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Fantasy or reality?
Complex energies, non-unitary time-evolution, …, 
Pandora’s box!?

Basic theory!
Need:

Open, non-equilibrium systems — toy 
alternative to the Lindblad master equation
Effective description of systems with finite lifetime states

A B

t = 220 nm

Dissipative systems — experiments!

Various classical mechanical, electrical, robotic 
and optical metamaterials 

Photonic systems with gain and/or loss

Reality:

…
Im[E] ⇠ 1/⌧

<latexit sha1_base64="6upAa8jptt8WO8jZ2ZeSG+Q+750=">AAACAHicbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJiLosiCC7ipYW0hCmUwn7dCZJMzcCCVk46u4caGIWx/DnW/jtM1CWw8MfJx7L3fuCVPBNTjOt1VZWl5ZXauu1zY2t7Z37N29B51kirI2TUSiuiHRTPCYtYGDYN1UMSJDwTrh6GpS7zwypXkS38M4ZYEkg5hHnBIwVs8+yH0l8a3EhXcd+JpL7J76QLKeXXcazlR4EdwS6qhUq2d/+f2EZpLFQAXR2nOdFIKcKOBUsKLmZ5qlhI7IgHkGYyKZDvLpAQU+Nk4fR4kyLwY8dX9P5ERqPZah6ZQEhnq+NjH/q3kZRJdBzuM0AxbT2aIoExgSPEkD97liFMTYAKGKm79iOiSKUDCZ1UwI7vzJi/Bw1nAN353Xm80yjio6REfoBLnoAjXRDWqhNqKoQM/oFb1ZT9aL9W59zForVjmzj/7I+vwBOFKVgA==</latexit><latexit sha1_base64="6upAa8jptt8WO8jZ2ZeSG+Q+750=">AAACAHicbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJiLosiCC7ipYW0hCmUwn7dCZJMzcCCVk46u4caGIWx/DnW/jtM1CWw8MfJx7L3fuCVPBNTjOt1VZWl5ZXauu1zY2t7Z37N29B51kirI2TUSiuiHRTPCYtYGDYN1UMSJDwTrh6GpS7zwypXkS38M4ZYEkg5hHnBIwVs8+yH0l8a3EhXcd+JpL7J76QLKeXXcazlR4EdwS6qhUq2d/+f2EZpLFQAXR2nOdFIKcKOBUsKLmZ5qlhI7IgHkGYyKZDvLpAQU+Nk4fR4kyLwY8dX9P5ERqPZah6ZQEhnq+NjH/q3kZRJdBzuM0AxbT2aIoExgSPEkD97liFMTYAKGKm79iOiSKUDCZ1UwI7vzJi/Bw1nAN353Xm80yjio6REfoBLnoAjXRDWqhNqKoQM/oFb1ZT9aL9W59zForVjmzj/7I+vwBOFKVgA==</latexit><latexit sha1_base64="6upAa8jptt8WO8jZ2ZeSG+Q+750=">AAACAHicbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJiLosiCC7ipYW0hCmUwn7dCZJMzcCCVk46u4caGIWx/DnW/jtM1CWw8MfJx7L3fuCVPBNTjOt1VZWl5ZXauu1zY2t7Z37N29B51kirI2TUSiuiHRTPCYtYGDYN1UMSJDwTrh6GpS7zwypXkS38M4ZYEkg5hHnBIwVs8+yH0l8a3EhXcd+JpL7J76QLKeXXcazlR4EdwS6qhUq2d/+f2EZpLFQAXR2nOdFIKcKOBUsKLmZ5qlhI7IgHkGYyKZDvLpAQU+Nk4fR4kyLwY8dX9P5ERqPZah6ZQEhnq+NjH/q3kZRJdBzuM0AxbT2aIoExgSPEkD97liFMTYAKGKm79iOiSKUDCZ1UwI7vzJi/Bw1nAN353Xm80yjio6REfoBLnoAjXRDWqhNqKoQM/oFb1ZT9aL9W59zForVjmzj/7I+vwBOFKVgA==</latexit><latexit sha1_base64="6upAa8jptt8WO8jZ2ZeSG+Q+750=">AAACAHicbZDNSsNAFIUn9a/Wv6gLF24Gi+CqJiLosiCC7ipYW0hCmUwn7dCZJMzcCCVk46u4caGIWx/DnW/jtM1CWw8MfJx7L3fuCVPBNTjOt1VZWl5ZXauu1zY2t7Z37N29B51kirI2TUSiuiHRTPCYtYGDYN1UMSJDwTrh6GpS7zwypXkS38M4ZYEkg5hHnBIwVs8+yH0l8a3EhXcd+JpL7J76QLKeXXcazlR4EdwS6qhUq2d/+f2EZpLFQAXR2nOdFIKcKOBUsKLmZ5qlhI7IgHkGYyKZDvLpAQU+Nk4fR4kyLwY8dX9P5ERqPZah6ZQEhnq+NjH/q3kZRJdBzuM0AxbT2aIoExgSPEkD97liFMTYAKGKm79iOiSKUDCZ1UwI7vzJi/Bw1nAN353Xm80yjio6REfoBLnoAjXRDWqhNqKoQM/oFb1ZT9aL9W59zForVjmzj/7I+vwBOFKVgA==</latexit>



Today: 

Biorthogonal bulk-boundary 
correspondence 

(a) (b) (c)
Re E

<latexit sha1_base64="dMyiruyZ6jRkPaHzVPbi8t3O7YM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETxWMbaQhLLZbtqlu9mwuxFK6M/w4kHFq//Gm//GbZuDVh8MPN6bYWZenHGmjet+OZWl5ZXVtep6bWNza3unvrv3oGWuCPWJ5FJ1Y6wpZyn1DTOcdjNFsYg57cSjq6nfeaRKM5nem3FGI4EHKUsYwcZKQREqge7oJETXvXrDbbozoL/EK0kDSrR79c+wL0kuaGoIx1oHnpuZqMDKMMLppBbmmmaYjPCABpamWFAdFbOTJ+jIKn2USGUrNWim/pwosNB6LGLbKbAZ6kVvKv7nBblJzqOCpVluaErmi5KcIyPR9H/UZ4oSw8eWYKKYvRWRIVaYGJtSzYbgLb78l/gnzYumd3vaaF2WaVThAA7hGDw4gxbcQBt8ICDhCV7g1THOs/PmvM9bK045sw+/4Hx8A+F8kIc=</latexit><latexit sha1_base64="dMyiruyZ6jRkPaHzVPbi8t3O7YM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETxWMbaQhLLZbtqlu9mwuxFK6M/w4kHFq//Gm//GbZuDVh8MPN6bYWZenHGmjet+OZWl5ZXVtep6bWNza3unvrv3oGWuCPWJ5FJ1Y6wpZyn1DTOcdjNFsYg57cSjq6nfeaRKM5nem3FGI4EHKUsYwcZKQREqge7oJETXvXrDbbozoL/EK0kDSrR79c+wL0kuaGoIx1oHnpuZqMDKMMLppBbmmmaYjPCABpamWFAdFbOTJ+jIKn2USGUrNWim/pwosNB6LGLbKbAZ6kVvKv7nBblJzqOCpVluaErmi5KcIyPR9H/UZ4oSw8eWYKKYvRWRIVaYGJtSzYbgLb78l/gnzYumd3vaaF2WaVThAA7hGDw4gxbcQBt8ICDhCV7g1THOs/PmvM9bK045sw+/4Hx8A+F8kIc=</latexit><latexit sha1_base64="dMyiruyZ6jRkPaHzVPbi8t3O7YM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETxWMbaQhLLZbtqlu9mwuxFK6M/w4kHFq//Gm//GbZuDVh8MPN6bYWZenHGmjet+OZWl5ZXVtep6bWNza3unvrv3oGWuCPWJ5FJ1Y6wpZyn1DTOcdjNFsYg57cSjq6nfeaRKM5nem3FGI4EHKUsYwcZKQREqge7oJETXvXrDbbozoL/EK0kDSrR79c+wL0kuaGoIx1oHnpuZqMDKMMLppBbmmmaYjPCABpamWFAdFbOTJ+jIKn2USGUrNWim/pwosNB6LGLbKbAZ6kVvKv7nBblJzqOCpVluaErmi5KcIyPR9H/UZ4oSw8eWYKKYvRWRIVaYGJtSzYbgLb78l/gnzYumd3vaaF2WaVThAA7hGDw4gxbcQBt8ICDhCV7g1THOs/PmvM9bK045sw+/4Hx8A+F8kIc=</latexit><latexit sha1_base64="dMyiruyZ6jRkPaHzVPbi8t3O7YM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETxWMbaQhLLZbtqlu9mwuxFK6M/w4kHFq//Gm//GbZuDVh8MPN6bYWZenHGmjet+OZWl5ZXVtep6bWNza3unvrv3oGWuCPWJ5FJ1Y6wpZyn1DTOcdjNFsYg57cSjq6nfeaRKM5nem3FGI4EHKUsYwcZKQREqge7oJETXvXrDbbozoL/EK0kDSrR79c+wL0kuaGoIx1oHnpuZqMDKMMLppBbmmmaYjPCABpamWFAdFbOTJ+jIKn2USGUrNWim/pwosNB6LGLbKbAZ6kVvKv7nBblJzqOCpVluaErmi5KcIyPR9H/UZ4oSw8eWYKKYvRWRIVaYGJtSzYbgLb78l/gnzYumd3vaaF2WaVThAA7hGDw4gxbcQBt8ICDhCV7g1THOs/PmvM9bK045sw+/4Hx8A+F8kIc=</latexit>

k
<latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit>

Minimal example

Exceptional nodal phases

(a)
<latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="/Pr4DGlOCYGvjyeysHb2tI+0D34="></latexit><latexit sha1_base64="/Pr4DGlOCYGvjyeysHb2tI+0D34="></latexit><latexit sha1_base64="I237/y5AnwD+v9bDz8DYyOFF4HY="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit>

(b)
<latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="6J1sH8xXyYRwvY6O+6nSiVuU06I="></latexit><latexit sha1_base64="6J1sH8xXyYRwvY6O+6nSiVuU06I="></latexit><latexit sha1_base64="uBgLtNUrw5BZ8IDiht7ePIYeCKk="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit>

(c)
<latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit>

(d)
<latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit>

(e)
<latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit>

(f)
<latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit>

(g)
<latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="f6+nNpyWI/Q8u89cST/cphXeGHY="></latexit><latexit sha1_base64="f6+nNpyWI/Q8u89cST/cphXeGHY="></latexit><latexit sha1_base64="7o4CtShrpUQcUBM/kpD2q5pgH8s="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit>

(h)
<latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit> 1

<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit> 1

<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>
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1

<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>
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0.75
0.75

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

Im[E2] = 0

E = 0

Re[E2] = 0

Re[E] = 0

kz
<latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="j4NnIfbMr+HW4rGmOt51WiKEshs="></latexit><latexit sha1_base64="j4NnIfbMr+HW4rGmOt51WiKEshs="></latexit><latexit sha1_base64="80iqRFfrFLitqFGjigXjJ0KA3jw="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit><latexit sha1_base64="7Hc0aLMTOiYwXPzWzZhkAQn/9/s="></latexit>

k
x

<latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="glF2X22CsSFyqvMpMVzLw+//MbM="></latexit><latexit sha1_base64="glF2X22CsSFyqvMpMVzLw+//MbM="></latexit><latexit sha1_base64="8N+UfRFBGa2djhLapyhiyhVtZOw="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit><latexit sha1_base64="ty5Qp20n3asEYX7EvO1sT9tXx+A="></latexit>

ky
<latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="ffVNBEPnzHkvq2RFCp+EYllI80c="></latexit><latexit sha1_base64="ffVNBEPnzHkvq2RFCp+EYllI80c="></latexit><latexit sha1_base64="OHH4+lyAZkxMYGx9sUn4gsDg04s="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit><latexit sha1_base64="nDY6pI/eJsZmqRzfZGkUka/5HCk="></latexit>



Minimal example:  
a two-level system

Take home: Exceptional degeneracies & Square roots



A two-level system

H =

✓
0 ↵
1 0

◆

<latexit sha1_base64="ZHwMDyoUT5pleocrnnNMd+AF79g=">AAACHHicbVDLSgMxFM34rPU16tJNsCiuykwr6EYouumygn1AZyiZ9LYNzWSGJCOWoR/ixl9x40IRNy4E/8a0HURbDwROzrmXe+8JYs6Udpwva2l5ZXVtPbeR39za3tm19/YbKkokhTqNeCRbAVHAmYC6ZppDK5ZAwoBDMxheT/zmHUjFInGrRzH4IekL1mOUaCN17HL10gugz0Qah0RLdj/GDj7BHuHxgGDPw675OdgD0f2p6NgFp+hMgReJm5ECylDr2B9eN6JJCEJTTpRqu06s/ZRIzSiHcd5LFMSEDkkf2oYKEoLy0+lxY3xslC7uRdI8ofFU/d2RklCpURiYSrPfQM17E/E/r53o3oWfMhEnGgSdDeolHOsIT5LCXSaBaj4yhFDJzK6YDogkVJs88yYEd/7kRdIoFd1ysXRzVqhcZXHk0CE6QqfIReeogqqohuqIogf0hF7Qq/VoPVtv1vusdMnKeg7QH1if3wSroBc=</latexit>

- Left and right 
eigenvectors are different  L,± =

�
1 ±

p
↵
�

<latexit sha1_base64="6srOAl6yuJH4SSh5TgK/GnDbU90="></latexit>

Non-orthogonal eigenvectors  R,± =

✓
±
p
↵

1

◆

<latexit sha1_base64="YKbBkV6blL4yH1JdIDZ6Q662trs="></latexit>

Eigenvalues generally complex E± = ±
p
↵

<latexit sha1_base64="yMJTeWWMyttt3/215gvCwt4gjQ0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsxUQTdCUQSXFewDOsOQSTNtaDITk4xQhuLGX3HjQhG3foU7/8ZMOwttPXAvh3PuJbknFIwq7Tjf1sLi0vLKammtvL6xubVt7+y2VJJKTJo4YYnshEgRRmPS1FQz0hGSIB4y0g6HV7nffiBS0SS+0yNBfI76MY0oRtpIgb1/HXiCwwuYd0/dS515iIkBGgd2xak6E8B54hakAgo0AvvL6yU45STWmCGluq4jtJ8hqSlmZFz2UkUEwkPUJ11DY8SJ8rPJCWN4ZJQejBJpKtZwov7eyBBXasRDM8mRHqhZLxf/87qpjs79jMYi1STG04eilEGdwDwP2KOSYM1GhiAsqfkrxAMkEdYmtbIJwZ09eZ60alX3pFq7Pa3UL4s4SuAAHIJj4IIzUAc3oAGaAINH8AxewZv1ZL1Y79bHdHTBKnb2wB9Ynz96qZbc</latexit>

Note the branch point 
and branch cut

- Winding of      twice yield a 
winding of        only once!

↵
<latexit sha1_base64="iPx6xOLRVeal5btTi9GmPNJD/60=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFYwX5AG8pku2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWD2aSMD/CoeQhp2is1OqhSEbYL1fcqjsHWSVeTiqQo9Evf/UGMU0jJg0VqHXXcxPjZ6gMp4JNS71UswTpGIesa6nEiGk/m187JWdWGZAwVrakIXP190SGkdaTKLCdEZqRXvZm4n9eNzXhtZ9xmaSGSbpYFKaCmJjMXicDrhg1YmIJUsXtrYSOUCE1NqCSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoPAIz/AKb07svDjvzseiteDkM8fwB87nD4ubjxg=</latexit>

E±
<latexit sha1_base64="TQxSEp+3dLb2xV+5qIy5rrFvhyo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6kIILHCvYD2qVk02wbmmRDkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmRYozY33/2yusrW9sbhW3Szu7e/sH5cOjlklSTWiTJDzRnQgbypmkTcsspx2lKRYRp+1ofDvz209UG5bIRztRNBR4KFnMCLZOat/1s54S03654lf9OdAqCXJSgRyNfvmrN0hIKqi0hGNjuoGvbJhhbRnhdFrqpYYqTMZ4SLuOSiyoCbP5uVN05pQBihPtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpja/DjEmVWirJYlGccmQTNPsdDZimxPKJI5ho5m5FZIQ1JtYlVHIhBMsvr5JWrRpcVGsPl5X6TR5HEU7gFM4hgCuowz00oAkExvAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AYM6PlQ==</latexit>



An exceptional point

When can we expect EPs to occur and what are 
their consequences?

Doubly degenerate eigenvalue E± = 0
<latexit sha1_base64="GJIDlo0jGxfS6zqG1PwqJ6yLEWE=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIiuAxgnnAZgmzk0kyZB7LzKwQlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnHBmrO9/eyura+sbm4Wt4vbO7t5+6eCwaVSqCW0QxZVux9hQziRtWGY5bSeaYhFz2opHt1O/9US1YUo+2nFCI4EHkvUZwdZJ4V036yRigq6R3y2V/Yo/A1omQU7KkKPeLX11eoqkgkpLODYmDPzERhnWlhFOJ8VOamiCyQgPaOioxIKaKJudPEGnTumhvtKupEUz9fdEhoUxYxG7ToHt0Cx6U/E/L0xt/yrKmExSSyWZL+qnHFmFpv+jHtOUWD52BBPN3K2IDLHGxLqUii6EYPHlZdKsVoLzSvXholy7yeMowDGcwBkEcAk1uIc6NICAgmd4hTfPei/eu/cxb13x8pkj+APv8wcIbpBu</latexit>

 L,± =
�
1 0

�
<latexit sha1_base64="xpxKZOPZryfPGCDG7YmQDV2c4w8=">AAACH3icbVDLSsNAFJ34rPFVdelmsAgupCRV1I1QdOPCRQX7gCaEyfS2HTqZhJmJWEL/xI2/4saFIuKuf+P0gWjrgQuHc+7l3nvChDOlHWdoLSwuLa+s5tbs9Y3Nre38zm5NxamkUKUxj2UjJAo4E1DVTHNoJBJIFHKoh73rkV9/AKlYLO51PwE/Ih3B2owSbaQgf+ZVFAuy22PsJdEAX2IvhA4TWRIRLdnjwHaxhz0bO7YHovUjB/mCU3TGwPPEnZICmqIS5L+8VkzTCISmnCjVdJ1E+xmRmlEOA9tLFSSE9kgHmoYKEoHys/F/A3xolBZux9KU0His/p7ISKRUPwpNp7mvq2a9kfif10x1+8LPmEhSDYJOFrVTjnWMR2HhFpNANe8bQqhk5lZMu0QSqk2ktgnBnX15ntRKRfekWLo7LZSvpnHk0D46QEfIReeojG5QBVURRU/oBb2hd+vZerU+rM9J64I1ndlDf2ANvwGc6KF9</latexit>

- The left eigenvector 
is the “opposite”

(↵ = 0)
<latexit sha1_base64="Wi/zNm40ALLLmcIIiTvVEisKKbQ=">AAAB8XicdVDLSgMxFM3UV62vqks3wSLUzTAPbacLoejGZQX7wHYomTTThmYyQ5IRytC/cONCEbf+jTv/xvQhqOiBC4dz7uXee4KEUaks68PIrayurW/kNwtb2zu7e8X9g5aMU4FJE8csFp0AScIoJ01FFSOdRBAUBYy0g/HVzG/fEyFpzG/VJCF+hIachhQjpaW7cg+xZIQurNN+sWSZds21KhVomU7Vdc49TWpuxfM8aJvWHCWwRKNffO8NYpxGhCvMkJRd20qUnyGhKGZkWuilkiQIj9GQdDXlKCLSz+YXT+GJVgYwjIUuruBc/T6RoUjKSRTozgipkfztzcS/vG6qQs/PKE9SRTheLApTBlUMZ+/DARUEKzbRBGFB9a0Qj5BAWOmQCjqEr0/h/6TlmLZrOjdnpfrlMo48OALHoAxsUAV1cA0aoAkw4OABPIFnQxqPxovxumjNGcuZQ/ADxtsn0TuQYA==</latexit>

|@↵E(↵)| ! 1
<latexit sha1_base64="Hg1yUsML4jj5K0UYlEIxAHZo+pA=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAIurDMqKBLUQSXFewFOqWcSTNtaCYzJGeU0vYp3Pgqblwo4lbc+Taml4Vafwh8/OccTs4fJFIYdN0vJzM3v7C4lF3OrayurW/kN7cqJk4142UWy1jXAjBcCsXLKFDyWqI5RIHk1aB7OapX77g2Ila32Et4I4K2EqFggNZq5g8HfgIaBcimDzLpAL3an8DBwNei3UHQOr6nvlAh9pr5glt0x6Kz4E2hQKYqNfOffitmacQVMgnG1D03wUZ/tJFJPsz5qeEJsC60ed2igoibRn981pDuWadFw1jbp5CO3Z8TfYiM6UWB7YwAO+ZvbWT+V6unGJ41+kIlKXLFJovCVFKM6Sgj2hKaM5Q9C8C0sH+lrAMaGNokczYE7+/Js1A5KnrHxaObk8L5xTSOLNkhu2SfeOSUnJNrUiJlwsgDeSIv5NV5dJ6dN+d90ppxpjPb5Jecj2/nep/W</latexit>

