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Dark Matter Detection  
using Cavities

2

Dark photon

Axion

Cavity

:
:
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<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
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Dark Matter Detection  
using Cavities
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Dark photon

Axion

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

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
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cajohare/AxionLimits

https://news.fnal.gov/2019/11/admx-
experiment-places-worlds-best-
constraint-on-dark-matter-axions/
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our proposal

cajohare/AxionLimits

https://news.fnal.gov/2019/11/admx-
experiment-places-worlds-best-
constraint-on-dark-matter-axions/
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Ring Resonator: eV axion/DP

<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

↵
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<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:

Ring Resonator: eV axion/DP

• 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
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Our Proposal

New Challenges:

• Phase matching 

• Large Q 

• Large V

<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="S2uFrAr160XuIGbQHIEFarejqCg=">AAACInicbVDLSgMxFM34tr6qLt0Ei+KqzIhU3YluXCrYB3RKyWRu22AmGZI7Qhn6LW78FTcuFHUl+DGmdRZqPRA4Offe3JwTpVJY9P0Pb2Z2bn5hcWm5tLK6tr5R3txqWJ0ZDnWupTatiFmQQkEdBUpopQZYEkloRrcX43rzDowVWt3gMIVOwvpK9ARn6KRu+TSMoC9Ubt0yHJX289AkNB1o1GoUhsU9BgSO2oxKIai46O2WK37Vn4BOk6AgFVLgqlt+C2PNswQUcsmsbQd+ip2cGRRcgns7s5Ayfsv60HZUsQRsJ59YHNE9p8S0p407CulE/TmRs8TaYRK5zoThwP6tjcX/au0MeyedXKg0Q1D8e1EvkxQ1HedFY2Gcdzl0hHEj3F8pHzDDOLpUSy6E4K/ladI4rAa1au36qHJ2XsSxRHbILjkgATkmZ+SSXJE64eSePJJn8uI9eE/eq/f+3TrjFTPb5Be8zy96rKTm</latexit>

photon

detector

<latexit sha1_base64="UvwZCuvc0JRfM8DrSU1WhxiJx7k="></latexit>

periodically

varying

resonator

<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
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<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="S2uFrAr160XuIGbQHIEFarejqCg=">AAACInicbVDLSgMxFM34tr6qLt0Ei+KqzIhU3YluXCrYB3RKyWRu22AmGZI7Qhn6LW78FTcuFHUl+DGmdRZqPRA4Offe3JwTpVJY9P0Pb2Z2bn5hcWm5tLK6tr5R3txqWJ0ZDnWupTatiFmQQkEdBUpopQZYEkloRrcX43rzDowVWt3gMIVOwvpK9ARn6KRu+TSMoC9Ubt0yHJX289AkNB1o1GoUhsU9BgSO2oxKIai46O2WK37Vn4BOk6AgFVLgqlt+C2PNswQUcsmsbQd+ip2cGRRcgns7s5Ayfsv60HZUsQRsJ59YHNE9p8S0p407CulE/TmRs8TaYRK5zoThwP6tjcX/au0MeyedXKg0Q1D8e1EvkxQ1HedFY2Gcdzl0hHEj3F8pHzDDOLpUSy6E4K/ladI4rAa1au36qHJ2XsSxRHbILjkgATkmZ+SSXJE64eSePJJn8uI9eE/eq/f+3TrjFTPb5Be8zy96rKTm</latexit>

photon

detector

<latexit sha1_base64="UvwZCuvc0JRfM8DrSU1WhxiJx7k="></latexit>

periodically

varying

resonator

<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
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Photonic Crystal

Bound States in Continuum

Sensor Network

New Challenges:

• Phase matching 

• Large Q 

• Large V

Our Proposal
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<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="S2uFrAr160XuIGbQHIEFarejqCg=">AAACInicbVDLSgMxFM34tr6qLt0Ei+KqzIhU3YluXCrYB3RKyWRu22AmGZI7Qhn6LW78FTcuFHUl+DGmdRZqPRA4Offe3JwTpVJY9P0Pb2Z2bn5hcWm5tLK6tr5R3txqWJ0ZDnWupTatiFmQQkEdBUpopQZYEkloRrcX43rzDowVWt3gMIVOwvpK9ARn6KRu+TSMoC9Ubt0yHJX289AkNB1o1GoUhsU9BgSO2oxKIai46O2WK37Vn4BOk6AgFVLgqlt+C2PNswQUcsmsbQd+ip2cGRRcgns7s5Ayfsv60HZUsQRsJ59YHNE9p8S0p407CulE/TmRs8TaYRK5zoThwP6tjcX/au0MeyedXKg0Q1D8e1EvkxQ1HedFY2Gcdzl0hHEj3F8pHzDDOLpUSy6E4K/ladI4rAa1au36qHJ2XsSxRHbILjkgATkmZ+SSXJE64eSePJJn8uI9eE/eq/f+3TrjFTPb5Be8zy96rKTm</latexit>

