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cavity QED: dispersive regime
two atoms in a cavity
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<latexit sha1_base64="bMIwczsk8dFK2GYO2G7Orty6M/w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhyH2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrYuqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AaUxjXQ=</latexit>

gt
<latexit sha1_base64="bMIwczsk8dFK2GYO2G7Orty6M/w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhyH2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrYuqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AaUxjXQ=</latexit>

gt

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

!c

<latexit sha1_base64="GrFlG+QWao9o73J4uFg6FJOTyPM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe6TfrniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvN7p+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8OMySS1VJLFojjlyCo0ex4NmKbE8okjmGjmbkVkhDUm1kVUciEEyy+vktZFNahVL+9rlfpNHkcRTuAUziGAK6jDHTSgCQQ4PMMrvHmP3ov37n0sWgtePnMMf+B9/gAH9o/5</latexit>

�

<latexit sha1_base64="daJ3KyfdKBV6jG2FlLJfAYt+/tM=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+8enF/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2MkjwQ=</latexit>
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<latexit sha1_base64="0qTNln+4eI/BXbSiJ+Dm07dU8jE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA8eI5gHJEuYnXSSIbOz68ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6GbqN59QaR7JBzOO0Q/pQPI+Z9RYqdW5RWHoldstltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+d3TshJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0edLjCpkRY0soU9zeStiQKsqMjahgQ/AWX14mjbOyVylX7s9L1essjjwcwTGcggcXUIU7qEEdGAh4hld4cx6dF+fd+Zi35pxs5hD+wPn8AVgIj4g=</latexit>

� = 0
<latexit sha1_base64="tpu11fhvIywOYrdK6Kq6nifvhzk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiHjxWsB/QhLLZbtqlu0nYnQil9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6SGSxHzJgqUvJNqTlUoeTsc3c789hPXRiTxI45THig6iEUkGEUr+f4dl0h9IxQZ9MoVt+rOQVaJl5MK5Gj0yl9+P2GZ4jEySY3pem6KwYRqFEzyacnPDE8pG9EB71oaU8VNMJnfPCVnVumTKNG2YiRz9ffEhCpjxiq0nYri0Cx7M/E/r5thdB1MRJxmyGO2WBRlkmBCZgGQvtCcoRxbQpkW9lbChlRThjamkg3BW355lbQuql6tWnu4rNRv8jiKcAKncA4eXEEd7qEBTWCQwjO8wpuTOS/Ou/OxaC04+cwx/IHz+QOgLZFv</latexit>

� ⇠ g
<latexit sha1_base64="5rTnUhewedeVjupOP0M/20u5nag=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiHjxWsB+QhLLZbtKlm92wOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzokxwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hcU9amSijdi4hhgkvWBg6C9TLNSBoJ1o1GtzO/+8S04Uo+wjhjYUoSyWNOCVjJD+6YABIkCU761Zpbd+fAq8QrSA0VaPWrX8FA0TxlEqggxviem0E4IRo4FWxaCXLDMkJHJGG+pZKkzIST+clTfGaVAY6VtiUBz9XfExOSGjNOI9uZEhiaZW8m/uf5OcTX4YTLLAcm6WJRnAsMCs/+xwOuGQUxtoRQze2tmA6JJhRsShUbgrf88irpXNS9Rr3xcFlr3hRxlNEJOkXnyENXqInuUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC8OpDq</latexit>

� � g
(dispersive regime)
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<latexit sha1_base64="bMIwczsk8dFK2GYO2G7Orty6M/w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhyH2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrYuqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AaUxjXQ=</latexit>

gt
<latexit sha1_base64="bMIwczsk8dFK2GYO2G7Orty6M/w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhyH2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrYuqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AaUxjXQ=</latexit>

gt
<latexit sha1_base64="bMIwczsk8dFK2GYO2G7Orty6M/w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhyH2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrYuqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AaUxjXQ=</latexit>

gt

�

<latexit sha1_base64="daJ3KyfdKBV6jG2FlLJfAYt+/tM=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+8enF/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2MkjwQ=</latexit>

<latexit sha1_base64="0qTNln+4eI/BXbSiJ+Dm07dU8jE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA8eI5gHJEuYnXSSIbOz68ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6GbqN59QaR7JBzOO0Q/pQPI+Z9RYqdW5RWHoldstltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+d3TshJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0edLjCpkRY0soU9zeStiQKsqMjahgQ/AWX14mjbOyVylX7s9L1essjjwcwTGcggcXUIU7qEEdGAh4hld4cx6dF+fd+Zi35pxs5hD+wPn8AVgIj4g=</latexit>

� = 0
<latexit sha1_base64="tpu11fhvIywOYrdK6Kq6nifvhzk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiHjxWsB/QhLLZbtqlu0nYnQil9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6SGSxHzJgqUvJNqTlUoeTsc3c789hPXRiTxI45THig6iEUkGEUr+f4dl0h9IxQZ9MoVt+rOQVaJl5MK5Gj0yl9+P2GZ4jEySY3pem6KwYRqFEzyacnPDE8pG9EB71oaU8VNMJnfPCVnVumTKNG2YiRz9ffEhCpjxiq0nYri0Cx7M/E/r5thdB1MRJxmyGO2WBRlkmBCZgGQvtCcoRxbQpkW9lbChlRThjamkg3BW355lbQuql6tWnu4rNRv8jiKcAKncA4eXEEd7qEBTWCQwjO8wpuTOS/Ou/OxaC04+cwx/IHz+QOgLZFv</latexit>

� ⇠ g
<latexit sha1_base64="5rTnUhewedeVjupOP0M/20u5nag=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiHjxWsB+QhLLZbtKlm92wOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzokxwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hcU9amSijdi4hhgkvWBg6C9TLNSBoJ1o1GtzO/+8S04Uo+wjhjYUoSyWNOCVjJD+6YABIkCU761Zpbd+fAq8QrSA0VaPWrX8FA0TxlEqggxviem0E4IRo4FWxaCXLDMkJHJGG+pZKkzIST+clTfGaVAY6VtiUBz9XfExOSGjNOI9uZEhiaZW8m/uf5OcTX4YTLLAcm6WJRnAsMCs/+xwOuGQUxtoRQze2tmA6JJhRsShUbgrf88irpXNS9Rr3xcFlr3hRxlNEJOkXnyENXqInuUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC8OpDq</latexit>

� � g
(dispersive regime)

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

!c

<latexit sha1_base64="GrFlG+QWao9o73J4uFg6FJOTyPM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe6TfrniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvN7p+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8OMySS1VJLFojjlyCo0ex4NmKbE8okjmGjmbkVkhDUm1kVUciEEyy+vktZFNahVL+9rlfpNHkcRTuAUziGAK6jDHTSgCQQ4PMMrvHmP3ov37n0sWgtePnMMf+B9/gAH9o/5</latexit>

<latexit sha1_base64="0arUy7uFBgr2aiVtMX+5pNLK+CI="></latexit>
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<latexit sha1_base64="frhRtikUV45KYv+tnoxvbjgjRXg="></latexit>
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<latexit sha1_base64="mdfSH/q17XF0Rit6ijxKHlmlClg="></latexit>
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atom coupled to a coupled-cavity array

E

<latexit sha1_base64="Y7Mu/GT/xt2ceg0gXuTIkqGMyAI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wa+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZuFjNE=</latexit>
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<latexit sha1_base64="5zrKvnbqYm3pg3CnN88EO5DeVKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d9iv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgF5II1X</latexit>

Jt
<latexit sha1_base64="5zrKvnbqYm3pg3CnN88EO5DeVKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d9iv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgF5II1X</latexit>

Jt
<latexit sha1_base64="5zrKvnbqYm3pg3CnN88EO5DeVKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d9iv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgF5II1X</latexit>

Jt
<latexit sha1_base64="5zrKvnbqYm3pg3CnN88EO5DeVKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d9iv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgF5II1X</latexit>
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<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

<latexit sha1_base64="r6o8vHKEU1XGlZ1/jz/98q3g44g=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXsRTFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbmt564NiJWjzhOuB/RgRKhYBSt9FC56xVLbtmdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn80ik5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/8iVBJilyxxaIwlQRjMnub9IXmDOXYEsq0sLcSNqSaMrThFGwI3vLLq6RZKXvVcvX+olS7zuLIwwmcwjl4cAk1uIU6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8VAI0V</latexit>

2J

<latexit sha1_base64="vyKSnL/M3CJqh5s61veu6IzLc+I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BL+IponlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBSt9HBevusWim7JnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7NQJObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwyv/LFQSYpcsfmiMJUEYzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCN7iy8ukUS55lVLl/qJYvc7iyMExnMAZeHAJVbiFGtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8ffnSNTA==</latexit>

�2J

band

<latexit sha1_base64="GQOdTDQ4dx771nkePs448LXhA74=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRC9C0IvHCOaByRJmJ73JkHksM7NCWPIXXjwo4tW/8ebfOEn2oNGChqKqm+6uKOHMWN//8gorq2vrG8XN0tb2zu5eef+gZVSqKTSp4kp3ImKAMwlNyyyHTqKBiIhDOxrfzPz2I2jDlLy3kwRCQYaSxYwS66SHnhIwJH3/yu+XK37VnwP/JUFOKihHo1/+7A0UTQVISzkxphv4iQ0zoi2jHKalXmogIXRMhtB1VBIBJszmF0/xiVMGOFbalbR4rv6cyIgwZiIi1ymIHZllbyb+53VTG1+GGZNJakHSxaI45dgqPHsfD5gGavnEEUI1c7diOiKaUOtCKrkQguWX/5LWWTWoVWt355X6dR5HER2hY3SKAnSB6ugWNVATUSTRE3pBr57xnr03733RWvDymUP0C97HN7DjkEo=</latexit>