“Exceptional points” (EPs) with singular behaviour
- Rare, measure zero in the space of matrices

- Diverging response

H =

✓
0 0
1 0

◆

<latexit sha1_base64="wW61iFaaNkgw41lrCC2EKmxPf3Q=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VxVZIq6EYouumygn1AE8pkctsOnUzCzEQsoX/hxl9x40IRt7rzb5w+EG09cOFwzr3ce0+QcKa043xZuaXlldW1/HphY3Nre8fe3WuoOJUU6jTmsWwFRAFnAuqaaQ6tRAKJAg7NYHA99pt3IBWLxa0eJuBHpCdYl1GijdSxS9VLL4AeE1kSES3Z/Qg7+NiU52F3SkCEP2bHLjolZwK8SNwZKaIZah370wtjmkYgNOVEqbbrJNrPiNSMchgVvFRBQuiA9KBtqCARKD+b/DXCR0YJcTeWpoTGE/X3REYipYZRYDrNfX01743F/7x2qrsXfsZEkmoQdLqom3KsYzwOCYdMAtV8aAihkplbMe0TSag2URZMCO78y4ukUS65p6XyzVmxcjWLI48O0CE6QS46RxVURTVURxQ9oCf0gl6tR+vZerPep605azazj/7A+vgGl1ydsw==</latexit>

But only one normalisable eigenvector!  R,± =

✓
0
1

◆

<latexit sha1_base64="cwnsBYcO0WS1WYFjCKXLFSw4Ob8=">AAACHnicbVBNS8NAEN34WeNX1aOXxSJ4kJJURS9C0YvHKvYDmlA222m7dLMJuxuxhP4SL/4VLx4UETzpv3HbBtHWBwOP92aYmRfEnCntOF/W3PzC4tJybsVeXVvf2MxvbddUlEgKVRrxSDYCooAzAVXNNIdGLIGEAYd60L8c+fU7kIpF4lYPYvBD0hWswyjRRmrlT7yKYq305hB7cTjE59gLoMtEGodES3Y/tB3seTZ2bQ9E+0dt5QtO0RkDzxI3IwWUodLKf3jtiCYhCE05UarpOrH2UyI1oxyGtpcoiAntky40DRUkBOWn4/eGeN8obdyJpCmh8Vj9PZGSUKlBGJhOc19PTXsj8T+vmejOmZ8yEScaBJ0s6iQc6wiPssJtJoFqPjCEUMnMrZj2iCRUm0RtE4I7/fIsqZWK7lGxdH1cKF9kceTQLtpDB8hFp6iMrlAFVRFFD+gJvaBX69F6tt6s90nrnJXN7KA/sD6/AUKhoVk=</latexit>



Exceptional nodal phases

Take home: Abundant & conceptually rich

(a)
<latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="/Pr4DGlOCYGvjyeysHb2tI+0D34="></latexit><latexit sha1_base64="/Pr4DGlOCYGvjyeysHb2tI+0D34="></latexit><latexit sha1_base64="I237/y5AnwD+v9bDz8DYyOFF4HY="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit>

(b)
<latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="6J1sH8xXyYRwvY6O+6nSiVuU06I="></latexit><latexit sha1_base64="6J1sH8xXyYRwvY6O+6nSiVuU06I="></latexit><latexit sha1_base64="uBgLtNUrw5BZ8IDiht7ePIYeCKk="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit>

(c)
<latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit>

(d)
<latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit>

(e)
<latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit>

(f)
<latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit>

(g)
<latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="f6+nNpyWI/Q8u89cST/cphXeGHY="></latexit><latexit sha1_base64="f6+nNpyWI/Q8u89cST/cphXeGHY="></latexit><latexit sha1_base64="7o4CtShrpUQcUBM/kpD2q5pgH8s="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit>

(h)
<latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>
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A step back:  
Band crossings in Hermitian systems

When can we expect two energy bands to cross at a single point?

= d(k) · � + d0(k)

H(k) =

✓
d3(k) + d0(k) d1(k)� id2(k)
d1(k) + id2(k) �d3(k) + d0(k)

◆

k
x

k
y

E

H = vk · �Simplest case — the Weyl Hamiltonian

C. Herring, Phys. Rev. 52 365 (1937)

- 3 equations 
- Fine-tuning in 2d 
- Stable and generic in 3d!

E(k) = ±
q

d21(k) + d22(k) + d23(k) + d0(k)
<latexit sha1_base64="DtlTLrheEYAxIBSjEVstG+x+yrY=">AAACQHicbZDNS8MwGMbT+TXnV9Wjl+AQJsJop+A8CAMRPE5wbrDWkqbpFpZ+mKTCKPvXvPgfePPuxYOKV0+mWw/78IXAk9/zvuTN48aMCmkYb1phaXllda24XtrY3Nre0Xf37kWUcExaOGIR77hIEEZD0pJUMtKJOUGBy0jbHVxlfvuJcEGj8E4OY2IHqBdSn2IkFXL0znXFCpDsuz4cHF9acWCJRy5TzzEfalPOiefU5sHpDBgpYkzdHb1sVI1xwUVh5qIM8mo6+qvlRTgJSCgxQ0J0TSOWdoq4pJiRUclKBIkRHqAe6SoZooAIOx0nMIJHinjQj7g6oYRjOj2RokCIYeCqzmxDMe9l8D+vm0i/bqc0jBNJQjx5yE8YlBHM4oQe5QRLNlQCYU7VrhD3EUdYqtBLKgRz/suLolWrXlTN27Nyo56nUQQH4BBUgAnOQQPcgCZoAQyewTv4BF/ai/ahfWs/k9aCls/sg5nSfv8A7zqtEw==</latexit><latexit sha1_base64="DtlTLrheEYAxIBSjEVstG+x+yrY=">AAACQHicbZDNS8MwGMbT+TXnV9Wjl+AQJsJop+A8CAMRPE5wbrDWkqbpFpZ+mKTCKPvXvPgfePPuxYOKV0+mWw/78IXAk9/zvuTN48aMCmkYb1phaXllda24XtrY3Nre0Xf37kWUcExaOGIR77hIEEZD0pJUMtKJOUGBy0jbHVxlfvuJcEGj8E4OY2IHqBdSn2IkFXL0znXFCpDsuz4cHF9acWCJRy5TzzEfalPOiefU5sHpDBgpYkzdHb1sVI1xwUVh5qIM8mo6+qvlRTgJSCgxQ0J0TSOWdoq4pJiRUclKBIkRHqAe6SoZooAIOx0nMIJHinjQj7g6oYRjOj2RokCIYeCqzmxDMe9l8D+vm0i/bqc0jBNJQjx5yE8YlBHM4oQe5QRLNlQCYU7VrhD3EUdYqtBLKgRz/suLolWrXlTN27Nyo56nUQQH4BBUgAnOQQPcgCZoAQyewTv4BF/ai/ahfWs/k9aCls/sg5nSfv8A7zqtEw==</latexit><latexit sha1_base64="DtlTLrheEYAxIBSjEVstG+x+yrY=">AAACQHicbZDNS8MwGMbT+TXnV9Wjl+AQJsJop+A8CAMRPE5wbrDWkqbpFpZ+mKTCKPvXvPgfePPuxYOKV0+mWw/78IXAk9/zvuTN48aMCmkYb1phaXllda24XtrY3Nre0Xf37kWUcExaOGIR77hIEEZD0pJUMtKJOUGBy0jbHVxlfvuJcEGj8E4OY2IHqBdSn2IkFXL0znXFCpDsuz4cHF9acWCJRy5TzzEfalPOiefU5sHpDBgpYkzdHb1sVI1xwUVh5qIM8mo6+qvlRTgJSCgxQ0J0TSOWdoq4pJiRUclKBIkRHqAe6SoZooAIOx0nMIJHinjQj7g6oYRjOj2RokCIYeCqzmxDMe9l8D+vm0i/bqc0jBNJQjx5yE8YlBHM4oQe5QRLNlQCYU7VrhD3EUdYqtBLKgRz/suLolWrXlTN27Nyo56nUQQH4BBUgAnOQQPcgCZoAQyewTv4BF/ai/ahfWs/k9aCls/sg5nSfv8A7zqtEw==</latexit><latexit sha1_base64="DtlTLrheEYAxIBSjEVstG+x+yrY=">AAACQHicbZDNS8MwGMbT+TXnV9Wjl+AQJsJop+A8CAMRPE5wbrDWkqbpFpZ+mKTCKPvXvPgfePPuxYOKV0+mWw/78IXAk9/zvuTN48aMCmkYb1phaXllda24XtrY3Nre0Xf37kWUcExaOGIR77hIEEZD0pJUMtKJOUGBy0jbHVxlfvuJcEGj8E4OY2IHqBdSn2IkFXL0znXFCpDsuz4cHF9acWCJRy5TzzEfalPOiefU5sHpDBgpYkzdHb1sVI1xwUVh5qIM8mo6+qvlRTgJSCgxQ0J0TSOWdoq4pJiRUclKBIkRHqAe6SoZooAIOx0nMIJHinjQj7g6oYRjOj2RokCIYeCqzmxDMe9l8D+vm0i/bqc0jBNJQjx5yE8YlBHM4oQe5QRLNlQCYU7VrhD3EUdYqtBLKgRz/suLolWrXlTN27Nyo56nUQQH4BBUgAnOQQPcgCZoAQyewTv4BF/ai/ahfWs/k9aCls/sg5nSfv8A7zqtEw==</latexit>



What about the non-Hermitian case?

E(k) = ±
p

dR(k)2 � dI(k)2 + 2idR(k) · dI(k)
<latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit><latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit><latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit><latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit>

d(k) = dR(k) + idI(k)
<latexit sha1_base64="IaV0VK5uqLuVJBm6MvKJSnWHwxw=">AAACOHicbZDLSsNAFIYn9VbrLerSzWARKkJJRFAXQtGN7qoYW2hCmEwm7dDJhZmJUEJfy41v4U5w40LFrU/gpI1SWw8M/PzfOcw5v5cwKqRhPGulufmFxaXycmVldW19Q9/cuhNxyjGxcMxi3vaQIIxGxJJUMtJOOEGhx0jL61/kvHVPuKBxdCsHCXFC1I1oQDGSynL1ph0i2fMC6Nd+VH//7Nd0M5uH8GY4AQ8onMJXk9jVq0bdGBWcFWYhqqCopqs/2X6M05BEEjMkRMc0EulkiEuKGRlW7FSQBOE+6pKOkhEKiXCy0eVDuKccHwYxVy+ScOROTmQoFGIQeqoz31BMs9z8j3VSGZw4GY2SVJIIjz8KUgZlDPMYoU85wZINlECYU7UrxD3EEZYq7IoKwZw+eVZYh/XTunl9VG2cF2mUwQ7YBTVggmPQAJegCSyAwQN4AW/gXXvUXrUP7XPcWtKKmW3wp7Svbx8eq4M=</latexit><latexit sha1_base64="IaV0VK5uqLuVJBm6MvKJSnWHwxw=">AAACOHicbZDLSsNAFIYn9VbrLerSzWARKkJJRFAXQtGN7qoYW2hCmEwm7dDJhZmJUEJfy41v4U5w40LFrU/gpI1SWw8M/PzfOcw5v5cwKqRhPGulufmFxaXycmVldW19Q9/cuhNxyjGxcMxi3vaQIIxGxJJUMtJOOEGhx0jL61/kvHVPuKBxdCsHCXFC1I1oQDGSynL1ph0i2fMC6Nd+VH//7Nd0M5uH8GY4AQ8onMJXk9jVq0bdGBWcFWYhqqCopqs/2X6M05BEEjMkRMc0EulkiEuKGRlW7FSQBOE+6pKOkhEKiXCy0eVDuKccHwYxVy+ScOROTmQoFGIQeqoz31BMs9z8j3VSGZw4GY2SVJIIjz8KUgZlDPMYoU85wZINlECYU7UrxD3EEZYq7IoKwZw+eVZYh/XTunl9VG2cF2mUwQ7YBTVggmPQAJegCSyAwQN4AW/gXXvUXrUP7XPcWtKKmW3wp7Svbx8eq4M=</latexit><latexit sha1_base64="IaV0VK5uqLuVJBm6MvKJSnWHwxw=">AAACOHicbZDLSsNAFIYn9VbrLerSzWARKkJJRFAXQtGN7qoYW2hCmEwm7dDJhZmJUEJfy41v4U5w40LFrU/gpI1SWw8M/PzfOcw5v5cwKqRhPGulufmFxaXycmVldW19Q9/cuhNxyjGxcMxi3vaQIIxGxJJUMtJOOEGhx0jL61/kvHVPuKBxdCsHCXFC1I1oQDGSynL1ph0i2fMC6Nd+VH//7Nd0M5uH8GY4AQ8onMJXk9jVq0bdGBWcFWYhqqCopqs/2X6M05BEEjMkRMc0EulkiEuKGRlW7FSQBOE+6pKOkhEKiXCy0eVDuKccHwYxVy+ScOROTmQoFGIQeqoz31BMs9z8j3VSGZw4GY2SVJIIjz8KUgZlDPMYoU85wZINlECYU7UrxD3EEZYq7IoKwZw+eVZYh/XTunl9VG2cF2mUwQ7YBTVggmPQAJegCSyAwQN4AW/gXXvUXrUP7XPcWtKKmW3wp7Svbx8eq4M=</latexit><latexit sha1_base64="IaV0VK5uqLuVJBm6MvKJSnWHwxw=">AAACOHicbZDLSsNAFIYn9VbrLerSzWARKkJJRFAXQtGN7qoYW2hCmEwm7dDJhZmJUEJfy41v4U5w40LFrU/gpI1SWw8M/PzfOcw5v5cwKqRhPGulufmFxaXycmVldW19Q9/cuhNxyjGxcMxi3vaQIIxGxJJUMtJOOEGhx0jL61/kvHVPuKBxdCsHCXFC1I1oQDGSynL1ph0i2fMC6Nd+VH//7Nd0M5uH8GY4AQ8onMJXk9jVq0bdGBWcFWYhqqCopqs/2X6M05BEEjMkRMc0EulkiEuKGRlW7FSQBOE+6pKOkhEKiXCy0eVDuKccHwYxVy+ScOROTmQoFGIQeqoz31BMs9z8j3VSGZw4GY2SVJIIjz8KUgZlDPMYoU85wZINlECYU7UrxD3EEZYq7IoKwZw+eVZYh/XTunl9VG2cF2mUwQ7YBTVggmPQAJegCSyAwQN4AW/gXXvUXrUP7XPcWtKKmW3wp7Svbx8eq4M=</latexit>

H(k) = d(k) · �
<latexit sha1_base64="mnN7+AxQZuxYekkV/jfMfoAZmwo=">AAACFHicbZDNSsNAFIUn9a/Wv6hLN4NFqCAlEUFdCEU3XVYwttCEMplM2qEzSZiZCCX0Jdz4Km5cqLh14c63cdJGqK0HBj7OvZe59/gJo1JZ1rdRWlpeWV0rr1c2Nre2d8zdvXsZpwITB8csFh0fScJoRBxFFSOdRBDEfUba/vAmr7cfiJA0ju7UKCEeR/2IhhQjpa2eedKsuRypgR/C4fHVLwYzpouDWLmS9jnqmVWrbk0EF8EuoAoKtXrmlxvEOOUkUpghKbu2lSgvQ0JRzMi44qaSJAgPUZ90NUaIE+llk6vG8Eg7AQxjoV+k4MSdncgQl3LEfd2ZLyvna7n5X62bqvDCy2iUpIpEePpRmDKoYphHBAMqCFZspAFhQfWuEA+QQFjpICs6BHv+5EVwTuuXdfv2rNq4LtIogwNwCGrABuegAZqgBRyAwSN4Bq/gzXgyXox342PaWjKKmX3wR8bnDzVYndU=</latexit><latexit sha1_base64="mnN7+AxQZuxYekkV/jfMfoAZmwo=">AAACFHicbZDNSsNAFIUn9a/Wv6hLN4NFqCAlEUFdCEU3XVYwttCEMplM2qEzSZiZCCX0Jdz4Km5cqLh14c63cdJGqK0HBj7OvZe59/gJo1JZ1rdRWlpeWV0rr1c2Nre2d8zdvXsZpwITB8csFh0fScJoRBxFFSOdRBDEfUba/vAmr7cfiJA0ju7UKCEeR/2IhhQjpa2eedKsuRypgR/C4fHVLwYzpouDWLmS9jnqmVWrbk0EF8EuoAoKtXrmlxvEOOUkUpghKbu2lSgvQ0JRzMi44qaSJAgPUZ90NUaIE+llk6vG8Eg7AQxjoV+k4MSdncgQl3LEfd2ZLyvna7n5X62bqvDCy2iUpIpEePpRmDKoYphHBAMqCFZspAFhQfWuEA+QQFjpICs6BHv+5EVwTuuXdfv2rNq4LtIogwNwCGrABuegAZqgBRyAwSN4Bq/gzXgyXox342PaWjKKmX3wR8bnDzVYndU=</latexit><latexit sha1_base64="mnN7+AxQZuxYekkV/jfMfoAZmwo=">AAACFHicbZDNSsNAFIUn9a/Wv6hLN4NFqCAlEUFdCEU3XVYwttCEMplM2qEzSZiZCCX0Jdz4Km5cqLh14c63cdJGqK0HBj7OvZe59/gJo1JZ1rdRWlpeWV0rr1c2Nre2d8zdvXsZpwITB8csFh0fScJoRBxFFSOdRBDEfUba/vAmr7cfiJA0ju7UKCEeR/2IhhQjpa2eedKsuRypgR/C4fHVLwYzpouDWLmS9jnqmVWrbk0EF8EuoAoKtXrmlxvEOOUkUpghKbu2lSgvQ0JRzMi44qaSJAgPUZ90NUaIE+llk6vG8Eg7AQxjoV+k4MSdncgQl3LEfd2ZLyvna7n5X62bqvDCy2iUpIpEePpRmDKoYphHBAMqCFZspAFhQfWuEA+QQFjpICs6BHv+5EVwTuuXdfv2rNq4LtIogwNwCGrABuegAZqgBRyAwSN4Bq/gzXgyXox342PaWjKKmX3wR8bnDzVYndU=</latexit><latexit sha1_base64="mnN7+AxQZuxYekkV/jfMfoAZmwo=">AAACFHicbZDNSsNAFIUn9a/Wv6hLN4NFqCAlEUFdCEU3XVYwttCEMplM2qEzSZiZCCX0Jdz4Km5cqLh14c63cdJGqK0HBj7OvZe59/gJo1JZ1rdRWlpeWV0rr1c2Nre2d8zdvXsZpwITB8csFh0fScJoRBxFFSOdRBDEfUba/vAmr7cfiJA0ju7UKCEeR/2IhhQjpa2eedKsuRypgR/C4fHVLwYzpouDWLmS9jnqmVWrbk0EF8EuoAoKtXrmlxvEOOUkUpghKbu2lSgvQ0JRzMi44qaSJAgPUZ90NUaIE+llk6vG8Eg7AQxjoV+k4MSdncgQl3LEfd2ZLyvna7n5X62bqvDCy2iUpIpEePpRmDKoYphHBAMqCFZspAFhQfWuEA+QQFjpICs6BHv+5EVwTuuXdfv2rNq4LtIogwNwCGrABuegAZqgBRyAwSN4Bq/gzXgyXox342PaWjKKmX3wR8bnDzVYndU=</latexit>

now with

EPs come in pairs and are generic in 2d, hence much more abundant than 
in the Hermitian case!

Generic band crossings from tuning only two parameters!

