/Xbi8W/vFao+6VOxL0g1Myjs0X9UEDtwzgP2OOSUS3GhhAqubkV0iGRhGqTWsqE8PUp/J/U8zlcyJ1cFdKV83kcSbAPDkAGYFAEFXAJqqAGKLgDD+AJPFv31qP1Yr3OWhPWfGYX/ID19gkRaJVO</latexit>

and same frequency
<latexit sha1_base64="1sWapMT/Hu6Q60OdUXn+xUiPVUQ=">AAACCHicdVA9SwNBEN3zM8avqKWFi0HQJuwGibEQQmwsLBRMIiThmNts4pLdu2N3T4ghpY1/xcZCEVt/gp3/xr0YQUUfDDzem2FmXhBLYSwh797U9Mzs3HxmIbu4tLyymltbr5so0YzXWCQjfRmA4VKEvGaFlfwy1hxUIHkj6B+nfuOaayOi8MIOYt5W0AtFVzCwTvJzW61I8R74p7s3PtnDR7jVA6UAV30yVvxcnhQIIZRSnBJ6UCKOHB6Wi7SMaWo55NEEZ37urdWJWKJ4aJkEY5qUxLY9BG0Fk3yUbSWGx8D60ONNR0NQ3LSH40dGeMcpHdyNtKvQ4rH6fWIIypiBClynAntlfnup+JfXTGy33B6KME4sD9nnom4isY1wmgruCM2ZlQNHgGnhbsXsCjQw67LLuhC+PsX/k3qxQEuF0vl+vlKdxJFBm2gb7SKKDlAFnaAzVEMM3aJ79IievDvvwXv2Xj5bp7zJzAb6Ae/1A2pql7M=</latexit>

!L(z0) = �B0(z0)

B0(z)

<latexit sha1_base64="JVrqJ/2J0DLbzQERAPPqub403QA=">AAAB6nicbVDJTgJBEK12RdxQj14mEhO8kBmD0SPBi0dMZElgQnqaAlt6mUz3mOCEfzDe0Kv/49m/ccA5CPiSqry8V5VaglBwY133m6ytb2xubed28rt7+weHhaPjptFxxLDBtNBRO6AGBVfYsNwKbIcRUhkIbAWj25nfesbIcK0e7DhEX9Kh4gPOqE2lZq3nll4ueoWiW3bncFaJl5EiZKj3Cl/dvmaxRGWZoMZ0PDe0fkIjy5nASb4bGwwpG9EhdlKqqETjJ/NtJ855qvSdgY7SUNaZq387EiqNGcsgrZTUPpplbyb+6wVyabId3PgJV2FsUbFFT+lIUoHST+I0T9IPeMv3rpLmZdmrlK/uK8VqLftFDk7hDErgwTVU4Q7q0AAGT/AKU3gngryRKfn4LV0jWc8JLIB8/gAPl453</latexit>

HPD}

<latexit sha1_base64="FmMT4TtSIP4UGU85o9PGowq5ulw=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSIISkj6sGZXdOOygn1AE8pkOq1DZyZhZiKUkI8QP0bcVbcuXPs3pjEL23pghnPPuY+Z64eUSGVZ31phbX1jc6u4XdrZ3ds/0A+POjKIBMJtFNBA9HwoMSUctxVRFPdCgSHzKe76k9u5333CQpKAP6hpiD0Gx5yMCIIqlQb6hZv16Iux78WWaVftqlW5tEzHca6cRkqsSrXu1JLYTZKBXk7jDMYqsXNSBjlaA/3LHQYoYpgrRKGUfdsKlRdDoQiiOCm5kcQhRBM4xv2Ucsiw9OLsQYlxlipDYxSI9HBlZOrfihgyKafMTzMZVI9y2ZuL/3o+W5qsRtdeTHgYKczRoscDwSDFzIuj9J5vwF7+7yrpVEy7Ztbva+XmTb6LIjgBp+Ac2KABmuAOtEAbIPAMXsEMvGsv2ps20z5+UwtaXnMMFqB9/gAcjJrZ</latexit>

}

<latexit sha1_base64="FmMT4TtSIP4UGU85o9PGowq5ulw=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSIISkj6sGZXdOOygn1AE8pkOq1DZyZhZiKUkI8QP0bcVbcuXPs3pjEL23pghnPPuY+Z64eUSGVZ31phbX1jc6u4XdrZ3ds/0A+POjKIBMJtFNBA9HwoMSUctxVRFPdCgSHzKe76k9u5333CQpKAP6hpiD0Gx5yMCIIqlQb6hZv16Iux78WWaVftqlW5tEzHca6cRkqsSrXu1JLYTZKBXk7jDMYqsXNSBjlaA/3LHQYoYpgrRKGUfdsKlRdDoQiiOCm5kcQhRBM4xv2Ucsiw9OLsQYlxlipDYxSI9HBlZOrfihgyKafMTzMZVI9y2ZuL/3o+W5qsRtdeTHgYKczRoscDwSDFzIuj9J5vwF7+7yrpVEy7Ztbva+XmTb6LIjgBp+Ac2KABmuAOtEAbIPAMXsEMvGsv2ps20z5+UwtaXnMMFqB9/gAcjJrZ</latexit>

Relaxed

dB0

dz

<latexit sha1_base64="KSNHcBPduZ4hU3zs2NsQUgALN+M=">AAAB9XicbVDLTsJAFL3FF+KDqks3jcTEFWkNRpcENy4xsUACTTOdTnHCzLSZmWqw6ZcYd+jWT3Ht31iwCwFPcm9Ozrk39xEkjCpt299GZWNza3unulvb2z84rJtHxz0VpxITF8csloMAKcKoIK6mmpFBIgniASP9YHI79/tPRCoaiwc9TYjH0VjQiGKkC8k366NIIpyFHd/Os/Al982G3bQXsNaJU5IGlOj65tcojHHKidCYIaWGjp1oL0NSU8xIXhuliiQIT9CYDAsqECfKyxaL59Z5oYRWFMsihLYW6t+ODHGlpjwoKjnSj2rVm4v/egFfmayjGy+jIkk1EXjZE7HkiBHuZWmR5x9wVu9dJ73LptNqXt23Gu1O+YsqnMIZXIAD19CGO+iCCxhSeIUZvBvPxpsxMz5+SytG2XMCSzA+fwCLWpNh</latexit>

Domain wall
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Axion wind pumps magnons into HPD 

B0(z)

<latexit sha1_base64="JVrqJ/2J0DLbzQERAPPqub403QA=">AAAB6nicbVDJTgJBEK12RdxQj14mEhO8kBmD0SPBi0dMZElgQnqaAlt6mUz3mOCEfzDe0Kv/49m/ccA5CPiSqry8V5VaglBwY133m6ytb2xubed28rt7+weHhaPjptFxxLDBtNBRO6AGBVfYsNwKbIcRUhkIbAWj25nfesbIcK0e7DhEX9Kh4gPOqE2lZq3nll4ueoWiW3bncFaJl5EiZKj3Cl/dvmaxRGWZoMZ0PDe0fkIjy5nASb4bGwwpG9EhdlKqqETjJ/NtJ855qvSdgY7SUNaZq387EiqNGcsgrZTUPpplbyb+6wVyabId3PgJV2FsUbFFT+lIUoHST+I0T9IPeMv3rpLmZdmrlK/uK8VqLftFDk7hDErgwTVU4Q7q0AAGT/AKU3gngryRKfn4LV0jWc8JLIB8/gAPl453</latexit>

dB0

dz

<latexit sha1_base64="KSNHcBPduZ4hU3zs2NsQUgALN+M=">AAAB9XicbVDLTsJAFL3FF+KDqks3jcTEFWkNRpcENy4xsUACTTOdTnHCzLSZmWqw6ZcYd+jWT3Ht31iwCwFPcm9Ozrk39xEkjCpt299GZWNza3unulvb2z84rJtHxz0VpxITF8csloMAKcKoIK6mmpFBIgniASP9YHI79/tPRCoaiwc9TYjH0VjQiGKkC8k366NIIpyFHd/Os/Al982G3bQXsNaJU5IGlOj65tcojHHKidCYIaWGjp1oL0NSU8xIXhuliiQIT9CYDAsqECfKyxaL59Z5oYRWFMsihLYW6t+ODHGlpjwoKjnSj2rVm4v/egFfmayjGy+jIkk1EXjZE7HkiBHuZWmR5x9wVu9dJ73LptNqXt23Gu1O+YsqnMIZXIAD19CGO+iCCxhSeIUZvBvPxpsxMz5+SytG2XMCSzA+fwCLWpNh</latexit>

Domain wall

~BaDM ⇠ Ba cos(mat+ �)

<latexit sha1_base64="FUleIStt0fR45rFZngFQp0N9vrY=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSJUxJJIRZelunAjVLAPaEKYTKft0HmEmUmhDPkK8WPEXXUrrv0b09qFrR64l8M593C5N4opUdp1v6zcyura+kZ+s7C1vbO7Z+8fNJVIJMINJKiQ7QgqTAnHDU00xe1YYsgiilvR8Gbqt0ZYKiL4ox7HOGCwz0mPIKgzKbTP/RFGppaGBobGl8y5vU9Tx1eEObUQOj4SqsRCqM/8eEBOQ7volt0ZnL/Em5MimKMe2p9+V6CEYa4RhUp1PDfWgYFSE0RxWvAThWOIhrCPOxnlkGEVmNlZqXOSKV2nJ2RWXDsz9XfCQKbUmEXZJIN6oJa9qfivF7Glzbp3HRjC40RjjhY9LiSDFLPAJFlPsw94y/f+Jc2LslcpXz5UitXa/Bd5cASOQQl44ApUwR2ogwZA4Am8gAl4s56tV2tivf+M5qx55hAswPr4BozqnsM=</latexit>

Assuming transverse axion wind

<latexit sha1_base64="h2yjexcAJvgVvcVNcVufMr7Nxdc="></latexit>

1

VHPD

dVHPD

dt
⇠ � 1

T1
�Ba cos(mat+ �a) sin (!L(t)t)

<latexit sha1_base64="kK14Xf/f01VnK3bDIToYaMJbebg=">AAACGHicdZBNS8NAEIY39fu76tFLsAgtYklTbfUmevHgQcHWQhPCZjttl+5HyE4ECf0f4o8Rb+pJ8Oa/MdUKVvSFXV6ed4ZhJowEN+g471Zuanpmdm5+YXFpeWV1Lb++0TQ6iRk0mBY6boXUgOAKGshRQCuKgcpQwHU4OB3l1zcQG67VFd5G4EvaU7zLGcUMBXl37ySgHtOmKAOKu17U5wEteYYrT0AXi56W0KPBeRFL6MW818dSkC845aPDmnvg2k7ZceputTYybn3frdqVjIxUIGNdBPlXr6NZIkEhE9SYdsWJ0E9pjJwJGC56iYGIsgHtQTuzikowfvq529DeyUjH7uo4ewrtT/qzI6XSmFsZZpWSYt/8zkbwzyyUvyZj99BPuYoSBMUmM6VjSQVIP02yf5hd4HtN+3/TdMuVWrl2uV84PhnfYp5skW1SJBVSJ8fkjFyQBmHkjjyQJ/Js3VuP1pP18lWas8Y9m2RC1tsHuGihFg==</latexit>

�Ba cos(mat+ �a) sin (!L(t)t)
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Axion wind pumps magnons into HPD 

B0(z)

<latexit sha1_base64="JVrqJ/2J0DLbzQERAPPqub403QA=">AAAB6nicbVDJTgJBEK12RdxQj14mEhO8kBmD0SPBi0dMZElgQnqaAlt6mUz3mOCEfzDe0Kv/49m/ccA5CPiSqry8V5VaglBwY133m6ytb2xubed28rt7+weHhaPjptFxxLDBtNBRO6AGBVfYsNwKbIcRUhkIbAWj25nfesbIcK0e7DhEX9Kh4gPOqE2lZq3nll4ueoWiW3bncFaJl5EiZKj3Cl/dvmaxRGWZoMZ0PDe0fkIjy5nASb4bGwwpG9EhdlKqqETjJ/NtJ855qvSdgY7SUNaZq387EiqNGcsgrZTUPpplbyb+6wVyabId3PgJV2FsUbFFT+lIUoHST+I0T9IPeMv3rpLmZdmrlK/uK8VqLftFDk7hDErgwTVU4Q7q0AAGT/AKU3gngryRKfn4LV0jWc8JLIB8/gAPl453</latexit>

dB0

dz

<latexit sha1_base64="KSNHcBPduZ4hU3zs2NsQUgALN+M=">AAAB9XicbVDLTsJAFL3FF+KDqks3jcTEFWkNRpcENy4xsUACTTOdTnHCzLSZmWqw6ZcYd+jWT3Ht31iwCwFPcm9Ozrk39xEkjCpt299GZWNza3unulvb2z84rJtHxz0VpxITF8csloMAKcKoIK6mmpFBIgniASP9YHI79/tPRCoaiwc9TYjH0VjQiGKkC8k366NIIpyFHd/Os/Al982G3bQXsNaJU5IGlOj65tcojHHKidCYIaWGjp1oL0NSU8xIXhuliiQIT9CYDAsqECfKyxaL59Z5oYRWFMsihLYW6t+ODHGlpjwoKjnSj2rVm4v/egFfmayjGy+jIkk1EXjZE7HkiBHuZWmR5x9wVu9dJ73LptNqXt23Gu1O+YsqnMIZXIAD19CGO+iCCxhSeIUZvBvPxpsxMz5+SytG2XMCSzA+fwCLWpNh</latexit>

Domain wall

~BaDM ⇠ Ba cos(mat+ �)

<latexit sha1_base64="FUleIStt0fR45rFZngFQp0N9vrY=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSJUxJJIRZelunAjVLAPaEKYTKft0HmEmUmhDPkK8WPEXXUrrv0b09qFrR64l8M593C5N4opUdp1v6zcyura+kZ+s7C1vbO7Z+8fNJVIJMINJKiQ7QgqTAnHDU00xe1YYsgiilvR8Gbqt0ZYKiL4ox7HOGCwz0mPIKgzKbTP/RFGppaGBobGl8y5vU9Tx1eEObUQOj4SqsRCqM/8eEBOQ7volt0ZnL/Em5MimKMe2p9+V6CEYa4RhUp1PDfWgYFSE0RxWvAThWOIhrCPOxnlkGEVmNlZqXOSKV2nJ2RWXDsz9XfCQKbUmEXZJIN6oJa9qfivF7Glzbp3HRjC40RjjhY9LiSDFLPAJFlPsw94y/f+Jc2LslcpXz5UitXa/Bd5cASOQQl44ApUwR2ogwZA4Am8gAl4s56tV2tivf+M5qx55hAswPr4BozqnsM=</latexit>

Assuming transverse axion wind

<latexit sha1_base64="h2yjexcAJvgVvcVNcVufMr7Nxdc="></latexit>

1

VHPD

dVHPD

dt
⇠ � 1

T1
�Ba cos(mat+ �a) sin (!L(t)t)

<latexit sha1_base64="kK14Xf/f01VnK3bDIToYaMJbebg=">AAACGHicdZBNS8NAEIY39fu76tFLsAgtYklTbfUmevHgQcHWQhPCZjttl+5HyE4ECf0f4o8Rb+pJ8Oa/MdUKVvSFXV6ed4ZhJowEN+g471Zuanpmdm5+YXFpeWV1Lb++0TQ6iRk0mBY6boXUgOAKGshRQCuKgcpQwHU4OB3l1zcQG67VFd5G4EvaU7zLGcUMBXl37ySgHtOmKAOKu17U5wEteYYrT0AXi56W0KPBeRFL6MW818dSkC845aPDmnvg2k7ZceputTYybn3frdqVjIxUIGNdBPlXr6NZIkEhE9SYdsWJ0E9pjJwJGC56iYGIsgHtQTuzikowfvq529DeyUjH7uo4ewrtT/qzI6XSmFsZZpWSYt/8zkbwzyyUvyZj99BPuYoSBMUmM6VjSQVIP02yf5hd4HtN+3/TdMuVWrl2uV84PhnfYp5skW1SJBVSJ8fkjFyQBmHkjjyQJ/Js3VuP1pP18lWas8Y9m2RC1tsHuGihFg==</latexit>

�Ba cos(mat+ �a) sin (!L(t)t)

!L(t) = ma ±�ma

<latexit sha1_base64="5xe+BHMbcGddIh6AuuA9Jcxbtps=">AAACA3icbVBLS8NAEN7UV62vqEcRgkWol5JIRS9CUQ8ePFSwD2hC2Gyndek+QnYjlNCT+GPEW/Xqb/Dsv3Fbe7CtH8zwzffNMMxEMaNKu+63lVtaXlldy68XNja3tnfs3b2GkmlCoE4kk0krwgoYFVDXVDNoxQlgHjFoRv3rsd98gkRRKR70IIaA456gXUqwNlJoH/qSQw+HdyV9cslD7Mfc8W+AaeyYKrSLbtmdwFkk3pQU0RS10P7yO5KkHIQmDCvV9txYBxlONCUMhgU/VRBj0sc9aBsqMAcVZJMzhs6xUTpOVyYmhHYm6t+JDHOlBjwynRzrRzXvjcV/vYjPbdbdiyCjIk41CDLrCZlwzIAHWWry0HzAm793kTROy16lfHZfKVavpr/IowN0hErIQ+eoim5RDdURQc/oFY3Qu/VivVkj6+O3NWdNZ/bRDKzPH0dcmB0=</latexit>

axion coherence time
�VHPD

���
resonance

⇠ Ba⌧a

<latexit sha1_base64="0agSR03L9HOaWTc+hdgeCHA9AiQ=">AAACHXicbVBNS8NAEN3Ur1q/oh69BIvgqSRSqcdSe+ixgv2AJoTNdlqX7m7C7kYoMT9F/DHirepR/DembQ62+mBn3rw3wzITRIwqbdvfRmFjc2t7p7hb2ts/ODwyj0+6KowlgQ4JWSj7AVbAqICOpppBP5KAecCgF0xu537vEaSiobjX0wg8jseCjijBOpN8s+Y2gWlsdf3EldxqtZup26Djp2UpQYUCCwKpqyi3Gj62XI3jLPlm2a7YC1h/iZOTMsrR9s1PdxiSmIPQhGGlBo4daS/BUlPCIC25sYIIkwkewyCjAnNQXrJYMLUuMmVojUKZPaGthfp7IsFcqSkPsk6O9YNa9+biv17A137WoxsvoSKKNQiy6olQcsyAe0mcxTS7gLO+71/Svao41cr1XbVcb+S3KKIzdI4ukYNqqI5aqI06iKBn9Ipm6N14Md6MmfGxbC0Y+cwpWoHx9QOFcKMH</latexit>
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Signal is a frequency shift

B0(z)

<latexit sha1_base64="JVrqJ/2J0DLbzQERAPPqub403QA=">AAAB6nicbVDJTgJBEK12RdxQj14mEhO8kBmD0SPBi0dMZElgQnqaAlt6mUz3mOCEfzDe0Kv/49m/ccA5CPiSqry8V5VaglBwY133m6ytb2xubed28rt7+weHhaPjptFxxLDBtNBRO6AGBVfYsNwKbIcRUhkIbAWj25nfesbIcK0e7DhEX9Kh4gPOqE2lZq3nll4ueoWiW3bncFaJl5EiZKj3Cl/dvmaxRGWZoMZ0PDe0fkIjy5nASb4bGwwpG9EhdlKqqETjJ/NtJ855qvSdgY7SUNaZq387EiqNGcsgrZTUPpplbyb+6wVyabId3PgJV2FsUbFFT+lIUoHST+I0T9IPeMv3rpLmZdmrlK/uK8VqLftFDk7hDErgwTVU4Q7q0AAGT/AKU3gngryRKfn4LV0jWc8JLIB8/gAPl453</latexit>