!0 = 0
<latexit sha1_base64="8gNLRqMUOvRBckZMHfngzfVkJ1U=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktUr0IRS/iqYL9gO1Ssmm2Dc0mS5IVytKf4cWDIl79Nd78N6btHrT1wcDjvRlm5oUJZ9q47rdTWFvf2Nwqbpd2dvf2D8qHR20tU0Voi0guVTfEmnImaMsww2k3URTHIaedcHw78ztPVGkmxaOZJDSI8VCwiBFsrOT3ZEyHuO9e1+775YpbdedAq8TLSQVyNPvlr95AkjSmwhCOtfY9NzFBhpVhhNNpqZdqmmAyxkPqWypwTHWQzU+eojOrDFAklS1h0Fz9PZHhWOtJHNrOGJuRXvZm4n+en5roKsiYSFJDBVksilKOjESz/9GAKUoMn1iCiWL2VkRGWGFibEolG4K3/PIqadeqXr1af7ioNG7yOIpwAqdwDh5cQgPuoAktICDhGV7hzTHOi/PufCxaC04+cwx/4Hz+AEx7kKA=</latexit>

!0 = 2J
<latexit sha1_base64="NUSaOX100V8T7aQ4EmVCaPkGpAk=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8LbtFqxeh6EU8VbAf0K4lm07b0GyyJFmlLP0fXjwo4tX/4s1/Y9ruQVsfDDzem2FmXhhzpo3nfTtLyyura+u5jfzm1vbObmFvv65loijUqORSNUOigTMBNcMMh2asgEQhh0Y4vJ74jUdQmklxb0YxBBHpC9ZjlBgrPbRlBH3S8S5Lrnd22ykUPdebAi8SPyNFlKHaKXy1u5ImEQhDOdG65XuxCVKiDKMcxvl2oiEmdEj60LJUkAh0kE6vHuNjq3RxTypbwuCp+nsiJZHWoyi0nRExAz3vTcT/vFZiehdBykScGBB0tqiXcGwknkSAu0wBNXxkCaGK2VsxHRBFqLFB5W0I/vzLi6Recv2yW747LVausjhy6BAdoRPko3NUQTeoimqIIoWe0St6c56cF+fd+Zi1LjnZzAH6A+fzB6WMkVE=</latexit>

!0 = 2.05J
<latexit sha1_base64="aqs1LB79n4XlGF3y4M2jL10MCc0=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgadktUr0IRS/iqYL9gHYp2XS2Dc0ma5ItlNLf4cWDIl79Md78N6btHrT1wcDjvRlm5oUJZ9p43reTW1vf2NzKbxd2dvf2D4qHRw0tU0WhTiWXqhUSDZwJqBtmOLQSBSQOOTTD4e3Mb45AaSbFoxknEMSkL1jEKDFWCjoyhj7petdlt3zfLZY815sDrxI/IyWUodYtfnV6kqYxCEM50brte4kJJkQZRjlMC51UQ0LokPShbakgMehgMj96is+s0sORVLaEwXP198SExFqP49B2xsQM9LI3E//z2qmJroIJE0lqQNDFoijl2Eg8SwD3mAJq+NgSQhWzt2I6IIpQY3Mq2BD85ZdXSaPs+hW38nBRqt5kceTRCTpF58hHl6iK7lAN1RFFT+gZvaI3Z+S8OO/Ox6I152Qzx+gPnM8fL1CRFA==</latexit>

!0 = 2.2J

<latexit sha1_base64="xhgdD6ngbIkDDeWOx4rxnhddXpA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI9SIUvYinCvYD2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NBJphjWWSIS1QqpRsEl1g03AlupQhqHApvh8HbqN59QaZ7IRzNKMYhpX/KIM2qs1Oxfe65P7rulsud6M5Bl4uekDDlq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxn507IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKrYMxlmhmUbL4oygQxCZn+TnpcITNiZAllittbCRtQRZmxCRVtCP7iy8ukce76FbfycFGu3uRxFOAYTuAMfLiEKtxBDerAYAjP8ApvTuq8OO/Ox7x1xclnjuAPnM8fiOmOaA==</latexit>

g = 0.1J

<latexit sha1_base64="n7WkI1xHhvIqhHORHVwlvFvzr4U="></latexit>
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<latexit sha1_base64="xhgdD6ngbIkDDeWOx4rxnhddXpA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI9SIUvYinCvYD2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NBJphjWWSIS1QqpRsEl1g03AlupQhqHApvh8HbqN59QaZ7IRzNKMYhpX/KIM2qs1Oxfe65P7rulsud6M5Bl4uekDDlq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxn507IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKrYMxlmhmUbL4oygQxCZn+TnpcITNiZAllittbCRtQRZmxCRVtCP7iy8ukce76FbfycFGu3uRxFOAYTuAMfLiEKtxBDerAYAjP8ApvTuq8OO/Ox7x1xclnjuAPnM8fiOmOaA==</latexit>

g = 0.1J
<latexit sha1_base64="xhgdD6ngbIkDDeWOx4rxnhddXpA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI9SIUvYinCvYD2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NBJphjWWSIS1QqpRsEl1g03AlupQhqHApvh8HbqN59QaZ7IRzNKMYhpX/KIM2qs1Oxfe65P7rulsud6M5Bl4uekDDlq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxn507IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKrYMxlmhmUbL4oygQxCZn+TnpcITNiZAllittbCRtQRZmxCRVtCP7iy8ukce76FbfycFGu3uRxFOAYTuAMfLiEKtxBDerAYAjP8ApvTuq8OO/Ox7x1xclnjuAPnM8fiOmOaA==</latexit>

g = 0.1J
<latexit sha1_base64="xhgdD6ngbIkDDeWOx4rxnhddXpA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI9SIUvYinCvYD2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NBJphjWWSIS1QqpRsEl1g03AlupQhqHApvh8HbqN59QaZ7IRzNKMYhpX/KIM2qs1Oxfe65P7rulsud6M5Bl4uekDDlq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxn507IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKrYMxlmhmUbL4oygQxCZn+TnpcITNiZAllittbCRtQRZmxCRVtCP7iy8ukce76FbfycFGu3uRxFOAYTuAMfLiEKtxBDerAYAjP8ApvTuq8OO/Ox7x1xclnjuAPnM8fiOmOaA==</latexit>

g = 0.1J

exponential decay fractional decay fractional decay dispersive regime

�

<latexit sha1_base64="daJ3KyfdKBV6jG2FlLJfAYt+/tM=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+8enF/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2MkjwQ=</latexit>

<latexit sha1_base64="5rTnUhewedeVjupOP0M/20u5nag=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiHjxWsB+QhLLZbtKlm92wOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzokxwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hcU9amSijdi4hhgkvWBg6C9TLNSBoJ1o1GtzO/+8S04Uo+wjhjYUoSyWNOCVjJD+6YABIkCU761Zpbd+fAq8QrSA0VaPWrX8FA0TxlEqggxviem0E4IRo4FWxaCXLDMkJHJGG+pZKkzIST+clTfGaVAY6VtiUBz9XfExOSGjNOI9uZEhiaZW8m/uf5OcTX4YTLLAcm6WJRnAsMCs/+xwOuGQUxtoRQze2tmA6JJhRsShUbgrf88irpXNS9Rr3xcFlr3hRxlNEJOkXnyENXqInuUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC8OpDq</latexit>

� � g

edge



two atoms coupled to a coupled-cavity array

E

<latexit sha1_base64="Y7Mu/GT/xt2ceg0gXuTIkqGMyAI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wa+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZuFjNE=</latexit>

0

<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

<latexit sha1_base64="r6o8vHKEU1XGlZ1/jz/98q3g44g=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXsRTFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbmt564NiJWjzhOuB/RgRKhYBSt9FC56xVLbtmdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn80ik5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/8iVBJilyxxaIwlQRjMnub9IXmDOXYEsq0sLcSNqSaMrThFGwI3vLLq6RZKXvVcvX+olS7zuLIwwmcwjl4cAk1uIU6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8VAI0V</latexit>

2J

<latexit sha1_base64="vyKSnL/M3CJqh5s61veu6IzLc+I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BL+IponlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBSt9HBevusWim7JnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7NQJObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwyv/LFQSYpcsfmiMJUEYzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCN7iy8ukUS55lVLl/qJYvc7iyMExnMAZeHAJVbiFGtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8ffnSNTA==</latexit>

�2J

band

�

<latexit sha1_base64="daJ3KyfdKBV6jG2FlLJfAYt+/tM=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+8enF/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2MkjwQ=</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

He↵ =
X

ij

Kij�
†
j�i with Kij =

1
2

X

k

gikg
⇤
jk

!0�!k

<latexit sha1_base64="JBmGTHZbczupVWlggaiCcn1nf0k="></latexit>

exponential inter-atomic potential

atom i atom j

edge

dispersive regime
<latexit sha1_base64="5rTnUhewedeVjupOP0M/20u5nag=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiHjxWsB+QhLLZbtKlm92wOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzokxwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hcU9amSijdi4hhgkvWBg6C9TLNSBoJ1o1GtzO/+8S04Uo+wjhjYUoSyWNOCVjJD+6YABIkCU761Zpbd+fAq8QrSA0VaPWrX8FA0TxlEqggxviem0E4IRo4FWxaCXLDMkJHJGG+pZKkzIST+clTfGaVAY6VtiUBz9XfExOSGjNOI9uZEhiaZW8m/uf5OcTX4YTLLAcm6WJRnAsMCs/+xwOuGQUxtoRQze2tmA6JJhRsShUbgrf88irpXNS9Rr3xcFlr3hRxlNEJOkXnyENXqInuUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC8OpDq</latexit>