photon

detector

<latexit sha1_base64="UvwZCuvc0JRfM8DrSU1WhxiJx7k="></latexit>

periodically

varying

resonator

<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

Photonic Crystal

Bound States in Continuum

Sensor Network

New Challenges:

• Phase matching 

• Large Q 

• Large V

Our Proposal

“UV”

“IR”



Phase Matching (Momentum Conservation)
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Christina Gao | Dark Matter Searches on a Photonic Chip13

Periodic Photonic Structure: 
Bloch Modes

Lattice vectorBloch 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



Christina Gao | Dark Matter Searches on a Photonic Chip14

Periodic Photonic Structure: 
Bloch Modes

Lattice vectorBloch 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

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

{
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

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

K ⇡ 0



What about Q?
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Christina Gao | Dark Matter Searches on a Photonic Chip

Bound States in Continuum

16

Nature Reviews Materials 
volume 
 1, Article number: 16048 (2016)

https://www.nature.com/natrevmats


Christina Gao | Dark Matter Searches on a Photonic Chip

Bound States in Continuum

17

Nature Reviews Materials 
volume 
 1, Article number: 16048 (2016)

Infinite Q for perfect BIC

https://www.nature.com/natrevmats


Christina Gao | Dark Matter Searches on a Photonic Chip

1D and 2D BIC Examples

18

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



Coupling N Resonators in Series

19



N Resonators in Series

… 
<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)

• Solve the output using Heisenberg Langevin equations 

• Gaussian distribution of  is assumed.  

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

va
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… 

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

� = Q0/Qe

No gain after going beyond 
the DM coherence length.
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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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Signal width grows like .δ × Q0

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

� = 1
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Projected Sensitivity
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Christina Gao | Dark Matter Searches on a Photonic Chip

Axion DM Search Needs a 
Background Magnetic Field

24

Above ~1.1 eV, Skipper CCD

Below ~1.1 eV, Superconducting 
Nanowire Single Photon Detector



Christina Gao | Dark Matter Searches on a Photonic Chip

Axion DM Search Needs a 
Background Magnetic Field
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Christina Gao | Dark Matter Searches on a Photonic Chip

Conclusion & Future

• Integrated Photonics can be applied in the 
DM direct detection at optical frequencies.


• Photonic Crystal Cavities constitute the 
best option to phase match. 2D and 3D 
photonic crystals, though harder to mass 
produce, could provide better phase 
matching and volume filling. 


• Optical resonators’ properties may undergo 
significant changes under cryogenic 
temperatures.

Dark photon-photon kinetic mixing
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Backups
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Christina Gao | Dark Matter Searches on a Photonic Chip2

Dark matter candidates

Ultralight dark matter 
(e.g. axion, dark photon)

Weakly interacting  
massive particles (WIMP)

Ultraheavy dark matter 
(e.g. black holes)

109 eV — 1013 eV 1050 eV — 1053 eV10-22 eV — 1 eV
Planck  massWavelength fi





Christina Gao | Dark Matter Searches on a Photonic Chip

Example: Si-on-Insulator 
Photonic Crystal Ring Resonator

https://doi.org/10.1364/OL.39.001282
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Christina Gao | Dark Matter Searches on a Photonic Chip

Example: Periodically Grooved 
LN-on-Insulator Waveguide

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

30

• Surface/volume scattering loss 

• Bending/radiation loss 

• Absorption by the material

Q can be affected by:



Christina Gao | Dark Matter Searches on a Photonic Chip

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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<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
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Christina Gao | Dark Matter Searches on a Photonic Chip