}

<latexit sha1_base64="FmMT4TtSIP4UGU85o9PGowq5ulw=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSIISkj6sGZXdOOygn1AE8pkOq1DZyZhZiKUkI8QP0bcVbcuXPs3pjEL23pghnPPuY+Z64eUSGVZ31phbX1jc6u4XdrZ3ds/0A+POjKIBMJtFNBA9HwoMSUctxVRFPdCgSHzKe76k9u5333CQpKAP6hpiD0Gx5yMCIIqlQb6hZv16Iux78WWaVftqlW5tEzHca6cRkqsSrXu1JLYTZKBXk7jDMYqsXNSBjlaA/3LHQYoYpgrRKGUfdsKlRdDoQiiOCm5kcQhRBM4xv2Ucsiw9OLsQYlxlipDYxSI9HBlZOrfihgyKafMTzMZVI9y2ZuL/3o+W5qsRtdeTHgYKczRoscDwSDFzIuj9J5vwF7+7yrpVEy7Ztbva+XmTb6LIjgBp+Ac2KABmuAOtEAbIPAMXsEMvGsv2ps20z5+UwtaXnMMFqB9/gAcjJrZ</latexit>

dB0

dz

<latexit sha1_base64="KSNHcBPduZ4hU3zs2NsQUgALN+M=">AAAB9XicbVDLTsJAFL3FF+KDqks3jcTEFWkNRpcENy4xsUACTTOdTnHCzLSZmWqw6ZcYd+jWT3Ht31iwCwFPcm9Ozrk39xEkjCpt299GZWNza3unulvb2z84rJtHxz0VpxITF8csloMAKcKoIK6mmpFBIgniASP9YHI79/tPRCoaiwc9TYjH0VjQiGKkC8k366NIIpyFHd/Os/Al982G3bQXsNaJU5IGlOj65tcojHHKidCYIaWGjp1oL0NSU8xIXhuliiQIT9CYDAsqECfKyxaL59Z5oYRWFMsihLYW6t+ODHGlpjwoKjnSj2rVm4v/egFfmayjGy+jIkk1EXjZE7HkiBHuZWmR5x9wVu9dJ73LptNqXt23Gu1O+YsqnMIZXIAD19CGO+iCCxhSeIUZvBvPxpsxMz5+SytG2XMCSzA+fwCLWpNh</latexit>

Domain wall

~BaDM ⇠ Ba cos(mat+ �)

<latexit sha1_base64="FUleIStt0fR45rFZngFQp0N9vrY=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSJUxJJIRZelunAjVLAPaEKYTKft0HmEmUmhDPkK8WPEXXUrrv0b09qFrR64l8M593C5N4opUdp1v6zcyura+kZ+s7C1vbO7Z+8fNJVIJMINJKiQ7QgqTAnHDU00xe1YYsgiilvR8Gbqt0ZYKiL4ox7HOGCwz0mPIKgzKbTP/RFGppaGBobGl8y5vU9Tx1eEObUQOj4SqsRCqM/8eEBOQ7volt0ZnL/Em5MimKMe2p9+V6CEYa4RhUp1PDfWgYFSE0RxWvAThWOIhrCPOxnlkGEVmNlZqXOSKV2nJ2RWXDsz9XfCQKbUmEXZJIN6oJa9qfivF7Glzbp3HRjC40RjjhY9LiSDFLPAJFlPsw94y/f+Jc2LslcpXz5UitXa/Bd5cASOQQl44ApUwR2ogwZA4Am8gAl4s56tV2tivf+M5qx55hAswPr4BozqnsM=</latexit>

<latexit sha1_base64="h2yjexcAJvgVvcVNcVufMr7Nxdc="></latexit>

1

VHPD

dVHPD

dt
⇠ � 1

T1
�Ba cos(mat+ �a) sin (!L(t)t)

<latexit sha1_base64="kK14Xf/f01VnK3bDIToYaMJbebg=">AAACGHicdZBNS8NAEIY39fu76tFLsAgtYklTbfUmevHgQcHWQhPCZjttl+5HyE4ECf0f4o8Rb+pJ8Oa/MdUKVvSFXV6ed4ZhJowEN+g471Zuanpmdm5+YXFpeWV1Lb++0TQ6iRk0mBY6boXUgOAKGshRQCuKgcpQwHU4OB3l1zcQG67VFd5G4EvaU7zLGcUMBXl37ySgHtOmKAOKu17U5wEteYYrT0AXi56W0KPBeRFL6MW818dSkC845aPDmnvg2k7ZceputTYybn3frdqVjIxUIGNdBPlXr6NZIkEhE9SYdsWJ0E9pjJwJGC56iYGIsgHtQTuzikowfvq529DeyUjH7uo4ewrtT/qzI6XSmFsZZpWSYt/8zkbwzyyUvyZj99BPuYoSBMUmM6VjSQVIP02yf5hd4HtN+3/TdMuVWrl2uV84PhnfYp5skW1SJBVSJ8fkjFyQBmHkjjyQJ/Js3VuP1pP18lWas8Y9m2RC1tsHuGihFg==</latexit>

�Ba cos(mat+ �a) sin (!L(t)t)

�VHPD ! �!L ⇠ !L
z0rzB

B0

�VHPD

V0

<latexit sha1_base64="RkObTZ7QzX6JPXx53UC+j2lTav0="></latexit>

!L(t) = ma ±�ma

axion coherence time
�VHPD

���
resonance

⇠ Ba⌧a

z0

<latexit sha1_base64="7PDmSMRNKa604O3RvA4lAvmv1/U=">AAAB53icbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8eIZoFkCD2dSmzSyzDdI8QhnyDeole/yLN/42Scg0l8UMXjvSpqCULBjXXdb1JYW9/Y3Cpul3Z29/YPyodHLaPjiGGTaaGjTkANCq6wabkV2AkjpDIQ2A7Gt3O//YyR4Vo92kmIvqQjxYecUZtKDy99t1+uuFU3g7NKvJxUIEejX/7qDTSLJSrLBDWm67mh9RMaWc4ETku92GBI2ZiOsJtSRSUaP8lWnTpnqTJwhjpKQ1knU/92JFQaM5FBWimpfTLL3lz81wvk0mQ7vPYTrsLYomKLntKRpAKln8RpnqYf8JbvXSWti6pXq17e1yr1m/wXRTiBUzgHD66gDnfQgCYwGMErzOCdcPJGZuTjt7RA8p5jWAD5/AHA5I3G</latexit>
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• Superfluid phase of helium 3, much 
more longer lived NMR signal 

• Allows a small inhomogeneity in     , 
can scan in a single setup of the 
experiment.

NMR in the homogeneous precession domain of 3He-B 

B0

<latexit sha1_base64="Yp9p0dbnJJcdpEGfGcgc9KM0/ME=">AAAB53icbVBNT8JAEJ3FL8Qv1KOXRmLiibQGo0eCF48YLZBAQ7bLgBt2t013a0IafoLxhl79RZ79Ny7Yg4AvmcnLezOZjzAWXBvX/SaFjc2t7Z3ibmlv/+DwqHx80tJRmjD0WSSipBNSjYIr9A03AjtxglSGAtvh+G7ut18w0TxST2YSYyDpSPEhZ9RY6bHRd/vlilt1F3DWiZeTCuRo9stfvUHEUonKMEG17npubIKMJoYzgdNSL9UYUzamI+xaqqhEHWSLVafOhVUGzjBKbCjjLNS/HRmVWk9kaCslNc961ZuL/3qhXJlshrdBxlWcGlRs2VNRIqlAGWSpzVP7AW/13nXSuqp6ter1Q61Sb+S/KMIZnMMleHADdbiHJvjAYASvMIN3wskbmZGP39ICyXtOYQnk8wdsPI2O</latexit>

B0(z)

<latexit sha1_base64="JVrqJ/2J0DLbzQERAPPqub403QA=">AAAB6nicbVDJTgJBEK12RdxQj14mEhO8kBmD0SPBi0dMZElgQnqaAlt6mUz3mOCEfzDe0Kv/49m/ccA5CPiSqry8V5VaglBwY133m6ytb2xubed28rt7+weHhaPjptFxxLDBtNBRO6AGBVfYsNwKbIcRUhkIbAWj25nfesbIcK0e7DhEX9Kh4gPOqE2lZq3nll4ueoWiW3bncFaJl5EiZKj3Cl/dvmaxRGWZoMZ0PDe0fkIjy5nASb4bGwwpG9EhdlKqqETjJ/NtJ855qvSdgY7SUNaZq387EiqNGcsgrZTUPpplbyb+6wVyabId3PgJV2FsUbFFT+lIUoHST+I0T9IPeMv3rpLmZdmrlK/uK8VqLftFDk7hDErgwTVU4Q7q0AAGT/AKU3gngryRKfn4LV0jWc8JLIB8/gAPl453</latexit>

HPD}

<latexit sha1_base64="FmMT4TtSIP4UGU85o9PGowq5ulw=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSIISkj6sGZXdOOygn1AE8pkOq1DZyZhZiKUkI8QP0bcVbcuXPs3pjEL23pghnPPuY+Z64eUSGVZ31phbX1jc6u4XdrZ3ds/0A+POjKIBMJtFNBA9HwoMSUctxVRFPdCgSHzKe76k9u5333CQpKAP6hpiD0Gx5yMCIIqlQb6hZv16Iux78WWaVftqlW5tEzHca6cRkqsSrXu1JLYTZKBXk7jDMYqsXNSBjlaA/3LHQYoYpgrRKGUfdsKlRdDoQiiOCm5kcQhRBM4xv2Ucsiw9OLsQYlxlipDYxSI9HBlZOrfihgyKafMTzMZVI9y2ZuL/3o+W5qsRtdeTHgYKczRoscDwSDFzIuj9J5vwF7+7yrpVEy7Ztbva+XmTb6LIjgBp+Ac2KABmuAOtEAbIPAMXsEMvGsv2ps20z5+UwtaXnMMFqB9/gAcjJrZ</latexit>

}

<latexit sha1_base64="FmMT4TtSIP4UGU85o9PGowq5ulw=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSIISkj6sGZXdOOygn1AE8pkOq1DZyZhZiKUkI8QP0bcVbcuXPs3pjEL23pghnPPuY+Z64eUSGVZ31phbX1jc6u4XdrZ3ds/0A+POjKIBMJtFNBA9HwoMSUctxVRFPdCgSHzKe76k9u5333CQpKAP6hpiD0Gx5yMCIIqlQb6hZv16Iux78WWaVftqlW5tEzHca6cRkqsSrXu1JLYTZKBXk7jDMYqsXNSBjlaA/3LHQYoYpgrRKGUfdsKlRdDoQiiOCm5kcQhRBM4xv2Ucsiw9OLsQYlxlipDYxSI9HBlZOrfihgyKafMTzMZVI9y2ZuL/3o+W5qsRtdeTHgYKczRoscDwSDFzIuj9J5vwF7+7yrpVEy7Ztbva+XmTb6LIjgBp+Ac2KABmuAOtEAbIPAMXsEMvGsv2ps20z5+UwtaXnMMFqB9/gAcjJrZ</latexit>

Relaxed

dB0

dz

<latexit sha1_base64="KSNHcBPduZ4hU3zs2NsQUgALN+M=">AAAB9XicbVDLTsJAFL3FF+KDqks3jcTEFWkNRpcENy4xsUACTTOdTnHCzLSZmWqw6ZcYd+jWT3Ht31iwCwFPcm9Ozrk39xEkjCpt299GZWNza3unulvb2z84rJtHxz0VpxITF8csloMAKcKoIK6mmpFBIgniASP9YHI79/tPRCoaiwc9TYjH0VjQiGKkC8k366NIIpyFHd/Os/Al982G3bQXsNaJU5IGlOj65tcojHHKidCYIaWGjp1oL0NSU8xIXhuliiQIT9CYDAsqECfKyxaL59Z5oYRWFMsihLYW6t+ODHGlpjwoKjnSj2rVm4v/egFfmayjGy+jIkk1EXjZE7HkiBHuZWmR5x9wVu9dJ73LptNqXt23Gu1O+YsqnMIZXIAD19CGO+iCCxhSeIUZvBvPxpsxMz5+SytG2XMCSzA+fwCLWpNh</latexit>

Domain wall
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Projected sensitivity of NMR using the HPD of 3He-B 

Assuming magnon shot 
noise, measurement 
noise, clock noise

SNR  ∝ gaN VHPDt1/4
int

Astrophysical  
bounds 

Xe NMR  
proposal
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Plan of the talk

45

• Introduction 

• eV axion searches using integrated photonics 

• neV axion searches using superfluid 3He 

• feV axion searches using levitated ferromagnet 
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feV axion searches using levitated ferromagnet 

<latexit sha1_base64="2sBgs1GIb0gW4pEs332Ez43ZDeM=">AAACG3icbZDLSsNAFIYn9VbrLerSTbAIrkoiWl2W6sKNUMFeoAlhMj1ph2YmcWZSKCFPIj6MuKuCKxe+jWkNYlt/mMPH/5/DcI4XBVQq0/zSCiura+sbxc3S1vbO7p6+f9CSYSwINEkYhKLjYQkB5dBUVAXQiQRg5gXQ9obX07w9AiFpyB/UOAKH4T6nPiVYZZarX9RdbEvKDNsXmCR9N8GQpmDLR6ESWwxCN6vMuLlLU2P0y65eNivmTMYyWDmUUa6Gq3/YvZDEDLgiAZaya5mRchIsFCUBpCU7lhBhMsR96GbIMQPpJLP1UuMkc3qGH4rscWXM3L8TCWZSjpmXdTKsBnIxm5r/Zh5b+Fn5V05CeRQr4GQ+46FgOADmJHFWpxewFvddhtZZxapWqvfn5Vo9v0URHaFjdIosdIlq6BY1UBMR9IRe0AS9ac/aqzbR3n9aC1o+c4jmpH1+A9zgo2Q=</latexit>

Ba → gae
e

↑
ωDMvDM

<latexit sha1_base64="6ovnTBpD0KIlkFtHbgczFcwKNHc=">AAACIHicbVBNSwMxEM36WetX1aOXxSLowbIrUounohePFVpbcNeSTWfbYJJdkqxQQv6L+GPEW/Wov8btx0FbH8zweO8Nw0yUMqq05305S8srq2vrhY3i5tb2zm5pb/9eJZkk0CIJS2QnwgoYFdDSVDPopBIwjxi0o6ebsd9+BqloIpp6mELIcV/QmBKsc6lbugoU5a7vPZozv2ZdE0juNm3AINYnbhBLTEy/azBYa6Yhz9pA0v5An3ZLZa/iTeAuEn9GymiGRrc0CnoJyTgITRhW6sH3Uh0aLDUlDGwxyBSkmDzhPjzkVGAOKjSTG617nCs9N05kXkK7E/X3hMFcqSGP8iTHeqDmvbH4rxfxuc06roWGijTTIMhfTySSYwY8NFnebf4Bf/7eRXJ/XvGrlerdRbl+PftFAR2iI3SCfHSJ6ugWNVALEfSC3tAIfTivzrszcj6n0SVnNnOA/sD5/gGvm6OT</latexit>

→ 10→18T
( gae
10→10

)
Axion electron coupling
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feV axion searches using levitated ferromagnet 

Phys. Rev. D 110, 115029 (2024)

Wei Ji et al.

Phys. Rev. D 94, 082005 (2016)

Budker et al.

<latexit sha1_base64="2sBgs1GIb0gW4pEs332Ez43ZDeM=">AAACG3icbZDLSsNAFIYn9VbrLerSTbAIrkoiWl2W6sKNUMFeoAlhMj1ph2YmcWZSKCFPIj6MuKuCKxe+jWkNYlt/mMPH/5/DcI4XBVQq0/zSCiura+sbxc3S1vbO7p6+f9CSYSwINEkYhKLjYQkB5dBUVAXQiQRg5gXQ9obX07w9AiFpyB/UOAKH4T6nPiVYZZarX9RdbEvKDNsXmCR9N8GQpmDLR6ESWwxCN6vMuLlLU2P0y65eNivmTMYyWDmUUa6Gq3/YvZDEDLgiAZaya5mRchIsFCUBpCU7lhBhMsR96GbIMQPpJLP1UuMkc3qGH4rscWXM3L8TCWZSjpmXdTKsBnIxm5r/Zh5b+Fn5V05CeRQr4GQ+46FgOADmJHFWpxewFvddhtZZxapWqvfn5Vo9v0URHaFjdIosdIlq6BY1UBMR9IRe0AS9ac/aqzbR3n9aC1o+c4jmpH1+A9zgo2Q=</latexit>

Ba → gae
e

↑
ωDMvDM

<latexit sha1_base64="6ovnTBpD0KIlkFtHbgczFcwKNHc=">AAACIHicbVBNSwMxEM36WetX1aOXxSLowbIrUounohePFVpbcNeSTWfbYJJdkqxQQv6L+GPEW/Wov8btx0FbH8zweO8Nw0yUMqq05305S8srq2vrhY3i5tb2zm5pb/9eJZkk0CIJS2QnwgoYFdDSVDPopBIwjxi0o6ebsd9+BqloIpp6mELIcV/QmBKsc6lbugoU5a7vPZozv2ZdE0juNm3AINYnbhBLTEy/azBYa6Yhz9pA0v5An3ZLZa/iTeAuEn9GymiGRrc0CnoJyTgITRhW6sH3Uh0aLDUlDGwxyBSkmDzhPjzkVGAOKjSTG617nCs9N05kXkK7E/X3hMFcqSGP8iTHeqDmvbH4rxfxuc06roWGijTTIMhfTySSYwY8NFnebf4Bf/7eRXJ/XvGrlerdRbl+PftFAR2iI3SCfHSJ6ugWNVALEfSC3tAIfTivzrszcj6n0SVnNnOA/sD5/gGvm6OT</latexit>

→ 10→18T
( gae
10→10

)
Axion electron coupling

with P. Yin (Nanjing U);  
Y. He (CUHK); Y. Mo (Sustech)

In progress
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Axion wind could provide a remanent magnetization

This can come from 
axion dark matter!

with P. Yin (Nanjing U);  
Y. He (CUHK); Y. Mo (Sustech)

In progress
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Axion wind could provide a remanent magnetization

with P. Yin (Nanjing U);  
Y. He (CUHK); Y. Mo (Sustech)

In progress
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Future of quantum sensing in axion search

<latexit sha1_base64="BEyv7y/wABy43ysLnzk1QlELcMg=">AAAB+HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cEzAOSJcxOepMhM7PLzKwQl3yBV717E6/+jVe/xEmyB40WNBRV3VRTYcKZNp736RRWVtfWN4qbpa3tnd298v5BS8epotikMY9VJyQaOZPYNMxw7CQKiQg5tsPx7cxvP6DSLJb3ZpJgIMhQsohRYqzU8Prlilf15nD/Ej8nFchR75e/eoOYpgKloZxo3fW9xAQZUYZRjtNSL9WYEDomQ+xaKolAHWTzR6fuiVUGbhQrO9K4c/XnRUaE1hMR2k1BzEgvezPxXy8US8kmug4yJpPUoKSL4CjlrondWQvugCmkhk8sIVQx+7tLR0QRamxXJVuKv1zBX9I6q/qX1YvGeaV2k9dThCM4hlPw4QpqcAd1aAIFhCd4hhfn0Xl13pz3xWrByW8O4Recj2+wAZNk</latexit>

0

aDM ⇠ A cos(mDMt)

<latexit sha1_base64="eLjpDGMiCt9NXvXq9mIws1bORFA=">AAACB3icbZDLSsNAFIZP6q3WW9Slm2gR6qYkUtFlvSzcCBXsBZoQJtNpHZqZCTMToYSsxYcRd9WtT+DatzGtQWz1hxl+vv8cDucEUUiVtu1Po7CwuLS8Ulwtra1vbG6Z2zstJWKJSROLUMhOgBQJKSdNTXVIOpEkiAUhaQfDy0nefiBSUcHv9CgiHkMDTvsUI50h39xHfuJKZl3dpK6izDp3sVAV9gP1kW+W7ao9lfXXOLkpQ66Gb364PYFjRrjGIVKq69iR9hIkNcUhSUturEiE8BANSDezHDGivGS6SmodZqRn9YXMHtfWlP7uSBBTasSCrJIhfa/mswn8NwvY3GTdP/MSyqNYE45nMy4kQyFhXhJnf5pdwJnf969pHVedWvXktlauX+S3KMIeHEAFHDiFOlxDA5qA4RGeYQyvxpPxYoyNt+/SgpH37MKMjPcvbWuZ2g==</latexit>

Atom interferometer NV Center
Superconducting RF cavity

Optomechanical sensor Cavity QED
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Conclusion

51

• Axion DM masses may span 20 orders of magnitude, thus different 
masses have to be probed using different experimental methods. 