� � g <latexit sha1_base64="YpI3J0cvsQaAZhCKZh2Tk5CtGgg="></latexit>

Kij /
g2p
J�

e�
|i�j|

�

<latexit sha1_base64="bZY79YPdQbYspN+7KaJOHS/ohWY=">AAACCHicbVDLSsNAFJ3UV62vqEsXBovgqiQi1Y1Q1IW4qmAf0IQymUzaoZNJnLkRSsjSjb/ixoUibv0Ed/6N08dCWw8MHM45lzv3+AlnCmz72ygsLC4trxRXS2vrG5tb5vZOU8WpJLRBYh7Lto8V5UzQBjDgtJ1IiiOf05Y/uBz5rQcqFYvFHQwT6kW4J1jICAYtdc19l+twgM9ddS8hc0OJSXaTZ+4V5YDzvGuW7Yo9hjVPnCkpoynqXfPLDWKSRlQA4VipjmMn4GVYAiOc5iU3VTTBZIB7tKOpwBFVXjY+JLcOtRJYYSz1E2CN1d8TGY6UGka+TkYY+mrWG4n/eZ0UwjMvYyJJgQoyWRSm3ILYGrViBUxSAnyoCSaS6b9apI91F6C7K+kSnNmT50nzuOJUK9Xbk3LtYlpHEe2hA3SEHHSKauga1VEDEfSIntErejOejBfj3fiYRAvGdGYX/YHx+QPIBZp8</latexit>

� =

r
J

�
interaction range

<latexit sha1_base64="fUIy4QXzpf+Y0tBVa2PGE5JPfiA=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9VjUg8cK9gPaUDbbTbt2swm7E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ilZveWS6S9UtmtuDOQZeLlpAw56r3SV7cfszTiCpmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LFU04sbPZtdOyKlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6OukLzRnKsSWUaWFvJWxINWVoAyraELzFl5dJ87ziVSvV+4ty7TqPowDHcAJn4MEl1OAO6tAABo/wDK/w5sTOi/PufMxbV5x85gj+wPn8AWQejwc=</latexit>

� experimentally tunable
<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

� experimentally tunable

Douglas et al, Nat. Photon 2015

Sundaresan et al, PRX 2019; Scigliuzzo et al PRX 20223 Tabares et al., PRL 2023

shown to be a resource for 
variational quantum simulators



general model of an atom coupled to a photonic bath:

<latexit sha1_base64="hlFf+OmYxVa08aSkVV5D3whH4TI="></latexit>

HB =
X

x

!xb
†
xbx +

X

x 6=x0

Jxx0b
†
xbx0with

<latexit sha1_base64="CyBv9txLYogojyPpylwPSVOChB0="></latexit>

H = !0�+�� +HB + g(��b
†
v +H.c.)

<latexit sha1_base64="V3237m31Xxt5abRP0E/99RgtnBU="></latexit>

|ei|vaci ! |ei , |gi b†x|vaci ! |xisingle-excitation sector:
excitation 

on the atom
excitation 
on cavity x

general (single-excitation) «dressed state»:

with
<latexit sha1_base64="BATJ8rI60ZrheIBeeVY/xMAHaXg=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhV2RaCMEbVJGMA/IhjA7ubsZMjuzzMwKIaa28VdsLBSx9Qvs/BsnjyImHrhwOOde7r0nSDjTxnV/nMzK6tr6RnYzt7W9s7uX3z+oa5kqCjUquVTNgGjgTEDNMMOhmSggccChEfRvx37jAZRmUtybQQLtmESChYwSY6VO/rjy6Fc18xUREYdrX8YQETyvdfIFt+hOgJeJNyMFNEO1k//2u5KmMQhDOdG65bmJaQ+JMoxyGOX8VENCaJ9E0LJUkBh0ezh5ZYRPrdLFoVS2hMETdX5iSGKtB3FgO2NienrRG4v/ea3UhFftIRNJakDQ6aIw5dhIPM4Fd5kCavjAEkIVs7di2iOKUGPTy9kQvMWXl0n9vOiViqW7i0L5ZhZHFh2hE3SGPHSJyqiCqqiGKHpCL+gNvTvPzqvz4XxOWzPObOYQ/YHz9Qtm65q8</latexit>

H| i = !| i
single-photon state:

atom-photon bound state:
<latexit sha1_base64="0LobvUThShG7r/+Pkm3ah18GfP8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N0KJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCalGwSU2DTcCO4lCGoUC2+H4dua3H1FpHssHM0kwiOhQ8gFn1FjJf/IbmvuKyqHAXrniVt05yCrxclKBHI1e+cvvxyyNUBomqNZdz01MkFFlOBM4LfmpxoSyMR1i11JJI9RBNr95Ss6s0ieDWNmShszV3xMZjbSeRKHtjKgZ6WVvJv7ndVMzuA4yLpPUoGSLRYNUEBOTWQCkzxUyIyaWUKa4vZWwEVWUGRtTyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjBI4Ble4c1JnRfn3flYtBacfOYY/sD5/AE+LZHW</latexit>

| i normalizable 

normalization 
factor

<latexit sha1_base64="PW34fiINzLqW1WIcTweinKyZV+8=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSCIRdgViTZCiE3KiOYB2RBmJzfJkJnZZWZWCGv+wcZfsbFQxNbGzr9x8ihi4oELh3Pu5d57gogzbVz3x0mtrK6tb6Q3M1vbO7t72f2Dmg5jRaFKQx6qRkA0cCahapjh0IgUEBFwqAeDm7FffwClWSjvzTCCliA9ybqMEmOldvas/OhXNPMVkT0O134ooEfaia8ELt2N8LzZzubcvDsBXibejOTQDJV29tvvhDQWIA3lROum50amlRBlGOUwyvixhojQAelB01JJBOhWMvlphE+s0sHdUNmSBk/U+YmECK2HIrCdgpi+XvTG4n9eMzbdq1bCZBQbkHS6qBtzbEI8Dgh3mAJq+NASQhWzt2LaJ4pQY2PM2BC8xZeXSe087xXyhduLXLE0iyONjtAxOkUeukRFVEYVVEUUPaEX9IbenWfn1flwPqetKWc2c4j+wPn6BSyrnl0=</latexit>

H| i = !BS| iwith

<latexit sha1_base64="MbR1MmZolPfnuwGZ+sl3coFBXD4=">AAACD3icbZC7SgNBFIZnvcZ4W7W0GQyKVdgViTZC0MYygrlAdglnJ5NkyOzsMjMrCZu8gY2vYmOhiK2tnW/jJNlCEw8MfPz/OZw5fxBzprTjfFtLyyura+u5jfzm1vbOrr23X1NRIgmtkohHshGAopwJWtVMc9qIJYUw4LQe9G8mfv2BSsUica+HMfVD6ArWYQS0kVr2yciLFfMkiC6nV55KwtYAe8DjHhgYDTKnZRecojMtvAhuBgWUVaVlf3ntiCQhFZpwUKrpOrH2U5CaEU7HeS9RNAbShy5tGhQQUuWn03vG+NgobdyJpHlC46n6eyKFUKlhGJjOEHRPzXsT8T+vmejOpZ8yESeaCjJb1Ek41hGehIPbTFKi+dAAEMnMXzHpgQSiTYR5E4I7f/Ii1M6KbqlYujsvlK+zOHLoEB2hU+SiC1RGt6iCqoigR/SMXtGb9WS9WO/Wx6x1ycpmDtCfsj5/AN2znTI=</latexit>

| i =
X

x

↵x|xi

<latexit sha1_base64="tIYqO1m6ma+myfTBwcOpAQN0dSg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gOaUDbbabt0s1l2N0KJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+ncLa+sbmVnG7tLO7t39QPjxq6SRVFJs04YnqREQjZwKbhhmOHamQxBHHdjS+nfntR1SaJeLBTCSGMRkKNmCUGCsFT4HULFBEDDn2yhWv6s3hrhI/JxXI0eiVv4J+QtMYhaGcaN31PWnCjCjDKMdpKUg1SkLHZIhdSwWJUYfZ/Oape2aVvjtIlC1h3Ln6eyIjsdaTOLKdMTEjvezNxP+8bmoG12HGhEwNCrpYNEi5axJ3FoDbZwqp4RNLCFXM3urSEVGEGhtTyYbgL7+8SloXVb9Wrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlCQ8Ayv8Oakzovz7nwsWgtOPnMMf+B8/gBvzZH2</latexit>

| i spatially localized statein fact:

example 1: BS in cavity-QED

JC dressed states:

<latexit sha1_base64="LYMNvfDiBaXvunQkFbGql51e4TQ=">AAACCHicbVA9SwNBEN3z2/gVtbRwMQg2hrsgaiOIWlgqGBVyIcxt5pLFvb1jd04IR0ob/4qNhSK2/gQ7/42bmMKvBwOP92aYmRdlSlry/Q9vbHxicmp6ZrY0N7+wuFReXrm0aW4E1kWqUnMdgUUlNdZJksLrzCAkkcKr6OZ44F/dorEy1RfUy7CZQEfLWAogJ7XK6yGB5iF1keBgO6TYgChqnX4RnqAi6LfKFb/qD8H/kmBEKmyEs1b5PWynIk9Qk1BgbSPwM2oWYEgKhf1SmFvMQNxABxuOakjQNovhI32+6ZQ2j1PjShMfqt8nCkis7SWR60yAuva3NxD/8xo5xfvNQuosJ9Tia1GcK04pH6TC29KgINVzBISR7lYuuuCyIJddyYUQ/H75L7msVYPd6u75TuXwaBTHDFtjG2yLBWyPHbJTdsbqTLA79sCe2LN37z16L97rV+uYN5pZZT/gvX0Cok2Zwg==</latexit>

tan ✓ = � 2g
�

<latexit sha1_base64="2zvaAYE6vp5IL7w6DCNEFGUR1D8="></latexit>

| +i = sin ✓
2 |ei+ cos ✓

2 |vi , | �i = cos ✓
2 |ei � sin ✓

2 |vi

atom-photon bound state

<latexit sha1_base64="RnX4bPP3kic+T1bjyKFo4btrZTc="></latexit>

!BS,± = !c +
�
2 ±

q
g2 +

�
�
2

�2

<latexit sha1_base64="upyUa7zLeQrCJEb9uH0E8QPqM7A=">AAACFHicbVDLSgMxFM3UV62vUZduBosgFMqMSHVZdOOygn1AZyiZ9LYNzWRCkhHKtB/hxl9x40IRty7c+Tem7SDaeiBwOOdebs4JBaNKu+6XlVtZXVvfyG8WtrZ3dvfs/YOGihNJoE5iFstWiBUwyqGuqWbQEhJwFDJohsPrqd+8B6lozO/0SEAQ4T6nPUqwNlLHLo39mqK+xLzPwBcyFjp2xpAJpf7YFz92xy66ZXcGZ5l4GSmiDLWO/el3Y5JEwDVhWKm25wodpFhqShhMCn6iQGAyxH1oG8pxBCpIZ6EmzolRuk4vluZx7czU3xspjpQaRaGZjLAeqEVvKv7ntRPduwxSykWigZP5oV7CHBN82pDTpRKIZiNDMJHU/NUhAywx0abHginBW4y8TBpnZa9SrtyeF6tXWR15dISO0Sny0AWqohtUQ3VE0AN6Qi/o1Xq0nq03630+mrOynUP0B9bHN0tSn54=</latexit>

| i / |ei+ g| i

<latexit sha1_base64="bR56gv42lsmyS1DtyPWOw8zxPKs=">AAACKXicbVDLSgMxFM3UV62vqks3wSJUhDIjUt0IpW5cSUX7gE4pmfS2Dc1khiQjlGl/x42/4kZBUbf+iGk7C209EDiccy4393ghZ0rb9qeVWlpeWV1Lr2c2Nre2d7K7ezUVRJJClQY8kA2PKOBMQFUzzaERSiC+x6HuDa4mfv0BpGKBuNfDEFo+6QnWZZRoI7WzpZFbUawdu9LH5buxK4nocbiMXUo4vhnnR5BIJ72RGy4mj9vZnF2wp8CLxElIDiWotLOvbiegkQ9CU06Uajp2qFsxkZpRDuOMGykICR2QHjQNFcQH1Yqnl47xkVE6uBtI84TGU/X3REx8pYa+Z5I+0X01703E/7xmpLsXrZiJMNIg6GxRN+JYB3hSG+4wCVTzoSGESmb+immfSEK1KTdjSnDmT14ktdOCUywUb89ypXJSRxodoEOURw46RyV0jSqoiih6RM/oDb1bT9aL9WF9zaIpK5nZR39gff8AceCnXg==</latexit>

| BSi = N (|ei+ g| BSi)

<latexit sha1_base64="5rTnUhewedeVjupOP0M/20u5nag=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiHjxWsB+QhLLZbtKlm92wOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzokxwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hcU9amSijdi4hhgkvWBg6C9TLNSBoJ1o1GtzO/+8S04Uo+wjhjYUoSyWNOCVjJD+6YABIkCU761Zpbd+fAq8QrSA0VaPWrX8FA0TxlEqggxviem0E4IRo4FWxaCXLDMkJHJGG+pZKkzIST+clTfGaVAY6VtiUBz9XfExOSGjNOI9uZEhiaZW8m/uf5OcTX4YTLLAcm6WJRnAsMCs/+xwOuGQUxtoRQze2tmA6JJhRsShUbgrf88irpXNS9Rr3xcFlr3hRxlNEJOkXnyENXqInuUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC8OpDq</latexit>

� � g



example 2: BS in a coupled-cavity array

atom

g

<latexit sha1_base64="J8kF+eyoxq5fZZjcbxmkZghtO+U=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzw2M8w==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

single-photon localized states !

<latexit sha1_base64="uw5H7pyjtY7pGSs3sloRnNL4aGM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0IPtuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwD+c42g</latexit>n0

<latexit sha1_base64="Wf9UTymZCLngdlJ4ts+uV3GJD6w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUHvYkPhK3X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwClmI8i</latexit>

g 6= 0
<latexit sha1_base64="bR56gv42lsmyS1DtyPWOw8zxPKs=">AAACKXicbVDLSgMxFM3UV62vqks3wSJUhDIjUt0IpW5cSUX7gE4pmfS2Dc1khiQjlGl/x42/4kZBUbf+iGk7C209EDiccy4393ghZ0rb9qeVWlpeWV1Lr2c2Nre2d7K7ezUVRJJClQY8kA2PKOBMQFUzzaERSiC+x6HuDa4mfv0BpGKBuNfDEFo+6QnWZZRoI7WzpZFbUawdu9LH5buxK4nocbiMXUo4vhnnR5BIJ72RGy4mj9vZnF2wp8CLxElIDiWotLOvbiegkQ9CU06Uajp2qFsxkZpRDuOMGykICR2QHjQNFcQH1Yqnl47xkVE6uBtI84TGU/X3REx8pYa+Z5I+0X01703E/7xmpLsXrZiJMNIg6GxRN+JYB3hSG+4wCVTzoSGESmb+immfSEK1KTdjSnDmT14ktdOCUywUb89ypXJSRxodoEOURw46RyV0jSqoiih6RM/oDb1bT9aL9WF9zaIpK5nZR39gff8AceCnXg==</latexit>

| BSi = N (|ei+ g| BSi)

E

<latexit sha1_base64="Y7Mu/GT/xt2ceg0gXuTIkqGMyAI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wa+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZuFjNE=</latexit>

0

<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

<latexit sha1_base64="r6o8vHKEU1XGlZ1/jz/98q3g44g=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXsRTFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbmt564NiJWjzhOuB/RgRKhYBSt9FC56xVLbtmdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn80ik5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/8iVBJilyxxaIwlQRjMnub9IXmDOXYEsq0sLcSNqSaMrThFGwI3vLLq6RZKXvVcvX+olS7zuLIwwmcwjl4cAk1uIU6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8VAI0V</latexit>

2J

<latexit sha1_base64="vyKSnL/M3CJqh5s61veu6IzLc+I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BL+IponlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBSt9HBevusWim7JnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7NQJObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwyv/LFQSYpcsfmiMJUEYzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCN7iy8ukUS55lVLl/qJYvc7iyMExnMAZeHAJVbiFGtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8ffnSNTA==</latexit>

�2J

band

<latexit sha1_base64="eWLUPw8TUgbqCMSCfmnNntm/vI4=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRKR6rLUjcuK9gFNCJPppB06jzAzEWrol7hxoYhbP8Wdf+O0zUJbD1w4nHMv994Tp4xq43nfztr6xubWdmmnvLu3f1BxD486WmYKkzaWTKpejDRhVJC2oYaRXqoI4jEj3Xh8M/O7j0RpKsWDmaQk5GgoaEIxMlaK3EogORmiKA8Uh837aeRWvZo3B1wlfkGqoEArcr+CgcQZJ8JghrTu+15qwhwpQzEj03KQaZIiPEZD0rdUIE50mM8Pn8IzqwxgIpUtYeBc/T2RI671hMe2kyMz0sveTPzP62cmuQ5zKtLMEIEXi5KMQSPhLAU4oIpgwyaWIKyovRXiEVIIG5tV2YbgL7+8SjoXNb9eq99dVhvNIo4SOAGn4Bz44Ao0wC1ogTbAIAPP4BW8OU/Oi/PufCxa15xi5hj8gfP5A3NSkvg=</latexit>!BS

exponential shape

<latexit sha1_base64="YpI3J0cvsQaAZhCKZh2Tk5CtGgg="></latexit>

Kij /
g2p
J�

e�
|i�j|

�

<latexit sha1_base64="bZY79YPdQbYspN+7KaJOHS/ohWY=">AAACCHicbVDLSsNAFJ3UV62vqEsXBovgqiQi1Y1Q1IW4qmAf0IQymUzaoZNJnLkRSsjSjb/ixoUibv0Ed/6N08dCWw8MHM45lzv3+AlnCmz72ygsLC4trxRXS2vrG5tb5vZOU8WpJLRBYh7Lto8V5UzQBjDgtJ1IiiOf05Y/uBz5rQcqFYvFHQwT6kW4J1jICAYtdc19l+twgM9ddS8hc0OJSXaTZ+4V5YDzvGuW7Yo9hjVPnCkpoynqXfPLDWKSRlQA4VipjmMn4GVYAiOc5iU3VTTBZIB7tKOpwBFVXjY+JLcOtRJYYSz1E2CN1d8TGY6UGka+TkYY+mrWG4n/eZ0UwjMvYyJJgQoyWRSm3ILYGrViBUxSAnyoCSaS6b9apI91F6C7K+kSnNmT50nzuOJUK9Xbk3LtYlpHEe2hA3SEHHSKauga1VEDEfSIntErejOejBfj3fiYRAvGdGYX/YHx+QPIBZp8</latexit>

� =

r
J

�

localization length

<latexit sha1_base64="KX8d/+zuKLfnUHTO0502+oEvA8g="></latexit>

 BS(n) =
(�1)|n�n0|

2
p
J�

e�
|n�n0|

� ..recall:



connection to fractional decay
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<latexit sha1_base64="5zrKvnbqYm3pg3CnN88EO5DeVKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d9iv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgF5II1X</latexit>

Jt
<latexit sha1_base64="5zrKvnbqYm3pg3CnN88EO5DeVKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d9iv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgF5II1X</latexit>

Jt
<latexit sha1_base64="5zrKvnbqYm3pg3CnN88EO5DeVKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d9iv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgF5II1X</latexit>