<latexit sha1_base64="SaGnWYZFOPnlRWAcoz6cTd/Ta8M=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgEZadkKhNIGhjYRHBPCAJy+xkNhkyO7vMzAph2dLGX7GxUMTWT7Dzb5w8Ck08cOFwzr3ce48Xcaa043xbmZXVtfWN7GZua3tndy+/f9BUYSwJbZCQh7LtYUU5E7Shmea0HUmKA4/Tlje6nvitByoVC8W9Hke0F+CBYD4jWBvJzR8LF1VLdqko3FIV2eVKESZdGcDbeuomDkrdfMGxnSngMkFzUgBz1N38V7cfkjigQhOOleogJ9K9BEvNCKdprhsrGmEywgPaMVTggKpeMn0khadG6UM/lKaEhlP190SCA6XGgWc6A6yHatGbiP95nVj7l72EiSjWVJDZIj/mUIdwkgrsM0mJ5mNDMJHM3ArJEEtMtMkuZ0JAiy8vk2bJRud25a5cqF3N48iCI3ACzgACF6AGbkAdNAABj+AZvII368l6sd6tj1lrxprPHII/sD5/AA1Wlts=</latexit>

n1 = 2.2, n2 = 1.45,LP01

Effective Index Theory
How big can  be changed by grooving?neff
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Christina Gao | Dark Matter Searches on a Photonic Chip

Surface Scattering Loss

<latexit sha1_base64="g1qn1hML7ttNK2KAO3qHAR3V1d0=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4McyI20UIevGQwwhmgWQcajo9SZOehe4eIQ7BX/HiQRGv/oc3/8ZOMgdNfFDweK+Kqnp+wplUlvVtzM0vLC4tF1aKq2vrG5vm1nZdxqkgtEZiHoumD5JyFtGaYorTZiIohD6nDb9/PfIbD1RIFkd3apBQN4RuxAJGQGnJM3cdr3rpeBa9z47awJMe4OrQM0tW2RoDzxI7JyWUw/HMr3YnJmlII0U4SNmyrUS5GQjFCKfDYjuVNAHShy5taRpBSKWbja8f4gOtdHAQC12RwmP190QGoZSD0NedIaienPZG4n9eK1XBhZuxKEkVjchkUZByrGI8igJ3mKBE8YEmQATTt2LSAwFE6cCKOgR7+uVZUj8u22fl09uTUuUqj6OA9tA+OkQ2OkcVdIMcVEMEPaJn9IrejCfjxXg3Piatc0Y+s4P+wPj8AfgllEo=</latexit>

PL = P0e
�↵L

for L << 1 cm

Surface Scattering Loss
https://doi.org/10.1364/OE.25.006963
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Christina Gao | Dark Matter Searches on a Photonic Chip

Radiation Loss

Radiation/bend Loss

<latexit sha1_base64="g1qn1hML7ttNK2KAO3qHAR3V1d0=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4McyI20UIevGQwwhmgWQcajo9SZOehe4eIQ7BX/HiQRGv/oc3/8ZOMgdNfFDweK+Kqnp+wplUlvVtzM0vLC4tF1aKq2vrG5vm1nZdxqkgtEZiHoumD5JyFtGaYorTZiIohD6nDb9/PfIbD1RIFkd3apBQN4RuxAJGQGnJM3cdr3rpeBa9z47awJMe4OrQM0tW2RoDzxI7JyWUw/HMr3YnJmlII0U4SNmyrUS5GQjFCKfDYjuVNAHShy5taRpBSKWbja8f4gOtdHAQC12RwmP190QGoZSD0NedIaienPZG4n9eK1XBhZuxKEkVjchkUZByrGI8igJ3mKBE8YEmQATTt2LSAwFE6cCKOgR7+uVZUj8u22fl09uTUuUqj6OA9tA+OkQ2OkcVdIMcVEMEPaJn9IrejCfjxXg3Piatc0Y+s4P+wPj8AfgllEo=</latexit>

PL = P0e
�↵L

<latexit sha1_base64="5QTaO7ORbmIO8KSQjGQ81yHLLms=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtay6cVnBPrAp4WY6aYfOJHFmIpSQ73Hjr7jpQilu/RCnD0GrBy6cOede5t4TJJwp7Thjq7C0vLK6VlwvbWxube/Yu3sNFaeS0DqJeSxbASjKWUTrmmlOW4mkIAJOm8HgZuI3n6hULI7u9TChHQG9iIWMgDaSb195wJM++JknBZbQzT3FBH3EXiiBZLWZzmOl8vz7pfN86mI3e/BJ7ttlp+JMgf8Sd07KaI6ab4+8bkxSQSNNOCjVdp1EdzKQmhFO85KXKpoAGUCPtg2NQFDVyaan5vjIKF0cxtJUpPFU/TmRgVBqKALTKUD31aI3Ef/z2qkOLzsZi5JU04jMPgpTjnWMJ7nhLpOUaD40BIhkZldM+mBi0CbdkgnBXTz5L2mcVNzzytndabl6PY+jiA7QITpGLrpAVXSLaqiOCHpGr+gNvVsv1sgaWx+z1oI1n9lHv2B9fgGpKaij</latexit>