• Different axion couplings enable us to deploy different sensing 
techniques. 

• Exciting time to apply quantum sensing to axion DM searches!
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Backups
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Axion Dark Matter

Basic Properties: 

• Bosonic, high occupation number, behave like a classical field 

• Velocity ~100 km/sec                         

53

aDM(t) ⇠ A cos (!t� k · x)

<latexit sha1_base64="bHLrsoncIAAUcay3bu4jQLTWM48=">AAACJ3icbZBNixpBEIZ7Nh9rzMea5JhLsxLQQ2RmMWSPmuSQy4KB1V2wB+lpa9zG/hi6a0JkmN8T8mOCN5Mc959kdD2smhe6eXjfKoqqJFPSYxj+DY4ePHz0+Lj2pP702fMXJ42Xr0be5k7AUFhl3XXCPShpYIgSFVxnDrhOFFwl80/r/OobOC+tucRFBrHmMyNTKThW1qTR55OCOU0/X5QtbDMvNe1TJqxnClJsMathxim+K1iS0nnJxNTihr+XzMnZDbYnjWbYCTeihxBtoUm2GkwaSza1ItdgUCju/TgKM4wL7lAKBWWd5R4yLuZ8BuMKDdfg42KzaknfVs6UptZVzyDduPc7Cq69X+ikqtQcb/x+tjb/myV6bzKm53EhTZYjGLGbGes0V6DjIq/+srpAtL/vIYzOOlG38/5rt9n7uL1Fjbwhp6RFIvKB9MgXMiBDIsgP8ousyO/gZ7AMVsGfu9KjYNvzmuwouP0H9EOm4w==</latexit>

p
⇢DM

ma

<latexit sha1_base64="7H4Nlq+iv2jXGLWF++LoZdsrYbY=">AAACBnicbVDLSsNAFJ3UV62vqEs3wSK4KolUdFnUhRuhgn1AE8JkOmmHziPOTIQyZCt+jLirbv0D1/6Nac3Cth64l8M593C5N0ooUdp1v63Syura+kZ5s7K1vbO7Z+8ftJVIJcItJKiQ3QgqTAnHLU00xd1EYsgiijvR6Hrqd56wVETwBz1OcMDggJOYIKhzKbQdP5YQGV89Sm18ORRh3plzc5dlmWEhzEK76tbcGZxl4hWkCgo0Q/vL7wuUMsw1olCpnucmOjBQaoIozip+qnAC0QgOcC+nHDKsAjO7JHNOcqXvxELmxbUzU/8mDGRKjVmUTzKoh2rRm4r/ehFb2Kzjy8AQnqQaczTvcSEZpJgFJs379APe4r3LpH1W8+q18/t6tXFV/KIMjsAxOAUeuAANcAuaoAUQeAavYALerRfrzZpYH7+jJavIHII5WJ8/XcmbKw==</latexit>

ma +
1

2
mav

2

<latexit sha1_base64="cbacJvpTz0hojcFHhvHzvw5hGoI=">AAAB93icbZDLSgMxFIbP1Futt6ku3QwWQRDKTKnosujGZQV7gXYcMmmmhiaZIclUytBHEXfVrU/i2rcxrbOwrT8kfPz/OZzkhAmjSrvut1XY2Nza3inulvb2Dw6P7PJxW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdDfPO2MiFY3Fo54kxOdoKGhEMdLGCuwyD9BlP5IIezWD46daYFfcqruQsw5eDhXI1Qzsr/4gxiknQmOGlOp5bqL9DElNMSPTUj9VJEF4hIakZ1AgTpSfLZ4+dc6NM3CiWJojtLNw/3ZkiCs14aGp5Eg/q9Vsbv6bhXxlso5u/IyKJNVE4OVMxJIjRrifpeaemg14q/9dh3at6tWrVw/1SuM230URTuEMLsCDa2jAPTShBRhe4BVm8G5NrDdrZn38lhasvOcElmR9/gC9aJNg</latexit>

⇠ A cos(mat)

<latexit sha1_base64="gyR594orR+yqVPdJADpx+ftD/qk=">AAAB9nicbVDLTsJQEJ3iC/FVdemmkZjghrQGo0vUjUtMREhoQ24vA95wH03vLZE0/Ilxh279E9f+jQW7EPAkMzk5ZybzCCPOtHHdb6uwtr6xuVXcLu3s7u0f2IdHT1olMcUmVVzF7ZBo5Exi0zDDsR3FSETIsRUO72Z+a4SxZko+mnGEgSADyfqMEpNJXdv2NRPOjU+VroguMeddu+xW3TmcVeLlpAw5Gl37y+8pmgiUhnKidcdzIxOkJDaMcpyU/ERjROiQDLCTUUkE6iCdbz5xzjKl5/RVnIU0zlz925ESofVYhFmlIOZZL3sz8V8vFEuTTf86SJmMEoOSLnpSxYJwFEGaZHmSfcBbvneVPF1UvVr18qFWrt/mvyjCCZxCBTy4gjrcQwOaQGEErzCFd+vFerOm1sdvacHKe45hAdbnDx9Skwk=</latexit>

<latexit sha1_base64="6V0cuQ1wXmXXhyagEApKn+EV1OI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoQ9lsN+3S3U3Y3RRK6G/w4kERr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uV/4nSlVmsXyycwSGgg8kixiBBsr+WKA0XRQrbl1NwdaJ15BalCgNah+9YcxSQWVhnCsdc9zExNkWBlGOJ1X+qmmCSYTPKI9SyUWVAdZfuwcXVhliKJY2ZIG5erviQwLrWcitJ0Cm7Fe9Rbif14vNdFtkDGZpIZKslwUpRyZGC0+R0OmKDF8ZgkmitlbERljhYmx+VRsCN7qy+ukfVX3GvXG43WteVfEUYYzOIdL8OAGmvAALfCBAINneIU3RzovzrvzsWwtOcXMKfyB8/kDdvOOeg==</latexit>mav
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Example: Si-on-Insulator Photonic Crystal Ring Resonator

https://doi.org/10.1364/OL.39.001282

54



Christina Gao | New Approaches in Light Dark Matter Detection

Example: Periodically Grooved LN-on-Insulator Waveguide

https://doi.org/10.1364/OE.25.006963

55

• Surface/volume scattering loss 

• Bending/radiation loss 

• Absorption by the material

Q can be affected by:
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Different Frequencies

… 
<latexit sha1_base64="UwMRRSv4DboDZZvRAdSApIltDUc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppo3NJCHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/VbT1QbJsWDHSsaJnggWMwItk5qdkdYKdwrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdu0EnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vw4wJlVoqyHxRnHJkJZq+jvpMU2L52BFMNHO3IjLEGhPrAiq5EILFl5dJ86waXFYv7s8rtZs8jiIcwTGcQgBXUIM7qEMDCDzCM7zCmye9F+/d+5i3Frx85hD+wPv8AZlsjyk=</latexit>

<latexit sha1_base64="F5DkElhHnnADT2xbvGMDVtxEGb4=">AAAB8HicbVDLSgMxFM34rPVVdekmWAQRLDPia1l047KCfUg7ljtp2oYmmZBkhDL0K9y4UMStn+POvzFtZ6GtBy4czrmXe++JFGfG+v63t7C4tLyymlvLr29sbm0XdnZrJk40oVUS81g3IjCUM0mrlllOG0pTEBGn9WhwM/brT1QbFst7O1Q0FNCTrMsIWCc9nLQGoBQ8HrcLRb/kT4DnSZCRIspQaRe+Wp2YJIJKSzgY0wx8ZcMUtGWE01G+lRiqgAygR5uOShDUhOnk4BE+dEoHd2PtSlo8UX9PpCCMGYrIdQqwfTPrjcX/vGZiu1dhyqRKLJVkuqibcGxjPP4ed5imxPKhI0A0c7di0gcNxLqM8i6EYPbleVI7LQUXpfO7s2L5Oosjh/bRATpCAbpEZXSLKqiKCBLoGb2iN097L9679zFtXfCymT30B97nDyFGj/w=</latexit>

�⇤

<latexit sha1_base64="wVNPTidnOFb00HtjN39OOcpPzBY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA+15vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gDr142T</latexit>a1
<latexit sha1_base64="q9AISI9UburW4eeMTsXbP+uc7zA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis90F61Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSbNa8S4rF/fn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gDtW42U</latexit>a2

<latexit sha1_base64="WNvHAK1Z/vZRtiAI9rmS4Eilzmg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiyeJaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj66nfekSleSwfzDhBP6IDyUPOqLHSPe3d9soVt+rOQP4SLycVyFHvlT+7/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZAjq/RJGCtb0pCZ+nMio5HW4yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/Hlv6R5UvXOq2d3p5XaVR5HEQ7gEI7BgwuowQ3UoQEMBvAEL/DqCOfZeXPe560FJ5/Zh19wPr4BF9qNsA==</latexit>aN

<latexit sha1_base64="vgNNh3EA2LTqozU4MntUl7yHh70=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyURX8uiG5cV7APaGCbTSTt0MgkzE7WE/IcbF4q49V/c+TdO2yy09cCFwzn3cu89fsyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv+6Hritx+oVCwSd3ocUzfEA8ECRrA20r3ycDXt+QF6yjzn2CtX7Jo9BVokTk4qkKPhlb96/YgkIRWacKxU17Fj7aZYakY4zUq9RNEYkxEe0K6hAodUuen06gwdGaWPgkiaEhpN1d8TKQ6VGoe+6QyxHqp5byL+53UTHVy6KRNxoqkgs0VBwpGO0CQC1GeSEs3HhmAimbkVkSGWmGgTVMmE4My/vEhaJzXnvHZ2e1qpX+VxFOEADqEKDlxAHW6gAU0gIOEZXuHNerRerHfrY9ZasPKZffgD6/MHdKGR2A==</latexit>

sa(x1)
<latexit sha1_base64="FaCC6g5LVVf1+tiMxrqIiRhJcfQ=">AAAB9XicbVDLTsJAFL3FF+ILdelmIjHBDWkJPpZENy4xkUcCtZkOU5gwnTYzU5U0/IcbFxrj1n9x5984QBcKnuQmJ+fcm3vv8WPOlLbtbyu3srq2vpHfLGxt7+zuFfcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R9dTv/1ApWKRuNPjmLohHggWMIK1ke6Vh8tpzw/Q08SrnnrFkl2xZ0DLxMlICTI0vOJXrx+RJKRCE46V6jp2rN0US80Ip5NCL1E0xmSEB7RrqMAhVW46u3qCTozSR0EkTQmNZurviRSHSo1D33SGWA/VojcV//O6iQ4u3ZSJONFUkPmiIOFIR2gaAeozSYnmY0MwkczcisgQS0y0CapgQnAWX14mrWrFOa+c3dZK9assjjwcwTGUwYELqMMNNKAJBCQ8wyu8WY/Wi/Vufcxbc1Y2cwh/YH3+AHYmkdk=</latexit>

sa(x2)
<latexit sha1_base64="Ss6FKKTbcVwEMhbg/jMWmCMyiz8=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWR+lgW3biSCvYBbQyT6aQdOpmEmYlaQv/DjQtF3Pov7vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g18VsPVCoWiTs9iqkb4r5gASNYG+leebicdv0APY29m2OvWLIr9hRokTgZKUGGulf86vYikoRUaMKxUh3HjrWbYqkZ4XRc6CaKxpgMcZ92DBU4pMpNp1eP0ZFReiiIpCmh0VT9PZHiUKlR6JvOEOuBmvcm4n9eJ9HBhZsyESeaCjJbFCQc6QhNIkA9JinRfGQIJpKZWxEZYImJNkEVTAjO/MuLpHlScc4qp7fVUu0yiyMPB3AIZXDgHGpwDXVoAAEJz/AKb9aj9WK9Wx+z1pyVzezDH1ifP6CykfU=</latexit>

sa(xN )

<latexit sha1_base64="GkQX5/L2G0hjnmmMzS/af9EIhcE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOldneESYI97JUrbtWdgSwTLycVyFHvlb+6/ZimEZOGCtS647mJ8TNUhlPBJqVuqlmCdIQD1rFUYsS0n83unZATq/RJGCtb0pCZ+nsiw0jrcRTYzgjNUC96U/E/r5Oa8NrPuExSwySdLwpTQUxMps+TPleMGjG2BKni9lZCh6iQGhtRyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGkBBwDO8wpvz6Lw4787HvLXg5DOH8AfO5w8LmY/9</latexit>a

<latexit sha1_base64="BDH2yFgR6qV35bMHX3I1QDDkt9o=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62srq1vlDcrW9s7u3vV/YNHqzNDWYtqoU0nJpYJrlgLOAjWSQ0jMhasHY9up377iRnLtXqAccoiSQaKJ5wScFJoe3nXSKwzmPSqNb/uz4CXSVCQGirQ7FW/un1NM8kUUEGsDQM/hSgnBjgVbFLpZpalhI7IgIWOKiKZjfLZyRN84pQ+TrRxpQDP1N8TOZHWjmXsOiWBoV30puJ/XphBch3lXKUZMEXni5JMYNB4+j/uc8MoiLEjhBrubsV0SAyh4FKquBCCxZeXyeNZPbisX9yf1xo3RRxldISO0SkK0BVqoDvURC1EkUbP6BW9eeC9eO/ex7y15BUzh+gPvM8fiPCRbw==</latexit>sout

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit> {

<latexit sha1_base64="vissBQe9Vk3j5g1F0e8wevSK7sU=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBLxtSy6cVnBPqCNYTK5aYdOJmFmIpaQX3HjQhG3/og7/8bpY6GtBy4czrmXe+8JUs6Udpxva2l5ZXVtvbRR3tza3tm19yotlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQxvxn77EaRiibjXoxS8mPQFixgl2ki+XYGH/IQJX+JeEkOf4LDw7apTcybAi8SdkSqaoeHbX70woVkMQlNOlOq6Tqq9nEjNKIei3MsUpIQOSR+6hgoSg/Lyye0FPjJKiKNEmhIaT9TfEzmJlRrFgemMiR6oeW8s/ud1Mx1deTkTaaZB0OmiKONYJ3gcBA6ZBKr5yBBCJTO3YjogklBt4iqbENz5lxdJ67TmXtTO786q9etZHCV0gA7RMXLRJaqjW9RATUTRE3pGr+jNKqwX6936mLYuWbOZffQH1ucPWL+UAg==</latexit>

e�inr!d

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{<latexit sha1_base64="6I04E8iIRPS0hm/2sN7mbP17h3w=">AAACGXicbZC7TsMwFIadci+3ACOLRYUEA1VScRsRLIwgUVqpKZHjnhSrThzZTkUV5TVYeBUWBhBihIm3wW2DBJRfsvT5P+fIPn+QcKa043xapanpmdm5+YXy4tLyyqq9tn6tRCop1KngQjYDooCzGOqaaQ7NRAKJAg6NoHc2rDf6IBUT8ZUeJNCOSDdmIaNEG8u3HbjJ9pgnIugSnHlBiPu5TzzaEXpndL3LfXfvm2q7uW9XnKozEp4Et4AKKnTh2+9eR9A0glhTTpRquU6i2xmRmlEOedlLFSSE9kgXWgZjEoFqZ6PNcrxtnA4OhTQn1njk/pzISKTUIApMZ0T0rfpbG5r/1VqpDo/bGYuTVENMxw+FKcda4GFMuMMkUM0HBgiVzPwV01siCdUmzLIJwf278iRc16ruYfXgcr9yclrEMY820RbaQS46QifoHF2gOqLoHj2iZ/RiPVhP1qv1Nm4tWcXMBvol6+MLZCWf6g==</latexit>

e�i!va·(x1�x2)

<latexit sha1_base64="QRw7zsPxN8i09qNavnWa2zJSGuY=">AAACEXicbVDJSgNBEO1xN25Rj14agxAxhhlxuwiiF08SxaiQiaGnp5I09kwP3TVCGPILXvwVLx4U8erNm39jZzm4PSh4vFdFVb0gkcKg6346I6Nj4xOTU9O5mdm5+YX84tKlUanmUOVKKn0dMANSxFBFgRKuEw0sCiRcBbfHPf/qDrQRKr7ATgL1iLVi0RScoZUa+aKvImixxnnR2/BDkMjWbzKx6XVLVBx4pa2Sz0OFpnTayBfcstsH/Uu8ISmQISqN/IcfKp5GECOXzJia5yZYz5hGwSV0c35qIGH8lrWgZmnMIjD1rP9Rl65ZJaRNpW3FSPvq94mMRcZ0osB2Rgzb5rfXE//zaik29+uZiJMUIeaDRc1UUlS0Fw8NhQaOsmMJ41rYWylvM8042hBzNgTv98t/yeVW2dst75xtFw6PhnFMkRWySorEI3vkkJyQCqkSTu7JI3kmL86D8+S8Om+D1hFnOLNMfsB5/wLkpJsr</latexit>

!R(1 + �)i�1, i = 1, 2, · · · , N
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!R
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spaced

random

<latexit sha1_base64="WJPPb5mt+J0gg4GxYnfu5ToOEo0=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxCi1AS8bUsunFZxT6giWEyuWmHTh7MTIQSiht/xY0LRdz6Fe78G6dtFtp64MLhnHu59x4vYVRI0/zWCguLS8srxdXS2vrG5pa+vdMSccoJNEnMYt7xsABGI2hKKhl0Eg449Bi0vcHV2G8/ABc0ju7kMAEnxL2IBpRgqSRX37PjEHrYva1YR7YPTOLqfdarsOrI1ctmzZzAmCdWTsooR8PVv2w/JmkIkSQMC9G1zEQ6GeaSEgajkp0KSDAZ4B50FY1wCMLJJi+MjEOl+EYQc1WRNCbq74kMh0IMQ091hlj2xaw3Fv/zuqkMLpyMRkkqISLTRUHKDBkb4zwMn3Igkg0VwYRTdatB+phjIlVqJRWCNfvyPGkd16yz2unNSbl+mcdRRPvoAFWQhc5RHV2jBmoigh7RM3pFb9qT9qK9ax/T1oKWz+yiP9A+fwClRZZS</latexit>