Jt

<latexit sha1_base64="xhgdD6ngbIkDDeWOx4rxnhddXpA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI9SIUvYinCvYD2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NBJphjWWSIS1QqpRsEl1g03AlupQhqHApvh8HbqN59QaZ7IRzNKMYhpX/KIM2qs1Oxfe65P7rulsud6M5Bl4uekDDlq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxn507IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKrYMxlmhmUbL4oygQxCZn+TnpcITNiZAllittbCRtQRZmxCRVtCP7iy8ukce76FbfycFGu3uRxFOAYTuAMfLiEKtxBDerAYAjP8ApvTuq8OO/Ox7x1xclnjuAPnM8fiOmOaA==</latexit>

g = 0.1J
<latexit sha1_base64="xhgdD6ngbIkDDeWOx4rxnhddXpA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI9SIUvYinCvYD2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NBJphjWWSIS1QqpRsEl1g03AlupQhqHApvh8HbqN59QaZ7IRzNKMYhpX/KIM2qs1Oxfe65P7rulsud6M5Bl4uekDDlq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxn507IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKrYMxlmhmUbL4oygQxCZn+TnpcITNiZAllittbCRtQRZmxCRVtCP7iy8ukce76FbfycFGu3uRxFOAYTuAMfLiEKtxBDerAYAjP8ApvTuq8OO/Ox7x1xclnjuAPnM8fiOmOaA==</latexit>

g = 0.1J
<latexit sha1_base64="xhgdD6ngbIkDDeWOx4rxnhddXpA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI9SIUvYinCvYD2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NBJphjWWSIS1QqpRsEl1g03AlupQhqHApvh8HbqN59QaZ7IRzNKMYhpX/KIM2qs1Oxfe65P7rulsud6M5Bl4uekDDlq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxn507IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKrYMxlmhmUbL4oygQxCZn+TnpcITNiZAllittbCRtQRZmxCRVtCP7iy8ukce76FbfycFGu3uRxFOAYTuAMfLiEKtxBDerAYAjP8ApvTuq8OO/Ox7x1xclnjuAPnM8fiOmOaA==</latexit>

g = 0.1J

exponential decay fractional decay

E

<latexit sha1_base64="Y7Mu/GT/xt2ceg0gXuTIkqGMyAI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wa+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZuFjNE=</latexit>

0

<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

<latexit sha1_base64="r6o8vHKEU1XGlZ1/jz/98q3g44g=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXsRTFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbmt564NiJWjzhOuB/RgRKhYBSt9FC56xVLbtmdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn80ik5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/8iVBJilyxxaIwlQRjMnub9IXmDOXYEsq0sLcSNqSaMrThFGwI3vLLq6RZKXvVcvX+olS7zuLIwwmcwjl4cAk1uIU6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8VAI0V</latexit>

2J

<latexit sha1_base64="vyKSnL/M3CJqh5s61veu6IzLc+I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BL+IponlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBSt9HBevusWim7JnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7NQJObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwyv/LFQSYpcsfmiMJUEYzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCN7iy8ukUS55lVLl/qJYvc7iyMExnMAZeHAJVbiFGtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8ffnSNTA==</latexit>

�2J

band

E

<latexit sha1_base64="Y7Mu/GT/xt2ceg0gXuTIkqGMyAI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wa+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZuFjNE=</latexit>

0

<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

<latexit sha1_base64="r6o8vHKEU1XGlZ1/jz/98q3g44g=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXsRTFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbmt564NiJWjzhOuB/RgRKhYBSt9FC56xVLbtmdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn80ik5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/8iVBJilyxxaIwlQRjMnub9IXmDOXYEsq0sLcSNqSaMrThFGwI3vLLq6RZKXvVcvX+olS7zuLIwwmcwjl4cAk1uIU6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8VAI0V</latexit>

2J

<latexit sha1_base64="vyKSnL/M3CJqh5s61veu6IzLc+I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BL+IponlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBSt9HBevusWim7JnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7NQJObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwyv/LFQSYpcsfmiMJUEYzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCN7iy8ukUS55lVLl/qJYvc7iyMExnMAZeHAJVbiFGtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8ffnSNTA==</latexit>

�2J

band

E

<latexit sha1_base64="Y7Mu/GT/xt2ceg0gXuTIkqGMyAI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wa+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZuFjNE=</latexit>

0

<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

<latexit sha1_base64="r6o8vHKEU1XGlZ1/jz/98q3g44g=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXsRTFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbmt564NiJWjzhOuB/RgRKhYBSt9FC56xVLbtmdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn80ik5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/8iVBJilyxxaIwlQRjMnub9IXmDOXYEsq0sLcSNqSaMrThFGwI3vLLq6RZKXvVcvX+olS7zuLIwwmcwjl4cAk1uIU6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8VAI0V</latexit>

2J

<latexit sha1_base64="vyKSnL/M3CJqh5s61veu6IzLc+I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BL+IponlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBSt9HBevusWim7JnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7NQJObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwyv/LFQSYpcsfmiMJUEYzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCN7iy8ukUS55lVLl/qJYvc7iyMExnMAZeHAJVbiFGtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8ffnSNTA==</latexit>

�2J

dispersive regime

no BS!

at
om

 p
op

ul
at

io
n



weak-coupling BS

atom

g

<latexit sha1_base64="J8kF+eyoxq5fZZjcbxmkZghtO+U=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzw2M8w==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

single-photon localized states !i

E

<latexit sha1_base64="Y7Mu/GT/xt2ceg0gXuTIkqGMyAI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wa+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZuFjNE=</latexit>

0

<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

<latexit sha1_base64="r6o8vHKEU1XGlZ1/jz/98q3g44g=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXsRTFPOAZAmzk9lkyOzsMtMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbmt564NiJWjzhOuB/RgRKhYBSt9FC56xVLbtmdg6wSLyMlyFDvFb+6/ZilEVfIJDWm47kJ+hOqUTDJp4VuanhC2YgOeMdSRSNu/Mn80ik5s0qfhLG2pZDM1d8TExoZM44C2xlRHJplbyb+53VSDK/8iVBJilyxxaIwlQRjMnub9IXmDOXYEsq0sLcSNqSaMrThFGwI3vLLq6RZKXvVcvX+olS7zuLIwwmcwjl4cAk1uIU6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8VAI0V</latexit>

2J

<latexit sha1_base64="vyKSnL/M3CJqh5s61veu6IzLc+I=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BL+IponlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBSt9HBevusWim7JnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7NQJObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwyv/LFQSYpcsfmiMJUEYzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCN7iy8ukUS55lVLl/qJYvc7iyMExnMAZeHAJVbiFGtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8ffnSNTA==</latexit>

�2J

band

<latexit sha1_base64="eWLUPw8TUgbqCMSCfmnNntm/vI4=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRKR6rLUjcuK9gFNCJPppB06jzAzEWrol7hxoYhbP8Wdf+O0zUJbD1w4nHMv994Tp4xq43nfztr6xubWdmmnvLu3f1BxD486WmYKkzaWTKpejDRhVJC2oYaRXqoI4jEj3Xh8M/O7j0RpKsWDmaQk5GgoaEIxMlaK3EogORmiKA8Uh837aeRWvZo3B1wlfkGqoEArcr+CgcQZJ8JghrTu+15qwhwpQzEj03KQaZIiPEZD0rdUIE50mM8Pn8IzqwxgIpUtYeBc/T2RI671hMe2kyMz0sveTPzP62cmuQ5zKtLMEIEXi5KMQSPhLAU4oIpgwyaWIKyovRXiEVIIG5tV2YbgL7+8SjoXNb9eq99dVhvNIo4SOAGn4Bz44Ao0wC1ogTbAIAPP4BW8OU/Oi/PufCxa15xi5hj8gfP5A3NSkvg=</latexit>!BS

very small   : 

<latexit sha1_base64="GP4F6sbSfod3uZctz4qbjibDMeQ=">AAACJ3icbVDNSgMxGMz6W+vfqkcvwSIIStkVqZ5E9OKxorVCt5Rs+rUNTbJrkhXKtm/jxVfxIqiIHn0T03YP2joQmMzMR/JNGHOmjed9OTOzc/MLi7ml/PLK6tq6u7F5q6NEUajQiEfqLiQaOJNQMcxwuIsVEBFyqIbdi6FffQClWSRvTC+GuiBtyVqMEmOlhnvaD8qaNdJACXx+PQgUkW0OgWYC7nEfsvt+OzjoB/F0sOEWvKI3Ap4mfkYKKEO54b4GzYgmAqShnGhd873Y1FOiDKMcBvkg0RAT2iVtqFkqiQBdT0d7DvCuVZq4FSl7pMEj9fdESoTWPRHapCCmoye9ofifV0tM66SeMhknBiQdP9RKODYRHpaGm0wBNbxnCaGK2b9i2iGKUGOrzdsS/MmVp8ntYdEvFUtXR4Wz86yOHNpGO2gP+egYnaFLVEYVRNEjekZv6N15cl6cD+dzHJ1xspkt9AfO9w90OKbt</latexit>

| BSi ' |ei+ g | BSi
<latexit sha1_base64="JWIF0ihYtFOfjnj5+Hfu3Y8iJVI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqDPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD0AeM9g==</latexit>g (to the lowest  non-trivial order)

<latexit sha1_base64="M9p8SCnj6yH9GgBsRGOo5oDtprI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBKR6rHUi8eK9gOaEDbbabt0N4m7G6GE3rz4V7x4UMSrf8Gb/8Ztm4O2Phh4vDfDzLww4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+p4lRSaNCYx7IdEgWcRdDQTHNoJxKICDm0wuHVxG89gFQsju70KAFfkH7EeowSbaTAPvJiAX0SZJ4UuHY79hQTcI9z1QnsklN2psCLxM1JCeWoB/aX141pKiDSlBOlOq6TaD8jUjPKYVz0UgUJoUPSh46hERGg/Gz6xxifGKWLe7E0FWk8VX9PZEQoNRKh6RRED9S8NxH/8zqp7l36GYuSVENEZ4t6Kcc6xpNQcJdJoJqPDCFUMnMrpgMiCdUmuqIJwZ1/eZE0z8pupVy5OS9Va3kcBXSIjtEpctEFqqJrVEcNRNEjekav6M16sl6sd+tj1rpk5TMH6A+szx+L+Jkd</latexit>!BS ' !0

general property (provided that BS exists)



<latexit sha1_base64="hlFf+OmYxVa08aSkVV5D3whH4TI="></latexit>

HB =
X

x

!xb
†
xbx +

X

x 6=x0

Jxx0b
†
xbx0with

decoherence-free Hamiltonian & BS
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the qubits and show that, even in the presence of a waveguide, giant 
atoms can be used to perform coherent quantum operations.