- Look at              in 2d E2(k)
<latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit><latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit><latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit><latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit>

(Pancharatnam, Berry, …)

dR · dI = 0
<latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit>

d2
R � d2

I = 0
<latexit sha1_base64="nMGxBWnxKE3OSAV5FXwmJXBQurM=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0IUlKYK6EIpudFfF2EITw2Q6aYfOJGFmIpTQZ3Djq7hxoeLWnTvfxkmbhbYeGDh8917m3hMkjEplWd9GaW5+YXGpvFxZWV1b3zA3t+5knApMHByzWLQDJAmjEXEUVYy0E0EQDxhpBYOLvN56IELSOLpVw4R4HPUiGlKMlEa+eeBypPpBCLt+5goOb0b39cMpdqXZmeWbVatmjQVnjV2YKijU9M0vtxvjlJNIYYak7NhWorwMCUUxI6OKm0qSIDxAPdLRNkKcSC8bnzSCe5p0YRgL/SIFx/T3RIa4lEMe6M58WTldy+F/tU6qwhMvo1GSKhLhyUdhyqCKYZ4P7FJBsGJDbRAWVO8KcR8JhJVOsaJDsKdPnjVOvXZas6+Pqo3zIo0y2AG7YB/Y4Bg0wCVoAgdg8AiewSt4M56MF+Pd+Ji0loxiZhv8kfH5A8ZBnHY=</latexit><latexit sha1_base64="nMGxBWnxKE3OSAV5FXwmJXBQurM=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0IUlKYK6EIpudFfF2EITw2Q6aYfOJGFmIpTQZ3Djq7hxoeLWnTvfxkmbhbYeGDh8917m3hMkjEplWd9GaW5+YXGpvFxZWV1b3zA3t+5knApMHByzWLQDJAmjEXEUVYy0E0EQDxhpBYOLvN56IELSOLpVw4R4HPUiGlKMlEa+eeBypPpBCLt+5goOb0b39cMpdqXZmeWbVatmjQVnjV2YKijU9M0vtxvjlJNIYYak7NhWorwMCUUxI6OKm0qSIDxAPdLRNkKcSC8bnzSCe5p0YRgL/SIFx/T3RIa4lEMe6M58WTldy+F/tU6qwhMvo1GSKhLhyUdhyqCKYZ4P7FJBsGJDbRAWVO8KcR8JhJVOsaJDsKdPnjVOvXZas6+Pqo3zIo0y2AG7YB/Y4Bg0wCVoAgdg8AiewSt4M56MF+Pd+Ji0loxiZhv8kfH5A8ZBnHY=</latexit><latexit sha1_base64="nMGxBWnxKE3OSAV5FXwmJXBQurM=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0IUlKYK6EIpudFfF2EITw2Q6aYfOJGFmIpTQZ3Djq7hxoeLWnTvfxkmbhbYeGDh8917m3hMkjEplWd9GaW5+YXGpvFxZWV1b3zA3t+5knApMHByzWLQDJAmjEXEUVYy0E0EQDxhpBYOLvN56IELSOLpVw4R4HPUiGlKMlEa+eeBypPpBCLt+5goOb0b39cMpdqXZmeWbVatmjQVnjV2YKijU9M0vtxvjlJNIYYak7NhWorwMCUUxI6OKm0qSIDxAPdLRNkKcSC8bnzSCe5p0YRgL/SIFx/T3RIa4lEMe6M58WTldy+F/tU6qwhMvo1GSKhLhyUdhyqCKYZ4P7FJBsGJDbRAWVO8KcR8JhJVOsaJDsKdPnjVOvXZas6+Pqo3zIo0y2AG7YB/Y4Bg0wCVoAgdg8AiewSt4M56MF+Pd+Ji0loxiZhv8kfH5A8ZBnHY=</latexit><latexit sha1_base64="nMGxBWnxKE3OSAV5FXwmJXBQurM=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN4NF0IUlKYK6EIpudFfF2EITw2Q6aYfOJGFmIpTQZ3Djq7hxoeLWnTvfxkmbhbYeGDh8917m3hMkjEplWd9GaW5+YXGpvFxZWV1b3zA3t+5knApMHByzWLQDJAmjEXEUVYy0E0EQDxhpBYOLvN56IELSOLpVw4R4HPUiGlKMlEa+eeBypPpBCLt+5goOb0b39cMpdqXZmeWbVatmjQVnjV2YKijU9M0vtxvjlJNIYYak7NhWorwMCUUxI6OKm0qSIDxAPdLRNkKcSC8bnzSCe5p0YRgL/SIFx/T3RIa4lEMe6M58WTldy+F/tU6qwhMvo1GSKhLhyUdhyqCKYZ4P7FJBsGJDbRAWVO8KcR8JhJVOsaJDsKdPnjVOvXZas6+Pqo3zIo0y2AG7YB/Y4Bg0wCVoAgdg8AiewSt4M56MF+Pd+Ji0loxiZhv8kfH5A8ZBnHY=</latexit> EPs



Spectral features

EPs are non-analytical, 
“square roots of Weyl points”

|E(k)|
<latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit><latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit><latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit><latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit>

          is different than what one naively infers from             !E2(k)
<latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit><latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit><latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit><latexit sha1_base64="6QNkzOPnqQ7BZp5uxVmCi7F2E1w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyUpgi6LIrisYB/QpmUynbRDJ5MwM1FK6H+4caGIW//FnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO1405vU7zxSqVgoHvQsom6Ax4L5jGBtpMHtoF7tB1hPPB9Nz4flil2zM6BV4uSkAjmaw/JXfxSSOKBCE46V6jl2pN0ES80Ip/NSP1Y0wmSKx7RnqMABVW6SpZ6jM6OMkB9K84RGmfp7I8GBUrPAM5NpQrXspeJ/Xi/W/pWbMBHFmgqyOOTHHOkQpRWgEZOUaD4zBBPJTFZEJlhiok1RJVOCs/zlVdKu1xy75txfVBrXeR1FOIFTqIIDl9CAO2hCCwhIeIZXeLOerBfr3fpYjBasfOcY/sD6/AH+jJGF</latexit>

E(k)
<latexit sha1_base64="ZBLL5Rac1yXRd+C0AaEQhkgxfXE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBItQN2VGBF0WRXBZwT6gM5RMmmlDM5mQZIQy9DfcuFDErT/jzr8x085CWw8EDufcyz05oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCoo5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uc397hNVmiXi0UwlDWI8EixiBBsr+Xd1P8ZmHEZocj6o1tyGOwdaJV5BalCgNah++cOEpDEVhnCsdd9zpQkyrAwjnM4qfqqpxGSCR7RvqcAx1UE2zzxDZ1YZoihR9gmD5urvjQzHWk/j0E7mCfWyl4v/ef3URNdBxoRMDRVkcShKOTIJygtAQ6YoMXxqCSaK2ayIjLHCxNiaKrYEb/nLq6Rz0fDchvdwWWveFHWU4QROoQ4eXEET7qEFbSAg4Rle4c1JnRfn3flYjJacYucY/sD5/AHTL5Dh</latexit><latexit sha1_base64="ZBLL5Rac1yXRd+C0AaEQhkgxfXE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBItQN2VGBF0WRXBZwT6gM5RMmmlDM5mQZIQy9DfcuFDErT/jzr8x085CWw8EDufcyz05oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCoo5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uc397hNVmiXi0UwlDWI8EixiBBsr+Xd1P8ZmHEZocj6o1tyGOwdaJV5BalCgNah++cOEpDEVhnCsdd9zpQkyrAwjnM4qfqqpxGSCR7RvqcAx1UE2zzxDZ1YZoihR9gmD5urvjQzHWk/j0E7mCfWyl4v/ef3URNdBxoRMDRVkcShKOTIJygtAQ6YoMXxqCSaK2ayIjLHCxNiaKrYEb/nLq6Rz0fDchvdwWWveFHWU4QROoQ4eXEET7qEFbSAg4Rle4c1JnRfn3flYjJacYucY/sD5/AHTL5Dh</latexit><latexit sha1_base64="ZBLL5Rac1yXRd+C0AaEQhkgxfXE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBItQN2VGBF0WRXBZwT6gM5RMmmlDM5mQZIQy9DfcuFDErT/jzr8x085CWw8EDufcyz05oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCoo5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uc397hNVmiXi0UwlDWI8EixiBBsr+Xd1P8ZmHEZocj6o1tyGOwdaJV5BalCgNah++cOEpDEVhnCsdd9zpQkyrAwjnM4qfqqpxGSCR7RvqcAx1UE2zzxDZ1YZoihR9gmD5urvjQzHWk/j0E7mCfWyl4v/ef3URNdBxoRMDRVkcShKOTIJygtAQ6YoMXxqCSaK2ayIjLHCxNiaKrYEb/nLq6Rz0fDchvdwWWveFHWU4QROoQ4eXEET7qEFbSAg4Rle4c1JnRfn3flYjJacYucY/sD5/AHTL5Dh</latexit><latexit sha1_base64="ZBLL5Rac1yXRd+C0AaEQhkgxfXE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBItQN2VGBF0WRXBZwT6gM5RMmmlDM5mQZIQy9DfcuFDErT/jzr8x085CWw8EDufcyz05oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCoo5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244uc397hNVmiXi0UwlDWI8EixiBBsr+Xd1P8ZmHEZocj6o1tyGOwdaJV5BalCgNah++cOEpDEVhnCsdd9zpQkyrAwjnM4qfqqpxGSCR7RvqcAx1UE2zzxDZ1YZoihR9gmD5urvjQzHWk/j0E7mCfWyl4v/ef3URNdBxoRMDRVkcShKOTIJygtAQ6YoMXxqCSaK2ayIjLHCxNiaKrYEb/nLq6Rz0fDchvdwWWveFHWU4QROoQ4eXEET7qEFbSAg4Rle4c1JnRfn3flYjJacYucY/sD5/AHTL5Dh</latexit>

Re[E(k)]
<latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit> Im[E(k)]

<latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit><latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit><latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit><latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit>

- 2d bulk Fermi arcs! V. Kozii and L. Fu, arXiv:1708.05841



Let’s have a closer look: arcs

d2
R � d2

I > 0
<latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit><latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit><latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit><latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit>

d2
R � d2

I < 0
<latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit><latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit><latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit><latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit>

dR · dI < 0
<latexit sha1_base64="0jKJMb6LgbcsuKg/6+gOwDqleoQ=">AAACCHicbZC7TsMwFIadcivlFmBkwKJCYqoShARDh0ossBVEL1ITVY7jtFYdO7IdpCrqyMKrsDCAECuPwMbb4LQZSssvWfr0n3Pkc/4gYVRpx/mxSiura+sb5c3K1vbO7p69f9BWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXeb3zSKSigj/ocUL8GA04jShG2lh9+9iLkR4GURZO+vceDoWeM27rTt+uOjVnKrgMbgFVUKjZt7+9UOA0JlxjhpTquU6i/QxJTTEjk4qXKpIgPEID0jPIUUyUn00PmcBT44QwEtI8ruHUnZ/IUKzUOA5MZ76lWqzl5n+1XqqjKz+jPEk14Xj2UZQyqAXMU4EhlQRrNjaAsKRmV4iHSCKsTXYVE4K7ePIytM9rruG7i2qjXsRRBkfgBJwBF1yCBrgBTdACGDyBF/AG3q1n69X6sD5nrSWrmDkEf2R9/QIanZn6</latexit><latexit sha1_base64="0jKJMb6LgbcsuKg/6+gOwDqleoQ=">AAACCHicbZC7TsMwFIadcivlFmBkwKJCYqoShARDh0ossBVEL1ITVY7jtFYdO7IdpCrqyMKrsDCAECuPwMbb4LQZSssvWfr0n3Pkc/4gYVRpx/mxSiura+sb5c3K1vbO7p69f9BWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXeb3zSKSigj/ocUL8GA04jShG2lh9+9iLkR4GURZO+vceDoWeM27rTt+uOjVnKrgMbgFVUKjZt7+9UOA0JlxjhpTquU6i/QxJTTEjk4qXKpIgPEID0jPIUUyUn00PmcBT44QwEtI8ruHUnZ/IUKzUOA5MZ76lWqzl5n+1XqqjKz+jPEk14Xj2UZQyqAXMU4EhlQRrNjaAsKRmV4iHSCKsTXYVE4K7ePIytM9rruG7i2qjXsRRBkfgBJwBF1yCBrgBTdACGDyBF/AG3q1n69X6sD5nrSWrmDkEf2R9/QIanZn6</latexit><latexit sha1_base64="0jKJMb6LgbcsuKg/6+gOwDqleoQ=">AAACCHicbZC7TsMwFIadcivlFmBkwKJCYqoShARDh0ossBVEL1ITVY7jtFYdO7IdpCrqyMKrsDCAECuPwMbb4LQZSssvWfr0n3Pkc/4gYVRpx/mxSiura+sb5c3K1vbO7p69f9BWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXeb3zSKSigj/ocUL8GA04jShG2lh9+9iLkR4GURZO+vceDoWeM27rTt+uOjVnKrgMbgFVUKjZt7+9UOA0JlxjhpTquU6i/QxJTTEjk4qXKpIgPEID0jPIUUyUn00PmcBT44QwEtI8ruHUnZ/IUKzUOA5MZ76lWqzl5n+1XqqjKz+jPEk14Xj2UZQyqAXMU4EhlQRrNjaAsKRmV4iHSCKsTXYVE4K7ePIytM9rruG7i2qjXsRRBkfgBJwBF1yCBrgBTdACGDyBF/AG3q1n69X6sD5nrSWrmDkEf2R9/QIanZn6</latexit><latexit sha1_base64="0jKJMb6LgbcsuKg/6+gOwDqleoQ=">AAACCHicbZC7TsMwFIadcivlFmBkwKJCYqoShARDh0ossBVEL1ITVY7jtFYdO7IdpCrqyMKrsDCAECuPwMbb4LQZSssvWfr0n3Pkc/4gYVRpx/mxSiura+sb5c3K1vbO7p69f9BWIpWYtLBgQnYDpAijnLQ01Yx0E0lQHDDSCUbXeb3zSKSigj/ocUL8GA04jShG2lh9+9iLkR4GURZO+vceDoWeM27rTt+uOjVnKrgMbgFVUKjZt7+9UOA0JlxjhpTquU6i/QxJTTEjk4qXKpIgPEID0jPIUUyUn00PmcBT44QwEtI8ruHUnZ/IUKzUOA5MZ76lWqzl5n+1XqqjKz+jPEk14Xj2UZQyqAXMU4EhlQRrNjaAsKRmV4iHSCKsTXYVE4K7ePIytM9rruG7i2qjXsRRBkfgBJwBF1yCBrgBTdACGDyBF/AG3q1n69X6sD5nrSWrmDkEf2R9/QIanZn6</latexit>

dR · dI > 0
<latexit sha1_base64="ghFAIxFkT1spOo7+wzl6gWd/tpA=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFUSEXQhUnCjuyr2Ak0ok8mkHTqZCTMToYQu3fgqblwo4tZHcOfbOGmzqK0/DHz85xzmnD9IGFXacX6s0tLyyupaeb2ysbm1vWPv7rWUSCUmTSyYkJ0AKcIoJ01NNSOdRBIUB4y0g+F1Xm8/Eqmo4A96lBA/Rn1OI4qRNlbPPvRipAdBlIXj3r2HQ6FnjNsrp2dXnZozEVwEt4AqKNTo2d9eKHAaE64xQ0p1XSfRfoakppiRccVLFUkQHqI+6RrkKCbKzyaHjOGxcUIYCWke13Dizk5kKFZqFAemM99Szddy879aN9XRhZ9RnqSacDz9KEoZ1ALmqcCQSoI1GxlAWFKzK8QDJBHWJruKCcGdP3kRWqc11/DdWbV+WcRRBgfgCJwAF5yDOrgBDdAEGDyBF/AG3q1n69X6sD6nrSWrmNkHf2R9/QIdp5n8</latexit><latexit sha1_base64="ghFAIxFkT1spOo7+wzl6gWd/tpA=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFUSEXQhUnCjuyr2Ak0ok8mkHTqZCTMToYQu3fgqblwo4tZHcOfbOGmzqK0/DHz85xzmnD9IGFXacX6s0tLyyupaeb2ysbm1vWPv7rWUSCUmTSyYkJ0AKcIoJ01NNSOdRBIUB4y0g+F1Xm8/Eqmo4A96lBA/Rn1OI4qRNlbPPvRipAdBlIXj3r2HQ6FnjNsrp2dXnZozEVwEt4AqKNTo2d9eKHAaE64xQ0p1XSfRfoakppiRccVLFUkQHqI+6RrkKCbKzyaHjOGxcUIYCWke13Dizk5kKFZqFAemM99Szddy879aN9XRhZ9RnqSacDz9KEoZ1ALmqcCQSoI1GxlAWFKzK8QDJBHWJruKCcGdP3kRWqc11/DdWbV+WcRRBgfgCJwAF5yDOrgBDdAEGDyBF/AG3q1n69X6sD6nrSWrmNkHf2R9/QIdp5n8</latexit><latexit sha1_base64="ghFAIxFkT1spOo7+wzl6gWd/tpA=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFUSEXQhUnCjuyr2Ak0ok8mkHTqZCTMToYQu3fgqblwo4tZHcOfbOGmzqK0/DHz85xzmnD9IGFXacX6s0tLyyupaeb2ysbm1vWPv7rWUSCUmTSyYkJ0AKcIoJ01NNSOdRBIUB4y0g+F1Xm8/Eqmo4A96lBA/Rn1OI4qRNlbPPvRipAdBlIXj3r2HQ6FnjNsrp2dXnZozEVwEt4AqKNTo2d9eKHAaE64xQ0p1XSfRfoakppiRccVLFUkQHqI+6RrkKCbKzyaHjOGxcUIYCWke13Dizk5kKFZqFAemM99Szddy879aN9XRhZ9RnqSacDz9KEoZ1ALmqcCQSoI1GxlAWFKzK8QDJBHWJruKCcGdP3kRWqc11/DdWbV+WcRRBgfgCJwAF5yDOrgBDdAEGDyBF/AG3q1n69X6sD6nrSWrmNkHf2R9/QIdp5n8</latexit><latexit sha1_base64="ghFAIxFkT1spOo7+wzl6gWd/tpA=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFUSEXQhUnCjuyr2Ak0ok8mkHTqZCTMToYQu3fgqblwo4tZHcOfbOGmzqK0/DHz85xzmnD9IGFXacX6s0tLyyupaeb2ysbm1vWPv7rWUSCUmTSyYkJ0AKcIoJ01NNSOdRBIUB4y0g+F1Xm8/Eqmo4A96lBA/Rn1OI4qRNlbPPvRipAdBlIXj3r2HQ6FnjNsrp2dXnZozEVwEt4AqKNTo2d9eKHAaE64xQ0p1XSfRfoakppiRccVLFUkQHqI+6RrkKCbKzyaHjOGxcUIYCWke13Dizk5kKFZqFAemM99Szddy879aN9XRhZ9RnqSacDz9KEoZ1ALmqcCQSoI1GxlAWFKzK8QDJBHWJruKCcGdP3kRWqc11/DdWbV+WcRRBgfgCJwAF5yDOrgBDdAEGDyBF/AG3q1n69X6sD6nrSWrmNkHf2R9/QIdp5n8</latexit>

E(k) = ±
p

dR(k)2 � dI(k)2 + 2idR(k) · dI(k)
<latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit><latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit><latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit><latexit sha1_base64="w1rLpeNlmqn/mTOz9liRmdHi2/M="></latexit>

Re[E] = 0
<latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit>

Fermi arcs                       when                           and    dR · dI = 0
<latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit>

d2
R � d2

I < 0
<latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit><latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit><latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit><latexit sha1_base64="3PKwlJDr6imvryF8FfV4e6PbB1o=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpkGDoUIkFtoLoQ2rTyHGc1qrjRLaDVEUdWfgVFgYQYuUT2PgbnDZDaTmSpeNz7tW993gxo1JZ1o9RWFldW98obpa2tnd298z9g5aMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdF15rcfiZA04g9qHBMnRANOA4qR0pJrHvdCpIZekPoT975fPZ/73varNcs1y1bFmgIuEzsnZZCj4ZrfPT/CSUi4wgxJ2bWtWDkpEopiRialXiJJjPAIDUhXU45CIp10esgEnmrFh0Ek9OMKTtX5jhSFUo5DT1dme8pFLxP/87qJCq6clPI4UYTj2aAgYVBFMEsF+lQQrNhYE4QF1btCPEQCYaWzK+kQ7MWTl0mrWrE1v7so12t5HEVwBE7AGbDBJaiDG9AATYDBE3gBb+DdeDZejQ/jc1ZaMPKeQ/AHxtcv+deZQQ==</latexit>