!R(1 + �)g(l)For th resonatorl

<latexit sha1_base64="nKcHcPaM5wNuKZMMgiNSgCuiZm4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKcz6vghBLx4TMA9I1jA7mU2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dfiy4Nhh/O7ml5ZXVtfx6YWNza3unuLvX0FGiKKvTSESq5RPNBJesbrgRrBUrRkJfsKY/vJ34zSemNI/kvRnFzAtJX/KAU2Ks1Kp18bWLH067xRIu4ynQInEzUoIM1W7xq9OLaBIyaaggWrddHBsvJcpwKti40Ek0iwkdkj5rWypJyLSXTu8doyOr9FAQKVvSoKn6eyIlodaj0LedITEDPe9NxP+8dmKCKy/lMk4Mk3S2KEgEMhGaPI96XDFqxMgSQhW3tyI6IIpQYyMq2BDc+ZcXSeOk7F6Uz2tnpcpNFkceDuAQjsGFS6jAHVShDhQEPMMrvDmPzovz7nzMWnNONrMPf+B8/gBcnY7j</latexit>

Q0 = 103
<latexit sha1_base64="sacjVN+syJsTa/IrG2VgFI2bUqg=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2mekVwpKP8OJBEa9+jzf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWju6nfegJtRKwecZyAH7GBEqHgDK3U6gaA7MbrlStu1Z2BLhMvJxWSo94rf3X7MU8jUMglM6bjuQn6GdMouIRJqZsaSBgfsQF0LFUsAuNns3Mn9MQqfRrG2pZCOlN/T2QsMmYcBbYzYjg0i95U/M/rpBhe+5lQSYqg+HxRmEqKMZ3+TvtCA0c5toRxLeytlA+ZZhxtQiUbgrf48jJpnlW9y+rFw3mldpvHUSRH5JicEo9ckRq5J3XSIJyMyDN5JW9O4rw4787HvLXg5DOH5A+czx+75I8w</latexit>

� = 1

56
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Ring Resonator

<latexit sha1_base64="oudLx1gQ3gwpxAunGuczsSJIX+8=">AAACCnicbVA9bxNBEN1z+DCGkANKmgUrUirrLkoCpRUaCgoj4SSSz7Lm1nP2yvtx2p2LYp1cp+Gv0KQAobT5BXT8G9aOC7B50khP781oZl5eKukpSX5HjZ0HDx89bj5pPX22+3wvfvHyzNvKCewLq6y7yMGjkgb7JEnhRekQdK7wPJ99WPrnl+i8tOYLzUscapgYWUgBFKRR/CajKRJkUJbOXnEzqjOnORbFIrMaJ8A/jeJ20klW4NskXZM2W6M3in9lYysqjYaEAu8HaVLSsAZHUihctLLKYwliBhMcBGpAox/Wq1cWfD8oY15YF8oQX6l/T9SgvZ/rPHRqoKnf9Jbi/7xBRcX7YS1NWREacb+oqBQny5e58LF0KEjNAwHhZLiViyk4EBTSa4UQ0s2Xt8nZYSc96Rx/Pmp3T9dxNNlr9pYdsJS9Y132kfVYnwl2zb6x7+xH9DW6iX5Gt/etjWg984r9g+juD1I6mqk=</latexit>

✓ ⇡ ne↵!L

<latexit sha1_base64="X7dCf8IoQh+A1o9JW6X/wvtXbHs=">AAACEnicbVDLSgMxFM34rPVVdekmWATdlJniayMUBXHhoj76gE4dMplMG5pkhiQjlGG+wY2/4saFIm5dufNvTB8LbT0QOJxzDzf3+DGjStv2tzUzOze/sJhbyi+vrK6tFzY26ypKJCY1HLFINn2kCKOC1DTVjDRjSRD3GWn4vfOB33ggUtFI3Ol+TNocdQQNKUbaSF5hP3Ulhxe3N9mpG0qEU5eZcIDuy1l6BYU3tEkYZplXKNolewg4TZwxKYIxql7hyw0inHAiNGZIqZZjx7qdIqkpZiTLu4kiMcI91CEtQwXiRLXT4UkZ3DVKAMNImic0HKq/EyniSvW5byY50l016Q3E/7xWosOTdkpFnGgi8GhRmDCoIzjoBwZUEqxZ3xCEJTV/hbiLTDPatJg3JTiTJ0+TernkHJUOrw+KlbNxHTmwDXbAHnDAMaiAS1AFNYDBI3gGr+DNerJerHfrYzQ6Y40zW+APrM8fCyedvA==</latexit>

FSR =
�2

Lne↵

<latexit sha1_base64="/Iba6SIYF+wP/1zGYVqrDiFAHbg="></latexit>

FWHM =
�2

⇡Lne↵

1� ↵2

↵

critically coupled
Loss

57

<latexit sha1_base64="Qa/+vhbDUEsJuoc7JlriBSjZKVE="></latexit>

Finesse =
FSR

FWHM
=

1� ↵2

↵⇡

<latexit sha1_base64="oW08GGwbrFUgCGEWO+W386+xrzU=">AAACJ3icbVDLSsNAFJ34tr6iLt0MFsFVScTXRhEF6UKhgm2FJpTJ9KYOnUzCzEQoIX/jxl9xI6iILv0TpzGIrwMDh3PO5c49QcKZ0o7zZo2NT0xOTc/MVubmFxaX7OWVlopTSaFJYx7Lq4Ao4ExAUzPN4SqRQKKAQzsYnIz89g1IxWJxqYcJ+BHpCxYySrSRuvbhxYEXSkIzj5uhHskzT0b4tF0/z0tDdAsJwjA/y79iodmnFHTtqlNzCuC/xC1JFZVodO1HrxfTNAKhKSdKdVwn0X5GpGaUQ17xUgUJoQPSh46hgkSg/Ky4M8cbRunhMJbmCY0L9ftERiKlhlFgkhHR1+q3NxL/8zqpDvf9jIkk1SDo56Iw5VjHeFQa7jEJVPOhIYRKZv6K6TUx7WhTbcWU4P4++S9pbdXc3drOxXb16LisYwatoXW0iVy0h45QHTVQE1F0i+7RE3q27qwH68V6/YyOWeXMKvoB6/0DAF2nTQ==</latexit>

Q =
�

FWHM
=

ne↵L

�
finesse
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Ring Resonator

<latexit sha1_base64="oudLx1gQ3gwpxAunGuczsSJIX+8=">AAACCnicbVA9bxNBEN1z+DCGkANKmgUrUirrLkoCpRUaCgoj4SSSz7Lm1nP2yvtx2p2LYp1cp+Gv0KQAobT5BXT8G9aOC7B50khP781oZl5eKukpSX5HjZ0HDx89bj5pPX22+3wvfvHyzNvKCewLq6y7yMGjkgb7JEnhRekQdK7wPJ99WPrnl+i8tOYLzUscapgYWUgBFKRR/CajKRJkUJbOXnEzqjOnORbFIrMaJ8A/jeJ20klW4NskXZM2W6M3in9lYysqjYaEAu8HaVLSsAZHUihctLLKYwliBhMcBGpAox/Wq1cWfD8oY15YF8oQX6l/T9SgvZ/rPHRqoKnf9Jbi/7xBRcX7YS1NWREacb+oqBQny5e58LF0KEjNAwHhZLiViyk4EBTSa4UQ0s2Xt8nZYSc96Rx/Pmp3T9dxNNlr9pYdsJS9Y132kfVYnwl2zb6x7+xH9DW6iX5Gt/etjWg984r9g+juD1I6mqk=</latexit>

✓ ⇡ ne↵!L

Loss

<latexit sha1_base64="Qa/+vhbDUEsJuoc7JlriBSjZKVE="></latexit>

Finesse =
FSR

FWHM
=

1� ↵2

↵⇡
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critically coupled
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Helium 3 B, homogeneous precession domain
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Properties of 3He

<latexit sha1_base64="Kigjs93D88yVXuV+QFK7DKF3U4Q=">AAACGXicjVDLSsNAFJ3UV62vqEs3wSK4kJBHU9td0U2XFewDmlgm02kNzUzCzEQoQz5E/BhxV924cOXfmMYubFHwwL0czrkvrh+HAReG8akU1tY3NreK26Wd3b39A/XwqMOjhCHcRlEYsZ4POQ4DitsiECHuxQxD4oe460+u5373ATMeRPRWTGPsETimwShAUGTSQLXdfEafjX1PGrph23WrdmHoVr1qW1ZGnFrdqTqpvLOly4jWxGk6UMumbuTQ/iZlsEBroL67wwglBFOBQsh53zRi4UnIRIBCnJbchOMYogkc435GKSSYezI/LNXOMmWojSKWBRVarv7skJBwPiV+VkmguOer3lz81fPJymYxqnkyoHEiMEXLHo0YgSEmnkyy/M8PdCzdrOjOTaXcuFr8oghOwCk4Bya4BA3QBC3QBgg8gmcwA6/Kk/KizJS379KCsug5BktQPr4A1P6d6Q==</latexit>

• T<~1K, Fermi liquid, He-3 quasiparticles

Phys. Rev. B 33, 7520 (1986)
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Properties of 3He

<latexit sha1_base64="Kigjs93D88yVXuV+QFK7DKF3U4Q=">AAACGXicjVDLSsNAFJ3UV62vqEs3wSK4kJBHU9td0U2XFewDmlgm02kNzUzCzEQoQz5E/BhxV924cOXfmMYubFHwwL0czrkvrh+HAReG8akU1tY3NreK26Wd3b39A/XwqMOjhCHcRlEYsZ4POQ4DitsiECHuxQxD4oe460+u5373ATMeRPRWTGPsETimwShAUGTSQLXdfEafjX1PGrph23WrdmHoVr1qW1ZGnFrdqTqpvLOly4jWxGk6UMumbuTQ/iZlsEBroL67wwglBFOBQsh53zRi4UnIRIBCnJbchOMYogkc435GKSSYezI/LNXOMmWojSKWBRVarv7skJBwPiV+VkmguOer3lz81fPJymYxqnkyoHEiMEXLHo0YgSEmnkyy/M8PdCzdrOjOTaXcuFr8oghOwCk4Bya4BA3QBC3QBgg8gmcwA6/Kk/KizJS379KCsug5BktQPr4A1P6d6Q==</latexit>

Unbroken phase B-phase A-phase

• T<~mK, superfluid phase (~ BEC of 
Cooper pairs of He-3 quasiparticles)

Phys. Rev. B 33, 7520 (1986)

<latexit sha1_base64="evvLV1QASIyFnj7mHlyIH02vHNQ=">AAAB63icdVDJSgNBEK2JW4xb1KOXwSB4CtNDzHIIBL148BDRLJAMoafTiU26e4bpHiEM8R/EW/Tq93j2b+zECCbogyoe71VRix9yprTjfFqptfWNza30dmZnd2//IHt41FRBHBHaIAEPoraPFeVM0oZmmtN2GFEsfE5b/uhq5rceaaRYIO/1OKSewEPJBoxgbaTWTRU93VVRL5tz8k7FLZUubEPK5YrrGIIKLnIrNso7c+RggXov+9HtByQWVGrCsVId5ITaS3CkGeF0kunGioaYjPCQdgyVWFDlJfN1J/aZUfr2IIhMSG3P1d8dCRZKjYVvKgXWD2rVm4l/er5YmawHZS9hMow1lWTZk0EkMKfCS2KTJ+YDP2fa/5Omm0fFfPG2kKtdLn6RhhM4hXNAUIIaXEMdGkBgBM8whVdLWC/W1Hr7Lk1Zi55jWIL1/gUwy48t</latexit>

L = 1 S = 1
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B-phase

But, a lot of degenerate ground states
f

<latexit sha1_base64="j34hsAD4sU3fi1RCzheca/vxcRc=">AAAB6nicbVDJTgJBEK3GDXFDPXqZSEw8kRnjdiR68YiJLAlMSE9TQEt3z2S6x4RM5h+MN/Tq/3j2b2xwDgK+pCov71WlliASXBvX/SaFtfWNza3idmlnd2//oHx41NRhEjNssFCEcTugGgVX2DDcCGxHMVIZCGwF4/uZ33rBWPNQPZlJhL6kQ8UHnFFjpWZ3RI2jeuWKW3XncFaJl5MK5Kj3yl/dfsgSicowQbXueG5k/JTGhjOBWambaIwoG9MhdixVVKL20/m2mXNmlb4zCGMbyjhz9W9HSqXWExnYSknNSC97M/FfL5BLk83g1k+5ihKDii16KowlFSj9NLE5sx/wlu9dJc2LqnddvXq8rNTu8l8U4QRO4Rw8uIEaPEAdGsDgGV5hCu9EkDcyJR+/pQWS9xzDAsjnD+LBjwQ=</latexit>

n̂

3
He� B

<latexit sha1_base64="NUr+kMgaE4+FoPf7/ORhea6ATag=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSK40JI0CW13pW66rGAf0MQymU5raGYSZiZCGfIl4seIuyq4cuHfmMYsbPXAHQ7nnDtz53pR4HOh619KYWNza3unuFva2z84PFKPT3o8jBnCXRQGIRt4kOPAp7grfBHgQcQwJF6A+97sZun3HzHjfkjvxDzCLoFT6k98BEUqjVTbye4YsqnnSr2im5Zpmld6pdqw6w0jJXbDMqxaIu9N6TCitfF1K0lGajnNZtD+EiMnZZCjM1I/nHGIYoKpQAHkfGjokXAlZMJHAU5KTsxxBNEMTvEwpRQSzF2ZjZZoF6ky1iYhS4sKLVN/d0hIOJ8TL00SKB74urcU//U8svaymNRd6dMoFpiiVY+GjMAAE1fG6bncgLH+37+kV60YVsW+tcrNVr6LIjgD5+ASGKAGmqANOqALEHgCL2AB3pRn5VVZKO8/0YKS95yCFSif39RqnmI=</latexit>

spontaneously broken spin orbit symmetry Leggett Rev. Mod. Phys. 47, 331 (1975)

<latexit sha1_base64="pao5HJaJztd1ya9OhZ5khMhnZCk=">AAACB3icbVBNS8NAEN3Ur1q/oh69RItQQUoiUj0WvXisYj+giWGznTZrdzchuxFKyFn8MeKtevUXePbfmNYcbOuDGR7vzWOY8UJGpTLNb62wtLyyulZcL21sbm3v6Lt7LRnEEYEmCVgQdTwsgVEBTUUVg04YAeYeg7Y3vJ747SeIJA3EvRqF4HA8ELRPCVaZ5OqH8JBQO/RpeucmNo+Nx7Ri+1gZ4tRWPih84upls2pOYSwSKydllKPh6l92LyAxB6EIw1J2LTNUToIjRQmDtGTHEkJMhngA3YwKzEE6yfSU1DjOlJ7RD6KshDKm6t9EgrmUI+5lkxwrX857E/Ffz+Nzm1X/0kmoCGMFgsx6Iog4ZsCdJM56mn3Amr93kbTOqlatWrs9L9ev8l8U0QE6QhVkoQtURzeogZqIoGf0isboXXvR3rSx9vE7WtDyzD6agfb5A0gJmmU=</latexit>

ei�Rµj(n̂, ✓)

<latexit sha1_base64="xK3QMNsUlL19+7tgJtbhfH09vfs=">AAAB5XicbVDJSgNBEK2JW4xb1KOXwSB4CjPidgx68eAhAbNAMoSeTiU26WXo7hHCMF8g3qJXP8mzf+MkzsEkPqji8V4VtYQRZ8Z63rdTWFvf2Nwqbpd2dvf2D8qHRy2jYk2xSRVXuhMSg5xJbFpmOXYijUSEHNvh+H7mt19QG6bkk51EGAgykmzIKLGZ1Hjslyte1ZvDXSV+TiqQo94vf/UGisYCpaWcGNP1vcgGCdGWUY5pqRcbjAgdkxF2MyqJQBMk80VT9yxTBu5Q6Sykdefq346ECGMmIswqBbHPZtmbif96oViabIe3QcJkFFuUdNGTSgvCUQRJnOU0+4C/fO8qaV1U/evqVeOyUrvLf1GEEziFc/DhBmrwAHVoAgWEV5jCuzNy3pyp8/FbWnDynmNYgPP5A1opjPc=</latexit>

L

<latexit sha1_base64="6GzoYZq3IyD+7rhAGNl6hc7Y0GQ=">AAAB5XicbVDJSgNBEK2JW4xb1KOXwSB4CjPidgx68ZigWSAZQk+nEpv0MnT3CGGYLxBv0auf5Nm/cRLnYBIfVPF4r4pawogzYz3v2ymsrW9sbhW3Szu7e/sH5cOjllGxptikiivdCYlBziQ2LbMcO5FGIkKO7XB8P/PbL6gNU/LJTiIMBBlJNmSU2ExqPPbLFa/qzeGuEj8nFchR75e/egNFY4HSUk6M6fpeZIOEaMsox7TUiw1GhI7JCLsZlUSgCZL5oql7likDd6h0FtK6c/VvR0KEMRMRZpWC2Gez7M3Ef71QLE22w9sgYTKKLUq66EmlBeEogiTOcpp9wF++d5W0Lqr+dfWqcVmp3eW/KMIJnMI5+HADNXiAOjSBAsIrTOHdGTlvztT5+C0tOHnPMSzA+fwBZLCM/g==</latexit>

S

<latexit sha1_base64="fDZhq/Fpf63WmB6ggaLGZYKUtjk=">AAAB6nicbVBNT8JAEJ3FL8Qv1KOXRmLiibTGoEeiF4+YWCCBhmyXAVZ2t013a0Ia/oPxhl79P579Ny7Yg4AvmcnLezOZjzAWXBvX/SaFjc2t7Z3ibmlv/+DwqHx80tRRmjD0WSSipB1SjYIr9A03AttxglSGAlvh+H7ut14w0TxST2YSYyDpUPEBZ9RYqdk1IzS0V664VXcBZ514OalAjkav/NXtRyyVqAwTVOuO58YmyGhiOBM4LXVTjTFlYzrEjqWKStRBtth26lxYpe8MosSGMs5C/duRUan1RIa2UlIz0qveXPzXC+XKZDO4DTKu4tSgYsueihJJBcogS22e2g94q/euk+ZV1atVa4/Xlfpd/osinME5XIIHN1CHB2iADwye4RVm8E4EeSMz8vFbWiB5zyksgXz+AFRoj1A=</latexit>

✓

<latexit sha1_base64="kUkZipbFC850FTjUsggvUXS/u80=">AAACGnicbVBLS8NAEJ74rPUV9eglWIQWoSRaH8eiFw8FK7UPaELYbLft0uxuyG6EEvpHxB8j3qoHL178N6ZtDrb1gxm++b4Zhhkv8KlUpvmjrayurW9sZray2zu7e/v6wWFDiijEpI6FL8KWhyTxKSd1RZVPWkFIEPN80vQGdxO/+UxCSQV/UsOAOAz1OO1SjFQiuXqp9pC/KLg1W1FGpDGrKmlVz1sF1w761FYiteLKWW3k6jmzaE5hLBMrJTlIUXX1L7sjcMQIV9hHUrYtM1BOjEJFsU9GWTuSJEB4gHqknVCOku1OPL1uZJwmSsfoijAJroyp+nciRkzKIfOSToZUXy56E/Ffz2MLm1X3xokpDyJFOJ73uAgZ8glz4ijJkw9Yi/cuk8Z50boqXj6WcuXb9BcZOIYTyIMF11CGe6hCHTC8wBuM4UN71d61sfY5a13R0pkjmIP2/QsDsp84</latexit>