Our devices consist of two frequency-tunable transmon qubits30, Qa 
and Qb, each of which is coupled to a superconducting resonator for 
dispersive readout31. The signal from the resonators is first amplified 
by a travelling-wave parametric amplifier32 to maximize the readout 
efficiency. We construct giant atoms of the form shown in Fig. 1b by 
coupling the qubits to a 50-Ω coplanar waveguide at two locations. 
The qubits are coupled to the waveguide in a braided manner, as shown 
in Fig. 1c, d, such that the first coupling point of qubit Qb at x1

b is centred 
between the coupling points of qubit Qa at x1

a and x2
a. Photons in the 

waveguide will experience a phase shift φ = 2π∆x/λ(ω) between neigh-
bouring coupling points, depending on the spatial separation between 
successive coupling points ∆x and the wavelength λ(ω) for modes at 
the qubit frequencies ω = ωa,b. The phase φ can then be tuned in situ by 
changing the qubit frequencies, and thereby the wavelength 
λ(ω) = 2πv/ω, where v is the speed of light in the waveguide. The device 
is designed symmetrically such that x x x x x x x∆ = − = − = −1

b
1
a

2
a

1
b

2
b

2
a . 

Moreover, the individual physical couplings between the qubits and 
the waveguide are designed to be of equal strength, γ(ω) = γ0(ω/ω0)2, 
where γ0 is the coupling strength at a reference frequency ω0. Under 
these conditions, the interaction Hamiltonian between the qubits and 
the waveguide is

∗∑H ħ J ω σ a A ω a A ω^ = ( ) ^ [ ^ ( ) + ^ ( ) + h.c.], (1)
k j

k x
j

k j k k j kI
,

( )
,L

†
,R

†

where the sum over k indexes the quasi-continuum of modes in the 
waveguide, j ∈ {a, b} is summed over the qubits and h.c. is the Hermitian 
conjugate. The coupling strength J(ωk) between the qubits and the kth 
mode of the waveguide determines the physical qubit–waveguide 
coupling at the qubit frequency ω,

γ ω J ω D ω( ) = 4π ( ) ( ), (2)2

where D(ω) is the density of states in the waveguide3. We further dis-
tinguish between left- and right-propagating waveguide modes with 
the subscripts L, R in the creation operators âk,L

†  and âk,R
† . The qubit 

Pauli X operators σ̂ x
j( ) mediate the excitation exchange to and from the 

qubits. The effect of coupling the qubits at multiple points along the 

waveguide is accounted for by modifying the complex coupling  
amplitude

∑A ω( ) = e . (3)j
n

ωx v−i /n
j( )

This is the sum over all phase factors for each connection point n ∈ {1, 2} 
of qubit Qj at positions xn

j( ) along the waveguide. This frequency- 
dependent amplitude captures all interference effects between the 
coupling points of both giant atoms.
To characterize this system, we first detune the qubits away from each 
other, such that |ωa – ωb| ≫ γ, and probe the properties of the giant 
atoms independently. The relaxation rates Γ T=1 1

−1 for the qubits are 
obtained by measuring the qubit energy relaxation time T1 as a function 
of the qubit frequency. We show three representative T1 traces in Fig. 2a 
for different qubit frequencies. The relaxation rates over a wide range 
of qubit frequencies are shown in Fig. 2b. For each qubit, the expression 
for Γ1 is11

Γ γ ω φ γ= 2 ( )[1 + cos(2 )] + , (4)1 nr

where γnr is the intrinsic ‘non-radiative’ qubit lifetime limited by decay 
channels other than loss into the waveguide33. The qubit relaxation rate 
depends strongly on the phase φ and, thereby, the qubit frequency. 
This is due to quantum interference between photons emitted into the 
waveguide at the two coupling points of the qubit. At 2φ = π, the qubit 
will, in effect, decouple from relaxation into the waveguide, owing 
to destructive interference. We observe this phenomenon when the 
qubit is set to the decoherence-free frequency ωDF/2π = 4.645 GHz. 
Here, the lifetime of the qubit is measured to be T1 = 31.5 µs, consistent 
with the typical lifetime of tunable transmon qubits in a cavity QED 
architecture34, despite its strong physical couplings to the continuum 
of modes in a waveguide. This indicates that the qubit relaxation into 
the waveguide is largely suppressed. The fitted theory curve of equa-
tion (4) in Fig. 2b is in good agreement with the measured data, from 
which γ0/2π = 2 MHz and γnr/2π ≈ 0.03 MHz at ω0 = ωDF are inferred. We 
perform the same measurement and fit on Qb to verify that its γ0 and 
ωDF are identical to those of Qa.

Next, we investigate waveguide-mediated qubit–qubit interactions. 
We extract the interaction strength from a fit to the avoided level 
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Fig. 1 | Giant atoms with superconducting qubits. a, A schematic diagram of a 
small atom. The small atom is treated as a point-like object because it is much 
smaller than λ, the wavelength of the mode it interacts with. b, A giant atom, 
formed by coupling a small atom to a mode at two discrete, distant locations.  
c, The configuration of two braided giant atoms, coupled twice to a waveguide 
with equal strength. The phase difference between coupling points 
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frequencies ω. d, e, A schematic diagram (d) and a false-colour optical 
micrograph image (e) of a device in the configuration shown in c. Each qubit 
(yellow) has a readout resonator (red) and flux line (green) for independent 
readout and flux control. The central waveguide (blue) is terminated to 50 Ω.

Quantum Sci. Technol. 10 (2025) 015057 L Leonforte et al

Figure 1. (a) Giant atom (two-level system of frequency ω0) non-locally coupled to a photonic bath Bmodeled as a set of coupled
cavities. There are only two coupling points in this example with coupling strengths g1 and g2. (b) Under a suitable mapping
(unitary Uχ on B) the giant atom can be transformed into a normal one featuring a single coupling point corresponding to the
single-photon state |χ⟩ (‘site state’).

non-Markovian phenomena [16–20]. Recently, the study of giant atoms was extended to the ultrastrong
coupling regime [21, 22].

While there exists already a significant body of literature on giant atoms in continuous waveguides, their
study in discrete structured baths and especially photonic lattices is still in the early stages [23–36]. In
particular, it was predicted formation of atom-photon bound states (BSs) and occurrence of DFHs, both in
and out of the continuum, in some specific coupled-cavity arrays. To the best of our knowledge, however, no
general study of giant-atom properties in amodel-independent fashion was carried out so far, i.e. without
considering a specific photonic bath structure, which appears an indispensable step to devise general criteria
for engineering future giant-atoms setups.

Another issue of methodological relevance, but which will turn out to have conceptual implications, is
the following. The most common approach adopted so far to investigate giant atoms in structured baths is to
apply the resolvent (i.e. Green’s-function) method [37, 38] to the case of multiple coupling points and use
the bath normal modes, which leads to a picture where the giant atom can be formally viewed as a normal
atom but with a modified coupling strength to each bath normal mode. One can ask whether some sort of
mapping to a normal (point-like) atom is possible even in real space and, if so, whether it brings any
advantage. While this entails dealing with local bath modes in place of normal ones, real-space approaches
proved powerful in a number of quantum optics problems (e.g. atom-photon scattering in waveguides). We
will show that this is the case even with giant atoms, allowing e.g. to bypass dealing explicitly with the Green’s
function in certain problems.

A further issue concerns DFHs: for normal atoms (local coupling) these are well-known to be mediated
by atom-photon BSs out of the continuum, typically within bandgaps of photonic lattices [38–42] and are
investigated both theoretically [43–50] and experimentally [51–53]. It is natural to ask whether an analogous
interpretation in terms of BSs can be made for DFHs of giant atoms, but in terms of BSs in the photonic
continuum (which cannot occur for normal atoms). This issue is far from being a merely theoretical
curiosity since (as will become clear later) it is deeply connected with the identification of a model- and
dimension-independent physical mechanism behind occurrence of DFHs, a task that has not been carried
out to date.