Irremovable degeneracies; generic (d-1)-dimensional open nodal surfaces/arcs

Im[E] = 0
<latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit>

dR · dI = 0
<latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit><latexit sha1_base64="T37G9wqF3GbqYf1kuu8T1x8d+os=">AAACEnicbVBNS8NAEN34WetX1KOXxSKIh5KIoB6Eohe9VTG20ISw2WzapbtJ2N0IJeQ/ePGvePGg4tWTN/+NmzYHbX0w8Hhvhpl5QcqoVJb1bczNLywuLddW6qtr6xub5tb2vUwygYmDE5aIboAkYTQmjqKKkW4qCOIBI51geFn6nQciJE3iOzVKicdRP6YRxUhpyTcPXY7UIIhg6Oeu4PC2cHGYKDglXxfnlm82rKY1BpwldkUaoELbN7/cMMEZJ7HCDEnZs61UeTkSimJGirqbSZIiPER90tM0RpxILx//VMB9rYQwSoSuWMGx+nsiR1zKEQ90Z3mqnPZK8T+vl6no1MtpnGaKxHiyKMoYVAksA4IhFQQrNtIEYUH1rRAPkEBY6RjrOgR7+uVZ4hw1z5r2zXGjdVGlUQO7YA8cABucgBa4Am3gAAwewTN4BW/Gk/FivBsfk9Y5o5rZAX9gfP4ASjOdWQ==</latexit>

d2
R � d2

I > 0
<latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit><latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit><latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit><latexit sha1_base64="TDvgfHFYtBa8qFKoNV+Z0+1crGg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi5ECm50V8U+oE3DZDJph04mYWYilNClG3/FjQtF3PoJ7vwbJ20WtfXAwJlz7uXee7yYUaks68coLC2vrK4V10sbm1vbO+buXlNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3vA681uPREga8Qc1iokToj6nAcVIack1D7shUgMvSP2xe9+rns58b3vVK8s1y1bFmgAuEjsnZZCj7prfXT/CSUi4wgxJ2bGtWDkpEopiRsalbiJJjPAQ9UlHU45CIp10csgYHmvFh0Ek9OMKTtTZjhSFUo5CT1dme8p5LxP/8zqJCi6clPI4UYTj6aAgYVBFMEsF+lQQrNhIE4QF1btCPEACYaWzK+kQ7PmTF0mzWrE1vzsr1y7zOIrgAByBE2CDc1ADN6AOGgCDJ/AC3sC78Wy8Gh/G57S0YOQ9++APjK9f/OGZQw==</latexit>

i-Fermi arcs                       when                         and    



Splitting Weyl/Dirac points

Minimal 2d model

H = k
x

�
x

+ k
y

�
y

+ i✏�
x

<latexit sha1_base64="FRk99DZY6xlv/bjIOuSYsWZUAI4=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCUCmJCIogFNx0WcFeoAlhMp20QyaTMDORhtCXcOOruHGhiFvBnW/jtI2grQcGPv7/HM6c308Ylcqyvoyl5ZXVtfXSRnlza3tn19zbb8s4FZi0cMxi0fWRJIxy0lJUMdJNBEGRz0jHD28mfueeCEljfqeyhLgRGnAaUIyUljzztHEdeiNH0kGEvFE19LKCsyp1SCIpizn8sT2zYtWsacFFsAuogKKanvnp9GOcRoQrzJCUPdtKlJsjoShmZFx2UkkShEM0ID2NHEVEuvn0qjE81kofBrHQjys4VX9P5CiSMot83RkhNZTz3kT8z+ulKrh0c8qTVBGOZ4uClEEVw0lEsE8FwYplGhAWVP8V4iESCCsdZFmHYM+fvAjts5qt+fa8Ur8q4iiBQ3AEToANLkAdNEATtAAGD+AJvIBX49F4Nt6M91nrklHMHIA/ZXx8AyT1n2c=</latexit><latexit sha1_base64="FRk99DZY6xlv/bjIOuSYsWZUAI4=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCUCmJCIogFNx0WcFeoAlhMp20QyaTMDORhtCXcOOruHGhiFvBnW/jtI2grQcGPv7/HM6c308Ylcqyvoyl5ZXVtfXSRnlza3tn19zbb8s4FZi0cMxi0fWRJIxy0lJUMdJNBEGRz0jHD28mfueeCEljfqeyhLgRGnAaUIyUljzztHEdeiNH0kGEvFE19LKCsyp1SCIpizn8sT2zYtWsacFFsAuogKKanvnp9GOcRoQrzJCUPdtKlJsjoShmZFx2UkkShEM0ID2NHEVEuvn0qjE81kofBrHQjys4VX9P5CiSMot83RkhNZTz3kT8z+ulKrh0c8qTVBGOZ4uClEEVw0lEsE8FwYplGhAWVP8V4iESCCsdZFmHYM+fvAjts5qt+fa8Ur8q4iiBQ3AEToANLkAdNEATtAAGD+AJvIBX49F4Nt6M91nrklHMHIA/ZXx8AyT1n2c=</latexit><latexit sha1_base64="FRk99DZY6xlv/bjIOuSYsWZUAI4=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCUCmJCIogFNx0WcFeoAlhMp20QyaTMDORhtCXcOOruHGhiFvBnW/jtI2grQcGPv7/HM6c308Ylcqyvoyl5ZXVtfXSRnlza3tn19zbb8s4FZi0cMxi0fWRJIxy0lJUMdJNBEGRz0jHD28mfueeCEljfqeyhLgRGnAaUIyUljzztHEdeiNH0kGEvFE19LKCsyp1SCIpizn8sT2zYtWsacFFsAuogKKanvnp9GOcRoQrzJCUPdtKlJsjoShmZFx2UkkShEM0ID2NHEVEuvn0qjE81kofBrHQjys4VX9P5CiSMot83RkhNZTz3kT8z+ulKrh0c8qTVBGOZ4uClEEVw0lEsE8FwYplGhAWVP8V4iESCCsdZFmHYM+fvAjts5qt+fa8Ur8q4iiBQ3AEToANLkAdNEATtAAGD+AJvIBX49F4Nt6M91nrklHMHIA/ZXx8AyT1n2c=</latexit><latexit sha1_base64="FRk99DZY6xlv/bjIOuSYsWZUAI4=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCUCmJCIogFNx0WcFeoAlhMp20QyaTMDORhtCXcOOruHGhiFvBnW/jtI2grQcGPv7/HM6c308Ylcqyvoyl5ZXVtfXSRnlza3tn19zbb8s4FZi0cMxi0fWRJIxy0lJUMdJNBEGRz0jHD28mfueeCEljfqeyhLgRGnAaUIyUljzztHEdeiNH0kGEvFE19LKCsyp1SCIpizn8sT2zYtWsacFFsAuogKKanvnp9GOcRoQrzJCUPdtKlJsjoShmZFx2UkkShEM0ID2NHEVEuvn0qjE81kofBrHQjys4VX9P5CiSMot83RkhNZTz3kT8z+ulKrh0c8qTVBGOZ4uClEEVw0lEsE8FwYplGhAWVP8V4iESCCsdZFmHYM+fvAjts5qt+fa8Ur8q4iiBQ3AEToANLkAdNEATtAAGD+AJvIBX49F4Nt6M91nrklHMHIA/ZXx8AyT1n2c=</latexit>

E = ±
q
k2
x

+ k2
y

� ✏2 + 2i✏k
x

<latexit sha1_base64="21a0x3fuYbw2yHgbYczwiCnzv0o=">AAACG3icbVDNS8MwHE3n15xfVY9egkMQhqMtwrwIAxE8TnAfsG4lzbItLE1rkoql7P/w4r/ixYMingQP/jdmWwXdfBB4ee/9SH7PjxiVyrK+jNzS8srqWn69sLG5tb1j7u41ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOmPLiZ+844ISUN+o5KIdAI04LRPMVJa8kzn8tyNAlfeCpWOvPuuUxp5Sdc5cUkkKQt514Elh/7coI6MPbNola0p4CKxM1IEGWqe+eH2QhwHhCvMkJRt24pUJ0VCUczIuODGkkQIj9CAtDXlKCCyk053G8MjrfRgPxT6cAWn6u+JFAVSJoGvkwFSQznvTcT/vHas+medlPIoVoTj2UP9mEEVwklRsEcFwYolmiAsqP4rxEMkEFa6zoIuwZ5feZE0nLKt+fVpsVrJ6siDA3AIjoENKqAKrkAN1AEGD+AJvIBX49F4Nt6M91k0Z2Qz++APjM9vVb6g7g==</latexit><latexit sha1_base64="21a0x3fuYbw2yHgbYczwiCnzv0o=">AAACG3icbVDNS8MwHE3n15xfVY9egkMQhqMtwrwIAxE8TnAfsG4lzbItLE1rkoql7P/w4r/ixYMingQP/jdmWwXdfBB4ee/9SH7PjxiVyrK+jNzS8srqWn69sLG5tb1j7u41ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOmPLiZ+844ISUN+o5KIdAI04LRPMVJa8kzn8tyNAlfeCpWOvPuuUxp5Sdc5cUkkKQt514Elh/7coI6MPbNola0p4CKxM1IEGWqe+eH2QhwHhCvMkJRt24pUJ0VCUczIuODGkkQIj9CAtDXlKCCyk053G8MjrfRgPxT6cAWn6u+JFAVSJoGvkwFSQznvTcT/vHas+medlPIoVoTj2UP9mEEVwklRsEcFwYolmiAsqP4rxEMkEFa6zoIuwZ5feZE0nLKt+fVpsVrJ6siDA3AIjoENKqAKrkAN1AEGD+AJvIBX49F4Nt6M91k0Z2Qz++APjM9vVb6g7g==</latexit><latexit sha1_base64="21a0x3fuYbw2yHgbYczwiCnzv0o=">AAACG3icbVDNS8MwHE3n15xfVY9egkMQhqMtwrwIAxE8TnAfsG4lzbItLE1rkoql7P/w4r/ixYMingQP/jdmWwXdfBB4ee/9SH7PjxiVyrK+jNzS8srqWn69sLG5tb1j7u41ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOmPLiZ+844ISUN+o5KIdAI04LRPMVJa8kzn8tyNAlfeCpWOvPuuUxp5Sdc5cUkkKQt514Elh/7coI6MPbNola0p4CKxM1IEGWqe+eH2QhwHhCvMkJRt24pUJ0VCUczIuODGkkQIj9CAtDXlKCCyk053G8MjrfRgPxT6cAWn6u+JFAVSJoGvkwFSQznvTcT/vHas+medlPIoVoTj2UP9mEEVwklRsEcFwYolmiAsqP4rxEMkEFa6zoIuwZ5feZE0nLKt+fVpsVrJ6siDA3AIjoENKqAKrkAN1AEGD+AJvIBX49F4Nt6M91k0Z2Qz++APjM9vVb6g7g==</latexit><latexit sha1_base64="21a0x3fuYbw2yHgbYczwiCnzv0o=">AAACG3icbVDNS8MwHE3n15xfVY9egkMQhqMtwrwIAxE8TnAfsG4lzbItLE1rkoql7P/w4r/ixYMingQP/jdmWwXdfBB4ee/9SH7PjxiVyrK+jNzS8srqWn69sLG5tb1j7u41ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOmPLiZ+844ISUN+o5KIdAI04LRPMVJa8kzn8tyNAlfeCpWOvPuuUxp5Sdc5cUkkKQt514Elh/7coI6MPbNola0p4CKxM1IEGWqe+eH2QhwHhCvMkJRt24pUJ0VCUczIuODGkkQIj9CAtDXlKCCyk053G8MjrfRgPxT6cAWn6u+JFAVSJoGvkwFSQznvTcT/vHas+medlPIoVoTj2UP9mEEVwklRsEcFwYolmiAsqP4rxEMkEFa6zoIuwZ5feZE0nLKt+fVpsVrJ6siDA3AIjoENKqAKrkAN1AEGD+AJvIBX49F4Nt6M91k0Z2Qz++APjM9vVb6g7g==</latexit>

- EPs at k
x

= 0, k
y

= ±✏
<latexit sha1_base64="QmFtRRDL6yBxiuAeVqeRyIUR6q4=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBIriQkoigm0LBjcsK9gJNCJPppB0yMwkzEzGEbnwVNy4UcetjuPNtnLRZaOuBgY//P4cz5w8SRpW27W+rsrK6tr5R3axtbe/s7tX3D3oqTiUmXRyzWA4CpAijgnQ11YwMEkkQDxjpB9FN4fcfiFQ0Fvc6S4jH0VjQkGKkjeTXjyL/sWWfw8jPWm7CoUsSRVnhNOymPSu4DE4JDVBWx69/uaMYp5wIjRlSaujYifZyJDXFjExrbqpIgnCExmRoUCBOlJfPDpjCU6OMYBhL84SGM/X3RI64UhkPTCdHeqIWvUL8zxumOrz2ciqSVBOB54vClEEdwyINOKKSYM0yAwhLav4K8QRJhLXJrGZCcBZPXobeRdMxfHfZaLfLOKrgGJyAM+CAK9AGt6ADugCDKXgGr+DNerJerHfrY95ascqZQ/CnrM8fip2VuQ==</latexit><latexit sha1_base64="QmFtRRDL6yBxiuAeVqeRyIUR6q4=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBIriQkoigm0LBjcsK9gJNCJPppB0yMwkzEzGEbnwVNy4UcetjuPNtnLRZaOuBgY//P4cz5w8SRpW27W+rsrK6tr5R3axtbe/s7tX3D3oqTiUmXRyzWA4CpAijgnQ11YwMEkkQDxjpB9FN4fcfiFQ0Fvc6S4jH0VjQkGKkjeTXjyL/sWWfw8jPWm7CoUsSRVnhNOymPSu4DE4JDVBWx69/uaMYp5wIjRlSaujYifZyJDXFjExrbqpIgnCExmRoUCBOlJfPDpjCU6OMYBhL84SGM/X3RI64UhkPTCdHeqIWvUL8zxumOrz2ciqSVBOB54vClEEdwyINOKKSYM0yAwhLav4K8QRJhLXJrGZCcBZPXobeRdMxfHfZaLfLOKrgGJyAM+CAK9AGt6ADugCDKXgGr+DNerJerHfrY95ascqZQ/CnrM8fip2VuQ==</latexit><latexit sha1_base64="QmFtRRDL6yBxiuAeVqeRyIUR6q4=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBIriQkoigm0LBjcsK9gJNCJPppB0yMwkzEzGEbnwVNy4UcetjuPNtnLRZaOuBgY//P4cz5w8SRpW27W+rsrK6tr5R3axtbe/s7tX3D3oqTiUmXRyzWA4CpAijgnQ11YwMEkkQDxjpB9FN4fcfiFQ0Fvc6S4jH0VjQkGKkjeTXjyL/sWWfw8jPWm7CoUsSRVnhNOymPSu4DE4JDVBWx69/uaMYp5wIjRlSaujYifZyJDXFjExrbqpIgnCExmRoUCBOlJfPDpjCU6OMYBhL84SGM/X3RI64UhkPTCdHeqIWvUL8zxumOrz2ciqSVBOB54vClEEdwyINOKKSYM0yAwhLav4K8QRJhLXJrGZCcBZPXobeRdMxfHfZaLfLOKrgGJyAM+CAK9AGt6ADugCDKXgGr+DNerJerHfrY95ascqZQ/CnrM8fip2VuQ==</latexit><latexit sha1_base64="QmFtRRDL6yBxiuAeVqeRyIUR6q4=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBIriQkoigm0LBjcsK9gJNCJPppB0yMwkzEzGEbnwVNy4UcetjuPNtnLRZaOuBgY//P4cz5w8SRpW27W+rsrK6tr5R3axtbe/s7tX3D3oqTiUmXRyzWA4CpAijgnQ11YwMEkkQDxjpB9FN4fcfiFQ0Fvc6S4jH0VjQkGKkjeTXjyL/sWWfw8jPWm7CoUsSRVnhNOymPSu4DE4JDVBWx69/uaMYp5wIjRlSaujYifZyJDXFjExrbqpIgnCExmRoUCBOlJfPDpjCU6OMYBhL84SGM/X3RI64UhkPTCdHeqIWvUL8zxumOrz2ciqSVBOB54vClEEdwyINOKKSYM0yAwhLav4K8QRJhLXJrGZCcBZPXobeRdMxfHfZaLfLOKrgGJyAM+CAK9AGt6ADugCDKXgGr+DNerJerHfrY95ascqZQ/CnrM8fip2VuQ==</latexit>

Im[E(k)]
<latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit><latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit><latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit><latexit sha1_base64="AednT4TIA61YQYqI9T2QH5nCQbc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRF0V8E+YGYomTTThiaZIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+SECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Kve7D0QqGot7PUlIwNFQ0IhipI3Ut48yX3J4y6fedc3nSI/CCI7Pgr5dderODHCZuAWpggKtvv3lD2KcciI0Zkgpz3USHWRIaooZmVb8VJEE4TEaEs9QgThRQTbLP4WnRhnAKJbmCQ1n6u+NDHGlJjw0k3lEtejl4n+el+qoEWRUJKkmAs8PRSmDOoZ5GXBAJcGaTQxBWFKTFeIRkghrU1nFlOAufnmZdM7rrlN37y6qzUZRRxkcgxNQAy64BE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBqbOVLQ==</latexit>

Re[E(k)]
<latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit>

Re[E] = 0
<latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit>

Im[E] = 0
<latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit>

Im[E] = 0
<latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit><latexit sha1_base64="jEg3fFHWWHwrsSZhqX/7FDfk6N0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhCoSCC7irYC0yHkkkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZlpvjajSLJaPZpzQQOC+ZBEj2FgryDpKoHsx8W+Da7dbrrhVdya0DF4OFchV75a/Or2YpIJKQzjW2vfcxAQZVoYRTielTqppgskQ96lvUWJBdZDNjp6gE+v0UBQr+6RBM/f3RIaF1mMR2k6BzUAv1qbmfzU/NdFlkDGZpIZKMl8UpRyZGE0TQD2mKDF8bAETxeytiAywwsTYnEo2BG/xy8vQPKt6lh/OK7WrPI4iHMExnIIHF1CDO6hDAwg8wTO8wpszcl6cd+dj3lpw8plD+CPn8wfFtpFp</latexit>

|E(k)|
<latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit><latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit><latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit><latexit sha1_base64="8giNXqI8UUrDfVenBpASKYs02rg=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFEVxWsA9oY5lMJ+3QySTMTJSS9j/cuFDErf/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DrzW49UKhaJez2OqRfigWABI1gb6WFyU+mGWA/9AI1OJz277FSdGdAycXNShhz1nv3V7UckCanQhGOlOq4Tay/FUjPC6bTUTRSNMRnhAe0YKnBIlZfOUk/RiVH6KIikeUKjmfp7I8WhUuPQN5NZRLXoZeJ/XifRwaWXMhEnmgoyPxQkHOkIZRWgPpOUaD42BBPJTFZEhlhiok1RJVOCu/jlZdI8q7pO1b07L9eu8jqKcATHUAEXLqAGt1CHBhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QOfXpHt</latexit>✏ = 1

<latexit sha1_base64="eSE5vRcF5x2wxsDLmE3UUcyDB90=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa+CbrniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDRGmQog==</latexit><latexit sha1_base64="eSE5vRcF5x2wxsDLmE3UUcyDB90=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa+CbrniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDRGmQog==</latexit><latexit sha1_base64="eSE5vRcF5x2wxsDLmE3UUcyDB90=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa+CbrniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDRGmQog==</latexit><latexit sha1_base64="eSE5vRcF5x2wxsDLmE3UUcyDB90=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa+CbrniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDRGmQog==</latexit>

