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(real or imaginary frequency) at any temperature in text-book fashion 🙂  

Linear discretization: smallest energy scale  

 →  🙁

∼
D
N

D ∼eV, T∼K∼meV N∼1000

Discretization

Logarithmic discretization ( ) 

 →  🙂

Λ>1
D ∼eV, T∼K∼meV N∼ logΛ1000 Λ=2∼ 10

“Be able to resolve small energies, accept coarse resolution at high energies”

vD22

Only interested in effect of bath on impurity (hybridization function) 

→ can use suitable representation 🙂

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o="></latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

→ must discretize the bath 🙁
D =1



Fabian Kugler The numerical  renormalization group (NRG) / 205

Mapping to Wilson chain

<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

vD22
D =1



Fabian Kugler The numerical  renormalization group (NRG) / 205

Mapping to Wilson chain

<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

vD22
D =1



Fabian Kugler The numerical  renormalization group (NRG) / 205

Mapping to Wilson chain

<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="DoGDj6REgbsFs7G2FD8a7j1iQKU=">AAADVXichVJba9swFJadru28S9PtcS/KwiBlq7HDbi+FwgbbYA8dLGkhSoMiy6mIJHuWPBaE/mRfxv7JXgaTL4FeRnaM4dP5ztH5voPmOWdKR9Evz+9s3dne2b0b3Lv/4OFed//RWGVlQeiIZDwrzuZYUc4kHWmmOT3LC4rFnNPT+fJdxZ9+p4VimfyqVzmdCryQLGUEa5ea7XvL8flwZlAuoLTwCCImtTsKrC8I5uaTXXMWol 79fcBC4AHKBF3gg7qwECaxTQIGKKvGUW3WFA0XobXmyML3TS9En52+BJ+bQ2kH7QH1DlEvPgheQPStxEmAfrCrqtICE7NZWzN/szz7nzs2N2/0ds1Vq3dt7bmzZs3Qzrr9KIzqgLdB3II+aONk1r1ESUZKQaUmHCs1iaNcTw0uNCOcOkGlojkmS7ygEwclFlRNTf0qLHzmMglMs8L9UsM6e7XDYKHUSsxdZWVH3eSq5L+4SanTt1PDZF5qKkkzKC051BmsnhhMWEGJ5isHMCmY0wrJBXYb0W57gVtCfNPybTAehvHr8NWXl/3jqF3HLngCnoIBiMEbcAw+ghMwAsS79H77nu/7P/0/na3OdlPqe23PY3AtOnt/AZkFEZc=</latexit>

V 2
±n =

Z

I±n

�(!)d!
e.g.
= D�⇤�n(⇤�1), ⇠±n =

R
I±n

!�(!)d!
R
I±n

�(!)d!
e.g.
= D⇤�n⇤+1

2

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

vD22
D =1



Fabian Kugler The numerical  renormalization group (NRG) / 205

Mapping to Wilson chain

<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="DoGDj6REgbsFs7G2FD8a7j1iQKU=">AAADVXichVJba9swFJadru28S9PtcS/KwiBlq7HDbi+FwgbbYA8dLGkhSoMiy6mIJHuWPBaE/mRfxv7JXgaTL4FeRnaM4dP5ztH5voPmOWdKR9Evz+9s3dne2b0b3Lv/4OFed//RWGVlQeiIZDwrzuZYUc4kHWmmOT3LC4rFnNPT+fJdxZ9+p4VimfyqVzmdCryQLGUEa5ea7XvL8flwZlAuoLTwCCImtTsKrC8I5uaTXXMWol 79fcBC4AHKBF3gg7qwECaxTQIGKKvGUW3WFA0XobXmyML3TS9En52+BJ+bQ2kH7QH1DlEvPgheQPStxEmAfrCrqtICE7NZWzN/szz7nzs2N2/0ds1Vq3dt7bmzZs3Qzrr9KIzqgLdB3II+aONk1r1ESUZKQaUmHCs1iaNcTw0uNCOcOkGlojkmS7ygEwclFlRNTf0qLHzmMglMs8L9UsM6e7XDYKHUSsxdZWVH3eSq5L+4SanTt1PDZF5qKkkzKC051BmsnhhMWEGJ5isHMCmY0wrJBXYb0W57gVtCfNPybTAehvHr8NWXl/3jqF3HLngCnoIBiMEbcAw+ghMwAsS79H77nu/7P/0/na3OdlPqe23PY3AtOnt/AZkFEZc=</latexit>