With the above motivations, in this paper we present a general theory of giant atoms in structured
photonic baths (having in mind mostly waveguides and photonic lattices of arbitrary dimension, even higher
than 1D). Despite the coupling is non-local, we first arrange the atom-field interaction Hamiltonian in a way
formally analogous to a normal atom by defining a fictitious giant-atom’s location (and a related
single-photon state), which depends on the pattern of coupling points and their interaction strengths. This is
used to derive a general and very compact expression of the atom-photon Green’s function (resolvent) in
terms of the bare bath Green’s function, which can be exploited to derive a number of quantum optics
properties. We apply this resolvent formalism to establish some general features and occurrence conditions of
atom-photon BSs of giant atoms and to work out a general collective Lindblad master equation. This
describes the open dynamics of a set of giant atoms in a structured zero-temperature bath, the rates of which
are each expressed (taking advantage of the fictitious giant-atom locations) in terms of two-point matrix
elements of the bath resolvent (thus formally like normal atoms). We make use of the master equation to
prove that occurrence of a DFH is equivalent to occurrence of one BS for each giant atom (in or out of the
continuum). When BSs have non-zero overlaps with fictitious position states of the giant atoms, a non-trivial
DFH arises, which in particular explains in a very simple way why a braided configuration is required in a 1D
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1
<latexit sha1_base64="2fvfthwg1mRLBhwA3jth0GTm+tU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1XG1el2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH+zjME=</latexit>

2
g1 = g2 = g

<latexit sha1_base64="ygeuw0eGjYsdvRZuM4lAYI5fYIY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFb0IRS8eK9gPaZeSTbPb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpBwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqghtkZjHqhtgTTmTtGWY4bSbKIpFwGknGN/O/M4TVZrF8sFMEuoLHEkWMoKNlR6jgXcdDWq2yhW36s6BVomXkwrkaA7KX/1hTFJBpSEca93z3MT4GVaGEU6npX6qaYLJGEe0Z6nEgmo/mx88RWdWGaIwVrakQXP190SGhdYTEdhOgc1IL3sz8T+vl5rwys+YTFJDJVksClOOTIxm36MhU5QYPrEEE8XsrYiMsMLE2IxKNgRv+eVV0q5VvXr14r5eadzkcRThBE7hHDy4hAbcQRNaQEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AalWj6w=</latexit>

<latexit sha1_base64="/DZcEc03H2nK6QANNYt9js/50CI="></latexit>

|�i = 1p
2
(|1i+|2i)

instance:

L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. Illuminati, 
A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025) 

<latexit sha1_base64="/rPng5VhBlztdrgJ7wHa2rsN5eY=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE9lV2R6kUoevFYwX5Au5bZNNumTbJLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb26zpKFKE1EvFINQPQlDNJa4YZTpuxoiACThvB8GbiNx6p0iyS92YUU19AT7KQETBWemj3QAjopIPByfjK7RSKbsmdAi8SLyNFlKHaKXy1uxFJBJWGcNC65bmx8VNQhhFOx/l2omkMZAg92rJUgqDaT6dXj/GxVbo4jJQtafBU/T2RgtB6JALbKcD09bw3Ef/zWokJL/2UyTgxVJLZojDh2ER4EgHuMkWJ4SNLgChmb8WkDwqIsUHlbQje/MuLpH5W8sql8t15sXKdxZFDh+gInSIPXaAKukVVVEMEKfSMXtGb8+S8OO/Ox6x1yclmDtAfOJ8/+cWSLw==</latexit>

�jj0 = 0 there exists a
weak-coupling BS for each atom

<latexit sha1_base64="3zmL0syLQ6DBPYQ34REcDqL9tmg=">AAACCXicbVDLSsNAFJ3UV1tfUZduBovgQksiUt0IRTddVrAPSEKYTCft0MkkzEyEErp146+4caGIW//AnX/jpM1CWw9cOJxz78y9J0gYlcqyvo3Syura+ka5Ut3c2t7ZNff2uzJOBSYdHLNY9AMkCaOcdBRVjPQTQVAUMNILxre533sgQtKY36tJQrwIDTkNKUZKS74JK+4gVtAVo/j6jEKn5WeuiCAJw+lpLnq+WbPq1gxwmdgFqYECbd/80i/iNCJcYYakdGwrUV6GhKKYkWnVTSVJEB6jIXE05Sgi0stml0zhsVYGMIyFLq7gTP09kaFIykkU6M4IqZFc9HLxP89JVXjlZZQnqSIczz8KUwZVDPNY4IAKghWbaIKwoHpXiEdIIKx0eFUdgr148jLpntftRr1xd1Fr3hRxlMEhOAInwAaXoAlaoA06AINH8AxewZvxZLwY78bHvLVkFDMH4A+Mzx+ep5kO</latexit>

⇢̇ = �i[He↵ , ⇢]

previous theory can be generalized:

with
<latexit sha1_base64="DkBgE3Vb5ScMCAF9bnSV+FUIST8="></latexit>

Kjj0 = g2h�j | j0

BSi



giant atoms

L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. Illuminati, 
A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025) 

<latexit sha1_base64="hL863TAZju9Ac37af9fb71K3faw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIeskxgnlAsoTZSW8yZGZ3nZkNhCXf4cWDIl79GG/+jZPHQRMLGoqqbrq7gkRwbVz321lb39jc2s7t5Hf39g8OC0fHDR2nimGdxSJWrYBqFDzCuuFGYCtRSGUgsBkM76d+c4RK8zh6NOMEfUn7EQ85o8ZKfrWbdZQkGIaTW7dbKLoldwaySrwFKcICtW7hq9OLWSoxMkxQrduemxg/o8pwJnCS76QaE8qGtI9tSyMqUfvZ7OgJObdKj4SxshUZMlN/T2RUaj2Wge2U1Az0sjcV//PaqQlv/IxHSWowYvNFYSqIick0AdLjCpkRY0soU9zeStiAKsqMzSlvQ/CWX14ljcuSVy6VH66KlbtFHDk4hTO4AA+uoQJVqEEdGDzBM7zCmzNyXpx352PeuuYsZk7gD5zPHwLKkZ8=</latexit>

He↵ = 0

<latexit sha1_base64="hL863TAZju9Ac37af9fb71K3faw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIeskxgnlAsoTZSW8yZGZ3nZkNhCXf4cWDIl79GG/+jZPHQRMLGoqqbrq7gkRwbVz321lb39jc2s7t5Hf39g8OC0fHDR2nimGdxSJWrYBqFDzCuuFGYCtRSGUgsBkM76d+c4RK8zh6NOMEfUn7EQ85o8ZKfrWbdZQkGIaTW7dbKLoldwaySrwFKcICtW7hq9OLWSoxMkxQrduemxg/o8pwJnCS76QaE8qGtI9tSyMqUfvZ7OgJObdKj4SxshUZMlN/T2RUaj2Wge2U1Az0sjcV//PaqQlv/IxHSWowYvNFYSqIick0AdLjCpkRY0soU9zeStiAKsqMzSlvQ/CWX14ljcuSVy6VH66KlbtFHDk4hTO4AA+uoQJVqEEdGDzBM7zCmzNyXpx352PeuuYsZk7gD5zPHwLKkZ8=</latexit>

He↵ = 0

<latexit sha1_base64="KuHB6rzTEwuklMALSyrlYDxFRtc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIVI9FLz1WsB/QhrDZTtqlm03c3Sgl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbRXW1jc2t4rbpZ3dvf0Du3zYVnEqKbRozGPZDYgCzgS0NNMcuokEEgUcOsH4ZuZ3HkAqFos7PUnAi8hQsJBRoo3k2+WGn/VlhCEMp30B99jx7YpTdebAq8TNSQXlaPr2V38Q0zQCoSknSvVcJ9FeRqRmlMO01E8VJISOyRB6hgoSgfKy+elTfGqUAQ5jaUpoPFd/T2QkUmoSBaYzInqklr2Z+J/XS3V45WVMJKkGQReLwpRjHeNZDnjAJFDNJ4YQKpm5FdMRkYRqk1bJhOAuv7xK2udVt1at3V5U6td5HEV0jE7QGXLRJaqjBmqiFqLoET2jV/RmPVkv1rv1sWgtWPnMEfoD6/MHb5aTew==</latexit>

He↵ 6= 0

<latexit sha1_base64="ldi/vcy++sZ+Bg2ASokqPbpytXg=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpUt0IpW5cVrQPaGKYTCft0MkkzEyEEvMTbvwVNy4UcSu482+cpl1o64GBwznncuceP2ZUKsv6NgpLyyura8X10sbm1vaOubvXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/upz4nXsiJI34rRrHxA3RgNOAYqS05JknDkN8wAh08JB6NnyATiyplzoihI2b7C6tZo7IExfQ8syyVbFywEViz0gZzND0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWclJJIkRHqEB6WnKUUikm+ZXZfBIK30YREI/rmCu/p5IUSjlOPR1MkRqKOe9ifif10tUcO6mlMeJIhxPFwUJgyqCk4pgnwqCFRtrgrCg+q8QD5FAWOkiS7oEe/7kRdKuVuxapXZ9Wq43ZnUUwQE4BMfABmegDq5AE7QABo/gGbyCN+PJeDHejY9ptGDMZvbBHxifP/S+nhI=</latexit>

h�1| 2
BSi = 0

<latexit sha1_base64="ldi/vcy++sZ+Bg2ASokqPbpytXg=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpUt0IpW5cVrQPaGKYTCft0MkkzEyEEvMTbvwVNy4UcSu482+cpl1o64GBwznncuceP2ZUKsv6NgpLyyura8X10sbm1vaOubvXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/upz4nXsiJI34rRrHxA3RgNOAYqS05JknDkN8wAh08JB6NnyATiyplzoihI2b7C6tZo7IExfQ8syyVbFywEViz0gZzND0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWclJJIkRHqEB6WnKUUikm+ZXZfBIK30YREI/rmCu/p5IUSjlOPR1MkRqKOe9ifif10tUcO6mlMeJIhxPFwUJgyqCk4pgnwqCFRtrgrCg+q8QD5FAWOkiS7oEe/7kRdKuVuxapXZ9Wq43ZnUUwQE4BMfABmegDq5AE7QABo/gGbyCN+PJeDHejY9ptGDMZvbBHxifP/S+nhI=</latexit>

h�1| 2
BSi = 0

<latexit sha1_base64="b4vCOGz4Nn4r3yyEhCc4FSOjQJw=">AAACGHicbVDLTgIxFO3gC/GFunTTSExc4Qwx6JLgxiVGeSQMTjrlAg2dzth2TMjIZ7jxV9y40Bi37Pwby8BCwZM0OTnn3Nze40ecKW3b31ZmZXVtfSO7mdva3tndy+8fNFQYSwp1GvJQtnyigDMBdc00h1YkgQQ+h6Y/vJr6zUeQioXiTo8i6ASkL1iPUaKN5OXPXE5EnwN26YB5Dn7CbqSYl7gywNXb8X1SGrsyTbgCHrDt5Qt20U6Bl4kzJwU0R83LT9xuSOMAhKacKNV27Eh3EiI1oxzGOTdWEBE6JH1oGypIAKqTpIeN8YlRurgXSvOExqn6eyIhgVKjwDfJgOiBWvSm4n9eO9a9y07CRBRrEHS2qBdzrEM8bQl3mQSq+cgQQiUzf8V0QCSh2nSZMyU4iycvk0ap6JSL5ZvzQqU6ryOLjtAxOkUOukAVdI1qqI4oekav6B19WC/Wm/Vpfc2iGWs+c4j+wJr8ALFon5M=</latexit>

h�1| 2
BSi 6= 0

2D example:

BS in the continuum

1 giant with 4 coupling points 2 giant atoms

<latexit sha1_base64="KuHB6rzTEwuklMALSyrlYDxFRtc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIVI9FLz1WsB/QhrDZTtqlm03c3Sgl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbRXW1jc2t4rbpZ3dvf0Du3zYVnEqKbRozGPZDYgCzgS0NNMcuokEEgUcOsH4ZuZ3HkAqFos7PUnAi8hQsJBRoo3k2+WGn/VlhCEMp30B99jx7YpTdebAq8TNSQXlaPr2V38Q0zQCoSknSvVcJ9FeRqRmlMO01E8VJISOyRB6hgoSgfKy+elTfGqUAQ5jaUpoPFd/T2QkUmoSBaYzInqklr2Z+J/XS3V45WVMJKkGQReLwpRjHeNZDnjAJFDNJ4YQKpm5FdMRkYRqk1bJhOAuv7xK2udVt1at3V5U6td5HEV0jE7QGXLRJaqjBmqiFqLoET2jV/RmPVkv1rv1sWgtWPnMEfoD6/MHb5aTew==</latexit>

He↵ 6= 0braided:

L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. Illuminati, 
A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025) 



giant atoms

L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. Illuminati, 
A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025) 

<latexit sha1_base64="hL863TAZju9Ac37af9fb71K3faw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIeskxgnlAsoTZSW8yZGZ3nZkNhCXf4cWDIl79GG/+jZPHQRMLGoqqbrq7gkRwbVz321lb39jc2s7t5Hf39g8OC0fHDR2nimGdxSJWrYBqFDzCuuFGYCtRSGUgsBkM76d+c4RK8zh6NOMEfUn7EQ85o8ZKfrWbdZQkGIaTW7dbKLoldwaySrwFKcICtW7hq9OLWSoxMkxQrduemxg/o8pwJnCS76QaE8qGtI9tSyMqUfvZ7OgJObdKj4SxshUZMlN/T2RUaj2Wge2U1Az0sjcV//PaqQlv/IxHSWowYvNFYSqIick0AdLjCpkRY0soU9zeStiAKsqMzSlvQ/CWX14ljcuSVy6VH66KlbtFHDk4hTO4AA+uoQJVqEEdGDzBM7zCmzNyXpx352PeuuYsZk7gD5zPHwLKkZ8=</latexit>

He↵ = 0

<latexit sha1_base64="hL863TAZju9Ac37af9fb71K3faw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIeskxgnlAsoTZSW8yZGZ3nZkNhCXf4cWDIl79GG/+jZPHQRMLGoqqbrq7gkRwbVz321lb39jc2s7t5Hf39g8OC0fHDR2nimGdxSJWrYBqFDzCuuFGYCtRSGUgsBkM76d+c4RK8zh6NOMEfUn7EQ85o8ZKfrWbdZQkGIaTW7dbKLoldwaySrwFKcICtW7hq9OLWSoxMkxQrduemxg/o8pwJnCS76QaE8qGtI9tSyMqUfvZ7OgJObdKj4SxshUZMlN/T2RUaj2Wge2U1Az0sjcV//PaqQlv/IxHSWowYvNFYSqIick0AdLjCpkRY0soU9zeStiAKsqMzSlvQ/CWX14ljcuSVy6VH66KlbtFHDk4hTO4AA+uoQJVqEEdGDzBM7zCmzNyXpx352PeuuYsZk7gD5zPHwLKkZ8=</latexit>

He↵ = 0

<latexit sha1_base64="KuHB6rzTEwuklMALSyrlYDxFRtc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIVI9FLz1WsB/QhrDZTtqlm03c3Sgl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbRXW1jc2t4rbpZ3dvf0Du3zYVnEqKbRozGPZDYgCzgS0NNMcuokEEgUcOsH4ZuZ3HkAqFos7PUnAi8hQsJBRoo3k2+WGn/VlhCEMp30B99jx7YpTdebAq8TNSQXlaPr2V38Q0zQCoSknSvVcJ9FeRqRmlMO01E8VJISOyRB6hgoSgfKy+elTfGqUAQ5jaUpoPFd/T2QkUmoSBaYzInqklr2Z+J/XS3V45WVMJKkGQReLwpRjHeNZDnjAJFDNJ4YQKpm5FdMRkYRqk1bJhOAuv7xK2udVt1at3V5U6td5HEV0jE7QGXLRJaqjBmqiFqLoET2jV/RmPVkv1rv1sWgtWPnMEfoD6/MHb5aTew==</latexit>

He↵ 6= 0

<latexit sha1_base64="ldi/vcy++sZ+Bg2ASokqPbpytXg=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpUt0IpW5cVrQPaGKYTCft0MkkzEyEEvMTbvwVNy4UcSu482+cpl1o64GBwznncuceP2ZUKsv6NgpLyyura8X10sbm1vaOubvXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/upz4nXsiJI34rRrHxA3RgNOAYqS05JknDkN8wAh08JB6NnyATiyplzoihI2b7C6tZo7IExfQ8syyVbFywEViz0gZzND0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWclJJIkRHqEB6WnKUUikm+ZXZfBIK30YREI/rmCu/p5IUSjlOPR1MkRqKOe9ifif10tUcO6mlMeJIhxPFwUJgyqCk4pgnwqCFRtrgrCg+q8QD5FAWOkiS7oEe/7kRdKuVuxapXZ9Wq43ZnUUwQE4BMfABmegDq5AE7QABo/gGbyCN+PJeDHejY9ptGDMZvbBHxifP/S+nhI=</latexit>

h�1| 2
BSi = 0

<latexit sha1_base64="ldi/vcy++sZ+Bg2ASokqPbpytXg=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpUt0IpW5cVrQPaGKYTCft0MkkzEyEEvMTbvwVNy4UcSu482+cpl1o64GBwznncuceP2ZUKsv6NgpLyyura8X10sbm1vaOubvXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/upz4nXsiJI34rRrHxA3RgNOAYqS05JknDkN8wAh08JB6NnyATiyplzoihI2b7C6tZo7IExfQ8syyVbFywEViz0gZzND0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWclJJIkRHqEB6WnKUUikm+ZXZfBIK30YREI/rmCu/p5IUSjlOPR1MkRqKOe9ifif10tUcO6mlMeJIhxPFwUJgyqCk4pgnwqCFRtrgrCg+q8QD5FAWOkiS7oEe/7kRdKuVuxapXZ9Wq43ZnUUwQE4BMfABmegDq5AE7QABo/gGbyCN+PJeDHejY9ptGDMZvbBHxifP/S+nhI=</latexit>

h�1| 2
BSi = 0

<latexit sha1_base64="b4vCOGz4Nn4r3yyEhCc4FSOjQJw=">AAACGHicbVDLTgIxFO3gC/GFunTTSExc4Qwx6JLgxiVGeSQMTjrlAg2dzth2TMjIZ7jxV9y40Bi37Pwby8BCwZM0OTnn3Nze40ecKW3b31ZmZXVtfSO7mdva3tndy+8fNFQYSwp1GvJQtnyigDMBdc00h1YkgQQ+h6Y/vJr6zUeQioXiTo8i6ASkL1iPUaKN5OXPXE5EnwN26YB5Dn7CbqSYl7gywNXb8X1SGrsyTbgCHrDt5Qt20U6Bl4kzJwU0R83LT9xuSOMAhKacKNV27Eh3EiI1oxzGOTdWEBE6JH1oGypIAKqTpIeN8YlRurgXSvOExqn6eyIhgVKjwDfJgOiBWvSm4n9eO9a9y07CRBRrEHS2qBdzrEM8bQl3mQSq+cgQQiUzf8V0QCSh2nSZMyU4iycvk0ap6JSL5ZvzQqU6ryOLjtAxOkUOukAVdI1qqI4oekav6B19WC/Wm/Vpfc2iGWs+c4j+wJr8ALFon5M=</latexit>

h�1| 2
BSi 6= 0

L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. Illuminati, 
A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025) 

2D example:

giant atom with 2 coupling points 2 giant atoms

general criterion to find (giant) atom BSs 
based on «vacancy-like dressed states»:

Leonforte, Carollo, Ciccarello, PRL 2021
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take-home messages

§ an atom coupled to a photonic bath can form BSs

§ BSs can mediate decoherence-free Hamiltonians 
      (under weak coupling)

§ any decoherence-free open dynamics occurs 
      because atoms form BSs

§ if so, when BSs overlap atom sites a non-zero 
      decoherence-free interaction (DFI) occurs 

§ a giant atom can seed BSs and DFIs unattainable with 
      normal atoms, in particular BSs in the continuum and in 2D