SO(3)S ⇥ SO(3)L ⇥ U(1)� ! SO(3)L+S
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B-phase

<latexit sha1_base64="j34hsAD4sU3fi1RCzheca/vxcRc=">AAAB6nicbVDJTgJBEK3GDXFDPXqZSEw8kRnjdiR68YiJLAlMSE9TQEt3z2S6x4RM5h+MN/Tq/3j2b2xwDgK+pCov71WlliASXBvX/SaFtfWNza3idmlnd2//oHx41NRhEjNssFCEcTugGgVX2DDcCGxHMVIZCGwF4/uZ33rBWPNQPZlJhL6kQ8UHnFFjpWZ3RI2jeuWKW3XncFaJl5MK5Kj3yl/dfsgSicowQbXueG5k/JTGhjOBWambaIwoG9MhdixVVKL20/m2mXNmlb4zCGMbyjhz9W9HSqXWExnYSknNSC97M/FfL5BLk83g1k+5ihKDii16KowlFSj9NLE5sx/wlu9dJc2LqnddvXq8rNTu8l8U4QRO4Rw8uIEaPEAdGsDgGV5hCu9EkDcyJR+/pQWS9xzDAsjnD+LBjwQ=</latexit>

n̂

3
He� B

<latexit sha1_base64="NUr+kMgaE4+FoPf7/ORhea6ATag=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSK40JI0CW13pW66rGAf0MQymU5raGYSZiZCGfIl4seIuyq4cuHfmMYsbPXAHQ7nnDtz53pR4HOh619KYWNza3unuFva2z84PFKPT3o8jBnCXRQGIRt4kOPAp7grfBHgQcQwJF6A+97sZun3HzHjfkjvxDzCLoFT6k98BEUqjVTbye4YsqnnSr2im5Zpmld6pdqw6w0jJXbDMqxaIu9N6TCitfF1K0lGajnNZtD+EiMnZZCjM1I/nHGIYoKpQAHkfGjokXAlZMJHAU5KTsxxBNEMTvEwpRQSzF2ZjZZoF6ky1iYhS4sKLVN/d0hIOJ8TL00SKB74urcU//U8svaymNRd6dMoFpiiVY+GjMAAE1fG6bncgLH+37+kV60YVsW+tcrNVr6LIjgD5+ASGKAGmqANOqALEHgCL2AB3pRn5VVZKO8/0YKS95yCFSif39RqnmI=</latexit>

Leggett Rev. Mod. Phys. 47, 331 (1975)

<latexit sha1_base64="pao5HJaJztd1ya9OhZ5khMhnZCk=">AAACB3icbVBNS8NAEN3Ur1q/oh69RItQQUoiUj0WvXisYj+giWGznTZrdzchuxFKyFn8MeKtevUXePbfmNYcbOuDGR7vzWOY8UJGpTLNb62wtLyyulZcL21sbm3v6Lt7LRnEEYEmCVgQdTwsgVEBTUUVg04YAeYeg7Y3vJ747SeIJA3EvRqF4HA8ELRPCVaZ5OqH8JBQO/RpeucmNo+Nx7Ri+1gZ4tRWPih84upls2pOYSwSKydllKPh6l92LyAxB6EIw1J2LTNUToIjRQmDtGTHEkJMhngA3YwKzEE6yfSU1DjOlJ7RD6KshDKm6t9EgrmUI+5lkxwrX857E/Ffz+Nzm1X/0kmoCGMFgsx6Iog4ZsCdJM56mn3Amr93kbTOqlatWrs9L9ev8l8U0QE6QhVkoQtURzeogZqIoGf0isboXXvR3rSx9vE7WtDyzD6agfb5A0gJmmU=</latexit>

ei�Rµj(n̂, ✓)

<latexit sha1_base64="xK3QMNsUlL19+7tgJtbhfH09vfs=">AAAB5XicbVDJSgNBEK2JW4xb1KOXwSB4CjPidgx68eAhAbNAMoSeTiU26WXo7hHCMF8g3qJXP8mzf+MkzsEkPqji8V4VtYQRZ8Z63rdTWFvf2Nwqbpd2dvf2D8qHRy2jYk2xSRVXuhMSg5xJbFpmOXYijUSEHNvh+H7mt19QG6bkk51EGAgykmzIKLGZ1Hjslyte1ZvDXSV+TiqQo94vf/UGisYCpaWcGNP1vcgGCdGWUY5pqRcbjAgdkxF2MyqJQBMk80VT9yxTBu5Q6Sykdefq346ECGMmIswqBbHPZtmbif96oViabIe3QcJkFFuUdNGTSgvCUQRJnOU0+4C/fO8qaV1U/evqVeOyUrvLf1GEEziFc/DhBmrwAHVoAgWEV5jCuzNy3pyp8/FbWnDynmNYgPP5A1opjPc=</latexit>

L

<latexit sha1_base64="6GzoYZq3IyD+7rhAGNl6hc7Y0GQ=">AAAB5XicbVDJSgNBEK2JW4xb1KOXwSB4CjPidgx68ZigWSAZQk+nEpv0MnT3CGGYLxBv0auf5Nm/cRLnYBIfVPF4r4pawogzYz3v2ymsrW9sbhW3Szu7e/sH5cOjllGxptikiivdCYlBziQ2LbMcO5FGIkKO7XB8P/PbL6gNU/LJTiIMBBlJNmSU2ExqPPbLFa/qzeGuEj8nFchR75e/egNFY4HSUk6M6fpeZIOEaMsox7TUiw1GhI7JCLsZlUSgCZL5oql7likDd6h0FtK6c/VvR0KEMRMRZpWC2Gez7M3Ef71QLE22w9sgYTKKLUq66EmlBeEogiTOcpp9wF++d5W0Lqr+dfWqcVmp3eW/KMIJnMI5+HADNXiAOjSBAsIrTOHdGTlvztT5+C0tOHnPMSzA+fwBZLCM/g==</latexit>

S

<latexit sha1_base64="fDZhq/Fpf63WmB6ggaLGZYKUtjk=">AAAB6nicbVBNT8JAEJ3FL8Qv1KOXRmLiibTGoEeiF4+YWCCBhmyXAVZ2t013a0Ia/oPxhl79P579Ny7Yg4AvmcnLezOZjzAWXBvX/SaFjc2t7Z3ibmlv/+DwqHx80tRRmjD0WSSipB1SjYIr9A03AttxglSGAlvh+H7ut14w0TxST2YSYyDpUPEBZ9RYqdk1IzS0V664VXcBZ514OalAjkav/NXtRyyVqAwTVOuO58YmyGhiOBM4LXVTjTFlYzrEjqWKStRBtth26lxYpe8MosSGMs5C/duRUan1RIa2UlIz0qveXPzXC+XKZDO4DTKu4tSgYsueihJJBcogS22e2g94q/euk+ZV1atVa4/Xlfpd/osinME5XIIHN1CHB2iADwye4RVm8E4EeSMz8vFbWiB5zyksgXz+AFRoj1A=</latexit>

✓

<latexit sha1_base64="kUkZipbFC850FTjUsggvUXS/u80=">AAACGnicbVBLS8NAEJ74rPUV9eglWIQWoSRaH8eiFw8FK7UPaELYbLft0uxuyG6EEvpHxB8j3qoHL178N6ZtDrb1gxm++b4Zhhkv8KlUpvmjrayurW9sZray2zu7e/v6wWFDiijEpI6FL8KWhyTxKSd1RZVPWkFIEPN80vQGdxO/+UxCSQV/UsOAOAz1OO1SjFQiuXqp9pC/KLg1W1FGpDGrKmlVz1sF1w761FYiteLKWW3k6jmzaE5hLBMrJTlIUXX1L7sjcMQIV9hHUrYtM1BOjEJFsU9GWTuSJEB4gHqknVCOku1OPL1uZJwmSsfoijAJroyp+nciRkzKIfOSToZUXy56E/Ffz2MLm1X3xokpDyJFOJ73uAgZ8glz4ijJkw9Yi/cuk8Z50boqXj6WcuXb9BcZOIYTyIMF11CGe6hCHTC8wBuM4UN71d61sfY5a13R0pkjmIP2/QsDsp84</latexit>

SO(3)S ⇥ SO(3)L ⇥ U(1)� ! SO(3)L+S

<latexit sha1_base64="fhhCGFbClMdKpz22dx+MjYsiTBc=">AAAB7HicbVDJTgJBEK3BDXFDPXqZSEw8kRkj6pHohSMmsiQwIT1NAR26eybdPSY44SeMN/Tq73j2b2xwDgK+pCov71WlljDmTBvP+3ZyG5tb2zv53cLe/sHhUfH4pKmjRFFs0IhHqh0SjZxJbBhmOLZjhUSEHFvh+GHut55RaRbJJzOJMRBkKNmAUWKs1K653REx7kuvWPLK3gLuOvEzUoIM9V7xq9uPaCJQGsqJ1h3fi02QEmUY5TgtdBONMaFjMsSOpZII1EG62HfqXlil7w4iZUMad6H+7UiJ0HoiQlspiBnpVW8u/uuFYmWyGdwFKZNxYlDSZU9GShCOIkgTm6f2A/7qveukeVX2b8qVx+tS9T77RR7O4BwuwYdbqEIN6tAAChxeYQbvjnTenJnz8Vuac7KeU1iC8/kD3dSPjA==</latexit>

Hẑ

External magnetic field:
<latexit sha1_base64="RUOYM+BrRL8IeMI/1ruPRd+dWCQ=">AAAB7HicbVDJTgJBEK3BDXFDPXqZSEw8kRljwCPRC0dMZElgQnqaAjp090y6e0xwwk8Yb+jV3/Hs39jgHAR8SVVe3qtKLWHMmTae9+3ktrZ3dvfy+4WDw6Pjk+LpWUtHiaLYpBGPVCckGjmT2DTMcOzECokIObbDycPCbz+j0iyST2YaYyDISLIho8RYqVN3e2Ni3Jd+seSVvSXcTeJnpAQZGv3iV28Q0USgNJQTrbu+F5sgJcowynFW6CUaY0InZIRdSyURqIN0ue/MvbLKwB1GyoY07lL925ESofVUhLZSEDPW695C/NcLxdpkM7wLUibjxKCkq56MlCAcRZAmNs/sB/z1ezdJ66bsV8qVx9tS7T77RR4u4BKuwYcq1KAODWgCBQ6vMId3Rzpvztz5+C3NOVnPOazA+fwB3iaPjQ==</latexit>

Hẑ

Dipole interaction: 
<latexit sha1_base64="it7NLLWl7jri4j0lK38+a6GO+qY=">AAAB+XicbVDLSsNAFL3xWesr2qWbYhHcWBIp1Y1QdOOygn1AE8pketMOzcyEmYlQQr9F3FW3fohr/8a0ZmFbD9zL4Zx7uY8gjpg2jvNtbWxube/sFvaK+weHR8f2yWlby0RRbFEZSdUNiMaICWwZZiLsxgoJDyLsBOOHud95QaWZFM9mEqPPyVCwkFFiMqlvlzwqtWdGaMjdlRcqQt1a3644VWeB8jpxc1KBHM2+/eUNJE04CkMjonXPdWLjp0QZRiOcFr1EY0zomAyxl1FBOGo/XSw/LV9kyqAcSpWFMOWF+rcjJVzrCQ+ySk7MSK96c/FfL+Ark01466dMxIlBQZc9IRUnEXI/TbI8zT7grt67TtrXVbderT/VKo37/BcFOINzuAQXbqABj9CEFlCYwCvM4N1KrTdrZn38lm5YeU8JlmB9/gCJm5Rr</latexit>

cos ✓ = �1

4

spontaneously broken spin orbit symmetry
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dB

dz

<latexit sha1_base64="yD5blUG/mA8G9gRMdQPR8JbUBVI=">AAAB9XicbVDLSsNAFL2pr1ofjbp0EyyCq5JIRZelblxWsA9oQ5lMJnXozCTMTJQ65EvEXXXrp7j2b0xrFrb1wL0czrmX+wgSRpV23W+rtLG5tb1T3q3s7R8cVu2j466KU4lJB8cslv0AKcKoIB1NNSP9RBLEA0Z6weR27veeiFQ0Fg96mhCfo7GgEcVI59LIrjrOMJIIm7CVmfAlG9k1t+4u4KwTryA1KNAe2V/DMMYpJ0JjhpQaeG6ifYOkppiRrDJMFUkQnqAxGeRUIE6UbxaLZ855roROFMs8hHYW6t8Og7hSUx7klRzpR7XqzcV/vYCvTNbRjW+oSFJNBF72RCw5YoT7Js3z/APe6r3rpHtZ9xr1q/tGrdkqflGGUziDC/DgGppwB23oAIYUXmEG79az9WbNrI/f0pJV9JzAEqzPHw6PkxI=</latexit>

�

<latexit sha1_base64="dChEfDkDcGhS3KVRPgOaMdVMD00=">AAAB6XicbVBNS8NAEJ2tX7V+VT16CRbBU0mkoseiF48VTFtoQ9ndTuvS3U3IboQS+hvEW/XqD/LsvzGNOdjWBzM83pthPlgkhbGu+01KG5tb2zvl3cre/sHhUfX4pG3CJObo81CGcZdRg1Jo9K2wErtRjFQxiR02uV/4nReMjQj1k51GGCg61mIkOLWZ5PcZWjqo1ty6m8NZJ15BalCgNah+9YchTxRqyyU1pue5kQ1SGlvBJc4q/cRgRPmEjrGXUU0VmiDNl505F5kydEZhnIW2Tq7+7UipMmaqWFapqH02q95C/NdjamWyHd0GqdBRYlHzZU+HsaISVZAmWZ5lH/BW710n7au616hfPzZqzbviF2U4g3O4BA9uoAkP0AIfOAh4hTm8kwl5I3Py8VtaIkXPKSyBfP4AdL6OyQ==</latexit>

Pulsed NMR with  3
He� B

<latexit sha1_base64="NUr+kMgaE4+FoPf7/ORhea6ATag=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSK40JI0CW13pW66rGAf0MQymU5raGYSZiZCGfIl4seIuyq4cuHfmMYsbPXAHQ7nnDtz53pR4HOh619KYWNza3unuFva2z84PFKPT3o8jBnCXRQGIRt4kOPAp7grfBHgQcQwJF6A+97sZun3HzHjfkjvxDzCLoFT6k98BEUqjVTbye4YsqnnSr2im5Zpmld6pdqw6w0jJXbDMqxaIu9N6TCitfF1K0lGajnNZtD+EiMnZZCjM1I/nHGIYoKpQAHkfGjokXAlZMJHAU5KTsxxBNEMTvEwpRQSzF2ZjZZoF6ky1iYhS4sKLVN/d0hIOJ8TL00SKB74urcU//U8svaymNRd6dMoFpiiVY+GjMAAE1fG6bncgLH+37+kV60YVsW+tcrNVr6LIjgD5+ASGKAGmqANOqALEHgCL2AB3pRn5VVZKO8/0YKS95yCFSif39RqnmI=</latexit>

spins disoriented

[Bunkov and Volovik, 0904.3889 and 1003.4889]

B(z)

<latexit sha1_base64="JyR6G2oTgfeZrOLb+ChT4Fzwlq0=">AAAB6HicbVDLTsJQEJ3iC/GFunTTSExwQ1qD0SXBjUtM5JFAQ24vA1y5j6b31gQbfsG4Q7f+kGv/xlK7EPAkMzk5Zybz8APOtHGcbyu3sbm1vZPfLeztHxweFY9PWlpFIcUmVVyFHZ9o5Exi0zDDsROESITPse1P7hZ++xlDzZR8NNMAPUFGkg0ZJWYh1csvl/1iyak4Kex14makBBka/eJXb6BoJFAayonWXdcJjBeT0DDKcVboRRoDQidkhN2ESiJQe3G668y+SJSBPVRhEtLYqfq3IyZC66nwk0pBzFivegvxX88XK5PN8NaLmQwig5Iue1KFgnAUXhwleZZ8wF29d520riputXL9UC3V6tkv8nAG51AGF26gBvfQgCZQGMMrzOHderLerLn18Vuas7KeU1iC9fkD7AqN1A==</latexit>

Characteristic time scale with superfluid
<latexit sha1_base64="OM8ZZKyeZkSBFmo1nlUTMoX/tGY=">AAAB9nicbVDLTsJAFL3FF+Kr6tJNIzHBDbbG15KoC5eY8EpoQ6bDBRpmps3MlEga/sS4Q7f+iWv/xoJdCHiSe3Nyzr25Dz9igdK2/W3k1tY3Nrfy24Wd3b39A/PwqKHCWFKs05CFsuUThSwQWNeBZtiKJBLuM2z6w4eZ3xyhVEEoanococdJXwS9gBKdSh3TdAc+kRfuIzJNrFLtvGMW7bI9h7VKnIwUIUO1Y3653ZDGHIWmjCjVduxIewmROqAMJwU3VhgROiR9bKdUEI7KS+abT6yzVOlavVCmIbQ1V/92JIQrNeZ+WsmJHqhlbyb+6/l8abLu3XlJIKJYo6CLngglJwy5l8RpnqQfcJbvXSWNy7JzU75+vipW7rNf5OEETqEEDtxCBZ6gCnWgMIJXmMK78WK8GVPj47c0Z2Q9x7AA4/MHhmeSpQ==</latexit>

~/�(T )

Spins tipped by a tip angle  immediately after the pulse β

<latexit sha1_base64="33adGKsg6FLJPSx8dR7XqmusMMc=">AAACFHicbVDLTsJAFJ3iC/GFunQzkZjAwtISgy6JumBjgkl5JLQ002HACTPTpjM1wYa/MH6McYdude3fWLALAU9yb07OuSc393oBo1IZxreWWVvf2NzKbud2dvf2D/KHRy3pRyEmTewzP+x4SBJGBWkqqhjpBCFB3GOk7Y1uZn77kYSS+sJS44A4HA0FHVCMVCK5ed2+JUwhWLRKtqQcmkavAovmObTKlotLvdgsVyYwtkMO7+pPEzdfMHRjDrhKzJQUQIqGm/+y+z6OOBEKMyRl1zQC5cQoVBQzMsnZkSQBwiM0JN2ECsSJdOL5XRN4lih9OPDDpISCc/VvIkZcyjH3kkmO1INc9mbiv57HlzarwZUTUxFEigi86Ak/5IgR7sRR0mcfMJfvXSWtim5W9er9RaF2nf4iC07AKSgCE1yCGqiDBmgCDJ7BK5iCd+1Fe9Om2sfvaEZLM8dgAdrnD67dnFI=</latexit>

�(T ) ⇠ 10
2
(1� T/Tc)