↵rad ' Ploss

Pt

1

Zc
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Radiation Loss

Radiation/bend Loss

<latexit sha1_base64="g1qn1hML7ttNK2KAO3qHAR3V1d0=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4McyI20UIevGQwwhmgWQcajo9SZOehe4eIQ7BX/HiQRGv/oc3/8ZOMgdNfFDweK+Kqnp+wplUlvVtzM0vLC4tF1aKq2vrG5vm1nZdxqkgtEZiHoumD5JyFtGaYorTZiIohD6nDb9/PfIbD1RIFkd3apBQN4RuxAJGQGnJM3cdr3rpeBa9z47awJMe4OrQM0tW2RoDzxI7JyWUw/HMr3YnJmlII0U4SNmyrUS5GQjFCKfDYjuVNAHShy5taRpBSKWbja8f4gOtdHAQC12RwmP190QGoZSD0NedIaienPZG4n9eK1XBhZuxKEkVjchkUZByrGI8igJ3mKBE8YEmQATTt2LSAwFE6cCKOgR7+uVZUj8u22fl09uTUuUqj6OA9tA+OkQ2OkcVdIMcVEMEPaJn9IrejCfjxXg3Piatc0Y+s4P+wPj8AfgllEo=</latexit>

PL = P0e
�↵L

<latexit sha1_base64="SaGnWYZFOPnlRWAcoz6cTd/Ta8M=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgEZadkKhNIGhjYRHBPCAJy+xkNhkyO7vMzAph2dLGX7GxUMTWT7Dzb5w8Ck08cOFwzr3ce48Xcaa043xbmZXVtfWN7GZua3tndy+/f9BUYSwJbZCQh7LtYUU5E7Shmea0HUmKA4/Tlje6nvitByoVC8W9Hke0F+CBYD4jWBvJzR8LF1VLdqko3FIV2eVKESZdGcDbeuomDkrdfMGxnSngMkFzUgBz1N38V7cfkjigQhOOleogJ9K9BEvNCKdprhsrGmEywgPaMVTggKpeMn0khadG6UM/lKaEhlP190SCA6XGgWc6A6yHatGbiP95nVj7l72EiSjWVJDZIj/mUIdwkgrsM0mJ5mNDMJHM3ArJEEtMtMkuZ0JAiy8vk2bJRud25a5cqF3N48iCI3ACzgACF6AGbkAdNAABj+AZvII368l6sd6tj1lrxprPHII/sD5/AA1Wlts=</latexit>

n1 = 2.2, n2 = 1.45,LP01

<latexit sha1_base64="5QTaO7ORbmIO8KSQjGQ81yHLLms=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtay6cVnBPrAp4WY6aYfOJHFmIpSQ73Hjr7jpQilu/RCnD0GrBy6cOede5t4TJJwp7Thjq7C0vLK6VlwvbWxube/Yu3sNFaeS0DqJeSxbASjKWUTrmmlOW4mkIAJOm8HgZuI3n6hULI7u9TChHQG9iIWMgDaSb195wJM++JknBZbQzT3FBH3EXiiBZLWZzmOl8vz7pfN86mI3e/BJ7ttlp+JMgf8Sd07KaI6ab4+8bkxSQSNNOCjVdp1EdzKQmhFO85KXKpoAGUCPtg2NQFDVyaan5vjIKF0cxtJUpPFU/TmRgVBqKALTKUD31aI3Ef/z2qkOLzsZi5JU04jMPgpTjnWMJ7nhLpOUaD40BIhkZldM+mBi0CbdkgnBXTz5L2mcVNzzytndabl6PY+jiA7QITpGLrpAVXSLaqiOCHpGr+gNvVsv1sgaWx+z1oI1n9lHv2B9fgGpKaij</latexit>

↵rad ' Ploss

Pt

1

Zc
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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
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<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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