✏ = 0
<latexit sha1_base64="IF+s9VtQ36EqQozFqatieMJPurA=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa/8brniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDQuWQoQ==</latexit><latexit sha1_base64="IF+s9VtQ36EqQozFqatieMJPurA=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa/8brniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDQuWQoQ==</latexit><latexit sha1_base64="IF+s9VtQ36EqQozFqatieMJPurA=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa/8brniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDQuWQoQ==</latexit><latexit sha1_base64="IF+s9VtQ36EqQozFqatieMJPurA=">AAAB8XicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCLUPTisYKtxXYp2XS2Dc0mS5IVSum/8OJBEa/+G2/+G9N2D9r6QuDhnRky80ap4Mb6/rdXWFldW98obpa2tnd298r7B02jMs2wwZRQuhVRg4JLbFhuBbZSjTSJBD5Ew5tp/eEJteFK3ttRimFC+5LHnFHrrMcOpoYLJa/8brniV/2ZyDIEOVQgV71b/ur0FMsSlJYJakw78FMbjqm2nAmclDqZwZSyIe1j26GkCZpwPNt4Qk6c0yOx0u5JS2bu74kxTYwZJZHrTKgdmMXa1Pyv1s5sfBmOuUwzi5LNP4ozQawi0/NJj2tkVowcUKa525WwAdWUWRdSyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHABNbiFOjSAgYRneIU3z3gv3rv3MW8tePnMIfyR9/kDQuWQoQ==</latexit>

E(k)
<latexit sha1_base64="zkEHZnwxB8EJAWYvffUpLjxmIDE=">AAAB83icbVDLSsNAFL2pr1pfVZduBotQNyURQZdFEVxWsA9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTppwp7brfTmltfWNzq7xd2dnd2z+oHh51VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nt7nffaJSsUQ86mlKgxiPBIsYwdpK/l3dj7EehxGanA+qNbfhzoFWiVeQGhRoDapf/jAhJqZCE46V6ntuqoMMS80Ip7OKbxRNMZngEe1bKnBMVZDNM8/QmVWGKEqkfUKjufp7I8OxUtM4tJN5QrXs5eJ/Xt/o6DrImEiNpoIsDkWGI52gvAA0ZJISzaeWYCKZzYrIGEtMtK2pYkvwlr+8SjoXDc/yh8ta86aoowwncAp18OAKmnAPLWgDgRSe4RXeHOO8OO/Ox2K05BQ7x/AHzucP0zGQ4Q==</latexit><latexit sha1_base64="zkEHZnwxB8EJAWYvffUpLjxmIDE=">AAAB83icbVDLSsNAFL2pr1pfVZduBotQNyURQZdFEVxWsA9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTppwp7brfTmltfWNzq7xd2dnd2z+oHh51VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nt7nffaJSsUQ86mlKgxiPBIsYwdpK/l3dj7EehxGanA+qNbfhzoFWiVeQGhRoDapf/jAhJqZCE46V6ntuqoMMS80Ip7OKbxRNMZngEe1bKnBMVZDNM8/QmVWGKEqkfUKjufp7I8OxUtM4tJN5QrXs5eJ/Xt/o6DrImEiNpoIsDkWGI52gvAA0ZJISzaeWYCKZzYrIGEtMtK2pYkvwlr+8SjoXDc/yh8ta86aoowwncAp18OAKmnAPLWgDgRSe4RXeHOO8OO/Ox2K05BQ7x/AHzucP0zGQ4Q==</latexit><latexit sha1_base64="zkEHZnwxB8EJAWYvffUpLjxmIDE=">AAAB83icbVDLSsNAFL2pr1pfVZduBotQNyURQZdFEVxWsA9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTppwp7brfTmltfWNzq7xd2dnd2z+oHh51VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nt7nffaJSsUQ86mlKgxiPBIsYwdpK/l3dj7EehxGanA+qNbfhzoFWiVeQGhRoDapf/jAhJqZCE46V6ntuqoMMS80Ip7OKbxRNMZngEe1bKnBMVZDNM8/QmVWGKEqkfUKjufp7I8OxUtM4tJN5QrXs5eJ/Xt/o6DrImEiNpoIsDkWGI52gvAA0ZJISzaeWYCKZzYrIGEtMtK2pYkvwlr+8SjoXDc/yh8ta86aoowwncAp18OAKmnAPLWgDgRSe4RXeHOO8OO/Ox2K05BQ7x/AHzucP0zGQ4Q==</latexit><latexit sha1_base64="zkEHZnwxB8EJAWYvffUpLjxmIDE=">AAAB83icbVDLSsNAFL2pr1pfVZduBotQNyURQZdFEVxWsA9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTppwp7brfTmltfWNzq7xd2dnd2z+oHh51VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nt7nffaJSsUQ86mlKgxiPBIsYwdpK/l3dj7EehxGanA+qNbfhzoFWiVeQGhRoDapf/jAhJqZCE46V6ntuqoMMS80Ip7OKbxRNMZngEe1bKnBMVZDNM8/QmVWGKEqkfUKjufp7I8OxUtM4tJN5QrXs5eJ/Xt/o6DrImEiNpoIsDkWGI52gvAA0ZJISzaeWYCKZzYrIGEtMtK2pYkvwlr+8SjoXDc/yh8ta86aoowwncAp18OAKmnAPLWgDgRSe4RXeHOO8OO/Ox2K05BQ7x/AHzucP0zGQ4Q==</latexit>



Experimental observation of 2d bulk Fermi arcs

Fermi arcs observed in 
photonic crystal slabs with 
losses 
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- Light scattering, 
iso-frequency 
contours vs. 
theoretical band 
structure

These experiments directly  
measure                ! Re[E(k)]

<latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit><latexit sha1_base64="g6J0IHrRFXsXGnOmhkQa5PiENwg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGCXBRFcVrEPmBlKJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+yv3uA5GKxuJeTxIScDQUNKIYaSP17aPMlxzekal3XfM50qMwguOzoG9XnbozA1wmbkGqoECrb3/5gxinnAiNGVLKc51EBxmSmmJGphU/VSRBeIyGxDNUIE5UkM3yT+GpUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5RLXq5+J/npTpqBBkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFYxJbiLX14mnfO669Td24tqs1HUUQbH4ATUgAsuQRPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8Aq0+VLg==</latexit>
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<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>

0
<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>

0
<latexit sha1_base64="O/5I4OAUFsnNxxeWxylJRjUYu3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8rjKMIJnMI5eHANdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPdsuMrA==</latexit>

NH Weyl
<latexit sha1_base64="LROqGCbAJkqb45iJXKypZuGQ01w=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0mqUI8FLz1JBfsBTSib7aRdupuE3Y0QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0439bG5tb2zm5pr7x/cHhUsY9PuipOJYUOjXks+wFRwFkEHc00h34igYiAQy+Y3s793iNIxeLoQWcJ+IKMIxYySrSRhnYl96TAdy3s4R5kfDa0q07NWQCvE7cgVVSgPbS/vFFMUwGRppwoNXCdRPs5kZpRDrOylypICJ2SMQwMjYgA5eeLw2f4wigjHMbSVKTxQv09kROhVCYC0ymInqhVby7+5w1SHd74OYuSVENEl4vClGMd43kKeMQkUM0zQwiVzNyK6YRIQrXJqmxCcFdfXifdes29qtXvr6vNRhFHCZ2hc3SJXNRATdRCbdRBFKXoGb2iN+vJerHerY9l64ZVzJyiP7A+fwCcpZJg</latexit>

Gapped
<latexit sha1_base64="NJbLyg/PMRYbuhvGh2YVRQUxr1c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqUI8FD3qsYD+gCWWz2bRLN5tldyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhZIzbVz32yltbG5t75R3K3v7B4dH1eOTrk4zRWiHpDxV/RBrypmgHcMMp32pKE5CTnvh5Hbu956o0iwVj2YqaZDgkWAxI9hYyc99laA7LCWNZsNqza27C6B14hWkBgXaw+qXH6UkS6gwhGOtB54rTZBjZRjhdFbxM00lJhM8ogNLBU6oDvLFzTN0YZUIxamyJQxaqL8ncpxoPU1C25lgM9ar3lz8zxtkJr4JciZkZqggy0VxxpFJ0TwAFDFFieFTSzBRzN6KyBgrTIyNqWJD8FZfXifdRt27qjcermutZhFHGc7gHC7Bgya04B7a0AECEp7hFd6czHlx3p2PZWvJKWZO4Q+czx/mkpGP</latexit>

Gapped
<latexit sha1_base64="NJbLyg/PMRYbuhvGh2YVRQUxr1c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqUI8FD3qsYD+gCWWz2bRLN5tldyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhZIzbVz32yltbG5t75R3K3v7B4dH1eOTrk4zRWiHpDxV/RBrypmgHcMMp32pKE5CTnvh5Hbu956o0iwVj2YqaZDgkWAxI9hYyc99laA7LCWNZsNqza27C6B14hWkBgXaw+qXH6UkS6gwhGOtB54rTZBjZRjhdFbxM00lJhM8ogNLBU6oDvLFzTN0YZUIxamyJQxaqL8ncpxoPU1C25lgM9ar3lz8zxtkJr4JciZkZqggy0VxxpFJ0TwAFDFFieFTSzBRzN6KyBgrTIyNqWJD8FZfXifdRt27qjcermutZhFHGc7gHC7Bgya04B7a0AECEp7hFd6czHlx3p2PZWvJKWZO4Q+czx/mkpGP</latexit>

min(|�E|)
<latexit sha1_base64="JCSubs2UbxyrjpjYCH5/CNstas8=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSLUS0lUUDwVVPBYwX5AE8pmu2mXbjZhd1Moaf+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyScKe0439bK6tr6xmZhq7i9s7u3bx8cNlScSkLrJOaxbAVYUc4ErWumOW0lkuIo4LQZDG6nfnNIpWKxeNKjhPoR7gkWMoK1kTq27UVMlMfeHeUao/vxWccuORVnBrRM3JyUIEetY3953ZikERWacKxU23US7WdYakY4nRS9VNEEkwHu0bahAkdU+dns8gk6NUoXhbE0JTSaqb8nMhwpNYoC0xlh3VeL3lT8z2unOrz2MyaSVFNB5ovClCMdo2kMqMskJZqPDMFEMnMrIn0sMdEmrKIJwV18eZk0zivuRcV9vCxVb/I4CnAMJ1AGF66gCg9QgzoQGMIzvMKblVkv1rv1MW9dsfKZI/gD6/MHciCS2g==</latexit>

0.25
<latexit sha1_base64="aAtw4NbDiIhq2r1RxPx8jLJicHs=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgKiT1uSy4cVnBPqANZTKdtENnJmFmIpTQX3DjQhG3/pA7/8ZJm4W2HrhwOOde7r0nTDjTxvO+ndLa+sbmVnm7srO7t39QPTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNO7nK/80SVZrF8NNOEBgKPJIsYwSaXPLd+NajWPNebA60SvyA1KNAcVL/6w5ikgkpDONa653uJCTKsDCOczir9VNMEkwke0Z6lEguqg2x+6wydWWWIoljZkgbN1d8TGRZaT0VoOwU2Y73s5eJ/Xi810W2QMZmkhkqyWBSlHJkY5Y+jIVOUGD61BBPF7K2IjLHCxNh4KjYEf/nlVdKuu/6F6z9c1hrXRRxlOIFTOAcfbqAB99CEFhAYwzO8wpsjnBfn3flYtJacYuYY/sD5/AHILI1e</latexit>

�
<latexit sha1_base64="9Xx9wkHoEicvMeEnFCpsc7iPm50=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQfFU8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8MkYqNqza27C6B14hWkBgXao+rXcByTVFBpCMdaDzw3MX6GlWGE03llmGqaYDLFEzqwVGJBtZ8tbp2jC6uMURgrW9Kghfp7IsNC65kIbKfAJtKrXi7+5w1SE974GZNJaqgky0VhypGJUf44GjNFieEzSzBRzN6KSIQVJsbGU7EheKsvr5Nuo+5d1RsPzVrrtoijDGdwDpfgwTW04B7a0AECETzDK7w5wnlx3p2PZWvJKWZO4Q+czx8Sbo47</latexit>
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- Sufficiently generic coupling needed

Material junctions?

Symmetry protected state promoted to a 
generic topological phase!

HNH = H + ⌃r
L(! = 0)
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Example: 3d Topological insulator 
coupled to a ferromagnetic lead
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- Surface theory + lead self energy:
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symmetries that would not be generic in the Hermitian
realm. These classes have been discussed in the context
of edge states by Esaki et. al. [33] and steps toward clas-
sifying NH phases in terms of the BL classes were very
recently taken by Lieu [34]. Here, we start by focusing
on a concrete example of such a genuinely NH symmetry
coined Q+ to reveal novel symmetry protected NH nodal
phases. The action of Q+ on the NH Hamiltonian of a
system is defined as

H = qH†q�1, q†q�1 = qq† = I. (1)

Clearly, in the limit of a Hermitian Hamiltonian, Q+ re-
duces to an ordinary unitary symmetry that commutes
with the Hamiltonian, and hence is not considered in the
Altland-Zirnbauer classification.

Symmetry protected EPs in two-band models.— We
now illustrate the idea of symmetry protected EPs on
the basis of lattice periodic NH two-band models, noting
that, as we demonstrate below, our results can readily
be generalized beyond this minimal framework. In re-
ciprocal space, the Bloch Hamiltonian of a NH two-band
model at lattice momentum k reads as

H(k) = d(k) · � + d0(k)�0, (2)

with the standard Pauli matrices �, the (2 ⇥ 2) identity
matrix �0, and d ⌘ d

R

+ id
I

with d
R

,d
I

2 R3 pa-
rameterizing the Hermitian and anti-Hermitian part of
the Hamiltonian, respectively. Here and in the following,
we drop the momentum dependence of d for notational
brevity. The eigenvalues of the Bloch Hamiltonian are
given by E± = d0 ±

p
d2

R

� d2
I

+ 2id
R

· d
I

. Hence, EPs
appear whenever

d2
R

� d2
I

= 0, d
R

· d
I

= 0 (3)

are simultaneously satisfied. To find (second-order) EPs,
we thus need to tune two parameters instead of the usual
three parameters in the case of Hermitian systems. This
is the basic reason why nodal NH phases, even in the
absence of symmetries, occur in one dimension lower than
their Hermitian counterparts.

Taking into consideration the symmetry relation Q+

in Eq. (1), we find two inequivalent possibilities for q,
either q = �0 or q equals one of the Pauli matrices. In
the first case, Eq. (1) reduces to H = H†, constraining
our Hamiltonian to the Hermitian realm, which is not
the subject of our present interest. In the second case,
we take q = �

x

, such that Eq. (1) takes the explicit form
H = �

x

H†�
x

. This leads to the following constraints for
the Hamiltonian in Eq. (2)

d
x

, d0 2 R, d
y

, d
z

2 iR. (4)

This means that the relation d
R

· d
I

= 0 in Eq. (3) is
trivially satisfied. Therefore, to find EPs in this case,

we only need to solve d2
R

� d2
I

= 0, and we thus need to
tune only one parameter instead of two. This observa-
tion has two important consequences. First, EPs, excep-
tional lines and exceptional surfaces generically appear in
one-, two- and three-dimensional systems, respectively.
This amounts to a further reduction by one of the spatial
dimension in which nodal phases occur as compared to
the NH case without symmetries. Second, the eigenvalue
equation in the presence of Q+ reduces to

E± = ±
q

d2
R

� d2
I

, (5)

where we have neglected d0 as this term does not a↵ect
the gap �E between the bands.

The implication of Eq. (5) is that the parameter space
is divided into regions where the energy is either real,
or purely imaginary, and the exceptional points thus
form boundaries between Fermi volumes of vanishing en-
ergy, and regions of infinite quasi particle lifetimes where
Im(E) = 0 (see Fig. 1 for an illustration). The inclusion
of d0 would just move these Fermi volumes away from
Re(E) = 0, but the energy gap �E would still have a
vanishing real part.

We now elaborate on these insights with the help of
concrete microscopic lattice models in one spatial dimen-
sion (1D) and in 2D on a square lattice with unit lattice
constant. To this end, we consider

d = (m + 1 � cos(k
x

) � cos(k
y

), i sin(k
x

), i sin(k
y

)) ,
(6)

where m 2 R. Clearly the Hamiltonian H = d · � re-
sulting from Eq. (6) satisfies the symmetry relation Q+

with q = �
x

(see Eq. (1) and Eq. (4)). To obtain our
1D model, we simply set k

y

= 0 for now. If m = 0 as
well, EPs occur whenever cos(k

x

) = ± sin(k
x

), i.e. at
k

x

= ⇡/4(mod⇡/2). For m 6= 0, EPs satisfying the con-
dition (m � cos(k))2 � sin(k)2 = 0 (see Eq. 3) are still
found for |m| 

p
2, and the spectrum becomes fully

gapped only for |m| > 2. Furthermore, it is clear that
EPs at which the spectrum of H switches from being
purely real to purely imaginary are always connected via
the aforementioned open Fermi volumes, which in the
present 1D case form open arcs. Thus, as long as the
symmetry Q+ is preserved, the EPs are stable in the
sense that they can only be removed pairwise by bring-
ing them together in momentum space and contracting
the arcs. This behavior exemplifies and corroborates our
claim of the existence of a stable nodal NH phase pro-
tected by the symmetry Q+. To explicitly demonstrate
the importance of this symmetry protection, we add a
symmetry breaking perturbation H

b

= i��
x

with � > 0.
Then, the overlap d

R

·d
I

becomes finite and EPs can be
continuously removed already at arbitrarily small � (cf.
Eq. (3)).

Proceeding to the 2D case, we now also allow k
y

to
take arbitrary values in the first Brillouin zone, i.e. k

y

2

- For 2-band models, pick q = �
x
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symmetries that would not be generic in the Hermitian
realm. These classes have been discussed in the context
of edge states by Esaki et. al. [33] and steps toward clas-
sifying NH phases in terms of the BL classes were very
recently taken by Lieu [34]. Here, we start by focusing
on a concrete example of such a genuinely NH symmetry
coined Q+ to reveal novel symmetry protected NH nodal
phases. The action of Q+ on the NH Hamiltonian of a
system is defined as

H = qH†q�1, q†q�1 = qq† = I. (1)

Clearly, in the limit of a Hermitian Hamiltonian, Q+ re-
duces to an ordinary unitary symmetry that commutes
with the Hamiltonian, and hence is not considered in the
Altland-Zirnbauer classification.

Symmetry protected EPs in two-band models.— We
now illustrate the idea of symmetry protected EPs on
the basis of lattice periodic NH two-band models, noting
that, as we demonstrate below, our results can readily
be generalized beyond this minimal framework. In re-
ciprocal space, the Bloch Hamiltonian of a NH two-band
model at lattice momentum k reads as

H(k) = d(k) · � + d0(k)�0, (2)

with the standard Pauli matrices �, the (2 ⇥ 2) identity
matrix �0, and d ⌘ d

R

+ id
I

with d
R

,d
I

2 R3 pa-
rameterizing the Hermitian and anti-Hermitian part of
the Hamiltonian, respectively. Here and in the following,
we drop the momentum dependence of d for notational
brevity. The eigenvalues of the Bloch Hamiltonian are
given by E± = d0 ±

p
d2

R

� d2
I

+ 2id
R

· d
I

. Hence, EPs
appear whenever

d2
R

� d2
I

= 0, d
R

· d
I

= 0 (3)

are simultaneously satisfied. To find (second-order) EPs,
we thus need to tune two parameters instead of the usual
three parameters in the case of Hermitian systems. This
is the basic reason why nodal NH phases, even in the
absence of symmetries, occur in one dimension lower than
their Hermitian counterparts.

Taking into consideration the symmetry relation Q+

in Eq. (1), we find two inequivalent possibilities for q,
either q = �0 or q equals one of the Pauli matrices. In
the first case, Eq. (1) reduces to H = H†, constraining
our Hamiltonian to the Hermitian realm, which is not
the subject of our present interest. In the second case,
we take q = �

x

, such that Eq. (1) takes the explicit form
H = �

x

H†�
x

. This leads to the following constraints for
the Hamiltonian in Eq. (2)

d
x

, d0 2 R, d
y

, d
z

2 iR. (4)

This means that the relation d
R

· d
I

= 0 in Eq. (3) is
trivially satisfied. Therefore, to find EPs in this case,

we only need to solve d2
R

� d2
I

= 0, and we thus need to
tune only one parameter instead of two. This observa-
tion has two important consequences. First, EPs, excep-
tional lines and exceptional surfaces generically appear in
one-, two- and three-dimensional systems, respectively.
This amounts to a further reduction by one of the spatial
dimension in which nodal phases occur as compared to
the NH case without symmetries. Second, the eigenvalue
equation in the presence of Q+ reduces to

E± = ±
q

d2
R

� d2
I

, (5)

where we have neglected d0 as this term does not a↵ect
the gap �E between the bands.