1/2
MHz

 Fomin Sov. Phys. JETP 61, 1207 (1985)
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dB

dz

<latexit sha1_base64="yD5blUG/mA8G9gRMdQPR8JbUBVI=">AAAB9XicbVDLSsNAFL2pr1ofjbp0EyyCq5JIRZelblxWsA9oQ5lMJnXozCTMTJQ65EvEXXXrp7j2b0xrFrb1wL0czrmX+wgSRpV23W+rtLG5tb1T3q3s7R8cVu2j466KU4lJB8cslv0AKcKoIB1NNSP9RBLEA0Z6weR27veeiFQ0Fg96mhCfo7GgEcVI59LIrjrOMJIIm7CVmfAlG9k1t+4u4KwTryA1KNAe2V/DMMYpJ0JjhpQaeG6ifYOkppiRrDJMFUkQnqAxGeRUIE6UbxaLZ855roROFMs8hHYW6t8Og7hSUx7klRzpR7XqzcV/vYCvTNbRjW+oSFJNBF72RCw5YoT7Js3z/APe6r3rpHtZ9xr1q/tGrdkqflGGUziDC/DgGppwB23oAIYUXmEG79az9WbNrI/f0pJV9JzAEqzPHw6PkxI=</latexit>

�

<latexit sha1_base64="dChEfDkDcGhS3KVRPgOaMdVMD00=">AAAB6XicbVBNS8NAEJ2tX7V+VT16CRbBU0mkoseiF48VTFtoQ9ndTuvS3U3IboQS+hvEW/XqD/LsvzGNOdjWBzM83pthPlgkhbGu+01KG5tb2zvl3cre/sHhUfX4pG3CJObo81CGcZdRg1Jo9K2wErtRjFQxiR02uV/4nReMjQj1k51GGCg61mIkOLWZ5PcZWjqo1ty6m8NZJ15BalCgNah+9YchTxRqyyU1pue5kQ1SGlvBJc4q/cRgRPmEjrGXUU0VmiDNl505F5kydEZhnIW2Tq7+7UipMmaqWFapqH02q95C/NdjamWyHd0GqdBRYlHzZU+HsaISVZAmWZ5lH/BW710n7au616hfPzZqzbviF2U4g3O4BA9uoAkP0AIfOAh4hTm8kwl5I3Py8VtaIkXPKSyBfP4AdL6OyQ==</latexit>

Pulsed NMR with  3
He� B

<latexit sha1_base64="NUr+kMgaE4+FoPf7/ORhea6ATag=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSK40JI0CW13pW66rGAf0MQymU5raGYSZiZCGfIl4seIuyq4cuHfmMYsbPXAHQ7nnDtz53pR4HOh619KYWNza3unuFva2z84PFKPT3o8jBnCXRQGIRt4kOPAp7grfBHgQcQwJF6A+97sZun3HzHjfkjvxDzCLoFT6k98BEUqjVTbye4YsqnnSr2im5Zpmld6pdqw6w0jJXbDMqxaIu9N6TCitfF1K0lGajnNZtD+EiMnZZCjM1I/nHGIYoKpQAHkfGjokXAlZMJHAU5KTsxxBNEMTvEwpRQSzF2ZjZZoF6ky1iYhS4sKLVN/d0hIOJ8TL00SKB74urcU//U8svaymNRd6dMoFpiiVY+GjMAAE1fG6bncgLH+37+kV60YVsW+tcrNVr6LIjgD5+ASGKAGmqANOqALEHgCL2AB3pRn5VVZKO8/0YKS95yCFSif39RqnmI=</latexit>

spins disoriented

[Bunkov and Volovik, 0904.3889 and 1003.4889]

B(z)

<latexit sha1_base64="JyR6G2oTgfeZrOLb+ChT4Fzwlq0=">AAAB6HicbVDLTsJQEJ3iC/GFunTTSExwQ1qD0SXBjUtM5JFAQ24vA1y5j6b31gQbfsG4Q7f+kGv/xlK7EPAkMzk5Zybz8APOtHGcbyu3sbm1vZPfLeztHxweFY9PWlpFIcUmVVyFHZ9o5Exi0zDDsROESITPse1P7hZ++xlDzZR8NNMAPUFGkg0ZJWYh1csvl/1iyak4Kex14makBBka/eJXb6BoJFAayonWXdcJjBeT0DDKcVboRRoDQidkhN2ESiJQe3G668y+SJSBPVRhEtLYqfq3IyZC66nwk0pBzFivegvxX88XK5PN8NaLmQwig5Iue1KFgnAUXhwleZZ8wF29d520riputXL9UC3V6tkv8nAG51AGF26gBvfQgCZQGMMrzOHderLerLn18Vuas7KeU1iC9fkD7AqN1A==</latexit>

 Fomin Sov. Phys. JETP 61, 1207 (1985)

two domains

wait 
20 ms

BEC of N Magnons
coherent precession 

at fixed angle)

<latexit sha1_base64="s9EH8AoUCtHK8P/Z81hPhiDcqMY=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4Kkmptt2VunFZwT6gM5RMmpmGZjJjkhFK6U+4caGIW3/HnX9jpq2gogcuHM65l3vv8RPBtUHow8mtrW9sbuW3Czu7e/sHxcOjro5TRVmHxiJWfZ9oJrhkHcONYP1EMRL5gvX8yVXm9+6Z0jyWt2aaMC8ioeQBp8RYqe+2eBhCdz4sllAZIYQxhhnBtUtkSaNRr+A6xJllUQIrtIfFd3cU0zRi0lBBtB5glBhvRpThVLB5wU01SwidkJANLJUkYtqbLe6dwzOrjGAQK1vSwIX6fWJGIq2nkW87I2LG+reXiX95g9QEdW/GZZIaJulyUZAKaGKYPQ9HXDFqxNQSQhW3t0I6JopQYyMq2BC+PoX/k26ljKvli5tqqdlaxZEHJ+AUnAMMaqAJrkEbdAAFAjyAJ/Ds3DmPzovzumzNOauZY/ADztsnzFqP1g==</latexit>

�0 = cos�1(�1/4)

<latexit sha1_base64="hnzjmrIxUNAfV3sTAM1d1lXNFio=">AAACAnicdVBNS0JBFJ1nX2Zfr1pFmyEJbKHNiKUuAqlNS4P8ADWZN446OO+DmXmBPKRNf6VNiyLa9iva9W+apwYVdeDC4Zx7ufceJxBcaYQ+rMTC4tLySnI1tba+sbllb+/UlR9KymrUF75sOkQxwT1W01wL1gwkI64jWMMZXcR+45ZJxX3vWo8D1nHJwON9Tok2UtfeaztMky6CZ7BNfXUTZfEkk8XHhaOunUY5hBDGGMYEF0+RIeVyKY9LEMeWQRrMUe3a7+2eT0OXeZoKolQLo0B3IiI1p4JNUu1QsYDQERmwlqEecZnqRNMXJvDQKD3Y96UpT8Op+n0iIq5SY9cxnS7RQ/Xbi8W/vFao+6VOxL0g1Myjs0X9UEDtwzgP2OOSUS3GhhAqubkV0iGRhGqTWsqE8PUp/J/U8zlcyJ1cFdKV83kcSbAPDkAGYFAEFXAJqqAGKLgDD+AJPFv31qP1Yr3OWhPWfGYX/ID19gkRaJVO</latexit>

and same frequency
<latexit sha1_base64="1sWapMT/Hu6Q60OdUXn+xUiPVUQ=">AAACCHicdVA9SwNBEN3zM8avqKWFi0HQJuwGibEQQmwsLBRMIiThmNts4pLdu2N3T4ghpY1/xcZCEVt/gp3/xr0YQUUfDDzem2FmXhBLYSwh797U9Mzs3HxmIbu4tLyymltbr5so0YzXWCQjfRmA4VKEvGaFlfwy1hxUIHkj6B+nfuOaayOi8MIOYt5W0AtFVzCwTvJzW61I8R74p7s3PtnDR7jVA6UAV30yVvxcnhQIIZRSnBJ6UCKOHB6Wi7SMaWo55NEEZ37urdWJWKJ4aJkEY5qUxLY9BG0Fk3yUbSWGx8D60ONNR0NQ3LSH40dGeMcpHdyNtKvQ4rH6fWIIypiBClynAntlfnup+JfXTGy33B6KME4sD9nnom4isY1wmgruCM2ZlQNHgGnhbsXsCjQw67LLuhC+PsX/k3qxQEuF0vl+vlKdxJFBm2gb7SKKDlAFnaAzVEMM3aJ79IievDvvwXv2Xj5bp7zJzAb6Ae/1A2pql7M=</latexit>

!L(z0) = �B0(z0)

homogeneous 
precession domain 

(HPD)
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dB

dz

<latexit sha1_base64="yD5blUG/mA8G9gRMdQPR8JbUBVI=">AAAB9XicbVDLSsNAFL2pr1ofjbp0EyyCq5JIRZelblxWsA9oQ5lMJnXozCTMTJQ65EvEXXXrp7j2b0xrFrb1wL0czrmX+wgSRpV23W+rtLG5tb1T3q3s7R8cVu2j466KU4lJB8cslv0AKcKoIB1NNSP9RBLEA0Z6weR27veeiFQ0Fg96mhCfo7GgEcVI59LIrjrOMJIIm7CVmfAlG9k1t+4u4KwTryA1KNAe2V/DMMYpJ0JjhpQaeG6ifYOkppiRrDJMFUkQnqAxGeRUIE6UbxaLZ855roROFMs8hHYW6t8Og7hSUx7klRzpR7XqzcV/vYCvTNbRjW+oSFJNBF72RCw5YoT7Js3z/APe6r3rpHtZ9xr1q/tGrdkqflGGUziDC/DgGppwB23oAIYUXmEG79az9WbNrI/f0pJV9JzAEqzPHw6PkxI=</latexit>

�

<latexit sha1_base64="dChEfDkDcGhS3KVRPgOaMdVMD00=">AAAB6XicbVBNS8NAEJ2tX7V+VT16CRbBU0mkoseiF48VTFtoQ9ndTuvS3U3IboQS+hvEW/XqD/LsvzGNOdjWBzM83pthPlgkhbGu+01KG5tb2zvl3cre/sHhUfX4pG3CJObo81CGcZdRg1Jo9K2wErtRjFQxiR02uV/4nReMjQj1k51GGCg61mIkOLWZ5PcZWjqo1ty6m8NZJ15BalCgNah+9YchTxRqyyU1pue5kQ1SGlvBJc4q/cRgRPmEjrGXUU0VmiDNl505F5kydEZhnIW2Tq7+7UipMmaqWFapqH02q95C/NdjamWyHd0GqdBRYlHzZU+HsaISVZAmWZ5lH/BW710n7au616hfPzZqzbviF2U4g3O4BA9uoAkP0AIfOAh4hTm8kwl5I3Py8VtaIkXPKSyBfP4AdL6OyQ==</latexit>

Pulsed NMR with  3
He� B

<latexit sha1_base64="NUr+kMgaE4+FoPf7/ORhea6ATag=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSK40JI0CW13pW66rGAf0MQymU5raGYSZiZCGfIl4seIuyq4cuHfmMYsbPXAHQ7nnDtz53pR4HOh619KYWNza3unuFva2z84PFKPT3o8jBnCXRQGIRt4kOPAp7grfBHgQcQwJF6A+97sZun3HzHjfkjvxDzCLoFT6k98BEUqjVTbye4YsqnnSr2im5Zpmld6pdqw6w0jJXbDMqxaIu9N6TCitfF1K0lGajnNZtD+EiMnZZCjM1I/nHGIYoKpQAHkfGjokXAlZMJHAU5KTsxxBNEMTvEwpRQSzF2ZjZZoF6ky1iYhS4sKLVN/d0hIOJ8TL00SKB74urcU//U8svaymNRd6dMoFpiiVY+GjMAAE1fG6bncgLH+37+kV60YVsW+tcrNVr6LIjgD5+ASGKAGmqANOqALEHgCL2AB3pRn5VVZKO8/0YKS95yCFSif39RqnmI=</latexit>

spins disoriented

[Bunkov and Volovik, 0904.3889 and 1003.4889]

B(z)

<latexit sha1_base64="JyR6G2oTgfeZrOLb+ChT4Fzwlq0=">AAAB6HicbVDLTsJQEJ3iC/GFunTTSExwQ1qD0SXBjUtM5JFAQ24vA1y5j6b31gQbfsG4Q7f+kGv/xlK7EPAkMzk5Zybz8APOtHGcbyu3sbm1vZPfLeztHxweFY9PWlpFIcUmVVyFHZ9o5Exi0zDDsROESITPse1P7hZ++xlDzZR8NNMAPUFGkg0ZJWYh1csvl/1iyak4Kex14makBBka/eJXb6BoJFAayonWXdcJjBeT0DDKcVboRRoDQidkhN2ESiJQe3G668y+SJSBPVRhEtLYqfq3IyZC66nwk0pBzFivegvxX88XK5PN8NaLmQwig5Iue1KFgnAUXhwleZZ8wF29d520riputXL9UC3V6tkv8nAG51AGF26gBvfQgCZQGMMrzOHderLerLn18Vuas7KeU1iC9fkD7AqN1A==</latexit>

 Fomin Sov. Phys. JETP 61, 1207 (1985)

two domains

wait 
20 ms

BEC of N Magnons
Coherent decay of 
magnons N ~1/T1
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Pulsed NMR with  3
He� B

<latexit sha1_base64="NUr+kMgaE4+FoPf7/ORhea6ATag=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSK40JI0CW13pW66rGAf0MQymU5raGYSZiZCGfIl4seIuyq4cuHfmMYsbPXAHQ7nnDtz53pR4HOh619KYWNza3unuFva2z84PFKPT3o8jBnCXRQGIRt4kOPAp7grfBHgQcQwJF6A+97sZun3HzHjfkjvxDzCLoFT6k98BEUqjVTbye4YsqnnSr2im5Zpmld6pdqw6w0jJXbDMqxaIu9N6TCitfF1K0lGajnNZtD+EiMnZZCjM1I/nHGIYoKpQAHkfGjokXAlZMJHAU5KTsxxBNEMTvEwpRQSzF2ZjZZoF6ky1iYhS4sKLVN/d0hIOJ8TL00SKB74urcU//U8svaymNRd6dMoFpiiVY+GjMAAE1fG6bncgLH+37+kV60YVsW+tcrNVr6LIjgD5+ASGKAGmqANOqALEHgCL2AB3pRn5VVZKO8/0YKS95yCFSif39RqnmI=</latexit>

BEC of N Magnons
Coherent decay of 
magnons N ~1/T1

NMR SQUID magnetometer
N

M
R 

si
gn

al
Am

pl
itu

de
Fr

eq
ue

nc
y(

kH
z)

time(sec)

Naghiloo, Jordan, and Murch (2017)

[Bunkov and Volovik, arXiv:0904.3889] Geller and Lee, Phys. Rev. Lett. 85, 1032 (2000)
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Signal-to-noise
Measurement frequency

∼ 1020Magnon number
Stochastic magnon loss:

<latexit sha1_base64="IzXmhB5+iwls7Xwx7qey3HNP/qI=">AAACBnicbVDLSsNAFL3xWesr6tLNYBFclUR8LYtuXEmFvqAJYTKd1NCZSZyZCGXIVvwYcVfd+geu/RvT2oVtPXAvh3Pu4XJvmLJYacf5tpaWV1bX1ksb5c2t7Z1de2+/pZJMEtokCUtkJ8SKsljQpo41o51UUsxDRtvh4Gbst5+oVHEiGnqYUp/jvoijmGBdSIGNvEhiglzjqUepTSNw7wIHRYHxJEc8z/PArjhVZwK0SNwpqcAU9cD+8noJyTgVmjCsVNd1Uu0bLHVMGM3LXqZoiskA92m3oAJzqnwzuSRHx4XSQ1EiixIaTdS/CYO5UkMeFpMc6wc1743Ff72Qz23W0ZVvYpFmmgoy64lEcswo901W9PEH3Pl7F0nrtOpeVM/vzyq16+kvSnAIR3ACLlxCDW6hDk0g8AyvMIJ368V6s0bWx+/okjXNHMAMrM8fQ8yZ1w==</latexit>

1p
T1N0fm

Measurement noise:
<latexit sha1_base64="W/qBXfFiDadlKrH9n9BS5JWEqqk=">AAACD3icbZDLSsNAFIYn9VbrLerSTbAIuilJseqy6MaVVOgNmhgm00kNnUs6MxHKkGcQH0bcVbeuXPs2prEL2/rDDD//dw6Hc4KYRFLZ9rdRWFldW98obpa2tnd298z9g7bkiUC4hTjhohtAiUnEcEtFiuBuLDCkAcGdYHgz5Z0nLGTEWVONY+xROGBRGCGossg3z9xY8FhxNxQQObrpj+78UWqFvnYFtWj6oHNSq6a+WbYrdi5r2TgzUwYzNXzzy+1zlFDMFCJQyp5jx8rTUKgIEZyW3ETiGKIhHOBeZhmkWHo6Xym1TrKkb4VcZI8pK0//dmhIpRzTIKukUD3KRTYN/2UBXZiswitPRyxOFGZonjEuKCSYejrJ/ukFnMV9l027WnEuKrX783L9enaLIjgCx+AUOOAS1MEtaIAWQOAZvIIJeDdejDdjYnz8lhaMWc8hmJPx+QMasJ4p</latexit>

/ 1

TqNq
f

5
2
m

Clock noise:
<latexit sha1_base64="9tUz4GQiY/Og4avn7gkOxqdBUZg=">AAACB3icbVC5TsNAEB2HK4TLQEljiJBoiGzuMoKGMkjkkGJjrTebsMru2uyukSLLNeJjEF2g5Quo+Rsc44IEnjQzT+/NaDQTRIwqbdtfRmlufmFxqbxcWVldW98wN7daKowlJk0cslB2AqQIo4I0NdWMdCJJEA8YaQfDq4nffiRS0VDc6lFEPI4GgvYpRjqTfHPXVQ9SJ459lxweO2nfT1zJLZ7mRRGcpr5ZtWt2DusvcQpShQIN3/x0eyGOOREaM6RU17Ej7SVIaooZSSturEiE8BANSDejAnGivCQ/JbX2M6Vn9UOZhdBWrv6eSBBXasSDrJMjfa9mvYn4rxfwmc26f+ElVESxJgJPeyKUHDHCvSTO8uQDzuy9f0nrqOac1U5vTqr1y+IXZdiBPTgAB86hDtfQgCZgeIIXGMOb8Wy8GmPj/ae1ZBQz2zAF4+Mbh9OalQ==</latexit>p
10�31fmsec

<latexit sha1_base64="EJxUuhmYtpgngTENir4Bh7+ScEU="></latexit>

SNR ⇠
s

�!2
a

�!2
bkg

⇥
⇢ p

tint within ⌧a
t1/4int beyond ⌧a

�!2
a ⇠ ⇢av

2
0g

2
aN!LT1↵

<latexit sha1_base64="3sYvs4kg3scs96/KZzsSHMD1muM=">AAACIHicbVDLSsNQEL2p7/qKunQTLIKrkpSK4qqoCxciCq0tNGmYXKftpfcRcm8ECf0X8WPEXXWpX2P6WGj1wAyHc84wzEQxZ9q47qdVWFhcWl5ZXSuub2xubds7u/dapQnFBlVcJa0INHImsWGY4diKEwQRcWxGg4ux33zERDMl6+YpxkBAT7Iuo2ByKbTP/EvkBnwlsAchdCq+ZsLxk74KwXkM3U6lF2ZwM8yNaeS6Hno+8LgPoV1yy+4Ezl/izUiJzHAb2iP/QdFUoDSUg9Ztz41NkEFiGOU4LPqpxhjoAHrYzqkEgTrIJjcOncNceXC6KslLGmei/pzIQGj9JKI8KcD09bw3Fv/1IjG32XRPg4zJODUo6W9PqkQARxFkad6H+Qe8+Xv/kvtK2auWj++qpdr57BerZJ8ckCPikRNSI1fkljQIJc/klYzIu/VivVkj62MaLVizmT3yC9bXN+BGpEE=</latexit>