The implication of Eq. (5) is that the parameter space
is divided into regions where the energy is either real,
or purely imaginary, and the exceptional points thus
form boundaries between Fermi volumes of vanishing en-
ergy, and regions of infinite quasi particle lifetimes where
Im(E) = 0 (see Fig. 1 for an illustration). The inclusion
of d0 would just move these Fermi volumes away from
Re(E) = 0, but the energy gap �E would still have a
vanishing real part.

We now elaborate on these insights with the help of
concrete microscopic lattice models in one spatial dimen-
sion (1D) and in 2D on a square lattice with unit lattice
constant. To this end, we consider

d = (m + 1 � cos(k
x

) � cos(k
y

), i sin(k
x

), i sin(k
y

)) ,
(6)

where m 2 R. Clearly the Hamiltonian H = d · � re-
sulting from Eq. (6) satisfies the symmetry relation Q+

with q = �
x

(see Eq. (1) and Eq. (4)). To obtain our
1D model, we simply set k

y

= 0 for now. If m = 0 as
well, EPs occur whenever cos(k

x

) = ± sin(k
x

), i.e. at
k

x

= ⇡/4(mod⇡/2). For m 6= 0, EPs satisfying the con-
dition (m � cos(k))2 � sin(k)2 = 0 (see Eq. 3) are still
found for |m| 

p
2, and the spectrum becomes fully

gapped only for |m| > 2. Furthermore, it is clear that
EPs at which the spectrum of H switches from being
purely real to purely imaginary are always connected via
the aforementioned open Fermi volumes, which in the
present 1D case form open arcs. Thus, as long as the
symmetry Q+ is preserved, the EPs are stable in the
sense that they can only be removed pairwise by bring-
ing them together in momentum space and contracting
the arcs. This behavior exemplifies and corroborates our
claim of the existence of a stable nodal NH phase pro-
tected by the symmetry Q+. To explicitly demonstrate
the importance of this symmetry protection, we add a
symmetry breaking perturbation H

b

= i��
x

with � > 0.
Then, the overlap d

R

·d
I

becomes finite and EPs can be
continuously removed already at arbitrarily small � (cf.
Eq. (3)).

Proceeding to the 2D case, we now also allow k
y

to
take arbitrary values in the first Brillouin zone, i.e. k

y

2
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        symmetric systems, popular in optics, work analogouslyPT
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symmetries that would not be generic in the Hermitian
realm. These classes have been discussed in the context
of edge states by Esaki et. al. [33] and steps toward clas-
sifying NH phases in terms of the BL classes were very
recently taken by Lieu [34]. Here, we start by focusing
on a concrete example of such a genuinely NH symmetry
coined Q+ to reveal novel symmetry protected NH nodal
phases. The action of Q+ on the NH Hamiltonian of a
system is defined as

H = qH†q�1, q†q�1 = qq† = I. (1)

Clearly, in the limit of a Hermitian Hamiltonian, Q+ re-
duces to an ordinary unitary symmetry that commutes
with the Hamiltonian, and hence is not considered in the
Altland-Zirnbauer classification.

Symmetry protected EPs in two-band models.— We
now illustrate the idea of symmetry protected EPs on
the basis of lattice periodic NH two-band models, noting
that, as we demonstrate below, our results can readily
be generalized beyond this minimal framework. In re-
ciprocal space, the Bloch Hamiltonian of a NH two-band
model at lattice momentum k reads as

H(k) = d(k) · � + d0(k)�0, (2)

with the standard Pauli matrices �, the (2 ⇥ 2) identity
matrix �0, and d ⌘ d

R

+ id
I

with d
R

,d
I

2 R3 pa-
rameterizing the Hermitian and anti-Hermitian part of
the Hamiltonian, respectively. Here and in the following,
we drop the momentum dependence of d for notational
brevity. The eigenvalues of the Bloch Hamiltonian are
given by E± = d0 ±

p
d2

R

� d2
I

+ 2id
R

· d
I

. Hence, EPs
appear whenever

d2
R

� d2
I

= 0, d
R

· d
I

= 0 (3)

are simultaneously satisfied. To find (second-order) EPs,
we thus need to tune two parameters instead of the usual
three parameters in the case of Hermitian systems. This
is the basic reason why nodal NH phases, even in the
absence of symmetries, occur in one dimension lower than
their Hermitian counterparts.

Taking into consideration the symmetry relation Q+

in Eq. (1), we find two inequivalent possibilities for q,
either q = �0 or q equals one of the Pauli matrices. In
the first case, Eq. (1) reduces to H = H†, constraining
our Hamiltonian to the Hermitian realm, which is not
the subject of our present interest. In the second case,
we take q = �

x

, such that Eq. (1) takes the explicit form
H = �

x

H†�
x

. This leads to the following constraints for
the Hamiltonian in Eq. (2)

d
x

, d0 2 R, d
y

, d
z

2 iR. (4)

This means that the relation d
R

· d
I

= 0 in Eq. (3) is
trivially satisfied. Therefore, to find EPs in this case,

we only need to solve d2
R

� d2
I

= 0, and we thus need to
tune only one parameter instead of two. This observa-
tion has two important consequences. First, EPs, excep-
tional lines and exceptional surfaces generically appear in
one-, two- and three-dimensional systems, respectively.
This amounts to a further reduction by one of the spatial
dimension in which nodal phases occur as compared to
the NH case without symmetries. Second, the eigenvalue
equation in the presence of Q+ reduces to

E± = ±
q

d2
R

� d2
I

, (5)

where we have neglected d0 as this term does not a↵ect
the gap �E between the bands.

The implication of Eq. (5) is that the parameter space
is divided into regions where the energy is either real,
or purely imaginary, and the exceptional points thus
form boundaries between Fermi volumes of vanishing en-
ergy, and regions of infinite quasi particle lifetimes where
Im(E) = 0 (see Fig. 1 for an illustration). The inclusion
of d0 would just move these Fermi volumes away from
Re(E) = 0, but the energy gap �E would still have a
vanishing real part.

We now elaborate on these insights with the help of
concrete microscopic lattice models in one spatial dimen-
sion (1D) and in 2D on a square lattice with unit lattice
constant. To this end, we consider

d = (m + 1 � cos(k
x

) � cos(k
y

), i sin(k
x

), i sin(k
y

)) ,
(6)

where m 2 R. Clearly the Hamiltonian H = d · � re-
sulting from Eq. (6) satisfies the symmetry relation Q+

with q = �
x

(see Eq. (1) and Eq. (4)). To obtain our
1D model, we simply set k

y

= 0 for now. If m = 0 as
well, EPs occur whenever cos(k

x

) = ± sin(k
x

), i.e. at
k

x

= ⇡/4(mod⇡/2). For m 6= 0, EPs satisfying the con-
dition (m � cos(k))2 � sin(k)2 = 0 (see Eq. 3) are still
found for |m| 

p
2, and the spectrum becomes fully

gapped only for |m| > 2. Furthermore, it is clear that
EPs at which the spectrum of H switches from being
purely real to purely imaginary are always connected via
the aforementioned open Fermi volumes, which in the
present 1D case form open arcs. Thus, as long as the
symmetry Q+ is preserved, the EPs are stable in the
sense that they can only be removed pairwise by bring-
ing them together in momentum space and contracting
the arcs. This behavior exemplifies and corroborates our
claim of the existence of a stable nodal NH phase pro-
tected by the symmetry Q+. To explicitly demonstrate
the importance of this symmetry protection, we add a
symmetry breaking perturbation H

b

= i��
x

with � > 0.
Then, the overlap d

R

·d
I

becomes finite and EPs can be
continuously removed already at arbitrarily small � (cf.
Eq. (3)).

Proceeding to the 2D case, we now also allow k
y

to
take arbitrary values in the first Brillouin zone, i.e. k

y
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(d0 = 0)
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symmetries that would not be generic in the Hermitian
realm. These classes have been discussed in the context
of edge states by Esaki et. al. [33] and steps toward clas-
sifying NH phases in terms of the BL classes were very
recently taken by Lieu [34]. Here, we start by focusing
on a concrete example of such a genuinely NH symmetry
coined Q+ to reveal novel symmetry protected NH nodal
phases. The action of Q+ on the NH Hamiltonian of a
system is defined as

H = qH†q�1, q†q�1 = qq† = I. (1)

Clearly, in the limit of a Hermitian Hamiltonian, Q+ re-
duces to an ordinary unitary symmetry that commutes
with the Hamiltonian, and hence is not considered in the
Altland-Zirnbauer classification.

Symmetry protected EPs in two-band models.— We
now illustrate the idea of symmetry protected EPs on
the basis of lattice periodic NH two-band models, noting
that, as we demonstrate below, our results can readily
be generalized beyond this minimal framework. In re-
ciprocal space, the Bloch Hamiltonian of a NH two-band
model at lattice momentum k reads as

H(k) = d(k) · � + d0(k)�0, (2)

with the standard Pauli matrices �, the (2 ⇥ 2) identity
matrix �0, and d ⌘ d

R

+ id
I

with d
R

,d
I

2 R3 pa-
rameterizing the Hermitian and anti-Hermitian part of
the Hamiltonian, respectively. Here and in the following,
we drop the momentum dependence of d for notational
brevity. The eigenvalues of the Bloch Hamiltonian are
given by E± = d0 ±

p
d2

R

� d2
I

+ 2id
R

· d
I

. Hence, EPs
appear whenever

d2
R

� d2
I

= 0, d
R

· d
I

= 0 (3)

are simultaneously satisfied. To find (second-order) EPs,
we thus need to tune two parameters instead of the usual
three parameters in the case of Hermitian systems. This
is the basic reason why nodal NH phases, even in the
absence of symmetries, occur in one dimension lower than
their Hermitian counterparts.

Taking into consideration the symmetry relation Q+

in Eq. (1), we find two inequivalent possibilities for q,
either q = �0 or q equals one of the Pauli matrices. In
the first case, Eq. (1) reduces to H = H†, constraining
our Hamiltonian to the Hermitian realm, which is not
the subject of our present interest. In the second case,
we take q = �

x

, such that Eq. (1) takes the explicit form
H = �

x

H†�
x

. This leads to the following constraints for
the Hamiltonian in Eq. (2)

d
x

, d0 2 R, d
y

, d
z

2 iR. (4)

This means that the relation d
R

· d
I

= 0 in Eq. (3) is
trivially satisfied. Therefore, to find EPs in this case,

we only need to solve d2
R

� d2
I

= 0, and we thus need to
tune only one parameter instead of two. This observa-
tion has two important consequences. First, EPs, excep-
tional lines and exceptional surfaces generically appear in
one-, two- and three-dimensional systems, respectively.
This amounts to a further reduction by one of the spatial
dimension in which nodal phases occur as compared to
the NH case without symmetries. Second, the eigenvalue
equation in the presence of Q+ reduces to

E± = ±
q

d2
R

� d2
I

, (5)

where we have neglected d0 as this term does not a↵ect
the gap �E between the bands.

The implication of Eq. (5) is that the parameter space
is divided into regions where the energy is either real,
or purely imaginary, and the exceptional points thus
form boundaries between Fermi volumes of vanishing en-
ergy, and regions of infinite quasi particle lifetimes where
Im(E) = 0 (see Fig. 1 for an illustration). The inclusion
of d0 would just move these Fermi volumes away from
Re(E) = 0, but the energy gap �E would still have a
vanishing real part.

We now elaborate on these insights with the help of
concrete microscopic lattice models in one spatial dimen-
sion (1D) and in 2D on a square lattice with unit lattice
constant. To this end, we consider

d = (m + 1 � cos(k
x

) � cos(k
y

), i sin(k
x

), i sin(k
y

)) ,
(6)

where m 2 R. Clearly the Hamiltonian H = d · � re-
sulting from Eq. (6) satisfies the symmetry relation Q+

with q = �
x

(see Eq. (1) and Eq. (4)). To obtain our
1D model, we simply set k

y

= 0 for now. If m = 0 as
well, EPs occur whenever cos(k

x

) = ± sin(k
x

), i.e. at
k

x

= ⇡/4(mod⇡/2). For m 6= 0, EPs satisfying the con-
dition (m � cos(k))2 � sin(k)2 = 0 (see Eq. 3) are still
found for |m| 

p
2, and the spectrum becomes fully

gapped only for |m| > 2. Furthermore, it is clear that
EPs at which the spectrum of H switches from being
purely real to purely imaginary are always connected via
the aforementioned open Fermi volumes, which in the
present 1D case form open arcs. Thus, as long as the
symmetry Q+ is preserved, the EPs are stable in the
sense that they can only be removed pairwise by bring-
ing them together in momentum space and contracting
the arcs. This behavior exemplifies and corroborates our
claim of the existence of a stable nodal NH phase pro-
tected by the symmetry Q+. To explicitly demonstrate
the importance of this symmetry protection, we add a
symmetry breaking perturbation H

b

= i��
x

with � > 0.
Then, the overlap d

R

·d
I

becomes finite and EPs can be
continuously removed already at arbitrarily small � (cf.
Eq. (3)).

Proceeding to the 2D case, we now also allow k
y

to
take arbitrary values in the first Brillouin zone, i.e. k

y

2
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Non-Hermitian (NH) Hamiltonians have become an important asset for the e↵ective description of
various physical systems that are subject to dissipation. Motivated by recent experimental progress
on realizing the NH counterparts of gapless phases such as Weyl semimetals, here we investigate how
NH symmetries a↵ect the occurrence of exceptional points (EPs), that generalize the notion of nodal
points in the spectrum beyond the Hermitian realm. Remarkably, we find that the dimension of the
manifold of EPs is generically increased by one as compared to the case without symmetry. This
leads to nodal surfaces formed by EPs that are stable as long as a protecting symmetry is preserved,
and that are connected by open Fermi volumes. We illustrate our findings with analytically solvable
two-band lattice models in one and two spatial dimensions, and show how they are readily generalized
to generic NH crystalline systems.

Introduction.— Nodal materials such as Dirac
semimetals and Weyl semimetals are in the spotlight
of current research due to their fascinating transport
properties, including ramifications of quantum anomalies
[1, 2]. The defining property of such intriguing phases of
quantum matter is the topological stability of the nodal
points in their band structure which may, as in the case
of a spin-degenerate Dirac semimetal, rely on the pres-
ence of certain physical symmetries—a ubiquitous sce-
nario in the context of topological phases known as sym-
metry protection [3–6].

Very recently, intense theoretical [7–35] and experi-
mental [36–44] e↵orts have been made to extend the
concept of topological band structures to non-Hermitian
(NH) systems which play an important role in the ef-
fective description of dissipation e↵ects in various physi-
cal situations, ranging from quasi-particles with a finite
lifetime in strongly correlated solids to arrays of optical
resonators subject to gain and loss [7, 45, 46]. There,
the notion of nodal points is generalized to exceptional
points (EPs) [47, 48] which, in sharp contrast to band
touching points in Hermitian systems, reflect a defec-
tive, i.e. non-diagonalizable, non-Hermitian Hamiltonian
[49–51]. Interestingly, in NH systems the occurrence of
nodal band structures qualitatively changes as compared
to their Hermitian counterparts [10–12, 36]. For exam-
ple, the NH analog of a Weyl semimetal with stable EPs
at isolated momenta is found in two spatial dimensions
rather than three [10, 11, 36, 52]. Motivated by these in-
sights and their recent experimental verification [36, 37],
the purpose of this work is to shed light on the role of
symmetry protection of EPs in NH systems, resulting in
the discovery of new symmetry protected NH phases that
have no immediate Hermitian analog.

Below, investigating the role of genuinely NH symme-
tries in nodal phases, we demonstrate that symmetry
protected EPs in NH band structures generically form
a surface (the analog of a nodal surface in the Hermitian
context) the dimension of which is increased by one as
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FIG. 1: Illustration of a generic symmetry-protected NH
nodal phase, showing the real (blue) and imaginary (orange)
part of the spectral gap �E as a function of momentum in a
two-dimensional system. Contours of exceptional points are
denoted by red lines, separating regions where the real part
of �E is pinned to zero (open Fermi volumes) from those
where the imaginary part of �E vanishes. Regions where
both components are non-zero are forbidden by symmetry
(see Eq. (1)). This figure was obtained from a model on the
form H = (2 � cos k

x

� cos k
y

)�
x

+ i�
z

/4 which satisfies the
Q+-symmetry defined in Eq. (1).

compared to the case without symmetries. By this mech-
anism, nodal NH semimetals are promoted to symmetry
protected NH metals, where the surfaces of EPs form
the boundaries of open Fermi volumes characterized by
a vanishing real part of the energy gap (see Fig. 1 for
an illustration). Analyzing minimal microscopic models
with two bands, we analytically prove and clarify this
general principle, and, moreover, show how breaking the
protecting symmetry allows to continuously remove the
EPs.

Symmetries in non-Hermitian band structures.— The
general problem of identifying the generic symmetries
for NH systems, thus generalizing the celebrated ten-fold
Altland-Zirnbauer classification from the Hermitian con-
text [53, 54], has been addressed by Bernard and LeClair
(BL) [55, 56]. Instead of ten symmetry classes, BL found
a system of 43 classes, an extension based on additional
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Non-Hermitian (NH) Hamiltonians have become an important asset for the e↵ective description of
various physical systems that are subject to dissipation. Motivated by recent experimental progress
on realizing the NH counterparts of gapless phases such as Weyl semimetals, here we investigate how
NH symmetries a↵ect the occurrence of exceptional points (EPs), that generalize the notion of nodal
points in the spectrum beyond the Hermitian realm. Remarkably, we find that the dimension of the
manifold of EPs is generically increased by one as compared to the case without symmetry. This
leads to nodal surfaces formed by EPs that are stable as long as a protecting symmetry is preserved,
and that are connected by open Fermi volumes. We illustrate our findings with analytically solvable
two-band lattice models in one and two spatial dimensions, and show how they are readily generalized
to generic NH crystalline systems.

Introduction.— Nodal materials such as Dirac
semimetals and Weyl semimetals are in the spotlight
of current research due to their fascinating transport
properties, including ramifications of quantum anomalies
[1, 2]. The defining property of such intriguing phases of
quantum matter is the topological stability of the nodal
points in their band structure which may, as in the case
of a spin-degenerate Dirac semimetal, rely on the pres-
ence of certain physical symmetries—a ubiquitous sce-
nario in the context of topological phases known as sym-
metry protection [3–6].

Very recently, intense theoretical [7–35] and experi-
mental [36–44] e↵orts have been made to extend the
concept of topological band structures to non-Hermitian
(NH) systems which play an important role in the ef-
fective description of dissipation e↵ects in various physi-
cal situations, ranging from quasi-particles with a finite
lifetime in strongly correlated solids to arrays of optical
resonators subject to gain and loss [7, 45, 46]. There,
the notion of nodal points is generalized to exceptional
points (EPs) [47, 48] which, in sharp contrast to band
touching points in Hermitian systems, reflect a defec-
tive, i.e. non-diagonalizable, non-Hermitian Hamiltonian
[49–51]. Interestingly, in NH systems the occurrence of
nodal band structures qualitatively changes as compared
to their Hermitian counterparts [10–12, 36]. For exam-
ple, the NH analog of a Weyl semimetal with stable EPs
at isolated momenta is found in two spatial dimensions
rather than three [10, 11, 36, 52]. Motivated by these in-
sights and their recent experimental verification [36, 37],
the purpose of this work is to shed light on the role of
symmetry protection of EPs in NH systems, resulting in
the discovery of new symmetry protected NH phases that
have no immediate Hermitian analog.

Below, investigating the role of genuinely NH symme-
tries in nodal phases, we demonstrate that symmetry
protected EPs in NH band structures generically form
a surface (the analog of a nodal surface in the Hermitian
context) the dimension of which is increased by one as
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FIG. 1: Illustration of a generic symmetry-protected NH
nodal phase, showing the real (blue) and imaginary (orange)
part of the spectral gap �E as a function of momentum in a
two-dimensional system. Contours of exceptional points are
denoted by red lines, separating regions where the real part
of �E is pinned to zero (open Fermi volumes) from those
where the imaginary part of �E vanishes. Regions where
both components are non-zero are forbidden by symmetry
(see Eq. (1)). This figure was obtained from a model on the
form H = (2 � cos k

x
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y

)�
x

+ i�
z

/4 which satisfies the
Q+-symmetry defined in Eq. (1).

compared to the case without symmetries. By this mech-
anism, nodal NH semimetals are promoted to symmetry
protected NH metals, where the surfaces of EPs form
the boundaries of open Fermi volumes characterized by
a vanishing real part of the energy gap (see Fig. 1 for
an illustration). Analyzing minimal microscopic models
with two bands, we analytically prove and clarify this
general principle, and, moreover, show how breaking the
protecting symmetry allows to continuously remove the
EPs.

Symmetries in non-Hermitian band structures.— The
general problem of identifying the generic symmetries
for NH systems, thus generalizing the celebrated ten-fold
Altland-Zirnbauer classification from the Hermitian con-
text [53, 54], has been addressed by Bernard and LeClair
(BL) [55, 56]. Instead of ten symmetry classes, BL found
a system of 43 classes, an extension based on additional

2d example

J.C. Budich, J. Carlström, F.K. Kunst and E.J. Bergholtz, in arXiv:1810.00914
+ several subsequent postings… 



3d: generic exceptional rings,…

E=0 solutions form exceptional rings Y. Xu, S.-T. Wang, and L.-M. Duan, PRL 118, 045701(2017)

- Intersections between 2d surfaces

Think about this geometrically
E = 0
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J. Carlström and E.J. Bergholtz, 
Phys. Rev. A 98, 042114 (2018)

Leads to unusual open Fermi 
surfaces

- Terminated by exceptional lines

Re[E] = 0
<latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit><latexit sha1_base64="inOk89rG0Tdp+HOeq7PiOMYDHEU=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLpQKIjgsoq9wHQomfRMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4w4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fBmWm+NQGkWy0czTiAQpC9ZxCgx1gqyjhL4ASb+bXDtdssVt+rOhJfBy6GCctW75a9OL6apAGkoJ1r7npuYICPKMMphUuqkGhJCh6QPvkVJBOggmx09wSfW6eEoVvZJg2fu74mMCK3HIrSdgpiBXqxNzf9qfmqiyyBjMkkNSDpfFKUcmxhPE8A9poAaPrZAqGL2VkwHRBFqbE4lG4K3+OVlaJ5VPcv355XaVR5HER2hY3SKPHSBaugO1VEDUfSEntErenNGzovz7nzMWwtOPnOI/sj5/AHHSZFq</latexit>

E(k) = ±
p

dR(k)2 � dI(k)2 + 2idR(k) · dI(k)
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Remember:



Exceptional links and twisted “Fermi Ribbons”
Exceptional links generated as generic 
intersections between more general 2d 
closed surfaces

J. Carlström and E.J. Bergholtz, 
Phys. Rev. A 98, 042114 (2018)

Leads to open “Fermi ribbons”

- Seifert surfaces, orientable



Generalization: Knotted 
non-Hermitian metals

J. Carlström, M. Stålhammar, J.C. Budich and 
E.J. Bergholtz, Phys. Rev. B 99, 161115 (2019)

Short-range tight-binding models — nearest neighbour for a nodal link 
and next nearest for a trefoli knot

- Hermitian generic line-like nodes occur in D=4, but in D>3 all knots are trivial!
Two notions of topology combined — a unique NH possibility

Re[E] = 0
Im[E2] = 0

Re[E2] = 0

E = 0 (b)
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“Fermi-Seifert 
surfaces”

Boundary states, hyperbolic knots etc in 
followup works…

M. Stålhammar, et. al., SciPost Phys. 7, 019 (2019)
C.H. Lee  et. al., arXiv:1812.02011



Exceptional rings: Experiments

Exotic new bulk physics — but how about boundary states? 

Links and knots to come…
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FIG. 1. Helical waveguide array and corresponding band structure supporting a Weyl exceptional ring. (a)
Schematic of the bipartite helical waveguide array in which the rotations of the two sublattices are out of phase by a half-cycle
and breaks have been added to one of the sublattices. (b) Grayscale microscope image of the output facet of one of the helical
waveguide arrays. (c) Microscope image showing breaks added to the top layer of a helical waveguide array. Within the breaks,
out of focus waveguides deeper in the array can be seen. (d)-(e) Band structures in the δkxδky and δkxδkz planes with δky = 0
and δkz = 0, respectively, for a Hermitian waveguide array, τ = 0, showing a Type-II Weyl point. (f)-(g) Similar to (d)-(e),
except with breaks added to the waveguides, τ = 0.2, so that the band structure possesses a Weyl exceptional ring in the
δkxδky plane which is intersected twice by the δkxδkz plane, exhibiting two exceptional points. (h)-(i) Imaginary portion of
the band structure for the same systems considered in (d)-(e). Surface states are shown schematically in (e), (g), and (i) for
the states localized to the surface with unbroken waveguides.

to the frequency of the underlying Weyl point for the
wavevector components transverse, δk⊥ = (δkx, δky),
and parallel, δkz , to the waveguide axis. The details
of this derivation are included in the Supplementary In-
formation. Here, τ characterizes the strength of the loss
added to one of the two sublattices of waveguides, v⊥ and
vz are the group velocities in the transverse and parallel
directions, respectively, σ̂x,y,z are the Pauli matrices, Î
is the identity, and b is a dimensionless parameter, with
|b| ≪ 1.

In the Hermitian limit, τ = 0, this helical waveguide
array possesses a type-II Weyl point, whose dispersion is
strongly anisotropic because both bands represent modes
traveling in the same direction along the z axis [31]. Here
we consider the helical waveguide array as a 3D photonic
crystal, not a 2D system in the paraxial limit, where a
Weyl point exists in the δω(kx, ky, kz) band structure.
Although there is a complementary pair of bands repre-
senting modes traveling in the opposite direction at the
same frequency, the weak back-scattering in this system
implies negligible coupling between the forward and back-
ward propagating modes, allowing either pair of bands to
be considered independent of the other. The distinctive
conical band structure of this system at the Weyl point,
δω = 0, is shown in Figs. 1d-e, yielding a large transverse
group velocity at this frequency across nearly the entire
transverse Brillouin zone.

However, as loss is added to one sublattice in the bi-

partite waveguide array by increasing the break lengths,
|τ | > 0, the two bands begin to merge together starting at
the Weyl point, and proceeding radially outward in the
transverse direction, as shown in Fig. 1f. This process
yields a closed contour of exceptional points at δkz = 0
between the upper and lower bands on which the Berry
charge of the underlying Weyl point is exactly preserved,
resulting in a WER [59, 60]. Within this circular region
in δk⊥, and for a range of δkz near that of the WER,
the real part of the bands are nearly flat, resulting in an
extremely small transverse intensity transport velocity,
which is the non-Hermitian generalization of the group
velocity we observe in waveguide arrays [64]. These flat
bands can be seen by viewing the band structure in the
δkx − δkz plane, shown in Fig. 1g for δky = 0, between
the two exceptional points where this plane intersects the
WER. The small transverse intensity transport velocity
found in this region is in contrast to the large transverse
group velocity observed at Weyl points, and forms the
basis for one experimental probe of the WER. A second
consequence of adding spatially patterned loss, is that the
eigenmodes of the system begin to localize to either the
lossless or lossy waveguides depending on whether they
correspond to lossless or attenuating modes, as the loss
produces an effective impedance mismatch between the
two sublattices [65, 66]. This feature of non-Hermitian
systems has been previously observed in parity-time sym-
metric optical systems [67, 68], and provides the theoret-

Cerjan et. al.  
Nature Photonics 13, 623 
(2019)

Realised with coupled 
waveguides



Biorthogonal bulk-boundary 
correspondence 

F. K. Kunst, E. Edvardsson, J. C. Budich, and E. J. Bergholtz,
Phys. Rev. Lett. 121, 026808 (2018)

(a) (b) (c)
Re E
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k
<latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit>

S. Yao, F. Song, and Z. Wang, 
Phys. Rev. Lett. 121, 136802 (2018)

Alternative approach : 

Take home: Open and closed boundary 
conditions give dramatically different physics 
— but cases can be understood and are 
experimentally relevant!



Non-Hermitian skin effect 

At the heart of the problem

Left and right eigenstates pile up at the boundaries — exceptional physics?

But their “product” does not pile up…



Away from (but arbitrarily close to) exceptional points one can get a 
complete orthonormal basis by normalizing as 

Biorthogonal quantum mechanics
Brody, J Phys. A: Math. Theor. 47, 035305 (2013)

- Consistent with

with

and

By definition we have 

H†|uL
ni = E⇤

n|uL
ni

<latexit sha1_base64="ugZCNkr4JP3AX/hE9E6JrnOZPyM=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAkh7Argg8QAiLk4CGCMYHsZpmddDZDZmeXmVkhxPyDF3/FiwcVr568+TdOHgeTWNBQVHXT3RUknClt2z/WwuLS8spqZi27vrG5tZ3b2b1XcSopVGnMY1kPiALOBFQ10xzqiQQSBRxqQfdq6NceQCoWizvdS8CLSChYm1GijeTnCuWm2yJhCBI/ps0bX7iSiJDD5bUvmoUpyc/l7aI9Ap4nzoTk0QQVP/fttmKaRiA05USphmMn2usTqRnlMMi6qYKE0C4JoWGoIBEorz/6aYAPjdLC7ViaEhqP1L8TfRIp1YsC0xkR3VGz3lD8z2ukun3m9ZlIUg2Cjhe1U451jIcB4RaTQDXvGUKoZOZWTDtEEqpNjFkTgjP78jypHhfPi87tSb50MUkjg/bRATpCDjpFJVRGFVRFFD2hF/SG3q1n69X6sD7HrQvWZGYPTcH6+gVET534</latexit><latexit sha1_base64="ugZCNkr4JP3AX/hE9E6JrnOZPyM=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAkh7Argg8QAiLk4CGCMYHsZpmddDZDZmeXmVkhxPyDF3/FiwcVr568+TdOHgeTWNBQVHXT3RUknClt2z/WwuLS8spqZi27vrG5tZ3b2b1XcSopVGnMY1kPiALOBFQ10xzqiQQSBRxqQfdq6NceQCoWizvdS8CLSChYm1GijeTnCuWm2yJhCBI/ps0bX7iSiJDD5bUvmoUpyc/l7aI9Ap4nzoTk0QQVP/fttmKaRiA05USphmMn2usTqRnlMMi6qYKE0C4JoWGoIBEorz/6aYAPjdLC7ViaEhqP1L8TfRIp1YsC0xkR3VGz3lD8z2ukun3m9ZlIUg2Cjhe1U451jIcB4RaTQDXvGUKoZOZWTDtEEqpNjFkTgjP78jypHhfPi87tSb50MUkjg/bRATpCDjpFJVRGFVRFFD2hF/SG3q1n69X6sD7HrQvWZGYPTcH6+gVET534</latexit><latexit sha1_base64="ugZCNkr4JP3AX/hE9E6JrnOZPyM=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAkh7Argg8QAiLk4CGCMYHsZpmddDZDZmeXmVkhxPyDF3/FiwcVr568+TdOHgeTWNBQVHXT3RUknClt2z/WwuLS8spqZi27vrG5tZ3b2b1XcSopVGnMY1kPiALOBFQ10xzqiQQSBRxqQfdq6NceQCoWizvdS8CLSChYm1GijeTnCuWm2yJhCBI/ps0bX7iSiJDD5bUvmoUpyc/l7aI9Ap4nzoTk0QQVP/fttmKaRiA05USphmMn2usTqRnlMMi6qYKE0C4JoWGoIBEorz/6aYAPjdLC7ViaEhqP1L8TfRIp1YsC0xkR3VGz3lD8z2ukun3m9ZlIUg2Cjhe1U451jIcB4RaTQDXvGUKoZOZWTDtEEqpNjFkTgjP78jypHhfPi87tSb50MUkjg/bRATpCDjpFJVRGFVRFFD2hF/SG3q1n69X6sD7HrQvWZGYPTcH6+gVET534</latexit><latexit sha1_base64="ugZCNkr4JP3AX/hE9E6JrnOZPyM=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAkh7Argg8QAiLk4CGCMYHsZpmddDZDZmeXmVkhxPyDF3/FiwcVr568+TdOHgeTWNBQVHXT3RUknClt2z/WwuLS8spqZi27vrG5tZ3b2b1XcSopVGnMY1kPiALOBFQ10xzqiQQSBRxqQfdq6NceQCoWizvdS8CLSChYm1GijeTnCuWm2yJhCBI/ps0bX7iSiJDD5bUvmoUpyc/l7aI9Ap4nzoTk0QQVP/fttmKaRiA05USphmMn2usTqRnlMMi6qYKE0C4JoWGoIBEorz/6aYAPjdLC7ViaEhqP1L8TfRIp1YsC0xkR3VGz3lD8z2ukun3m9ZlIUg2Cjhe1U451jIcB4RaTQDXvGUKoZOZWTDtEEqpNjFkTgjP78jypHhfPi87tSb50MUkjg/bRATpCDjpFJVRGFVRFFD2hF/SG3q1n69X6sD7HrQvWZGYPTcH6+gVET534</latexit>

H|uR
n i = En|uR

n i
<latexit sha1_base64="SsgzWvLRq+Z6i/jpdd9bY1kbFsA=">AAACB3icbVBNS8NAEJ34WetX1KMHg0XwVBIR/AChIEKPVYwttDFstpt26WYTdjdCiT168a948aDi1b/gzX/jts3Btj4YeLw3w8y8IGFUKtv+MebmFxaXlgsrxdW19Y1Nc2v7TsapwMTFMYtFI0CSMMqJq6hipJEIgqKAkXrQuxz69QciJI35reonxItQh9OQYqS05Jt71cf0/sbnLYF4h5GLK59PCL5Zssv2CNYscXJSghw13/xutWOcRoQrzJCUTcdOlJchoShmZFBspZIkCPdQhzQ15Sgi0stGjwysA620rTAWuriyRurfiQxFUvajQHdGSHXltDcU//OaqQpPvYzyJFWE4/GiMGWWiq1hKlabCoIV62uCsKD6Vgt3kUBY6eyKOgRn+uVZ4h6Vz8rO9XGpcp6nUYBd2IdDcOAEKlCFGriA4Qle4A3ejWfj1fgwPsetc0Y+swMTML5+AXGdmco=</latexit><latexit sha1_base64="SsgzWvLRq+Z6i/jpdd9bY1kbFsA=">AAACB3icbVBNS8NAEJ34WetX1KMHg0XwVBIR/AChIEKPVYwttDFstpt26WYTdjdCiT168a948aDi1b/gzX/jts3Btj4YeLw3w8y8IGFUKtv+MebmFxaXlgsrxdW19Y1Nc2v7TsapwMTFMYtFI0CSMMqJq6hipJEIgqKAkXrQuxz69QciJI35reonxItQh9OQYqS05Jt71cf0/sbnLYF4h5GLK59PCL5Zssv2CNYscXJSghw13/xutWOcRoQrzJCUTcdOlJchoShmZFBspZIkCPdQhzQ15Sgi0stGjwysA620rTAWuriyRurfiQxFUvajQHdGSHXltDcU//OaqQpPvYzyJFWE4/GiMGWWiq1hKlabCoIV62uCsKD6Vgt3kUBY6eyKOgRn+uVZ4h6Vz8rO9XGpcp6nUYBd2IdDcOAEKlCFGriA4Qle4A3ejWfj1fgwPsetc0Y+swMTML5+AXGdmco=</latexit><latexit sha1_base64="SsgzWvLRq+Z6i/jpdd9bY1kbFsA=">AAACB3icbVBNS8NAEJ34WetX1KMHg0XwVBIR/AChIEKPVYwttDFstpt26WYTdjdCiT168a948aDi1b/gzX/jts3Btj4YeLw3w8y8IGFUKtv+MebmFxaXlgsrxdW19Y1Nc2v7TsapwMTFMYtFI0CSMMqJq6hipJEIgqKAkXrQuxz69QciJI35reonxItQh9OQYqS05Jt71cf0/sbnLYF4h5GLK59PCL5Zssv2CNYscXJSghw13/xutWOcRoQrzJCUTcdOlJchoShmZFBspZIkCPdQhzQ15Sgi0stGjwysA620rTAWuriyRurfiQxFUvajQHdGSHXltDcU//OaqQpPvYzyJFWE4/GiMGWWiq1hKlabCoIV62uCsKD6Vgt3kUBY6eyKOgRn+uVZ4h6Vz8rO9XGpcp6nUYBd2IdDcOAEKlCFGriA4Qle4A3ejWfj1fgwPsetc0Y+swMTML5+AXGdmco=</latexit><latexit sha1_base64="SsgzWvLRq+Z6i/jpdd9bY1kbFsA=">AAACB3icbVBNS8NAEJ34WetX1KMHg0XwVBIR/AChIEKPVYwttDFstpt26WYTdjdCiT168a948aDi1b/gzX/jts3Btj4YeLw3w8y8IGFUKtv+MebmFxaXlgsrxdW19Y1Nc2v7TsapwMTFMYtFI0CSMMqJq6hipJEIgqKAkXrQuxz69QciJI35reonxItQh9OQYqS05Jt71cf0/sbnLYF4h5GLK59PCL5Zssv2CNYscXJSghw13/xutWOcRoQrzJCUTcdOlJchoShmZFBspZIkCPdQhzQ15Sgi0stGjwysA620rTAWuriyRurfiQxFUvajQHdGSHXltDcU//OaqQpPvYzyJFWE4/GiMGWWiq1hKlabCoIV62uCsKD6Vgt3kUBY6eyKOgRn+uVZ4h6Vz8rO9XGpcp6nUYBd2IdDcOAEKlCFGriA4Qle4A3ejWfj1fgwPsetc0Y+swMTML5+AXGdmco=</latexit>

and

This provides the “product”…

= �nm
<latexit sha1_base64="w6q4YuXAbTPkoSvQxYVQ+axo/0g=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoBeh6MVjBfsBTSibzaZdursJuxOhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0wFN+C6305pbX1jc6u8XdnZ3ds/qB4edUySacraNBGJ7oXEMMEVawMHwXqpZkSGgnXD8d3M7z4xbXiiHmGSskCSoeIxpwSs5N/4ERNABrmS00G15tbdOfAq8QpSQwVag+qXHyU0k0wBFcSYvuemEOREA6eCTSt+ZlhK6JgMWd9SRSQzQT6/eYrPrBLhONG2FOC5+nsiJ9KYiQxtpyQwMsveTPzP62cQXwc5V2kGTNHFojgTGBI8CwBHXDMKYmIJoZrbWzEdEU0o2JgqNgRv+eVV0mnUvYt64+Gy1rwt4iijE3SKzpGHrlAT3aMWaiOKUvSMXtGbkzkvzrvzsWgtOcXMMfoD5/MHM+aRyw==</latexit>



Application: non-Hermitian SSH chain

Exact zero energy boundary states:

Phase transitions and changes in zero-modes at                                           ?                   

Observation: when                    we have zero energy biorthogonal bulk state! 