↵ ⌘ z0@zB

B0

<latexit sha1_base64="v2VElIUhvmRiBk2NFGA7BvkNdg0=">AAACDXicbVDLSsNAFJ34rPUVdekmWERXJZGKLkvduKxgH9CEMJlO2qEzk3FmUmhDPkH8GHFX3bp07d+Y1Cxs64F7OZxzH9wbCEqUtu1vY219Y3Nru7RT3t3bPzg0j47bKoolwi0U0Uh2A6gwJRy3NNEUd4XEkAUUd4LRXe53xlgqEvFHPRHYY3DASUgQ1JnkmxcupGIIXfwUk7HlhhKiZOrbroBSE0j9aSNNGr6d+mbFrtpzWKvEKUgFFGj65pfbj1DMMNeIQqV6ji20l+RjEcVp2Y0VFhCN4AD3Msohw8pL5gel1nmm9K0wkllwbc3Vvx0JZEpNWJBVMqiHatnLxX+9gC1t1uGtlxAuYo05WvR4JBmkmHlJnOX8A87yvaukfVV1atXrh1ql3ih+UQKn4AxcAgfcgDq4B03QAgg8g1cwA+/Gi/FmzIyP39I1o+g5AQswPn8A2MOdhA==</latexit>

(Adaptive Coherent Control) Naghiloo, Jordan, and Murch (2017)
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Noise

<latexit sha1_base64="buEgscEHq8u+Rvxu43IQCKhI9DY=">AAAB53icbVDJSgNBEK2OW4xb1KOXwSB4CjPidgx68SJENAskQ+jpVGKT7p5hukcIw3yCeIte/SLP/o2dOAeT+KCKx3tV1BJEgmvjut+ksLK6tr5R3Cxtbe/s7pX3D5o6TGKGDRaKMG4HVKPgChuGG4HtKEYqA4GtYHQ79VsvGGseqiczjtCXdKj4gDNqrPR43xv3yhW36s7gLBMvJxXIUe+Vv7r9kCUSlWGCat3x3Mj4KY0NZwKzUjfRGFE2okPsWKqoRO2ns1Uz58QqfWcQxjaUcWbq346USq3HMrCVkppnvehNxX+9QC5MNoNrP+UqSgwqNu+pMJZUoPTTxObMfsBbvHeZNM+q3mX14uG8UrvJf1GEIziGU/DgCmpwB3VoAIMhvMIE3gknb2RCPn5LCyTvOYQ5kM8f606N5A==</latexit>

My

Stochastic magnon loss:
<latexit sha1_base64="IzXmhB5+iwls7Xwx7qey3HNP/qI=">AAACBnicbVDLSsNAFL3xWesr6tLNYBFclUR8LYtuXEmFvqAJYTKd1NCZSZyZCGXIVvwYcVfd+geu/RvT2oVtPXAvh3Pu4XJvmLJYacf5tpaWV1bX1ksb5c2t7Z1de2+/pZJMEtokCUtkJ8SKsljQpo41o51UUsxDRtvh4Gbst5+oVHEiGnqYUp/jvoijmGBdSIGNvEhiglzjqUepTSNw7wIHRYHxJEc8z/PArjhVZwK0SNwpqcAU9cD+8noJyTgVmjCsVNd1Uu0bLHVMGM3LXqZoiskA92m3oAJzqnwzuSRHx4XSQ1EiixIaTdS/CYO5UkMeFpMc6wc1743Ff72Qz23W0ZVvYpFmmgoy64lEcswo901W9PEH3Pl7F0nrtOpeVM/vzyq16+kvSnAIR3ACLlxCDW6hDk0g8AyvMIJ368V6s0bWx+/okjXNHMAMrM8fQ8yZ1w==</latexit>

1p
T1N0fm

<latexit sha1_base64="JDKBGsX5Edqzdgsx/Pw/jzea0FI=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjPidgx68RjBLJAMoadTiU16GaZ7hDDkJ8Rb9OrvePZv7MQ5mMQHVTzeq6KWKBbcWN//JoW19Y3NreJ2aWd3b/+gfHjUNDpNGDaYFjppR9Sg4AoblluB7ThBKiOBrWh0P/NbL5gYrtWTHccYSjpUfMAZtU5qd/soLO3RXrniV/05vFUS5KQCOeq98le3r1kqUVkmqDGdwI9tmNHEciZwUuqmBmPKRnSIHUcVlWjCbL7vxDtzSt8b6MSFst5c/duRUWnMWEauUlL7bJa9mfivF8mlyXZwG2ZcxalFxRY9pRNJBcowS12euA8Ey/eukuZFNbiuXj1eVmp3+S+KcAKncA4B3EANHqAODWAg4BWm8E4UeSNT8vFbWiB5zzEsgHz+ALGhkBc=</latexit>

�a

<latexit sha1_base64="n6Yv5D0tF9Vt0GxUdpH4wVhXmpM=">AAAB7XicbVDJSgNBEK12jXGLevQyGARPYUbcjkEvHiOYRZIh9HQqsUkvQ3ePEIZ8hXiLXv0cz/6NkzgHk/igisd7VdQSxYJb5/vfZGV1bX1js7BV3N7Z3dsvHRw2rE4MwzrTQptWRC0KrrDuuBPYig1SGQlsRsO7qd98QWO5Vo9uFGMo6UDxPmfUZdJT2jHSs8jG3VLZr/gzeMskyEkZctS6pa9OT7NEonJMUGvbgR+7MKXGcSZwXOwkFmPKhnSA7YwqKtGG6WzhsXeaKT2vr00Wynkz9W9HSqW1IxlllZK6Z7voTcV/vUguTHb9mzDlKk4cKjbvKW0kFSjDNMny9APB4r3LpHFeCa4qlw8X5ept/osCHMMJnEEA11CFe6hBHRhIeIUJvBNN3siEfPyWrpC85wjmQD5/AHY0kIk=</latexit>sec

<latexit sha1_base64="EJxUuhmYtpgngTENir4Bh7+ScEU="></latexit>

SNR ⇠
s

�!2
a

�!2
bkg

⇥
⇢ p

tint within ⌧a
t1/4int beyond ⌧a

Measurement frequency

Magnon number

�!2
a ⇠ ⇢av

2
0g

2
aN!LT1↵

<latexit sha1_base64="3sYvs4kg3scs96/KZzsSHMD1muM=">AAACIHicbVDLSsNQEL2p7/qKunQTLIKrkpSK4qqoCxciCq0tNGmYXKftpfcRcm8ECf0X8WPEXXWpX2P6WGj1wAyHc84wzEQxZ9q47qdVWFhcWl5ZXSuub2xubds7u/dapQnFBlVcJa0INHImsWGY4diKEwQRcWxGg4ux33zERDMl6+YpxkBAT7Iuo2ByKbTP/EvkBnwlsAchdCq+ZsLxk74KwXkM3U6lF2ZwM8yNaeS6Hno+8LgPoV1yy+4Ezl/izUiJzHAb2iP/QdFUoDSUg9Ztz41NkEFiGOU4LPqpxhjoAHrYzqkEgTrIJjcOncNceXC6KslLGmei/pzIQGj9JKI8KcD09bw3Fv/1IjG32XRPg4zJODUo6W9PqkQARxFkad6H+Qe8+Xv/kvtK2auWj++qpdr57BerZJ8ckCPikRNSI1fkljQIJc/klYzIu/VivVkj62MaLVizmT3yC9bXN+BGpEE=</latexit>

Measurement noise:

Clock noise:

<latexit sha1_base64="W/qBXfFiDadlKrH9n9BS5JWEqqk=">AAACD3icbZDLSsNAFIYn9VbrLerSTbAIuilJseqy6MaVVOgNmhgm00kNnUs6MxHKkGcQH0bcVbeuXPs2prEL2/rDDD//dw6Hc4KYRFLZ9rdRWFldW98obpa2tnd298z9g7bkiUC4hTjhohtAiUnEcEtFiuBuLDCkAcGdYHgz5Z0nLGTEWVONY+xROGBRGCGossg3z9xY8FhxNxQQObrpj+78UWqFvnYFtWj6oHNSq6a+WbYrdi5r2TgzUwYzNXzzy+1zlFDMFCJQyp5jx8rTUKgIEZyW3ETiGKIhHOBeZhmkWHo6Xym1TrKkb4VcZI8pK0//dmhIpRzTIKukUD3KRTYN/2UBXZiswitPRyxOFGZonjEuKCSYejrJ/ukFnMV9l027WnEuKrX783L9enaLIjgCx+AUOOAS1MEtaIAWQOAZvIIJeDdejDdjYnz8lhaMWc8hmJPx+QMasJ4p</latexit>

/ 1

TqNq
f

5
2
m

<latexit sha1_base64="9tUz4GQiY/Og4avn7gkOxqdBUZg=">AAACB3icbVC5TsNAEB2HK4TLQEljiJBoiGzuMoKGMkjkkGJjrTebsMru2uyukSLLNeJjEF2g5Quo+Rsc44IEnjQzT+/NaDQTRIwqbdtfRmlufmFxqbxcWVldW98wN7daKowlJk0cslB2AqQIo4I0NdWMdCJJEA8YaQfDq4nffiRS0VDc6lFEPI4GgvYpRjqTfHPXVQ9SJ459lxweO2nfT1zJLZ7mRRGcpr5ZtWt2DusvcQpShQIN3/x0eyGOOREaM6RU17Ej7SVIaooZSSturEiE8BANSDejAnGivCQ/JbX2M6Vn9UOZhdBWrv6eSBBXasSDrJMjfa9mvYn4rxfwmc26f+ElVESxJgJPeyKUHDHCvSTO8uQDzuy9f0nrqOac1U5vTqr1y+IXZdiBPTgAB86hDtfQgCZgeIIXGMOb8Wy8GmPj/ae1ZBQz2zAF4+Mbh9OalQ==</latexit>p
10�31fmsec

↵ ⌘ z0@zB

B0

<latexit sha1_base64="v2VElIUhvmRiBk2NFGA7BvkNdg0=">AAACDXicbVDLSsNAFJ34rPUVdekmWERXJZGKLkvduKxgH9CEMJlO2qEzk3FmUmhDPkH8GHFX3bp07d+Y1Cxs64F7OZxzH9wbCEqUtu1vY219Y3Nru7RT3t3bPzg0j47bKoolwi0U0Uh2A6gwJRy3NNEUd4XEkAUUd4LRXe53xlgqEvFHPRHYY3DASUgQ1JnkmxcupGIIXfwUk7HlhhKiZOrbroBSE0j9aSNNGr6d+mbFrtpzWKvEKUgFFGj65pfbj1DMMNeIQqV6ji20l+RjEcVp2Y0VFhCN4AD3Msohw8pL5gel1nmm9K0wkllwbc3Vvx0JZEpNWJBVMqiHatnLxX+9gC1t1uGtlxAuYo05WvR4JBmkmHlJnOX8A87yvaukfVV1atXrh1ql3ih+UQKn4AxcAgfcgDq4B03QAgg8g1cwA+/Gi/FmzIyP39I1o+g5AQswPn8A2MOdhA==</latexit>
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Pulsed NMR

<latexit sha1_base64="buEgscEHq8u+Rvxu43IQCKhI9DY=">AAAB53icbVDJSgNBEK2OW4xb1KOXwSB4CjPidgx68SJENAskQ+jpVGKT7p5hukcIw3yCeIte/SLP/o2dOAeT+KCKx3tV1BJEgmvjut+ksLK6tr5R3Cxtbe/s7pX3D5o6TGKGDRaKMG4HVKPgChuGG4HtKEYqA4GtYHQ79VsvGGseqiczjtCXdKj4gDNqrPR43xv3yhW36s7gLBMvJxXIUe+Vv7r9kCUSlWGCat3x3Mj4KY0NZwKzUjfRGFE2okPsWKqoRO2ns1Uz58QqfWcQxjaUcWbq346USq3HMrCVkppnvehNxX+9QC5MNoNrP+UqSgwqNu+pMJZUoPTTxObMfsBbvHeZNM+q3mX14uG8UrvJf1GEIziGU/DgCmpwB3VoAIMhvMIE3gknb2RCPn5LCyTvOYQ5kM8f606N5A==</latexit>

My

<latexit sha1_base64="Y+xWGj6El9J5/dLt1pyzuiP0zbQ=">AAAB5XicbVDJTgJBEK3GDXFDPXqZSEw8kRnjdiR68QiJgAlMSE9TYIdeJt09JmTCFxhv6NVP8uzfOOAcBHxJVV7eq0otUSy4db7/TQpr6xubW8Xt0s7u3v5B+fCoZXViGDaZFto8RdSi4AqbjjuBT7FBKiOB7Wh0P/PbL2gs1+rRjWMMJR0qPuCMukxquF654lf9ObxVEuSkAjnqvfJXt69ZIlE5Jqi1ncCPXZhS4zgTOCl1E4sxZSM6xE5GFZVow3S+6MQ7y5S+N9AmC+W8ufq3I6XS2rGMskpJ3bNd9mbiv14klya7wW2YchUnDhVb9JQ2kgqUYZpkeZJ9IFi+d5W0LqrBdfWqcVmp3eW/KMIJnMI5BHADNXiAOjSBAcIrTOGdDMkbmZKP39ICyXuOYQHk8weWUY0f</latexit>

t

<latexit sha1_base64="UJpqq84jlNh73RNDwgn6xDLt+QU=">AAAB8HicbVDLTsJAFL3FF+ILdemmkZjgQmyJryXRjUtMeCW0IdPhghM708nM1EgafsO4Q7f+jGv/xoJdCHiSe3Nyzr25j0CGTBvH+bZyK6tr6xv5zcLW9s7uXnH/oKWjWFFs0iiMVCcgGkMmsGmYCbEjFRIehNgOnu6mfvsZlWaRaJiRRJ+ToWADRolJJc/DF1k+M+eNXvW0Vyw5FWcGe5m4GSlBhnqv+OX1IxpzFIaGROuu60jjJ0QZRkMcF7xYoyT0iQyxm1JBOGo/me08tk9SpW8PIpWGMPZM/duREK71iAdpJSfmUS96U/FfL+ALk83gxk+YkLFBQec9ESlOQuR+Eqd5nH7AXbx3mbSqFfeqcvlwUardZr/IwxEcQxlcuIYa3EMdmkBBwitM4N1S1ps1sT5+S3NW1nMIc7A+fwAfPpDI</latexit>

exp(�t/T2)

<latexit sha1_base64="rHqHS/l46RBR4zXw5VocgoWFOAA=">AAAB9nicbVDLTsJQEJ3iC/FVdemmkZjghrTG15LgxiUmIiS0IbeXAW+4j6b3lkga/sS4Q7f+iWv/xoJdCHiSmZycM5N5hBFn2rjut1VYW9/Y3Cpul3Z29/YP7MOjJ62SmGKTKq7idkg0ciaxaZjh2I5iJCLk2AqHdzO/NcJYMyUfzTjCQJCBZH1Gicmkrm37VOmKPyBCEKfumPOuXXar7hzOKvFyUoYcja795fcUTQRKQznRuuO5kQlSEhtGOU5KfqIxInRIBtjJqCQCdZDON584Z5nSc/oqzkIaZ67+7UiJ0HoswqxSEPOsl72Z+K8XiqXJpn8bpExGiUFJFz2pYkE4iiBNsjzJPuAt37tKni6q3nX16uGyXKvnvyjCCZxCBTy4gRrcQwOaQGEErzCFd+vFerOm1sdvacHKe45hAdbnD6Tmkrk=</latexit>

cos(�Bt)

Note that for a HPD signal, T2 ~ T1
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<latexit sha1_base64="Wnn8IQzBlJ0W1pi5UN1L0aSKoXg=">AAACNXicbZDNSgMxFIUz/tb/qks3wSK4KjNi1WXRjQtBBauCMw53YqaGJpkhyQglzGOJj+FaxF116yuY1graeiHh8J17uZyb5Jxp4/sv3sTk1PTMbGVufmFxaXmlurp2qbNCEdoiGc/UdQKaciZpyzDD6XWuKIiE06ukc9T3rx6o0iyTF6ab00hAW7KUETAOxdXTUIC5J8DtSRnbUAnMpClDXeSaGtyOLaRlmIMyDHgcigIDDhNQ1tE2CAG31sEf3cBpXK35dX9QeFwEQ1FDwzqLq8/hXUYKQaUhHLS+CfzcRLa/kXBazoeFpjmQDrTpjZMSBNWRHQQv8ZYjdzjNlHvS4AH9PWFBaN0Vievsx9SjXh/+6yViZLNJDyLLZF4YKslfT2ZKAKcisoX7S3eBYDTvuLjcqQd79cb5bq15OLxFBW2gTbSNArSPmugYnaEWIugRvaIeeveevDev5318t054w5l19Ke8zy8lV67l</latexit>

Lint � gaf@µaf̄�
µ�5f

<latexit sha1_base64="7W2lS9B9wQZ8glwiqaOiCyJLs/k=">AAAB/XicbVDLSsNAFL2pr1pfURcu3ASL4Kok4mtZdOOygn1AE8JkOqlD5xFmJkIJwY8Rd9Wtn+HavzGtWdjWA/dyOOceLvdGCaPauO63VVlZXVvfqG7WtrZ3dvfs/YOOlqnCpI0lk6oXIU0YFaRtqGGklyiCeMRINxrdTf3uM1GaSvFoxgkJOBoKGlOMTCGF9tEwzFCc+5pyx48Vwo6XxSHKQ7vuNtwZnGXilaQOJVqh/eUPJE45EQYzpHXfcxMTZEgZihnJa36qSYLwCA1Jv6ACcaKDbHZA7pwWysCJpSpKGGem/k1kiGs95lExyZF50oveVPzXi/jCZhPfBBkVSWqIwPOekIojRniQpUWffsBbvHeZdM4b3lXj8uGi3rwtf1GFYziBM/DgGppwDy1oA4YcXmEC79aL9WZNrI/f0YpVZg5hDtbnDwJTlmk=</latexit>

gaf ⇠ 1

fa

NR fermions
<latexit sha1_base64="34LWrzmAy5Y10rPC4LgnjtvYs6Q=">AAACBHicbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KifUATws10UofOI2QmQgnZiR8j7qpbf8G1f2Nau7CtB+7lcM49XO4NY860cZxvq7S0vLK6Vl6vbGxube/Yu3strdKE0CZRXCWdEDTlTNKmYYbTTpxQECGn7XBwM/bbTzTRTMkHM4ypL6AvWcQImEIK7MN+kEGUexJCDhiwR3rK4MwLI3yfB1FgV52aMwFeJO6UVNEUjcD+8nqKpIJKQzho3XWd2PgZJIYRTvOKl2oaAxlAn3YLKkFQ7WeTO3J8XCg9HKmkKGnwRP2byEBoPRRhMSnAPOp5byz+64VibrOJrvyMyTg1VJJZT6pEAKfCz9Ki58UH3Pl7F0nrtOZe1M7vzqr16+kvyugAHaET5KJLVEe3qIGaiKBn9IpG6N16sd6skfXxO1qyppl9NAPr8we4U5j4</latexit>

gafra · Sf

Mean field

spin density

<latexit sha1_base64="RrVIa+nPWISrD19MwuGriCd1YiY=">AAACBnicbVDLSsNAFJ3UV62vqEs3wSK4Kon4WhbduKxgH9CEcDOd1KEzkzAzEcqQrfgx4q669Q9c+zemNQvbeuBeDufcw+XeKGVUadf9tiorq2vrG9XN2tb2zu6evX/QUUkmMWnjhCWyF4EijArS1lQz0kslAR4x0o1Gt1O/+0Skool40OOUBByGgsYUgy6k0HaGoYE492MJ2PgCIgYG8tz4Q+AcwjgP7brbcGdwlolXkjoq0QrtL3+Q4IwToTEDpfqem+rAgNQUM5LX/EyRFPAIhqRfUAGcqMDMLsmdk0IZOHEiixLamal/Ewa4UmMeFZMc9KNa9Kbiv17EFzbr+DowVKSZJgLPeyKRHBjhgcmKPv2At3jvMumcNbzLxsX9eb15U/6iio7QMTpFHrpCTXSHWqiNMHpGr2iC3q0X682aWB+/oxWrzByiOVifP52Km1Y=</latexit>

gaf
ra

�f

<latexit sha1_base64="lzlM6+E262JxIuNLAC57bb8r6+k=">AAACHHicbZDLSsNAFIYnXmu9RV26CRbBVUlEq8tSN11WsBdoQphMT2roXMLMRCghbyI+jLir4k7wbUxjFrb1hxn++f5zGM4JYhopbdvfxtr6xubWdmWnuru3f3BoHh33lEgkgS4RVMhBgBXQiENXR5rCIJaAWUChH0zu5nn/CaSKBH/Q0xg8hsc8CiOCdY58s9H2U1cyC8Iwc1USK9CpG4RWK/OxS0ZCWy7FfEyhoCxzZfHyzZpdtwtZq8YpTQ2V6vjmpzsSJGHANaFYqaFjx9pLsdQRoZBV3URBjMkEj2GYW44ZKC8t5sus85yMrFDI/HBtFfRvR4qZUlMW5JUM60e1nM3hv1nAln7W4a2XRjxONHCymHEhGabAvDTJ7yzfgLM876rpXdadRv36/qrWbJW7qKBTdIYukINuUBO1UQd1EUHP6BXN0LvxYrwZM+Pjt3TNKHtO0IKMrx+ZSaPK</latexit>