(now with                                                         )

A
<latexit sha1_base64="t76PwhIyQLnUv2yxsvTEVI8J5qk=">AAAB53icdVDLSsNAFL2pr1pfVZduBovgKiTFPuKq4sZlC8YKbSiT6aQdO3kwMxFK6Be4caHi1l9y5984TSuo6IELh3Pu5d57/IQzqSzrwyisrK6tbxQ3S1vbO7t75f2DGxmnglCXxDwWtz6WlLOIuoopTm8TQXHoc9r1J5dzv3tPhWRxdK2mCfVCPIpYwAhWWupcDMoVy3TsWrVaR5Zp1ZymU8tJ3bYbyDatHBVYoj0ov/eHMUlDGinCsZQ920qUl2GhGOF0VuqnkiaYTPCI9jSNcEill+WHztCJVoYoiIWuSKFc/T6R4VDKaejrzhCrsfztzcW/vF6qgqaXsShJFY3IYlGQcqRiNP8aDZmgRPGpJpgIpm9FZIwFJkpnU9IhfH2K/idu1XRMu3NWaZ0v0yjCERzDKdjQgBZcQRtcIEDhAZ7g2bgzHo0X43XRWjCWM4fwA8bbJ3QVjOI=</latexit><latexit sha1_base64="t76PwhIyQLnUv2yxsvTEVI8J5qk=">AAAB53icdVDLSsNAFL2pr1pfVZduBovgKiTFPuKq4sZlC8YKbSiT6aQdO3kwMxFK6Be4caHi1l9y5984TSuo6IELh3Pu5d57/IQzqSzrwyisrK6tbxQ3S1vbO7t75f2DGxmnglCXxDwWtz6WlLOIuoopTm8TQXHoc9r1J5dzv3tPhWRxdK2mCfVCPIpYwAhWWupcDMoVy3TsWrVaR5Zp1ZymU8tJ3bYbyDatHBVYoj0ov/eHMUlDGinCsZQ920qUl2GhGOF0VuqnkiaYTPCI9jSNcEill+WHztCJVoYoiIWuSKFc/T6R4VDKaejrzhCrsfztzcW/vF6qgqaXsShJFY3IYlGQcqRiNP8aDZmgRPGpJpgIpm9FZIwFJkpnU9IhfH2K/idu1XRMu3NWaZ0v0yjCERzDKdjQgBZcQRtcIEDhAZ7g2bgzHo0X43XRWjCWM4fwA8bbJ3QVjOI=</latexit><latexit sha1_base64="t76PwhIyQLnUv2yxsvTEVI8J5qk=">AAAB53icdVDLSsNAFL2pr1pfVZduBovgKiTFPuKq4sZlC8YKbSiT6aQdO3kwMxFK6Be4caHi1l9y5984TSuo6IELh3Pu5d57/IQzqSzrwyisrK6tbxQ3S1vbO7t75f2DGxmnglCXxDwWtz6WlLOIuoopTm8TQXHoc9r1J5dzv3tPhWRxdK2mCfVCPIpYwAhWWupcDMoVy3TsWrVaR5Zp1ZymU8tJ3bYbyDatHBVYoj0ov/eHMUlDGinCsZQ920qUl2GhGOF0VuqnkiaYTPCI9jSNcEill+WHztCJVoYoiIWuSKFc/T6R4VDKaejrzhCrsfztzcW/vF6qgqaXsShJFY3IYlGQcqRiNP8aDZmgRPGpJpgIpm9FZIwFJkpnU9IhfH2K/idu1XRMu3NWaZ0v0yjCERzDKdjQgBZcQRtcIEDhAZ7g2bgzHo0X43XRWjCWM4fwA8bbJ3QVjOI=</latexit><latexit sha1_base64="t76PwhIyQLnUv2yxsvTEVI8J5qk=">AAAB53icdVDLSsNAFL2pr1pfVZduBovgKiTFPuKq4sZlC8YKbSiT6aQdO3kwMxFK6Be4caHi1l9y5984TSuo6IELh3Pu5d57/IQzqSzrwyisrK6tbxQ3S1vbO7t75f2DGxmnglCXxDwWtz6WlLOIuoopTm8TQXHoc9r1J5dzv3tPhWRxdK2mCfVCPIpYwAhWWupcDMoVy3TsWrVaR5Zp1ZymU8tJ3bYbyDatHBVYoj0ov/eHMUlDGinCsZQ920qUl2GhGOF0VuqnkiaYTPCI9jSNcEill+WHztCJVoYoiIWuSKFc/T6R4VDKaejrzhCrsfztzcW/vF6qgqaXsShJFY3IYlGQcqRiNP8aDZmgRPGpJpgIpm9FZIwFJkpnU9IhfH2K/idu1XRMu3NWaZ0v0yjCERzDKdjQgBZcQRtcIEDhAZ7g2bgzHo0X43XRWjCWM4fwA8bbJ3QVjOI=</latexit> B<latexit sha1_base64="SPph79znV9TSYFXC0CrRG/WEn3Y=">AAAB53icdVDLSsNAFL3xWeur6tLNYBFchaSNNHVVdOOyBWMLbSiT6aQdO3kwMxFK6Be4caHi1l9y5984fQgqeuDC4Zx7ufeeIOVMKsv6MFZW19Y3Ngtbxe2d3b390sHhrUwyQahHEp6IToAl5SymnmKK004qKI4CTtvB+Grmt++pkCyJb9QkpX6EhzELGcFKS63LfqlsmZWq41oVZJlupeo6jia2c16r28g2rTnKsESzX3rvDRKSRTRWhGMpu7aVKj/HQjHC6bTYyyRNMRnjIe1qGuOISj+fHzpFp1oZoDARumKF5ur3iRxHUk6iQHdGWI3kb28m/uV1MxW6fs7iNFM0JotFYcaRStDsazRgghLFJ5pgIpi+FZERFpgonU1Rh/D1KfqfeBWzbtotp9y4WKZRgGM4gTOwoQYNuIYmeECAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb59sjIzd</latexit><latexit sha1_base64="SPph79znV9TSYFXC0CrRG/WEn3Y=">AAAB53icdVDLSsNAFL3xWeur6tLNYBFchaSNNHVVdOOyBWMLbSiT6aQdO3kwMxFK6Be4caHi1l9y5984fQgqeuDC4Zx7ufeeIOVMKsv6MFZW19Y3Ngtbxe2d3b390sHhrUwyQahHEp6IToAl5SymnmKK004qKI4CTtvB+Grmt++pkCyJb9QkpX6EhzELGcFKS63LfqlsmZWq41oVZJlupeo6jia2c16r28g2rTnKsESzX3rvDRKSRTRWhGMpu7aVKj/HQjHC6bTYyyRNMRnjIe1qGuOISj+fHzpFp1oZoDARumKF5ur3iRxHUk6iQHdGWI3kb28m/uV1MxW6fs7iNFM0JotFYcaRStDsazRgghLFJ5pgIpi+FZERFpgonU1Rh/D1KfqfeBWzbtotp9y4WKZRgGM4gTOwoQYNuIYmeECAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb59sjIzd</latexit><latexit sha1_base64="SPph79znV9TSYFXC0CrRG/WEn3Y=">AAAB53icdVDLSsNAFL3xWeur6tLNYBFchaSNNHVVdOOyBWMLbSiT6aQdO3kwMxFK6Be4caHi1l9y5984fQgqeuDC4Zx7ufeeIOVMKsv6MFZW19Y3Ngtbxe2d3b390sHhrUwyQahHEp6IToAl5SymnmKK004qKI4CTtvB+Grmt++pkCyJb9QkpX6EhzELGcFKS63LfqlsmZWq41oVZJlupeo6jia2c16r28g2rTnKsESzX3rvDRKSRTRWhGMpu7aVKj/HQjHC6bTYyyRNMRnjIe1qGuOISj+fHzpFp1oZoDARumKF5ur3iRxHUk6iQHdGWI3kb28m/uV1MxW6fs7iNFM0JotFYcaRStDsazRgghLFJ5pgIpi+FZERFpgonU1Rh/D1KfqfeBWzbtotp9y4WKZRgGM4gTOwoQYNuIYmeECAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb59sjIzd</latexit><latexit sha1_base64="SPph79znV9TSYFXC0CrRG/WEn3Y=">AAAB53icdVDLSsNAFL3xWeur6tLNYBFchaSNNHVVdOOyBWMLbSiT6aQdO3kwMxFK6Be4caHi1l9y5984fQgqeuDC4Zx7ufeeIOVMKsv6MFZW19Y3Ngtbxe2d3b390sHhrUwyQahHEp6IToAl5SymnmKK004qKI4CTtvB+Grmt++pkCyJb9QkpX6EhzELGcFKS63LfqlsmZWq41oVZJlupeo6jia2c16r28g2rTnKsESzX3rvDRKSRTRWhGMpu7aVKj/HQjHC6bTYyyRNMRnjIe1qGuOISj+fHzpFp1oZoDARumKF5ur3iRxHUk6iQHdGWI3kb28m/uV1MxW6fs7iNFM0JotFYcaRStDsazRgghLFJ5pgIpi+FZERFpgonU1Rh/D1KfqfeBWzbtotp9y4WKZRgGM4gTOwoQYNuIYmeECAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb59sjIzd</latexit>

6=
<latexit sha1_base64="gxxPwrksDnspw9tY734WkZvi+dw=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU9i0KU09Fbx4rGBsoQ1ls920SzebuLsRSulf8OJBxau/yJv/xk1bQUUfDDzem2FmXphypjRCH1ZhbX1jc6u4XdrZ3ds/KB8e3aokk4T6JOGJ7IZYUc4E9TXTnHZTSXEcctoJJ5e537mnUrFE3OhpSoMYjwSLGME6l/qC3g3KFWR71ZrnuhDZyHNRs26IU3PqDQQdGy1QASu0B+X3/jAhWUyFJhwr1XNQqoMZlpoRTuelfqZoiskEj2jPUIFjqoLZ4tY5PDPKEEaJNCU0XKjfJ2Y4Vmoah6Yzxnqsfnu5+JfXy3TkBTMm0kxTQZaLooxDncD8cThkkhLNp4ZgIpm5FZIxlphoE0/JhPD1Kfyf+FW7aTvXbqV1sUqjCE7AKTgHDmiAFrgCbeADAsbgATyBZyu2Hq0X63XZWrBWM8fgB6y3T+scjlY=</latexit><latexit sha1_base64="gxxPwrksDnspw9tY734WkZvi+dw=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU9i0KU09Fbx4rGBsoQ1ls920SzebuLsRSulf8OJBxau/yJv/xk1bQUUfDDzem2FmXphypjRCH1ZhbX1jc6u4XdrZ3ds/KB8e3aokk4T6JOGJ7IZYUc4E9TXTnHZTSXEcctoJJ5e537mnUrFE3OhpSoMYjwSLGME6l/qC3g3KFWR71ZrnuhDZyHNRs26IU3PqDQQdGy1QASu0B+X3/jAhWUyFJhwr1XNQqoMZlpoRTuelfqZoiskEj2jPUIFjqoLZ4tY5PDPKEEaJNCU0XKjfJ2Y4Vmoah6Yzxnqsfnu5+JfXy3TkBTMm0kxTQZaLooxDncD8cThkkhLNp4ZgIpm5FZIxlphoE0/JhPD1Kfyf+FW7aTvXbqV1sUqjCE7AKTgHDmiAFrgCbeADAsbgATyBZyu2Hq0X63XZWrBWM8fgB6y3T+scjlY=</latexit><latexit sha1_base64="gxxPwrksDnspw9tY734WkZvi+dw=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU9i0KU09Fbx4rGBsoQ1ls920SzebuLsRSulf8OJBxau/yJv/xk1bQUUfDDzem2FmXphypjRCH1ZhbX1jc6u4XdrZ3ds/KB8e3aokk4T6JOGJ7IZYUc4E9TXTnHZTSXEcctoJJ5e537mnUrFE3OhpSoMYjwSLGME6l/qC3g3KFWR71ZrnuhDZyHNRs26IU3PqDQQdGy1QASu0B+X3/jAhWUyFJhwr1XNQqoMZlpoRTuelfqZoiskEj2jPUIFjqoLZ4tY5PDPKEEaJNCU0XKjfJ2Y4Vmoah6Yzxnqsfnu5+JfXy3TkBTMm0kxTQZaLooxDncD8cThkkhLNp4ZgIpm5FZIxlphoE0/JhPD1Kfyf+FW7aTvXbqV1sUqjCE7AKTgHDmiAFrgCbeADAsbgATyBZyu2Hq0X63XZWrBWM8fgB6y3T+scjlY=</latexit><latexit sha1_base64="gxxPwrksDnspw9tY734WkZvi+dw=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU9i0KU09Fbx4rGBsoQ1ls920SzebuLsRSulf8OJBxau/yJv/xk1bQUUfDDzem2FmXphypjRCH1ZhbX1jc6u4XdrZ3ds/KB8e3aokk4T6JOGJ7IZYUc4E9TXTnHZTSXEcctoJJ5e537mnUrFE3OhpSoMYjwSLGME6l/qC3g3KFWR71ZrnuhDZyHNRs26IU3PqDQQdGy1QASu0B+X3/jAhWUyFJhwr1XNQqoMZlpoRTuelfqZoiskEj2jPUIFjqoLZ4tY5PDPKEEaJNCU0XKjfJ2Y4Vmoah6Yzxnqsfnu5+JfXy3TkBTMm0kxTQZaLooxDncD8cThkkhLNp4ZgIpm5FZIxlphoE0/JhPD1Kfyf+FW7aTvXbqV1sUqjCE7AKTgHDmiAFrgCbeADAsbgATyBZyu2Hq0X63XZWrBWM8fgB6y3T+scjlY=</latexit>

(odd length)



Biorthogonal polarisation and boundary modes

Predicts the correct phase transitions — strikingly different from Bloch band 
invariants!

We construct a “biorthogonal polarisation”,    , which is quantised and jumps 
precisely when 

P<latexit sha1_base64="smBB1PoG8ndqDh3mGxIW3+A1qAE=">AAAB53icbVDLSsNAFL2pr1pfVZduBovgqiQi+FgV3LhswdhCG2QyvWnHTiZhZiKU0C9w40LFrb/kzr9x2mahrQcGDuecy9x7wlRwbVz32ymtrK6tb5Q3K1vbO7t71f2De51kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIejm6nffkKleSLvzDjFIKYDySPOqLFSq/lQrbl1dwayTLyC1KCAzX/1+gnLYpSGCap113NTE+RUGc4ETiq9TGNK2YgOsGuppDHqIJ8tOiEnVumTKFH2SUNm6u+JnMZaj+PQJmNqhnrRm4r/ed3MRJdBzmWaGZRs/lGUCWISMr2a9LlCZsTYEsoUt7sSNqSKMmO7qdgSvMWTl4l/Vr+qe63zWuO6aKMMR3AMp+DBBTTgFprgAwOEZ3iFN+fReXHenY95tOQUM4fwB87nDxW/jKA=</latexit><latexit sha1_base64="smBB1PoG8ndqDh3mGxIW3+A1qAE=">AAAB53icbVDLSsNAFL2pr1pfVZduBovgqiQi+FgV3LhswdhCG2QyvWnHTiZhZiKU0C9w40LFrb/kzr9x2mahrQcGDuecy9x7wlRwbVz32ymtrK6tb5Q3K1vbO7t71f2De51kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIejm6nffkKleSLvzDjFIKYDySPOqLFSq/lQrbl1dwayTLyC1KCAzX/1+gnLYpSGCap113NTE+RUGc4ETiq9TGNK2YgOsGuppDHqIJ8tOiEnVumTKFH2SUNm6u+JnMZaj+PQJmNqhnrRm4r/ed3MRJdBzmWaGZRs/lGUCWISMr2a9LlCZsTYEsoUt7sSNqSKMmO7qdgSvMWTl4l/Vr+qe63zWuO6aKMMR3AMp+DBBTTgFprgAwOEZ3iFN+fReXHenY95tOQUM4fwB87nDxW/jKA=</latexit><latexit sha1_base64="smBB1PoG8ndqDh3mGxIW3+A1qAE=">AAAB53icbVDLSsNAFL2pr1pfVZduBovgqiQi+FgV3LhswdhCG2QyvWnHTiZhZiKU0C9w40LFrb/kzr9x2mahrQcGDuecy9x7wlRwbVz32ymtrK6tb5Q3K1vbO7t71f2De51kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIejm6nffkKleSLvzDjFIKYDySPOqLFSq/lQrbl1dwayTLyC1KCAzX/1+gnLYpSGCap113NTE+RUGc4ETiq9TGNK2YgOsGuppDHqIJ8tOiEnVumTKFH2SUNm6u+JnMZaj+PQJmNqhnrRm4r/ed3MRJdBzmWaGZRs/lGUCWISMr2a9LlCZsTYEsoUt7sSNqSKMmO7qdgSvMWTl4l/Vr+qe63zWuO6aKMMR3AMp+DBBTTgFprgAwOEZ3iFN+fReXHenY95tOQUM4fwB87nDxW/jKA=</latexit><latexit sha1_base64="smBB1PoG8ndqDh3mGxIW3+A1qAE=">AAAB53icbVDLSsNAFL2pr1pfVZduBovgqiQi+FgV3LhswdhCG2QyvWnHTiZhZiKU0C9w40LFrb/kzr9x2mahrQcGDuecy9x7wlRwbVz32ymtrK6tb5Q3K1vbO7t71f2De51kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIejm6nffkKleSLvzDjFIKYDySPOqLFSq/lQrbl1dwayTLyC1KCAzX/1+gnLYpSGCap113NTE+RUGc4ETiq9TGNK2YgOsGuppDHqIJ8tOiEnVumTKFH2SUNm6u+JnMZaj+PQJmNqhnrRm4r/ed3MRJdBzmWaGZRs/lGUCWISMr2a9LlCZsTYEsoUt7sSNqSKMmO7qdgSvMWTl4l/Vr+qe63zWuO6aKMMR3AMp+DBBTTgFprgAwOEZ3iFN+fReXHenY95tOQUM4fwB87nDxW/jKA=</latexit>

- Generalises directly to more complicated systems

(a) (b) (c)

(even length spectra)



NH Chern insulators…

(a) (b) (c)
Re E
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k
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Why does it work?

Spectrum from left and right eigenvectors  

- Extended biorthogonal states play the same role as extended 
states in Hermitian models where the distinction between right 
and left is gone 



Periodic vs. open boundary 
conditions

Effect of coupling the ends

(a) (b) (c)

(d) (e) (f)

Inspired by Xiong, Journal of Physics 
Communications 2, 035043 (2018) 

Crossover at exponentially small 

Intuitive from the perspective of the skin effect — related to the proximity to EPs



Domain walls
Physical mechanism: coupling ends via a Hermitian domain

Non-Hermitian chain

Hermitian chain

(a)

(d)

(b) (c)

(e) (f)

Large gap GaplessCrossover gap

Both periodic and open system physics can be realised depending on the 
strength of the effective coupling!

- Also tuneable geometrically and/or by Wannier function engineering



Experiments!
Very recent experimental studies of the bulk-boundary correspondence

Mechanical/robotic system: 
Ghatak et al., arXiv:1907.11619.

Topolectric circuits: Helbig et al., arXiv:1907.11562.

Quantum walks: Xiao et al., arXiv:1907.12566



Summary
Exceptional Topology of Non-Hermitian Systems

Intriguing and relevant!

Review together with Flore Kunst and Jan Budich to appear soon…

See e.g. M.A. Bandres and M. Segev,  Physics 11, 96 (2018) and V. M. Martinez Alvarez, J. E. Barrios Vargas, M. 
Berdakin, and L. E. F. Foa Torres, Eur. Phys. J. Spec. Top. (2018)

Exceptional degeneracies, square roots

Open and closed boundary conditions give very different 
physics — but cases can be understood and are 
experimentally relevant!

Gapless nodal phases theoretically more abundant 
and conceptually richer than in the Hermitian realm

(a) (b) (c)
Re E
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k
<latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit><latexit sha1_base64="4k4wc5epfIngZWGE5jZJOI+hDKI=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWao16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jUvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gBA+IzD</latexit>

(a)
<latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="/Pr4DGlOCYGvjyeysHb2tI+0D34="></latexit><latexit sha1_base64="/Pr4DGlOCYGvjyeysHb2tI+0D34="></latexit><latexit sha1_base64="I237/y5AnwD+v9bDz8DYyOFF4HY="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit><latexit sha1_base64="HdFcz6VifcAouGJRJLusjSMN5sQ="></latexit>

(b)
<latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="6J1sH8xXyYRwvY6O+6nSiVuU06I="></latexit><latexit sha1_base64="6J1sH8xXyYRwvY6O+6nSiVuU06I="></latexit><latexit sha1_base64="uBgLtNUrw5BZ8IDiht7ePIYeCKk="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit><latexit sha1_base64="EzPJMG3pifmmRt47+1U2NXDzB28="></latexit>

(c)
<latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit><latexit sha1_base64="14qqXRWYVD8G8k9CMennAOPG9Ig="></latexit>

(d)
<latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit><latexit sha1_base64="DaF7WCLqYAiPWVOFNreZUu6+z4w="></latexit>

(e)
<latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit><latexit sha1_base64="idVbo6+NaJX6Fv1nDI+ScHLX8/c="></latexit>

(f)
<latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit><latexit sha1_base64="ABCnvJTF6kyvhk9dc8z4iG1L9H0="></latexit>

(g)
<latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="f6+nNpyWI/Q8u89cST/cphXeGHY="></latexit><latexit sha1_base64="f6+nNpyWI/Q8u89cST/cphXeGHY="></latexit><latexit sha1_base64="7o4CtShrpUQcUBM/kpD2q5pgH8s="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit><latexit sha1_base64="J9/nHFzxsTdx6qyTxdC5aG/T2k0="></latexit>

(h)
<latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit><latexit sha1_base64="VY1mZEgXGWYh4B+9PRKtsgciEW0="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>

0
<latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit><latexit sha1_base64="1oJ9PZKt12npem99mTre1J7EhfY="></latexit>
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