He↵ � Ba · hmi

<latexit sha1_base64="7q05bbzwvjUVW3Xr6XfcRrnZ6L4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cSNUsA9oYplMb+rQmUmYmQgl5D/EXXXrv7j2b0xrFrb1wL0czrmX+whizrRxnG+rtLK6tr5R3qxsbe/s7lX3D9o6ShTFFo14pLoB0ciZxJZhhmM3VkhEwLETjG6nfucFlWaRfDTjGH1BhpKFjBKTS08ek6bftlMvCO37rF+tOXVnBnuZuAWpQYFmv/rlDSKaCJSGcqJ1z3Vi46dEGUY5ZhUv0RgTOiJD7OVUEoHaT2dbZ/ZJrgzsMFJ5SGPP1L8dKRFaj0WQVwpinvWiNxX/9QKxMNmE137KZJwYlHTek5EShKPw0yTP0w+4i/cuk/ZZ3b2sXzyc1xo3xS/KcATHcAouXEED7qAJLaCg4BUm8G4Z682aWB+/pSWr6DmEOVifP3aokjI=</latexit>Z

V
M

<latexit sha1_base64="V9Yd59T0YpaZgO4Tx0OBxIml5fk=">AAAB+nicbVDLSsNAFL3js9ZXfOzcBIvgqiTiayMU3XQjVLAPaEKZTCft0JlJyEyEGvMv4q669T9c+zemMQvbemCGM+ecy71zvZAzpS3rGy0tr6yurZc2yptb2zu7xt5+SwVxRGiTBDyIOh5WlDNJm5ppTjthRLHwOG17o7up336ikWKBfNTjkLoCDyTzGcE6k3rGYeJ4vnmf3jhkyMz8UU97RsWqWjnMRWIXpAIFGj3jy+kHJBZUasKxUl3bCrWb4EgzwmladmJFQ0xGeEC7GZVYUOUm+fSpeZIpfdMPouxIbebq34oEC6XGwsuSAuuhmvem4r+eJ+Y6a//aTZgMY00lmfVkEAnMqXCTOLunG7Dn/7tIWmdV+7J68XBeqd0WuyjBERzDKdhwBTWoQwOaQOAZXmEC7+gFvaEJ+viNLqGi5gBmgD5/AN/ulJQ=</latexit>

M = �H

magnetic susceptibility
<latexit sha1_base64="1jk5cFOsfZ7B7qFkTitufBiH2jg=">AAACA3icbVDLSsNAFL3xWesr6lKEYBHcWBJfFVdFN11WsA9o0jKZTtuhM5MwMxFKyEr8GHFX3foNrv0b05qFbT1wL4dz7uFyrx8yqrRtfxtLyyura+u5jfzm1vbOrrm3X1dBJDGp4YAFsukjRRgVpKapZqQZSoK4z0jDH95P/MYTkYoG4lGPQuJx1Be0RzHSqdQxj2JXcqt9USHJreXiAXUV5ZZjt+OzUmJ1zIJdtKewFomTkQJkqHbML7cb4IgToTFDSrUcO9RejKSmmJEk70aKhAgPUZ+0UioQJ8qLp2ck1kmqdK1eINMS2pqqfxMx4kqNuJ9OcqQHat6biP96Pp/brHs3XkxFGGki8KwnAskRI9yLo7Qn6Qec+XsXSf286FwXrx4uC+W77Bc5OIRjOAUHSlCGClShBhie4RXG8G68GG/G2Pj4HV0ysswBzMD4/AE6eJdv</latexit>

3
He : � ⇠ 10

�7

<latexit sha1_base64="3Je7PqURCTWp9Hmges3XUNNzBUM=">AAACCXicbVDLSgMxFM34rPVVdekmWARXZab42ghFNy4r2Ad0ynAnzbShSWZIMkIZunXjr7hxoYhb/8Cdf2PazkJbDwQO55zLzT1hwpk2rvvtLC2vrK6tFzaKm1vbO7ulvf2mjlNFaIPEPFbtEDTlTNKGYYbTdqIoiJDTVji8mfitB6o0i+W9GSW0K6AvWcQIGCsFJez3QQgI5BX2IwUko/4gBDXOqiJIxv3ARspuxZ0CLxIvJ2WUox6UvvxeTFJBpSEctO54bmK6GSjDCKfjop9qmgAZQp92LJUgqO5m00vG+NgqPRzFyj5p8FT9PZGB0HokQpsUYAZ63puI/3md1ESX3YzJJDVUktmiKOXYxHhSC+4xRYnhI0uAKGb/iskAbCHGlle0JXjzJy+SZrXinVfO7k7Lteu8jgI6REfoBHnoAtXQLaqjBiLoET2jV/TmPDkvzrvzMYsuOfnMAfoD5/MHwXqaZg==</latexit>

�n =
e~
2mp

gn

gyromagnetic ratio

Axion’s coupling to NR fermions

  J. C.  Wheatley, Rev. Mod. Phys 47, 415 (1975)

?
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dB

dz

<latexit sha1_base64="yD5blUG/mA8G9gRMdQPR8JbUBVI=">AAAB9XicbVDLSsNAFL2pr1ofjbp0EyyCq5JIRZelblxWsA9oQ5lMJnXozCTMTJQ65EvEXXXrp7j2b0xrFrb1wL0czrmX+wgSRpV23W+rtLG5tb1T3q3s7R8cVu2j466KU4lJB8cslv0AKcKoIB1NNSP9RBLEA0Z6weR27veeiFQ0Fg96mhCfo7GgEcVI59LIrjrOMJIIm7CVmfAlG9k1t+4u4KwTryA1KNAe2V/DMMYpJ0JjhpQaeG6ifYOkppiRrDJMFUkQnqAxGeRUIE6UbxaLZ855roROFMs8hHYW6t8Og7hSUx7klRzpR7XqzcV/vYCvTNbRjW+oSFJNBF72RCw5YoT7Js3z/APe6r3rpHtZ9xr1q/tGrdkqflGGUziDC/DgGppwB23oAIYUXmEG79az9WbNrI/f0pJV9JzAEqzPHw6PkxI=</latexit>

�

<latexit sha1_base64="dChEfDkDcGhS3KVRPgOaMdVMD00=">AAAB6XicbVBNS8NAEJ2tX7V+VT16CRbBU0mkoseiF48VTFtoQ9ndTuvS3U3IboQS+hvEW/XqD/LsvzGNOdjWBzM83pthPlgkhbGu+01KG5tb2zvl3cre/sHhUfX4pG3CJObo81CGcZdRg1Jo9K2wErtRjFQxiR02uV/4nReMjQj1k51GGCg61mIkOLWZ5PcZWjqo1ty6m8NZJ15BalCgNah+9YchTxRqyyU1pue5kQ1SGlvBJc4q/cRgRPmEjrGXUU0VmiDNl505F5kydEZhnIW2Tq7+7UipMmaqWFapqH02q95C/NdjamWyHd0GqdBRYlHzZU+HsaISVZAmWZ5lH/BW710n7au616hfPzZqzbviF2U4g3O4BA9uoAkP0AIfOAh4hTm8kwl5I3Py8VtaIkXPKSyBfP4AdL6OyQ==</latexit>

Pulsed NMR with  3
He� B

<latexit sha1_base64="NUr+kMgaE4+FoPf7/ORhea6ATag=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSK40JI0CW13pW66rGAf0MQymU5raGYSZiZCGfIl4seIuyq4cuHfmMYsbPXAHQ7nnDtz53pR4HOh619KYWNza3unuFva2z84PFKPT3o8jBnCXRQGIRt4kOPAp7grfBHgQcQwJF6A+97sZun3HzHjfkjvxDzCLoFT6k98BEUqjVTbye4YsqnnSr2im5Zpmld6pdqw6w0jJXbDMqxaIu9N6TCitfF1K0lGajnNZtD+EiMnZZCjM1I/nHGIYoKpQAHkfGjokXAlZMJHAU5KTsxxBNEMTvEwpRQSzF2ZjZZoF6ky1iYhS4sKLVN/d0hIOJ8TL00SKB74urcU//U8svaymNRd6dMoFpiiVY+GjMAAE1fG6bncgLH+37+kV60YVsW+tcrNVr6LIjgD5+ASGKAGmqANOqALEHgCL2AB3pRn5VVZKO8/0YKS95yCFSif39RqnmI=</latexit>

two domains!

wait 
20 ms

[Bunkov and Volovik, arXiv:0904.3889 and arXiv:1003.4889]

DOF: Euler angles 

B(z)

<latexit sha1_base64="JyR6G2oTgfeZrOLb+ChT4Fzwlq0=">AAAB6HicbVDLTsJQEJ3iC/GFunTTSExwQ1qD0SXBjUtM5JFAQ24vA1y5j6b31gQbfsG4Q7f+kGv/xlK7EPAkMzk5Zybz8APOtHGcbyu3sbm1vZPfLeztHxweFY9PWlpFIcUmVVyFHZ9o5Exi0zDDsROESITPse1P7hZ++xlDzZR8NNMAPUFGkg0ZJWYh1csvl/1iyak4Kex14makBBka/eJXb6BoJFAayonWXdcJjBeT0DDKcVboRRoDQidkhN2ESiJQe3G668y+SJSBPVRhEtLYqfq3IyZC66nwk0pBzFivegvxX88XK5PN8NaLmQwig5Iue1KFgnAUXhwleZZ8wF29d520riputXL9UC3V6tkv8nAG51AGF26gBvfQgCZQGMMrzOHderLerLn18Vuas7KeU1iC9fkD7AqN1A==</latexit>

�1

4

<latexit sha1_base64="47axJGhhVkPo8bRxfkaNtzvmG2o=">AAAB7HicdZDLTgIxFIbP4A3xhrp0M5GYuJF0CCDsiG5cYiKXBCakUzrY0HYmbceETHgJ4w7d+jqufRsLYiJE/6TNn/87J6c9QcyZNgh9OpmNza3tnexubm//4PAof3zS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaScY385554kqzSL5YCYx9QUeSRYygo2Nulf9UGHilQf5Aioiq2rVnRuvhjxr6vVaqVR3vQVCqABLNQf5j/4wIomg0hCOte55KDZ+ipVhhNNprp9oGmMyxiPas1ZiQbWfLt47dS9sMnTDSNkjjbtIf3ekWGg9EYGtFNg86nU2D/9kgVibbMKanzIZJ4ZKsspkpATmVPhpYu+p3cDPN93/TbtU9MrFyn250LhZ7iILZ3AOl+DBNTTgDprQAgIcnmEGr450XpyZ8/ZdmnGWPaewIuf9Cxssj7Y=</latexit>

This is known as the homogeneous precession domain (HPD)

<latexit sha1_base64="akd5a++KQVYFYjwoYl6UCYbewL0=">AAACG3icbVDLSsNAFJ34rPUVdekmWISWQkmkVZelKrisYB/QhDCZ3tShmZmQmQg19EvEjxF3VXDlwr8xrVnY1gP3cuaccxnu9cKASmWa39rK6tr6xmZuK7+9s7u3rx8ctqWIIwItIgIRdT0sIaAcWoqqALphBJh5AXS84dXU7zxCJKng92oUgsPwgFOfEqxSydVrtmAwwMWnki0pM+wBZgwbjfRtlI0b97poEyFtD9Q0Urb9CBOrWnL1glkxZzCWiZWRAsrQdPVPuy9IzIArEmApe5YZKifBkaIkgHHejiWEmAzxAHop5ZiBdJLZemPjNFX6hi+itLgyZurfiQQzKUfMS5MMqwe56E3Ffz2PLfys/EsnoTyMFXAy73ERMRwAc5I47eP0AtbivsukfVaxziu1u2qh3shukUPH6AQVkYUuUB3doiZqIYKe0SuaoHftRXvTJtrHb3RFy2aO0By0rx9i5Z/1</latexit>

!(z) ⇠ �B(z) + ED(cos�(z) +
1

4
)

 Fomin Sov. Phys. JETP 61, 1207 (1985)
BEC of N Magnons

spins disoriented



Christina Gao | New Approaches in Light Dark Matter Detection73

hx(1)(t1)x
(1)(t2)i

<latexit sha1_base64="MCLkfo4o+1Ahs707Fq4ohjob9eM=">AAACDnicbZDLSsNAFIYnXmu9RV26CRYh3ZSkVHRZdOOygr1AE8NkelqHzkxCZiKWkFcQH0bcVbfuXPs2pjGgbf1hho//P4fDOX7IqFSW9aWtrK6tb2yWtsrbO7t7+/rBYUcGcUSgTQIWRD0fS2BUQFtRxaAXRoC5z6Drj69mefcBIkkDcasmIbgcjwQdUoJVZnm6aTgMixED4/EuMe1qairPrv5yvepEee7pFatm5TKWwS6gggq1PP3TGQQk5iAUYVjKvm2Fyk1wpChhkJadWEKIyRiPoJ+hwBykm+QbpcZp5gyMYRBlTygjd/92JJhLOeF+VsmxupeL2cz8N/P5wmQ1vHATKsJYgSDzmQgijhlwN4mzP80uYC/uuwydes1u1M5uGpXmZXGLEjpGJ8hENjpHTXSNWqiNCHpCL2iK3rRn7VWbau8/pSta0XOE5qR9fAPZGpuP</latexit>

Resonance occurs

Fractional volume change due to axion wind

Gaussian random field hx(1)(t)i = 0

<latexit sha1_base64="QxF3x+eDayb0GK1wPnQFj/jo0Wc=">AAACAnicbZDLSsNAFIYn9VbrLepSF8EitJuSSEU3QtGNywr2Ak0sk+lpHZyZhJmJWEI24sOIu+rWd3Dt25jGLGzrDzP8fP85HM7xQ0aVtu1vo7C0vLK6VlwvbWxube+Yu3ttFUSSQIsELJBdHytgVEBLU82gG0rA3GfQ8R+upnnnEaSigbjV4xA8jkeCDinBOkV989ByGRYjBtbTXVxxqklFV12ZkQu7b5btmp3JWjRObsooV7NvfrmDgEQchCYMK9Vz7FB7MZaaEgZJyY0UhJg84BH0UiswB+XF2RaJdZySgTUMZPqEtjL6tyPGXKkx99NKjvW9ms+m8N/M53OT9fDci6kIIw2CzGYikBwz4F4cpX+SXsCZ33fRtE9qTr12elMvNy7zWxTRATpCFeSgM9RA16iJWoigZ/SKJujdeDHejInx8VtaMPKefTQj4/MH6ZyXTg==</latexit>

<latexit sha1_base64="NmJQjF5e9xJlXOXacJ9WmgsouM0=">AAACT3icdVBNT+MwFHTKsnzuboEjl2grpPawVYIW2COCC4c9gEQBiYTIcV+KhT8i+2VFZeU3Io78EMSNxa1ygAIj2Zo3M5b1Ji8FtxhFD0Fr7sv814XFpeWV1W/ff7TX1s+srgyDAdNCm4ucWhBcwQA5CrgoDVCZCzjPbw4n/vk/MJZrdYrjElJJR4oXnFH0UtbmSWEoc8Pw9sp1415duyHWieUy/OUOMlpnt13s+VklAgrsJlrCiGZ/vYiJ4aNr7DW58STHtP00l7U7UT+aInxP4oZ0SIPjrH2XDDWrJChkglp7GUclpo4a5ExAvZxUFkrKbugILj1VVIJN3bSSOtzyyjAstPFHYThVX79wVFo7lrlPSorXdtabiB96uZz5GYs/qeOqrBAUe+spbSQVIFNX+bv2DcSz+74nZ9v9eLe/c/K7s3/QdLFINslP0iUx2SP75IgckwFh5I48kmfyP7gPnoLnVhNtBQ3ZIG/QWnoB+b61Sw==</latexit>

dx(1)

dt
⇠ �Bax(t) sin (!L(t)t)�Bay(t) cos (!L(t)t)

<latexit sha1_base64="2pOuPe/dPICFtSquIzlkxRXohlg=">AAACM3icbVDLSsNAFJ34rO+oSzfBIk0RSiK+lqIbFyoK9gFNGibTaR06j5C5ESXkq8TvcC3u1K3/YFK70NYD93I451wu94YRZxoc59WYmp6ZnZsvLSwuLa+srpnrGw2tkpjQOlFcxa0Qa8qZpHVgwGkriikWIafNcHBW+M17Gmum5C08RtQXuC9ZjxEMuRSYlw+d1HarmQ1VTzNh9YMUX2UekxA4HbC6UPEiHAPDPHiwsA2VIiZtTwnax8FFIVh57Xqkq0AHZtmpOUNYk8QdkTIa4TowX7yuIomgEgjHWrddJwI/LTYSTrNFL9E0wmSA+7SdU4kF1X46PDuzdnKla/VUnJcEa6j+nkix0PpRhHlSYLjT414h/uuFYmwz9I79lMkoASrJX0+qWGBOhZ8mec/yD7jj906Sxl7NPawd3OyXT05HvyihLbSNbOSiI3SCztE1qiOCntArekcfxrPxZrwbnz/RKWM0s4n+wPj6BvhRqiE=</latexit>

x(1)(t) ⇠ gaN

Z t

0
dt0@xa(t

0) sin(!L(t
0)t0) + · · ·

A more realistic model of axion wind