V 2
±n =

Z

I±n

�(!)d!
e.g.
= D�⇤�n(⇤�1), ⇠±n =

R
I±n

!�(!)d!
R
I±n

�(!)d!
e.g.
= D⇤�n⇤+1

2

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

vD22

<latexit sha1_base64="EszrdJqMIdPWGwc+RRZIO8jU9iI=">AAACo3ichVFda9swFJXdfXTeV9o97uWyUOho8OyydXspFAajUFiz0aSF2A3XspKISrKR5NJg/Mf2M/a2f1MlMaNLC7sgODr3niPde7NScGOj6I/nbzx6/OTp5rPg+YuXr153traHpqg0ZQNaiEJfZGiY4IoNLLeCXZSaocwEO8+uvi7y59dMG16oMzsvWSpxqviEU7SOGnd+HY/rRKKdaVnP5lkvc7BpLhPDpxLhEBJTSVdRyp 46jJvL+vuH/SbYHS4pUA1gi3orhVPmOIXcsas77MFf+5CGzftg70FPSG74f0zX2XGnG4XRMuA+iFvQJW30x53fSV7QSjJlqUBjRnFU2rRGbTkVrAmSyrAS6RVO2chBhZKZtF7OuIEdx+QwKbQ7ysKSvauoURozl5mrXPRr1nML8qHcqLKTL2nNVVlZpujqoUklwBawWBjkXDNqxdwBpJq7vwKdoUZq3VoDN4R4veX7YLgfxgfhpx8fu0dRO45N8pa8I7skJp/JETkmfTIg1APvm3fq9f0d/8T/6Z+tSn2v1bwh/4Sf3gIBmc4o</latexit>

H
�
hyb,bath =

N/2X

±,n=1

(V±na
†
±n,�d� + h.c.) +

N/2X

±,n=1

⇠±na
†
±n,�a±n,�

D =1
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Mapping to Wilson chain

<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="DoGDj6REgbsFs7G2FD8a7j1iQKU=">AAADVXichVJba9swFJadru28S9PtcS/KwiBlq7HDbi+FwgbbYA8dLGkhSoMiy6mIJHuWPBaE/mRfxv7JXgaTL4FeRnaM4dP5ztH5voPmOWdKR9Evz+9s3dne2b0b3Lv/4OFed//RWGVlQeiIZDwrzuZYUc4kHWmmOT3LC4rFnNPT+fJdxZ9+p4VimfyqVzmdCryQLGUEa5ea7XvL8flwZlAuoLTwCCImtTsKrC8I5uaTXXMWol 79fcBC4AHKBF3gg7qwECaxTQIGKKvGUW3WFA0XobXmyML3TS9En52+BJ+bQ2kH7QH1DlEvPgheQPStxEmAfrCrqtICE7NZWzN/szz7nzs2N2/0ds1Vq3dt7bmzZs3Qzrr9KIzqgLdB3II+aONk1r1ESUZKQaUmHCs1iaNcTw0uNCOcOkGlojkmS7ygEwclFlRNTf0qLHzmMglMs8L9UsM6e7XDYKHUSsxdZWVH3eSq5L+4SanTt1PDZF5qKkkzKC051BmsnhhMWEGJ5isHMCmY0wrJBXYb0W57gVtCfNPybTAehvHr8NWXl/3jqF3HLngCnoIBiMEbcAw+ghMwAsS79H77nu/7P/0/na3OdlPqe23PY3AtOnt/AZkFEZc=</latexit>

V 2
±n =

Z

I±n

�(!)d!
e.g.
= D�⇤�n(⇤�1), ⇠±n =

R
I±n

!�(!)d!
R
I±n

�(!)d!
e.g.
= D⇤�n⇤+1

2

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

<latexit sha1_base64="WHAxb8vOb7FOk5siv8KTZM8bkzg=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFclaRYdVlw47KCfUATymRy0w6dTMLMRCghGzf+ihsXirj1H9z5N07aLLT1wDCHc+7l3nv8hFGpbPvbWFldW9/YrGxVt3d29/bNg8OujFNBoENiFou+jyUwyqGjqGLQTwTgyGfQ8yc3hd97ACFpzO/VNAEvwiNOQ0qw0tLQPHFTHoDwBSaQuWOZFH+j3miSKM+HZs2u2zNYy8QpSQ2VaA/NLzeISRoBV4RhKQeOnSgvw0JRwiCvuqkEPWGCRzDQlOMIpJfNrsitM60EVhgL/biyZurvjgxHUk4jX1dGWI3loleI/3mDVIXXXkZ5kirgZD4oTJmlYquIxAqoAKLYVBNMBNW7WmSMdSJKB1fVITiLJy+TbqPuXNabdxe1ll3GUUHH6BSdIwddoRa6RW3UQQQ9omf0it6MJ+PFeDc+5qUrRtlzhP7A+PwBhiCYiQ==</latexit>| {z }<latexit sha1_base64="ZrPMwQdqM5YrUiLSN4mCb4J6HLk="></latexit>

tdc
†
0�, {c†0�, c0�} = 1 , td =

N/2X

±,n

V 2
±n =

Z
�(!)d!

vD22

<latexit sha1_base64="EszrdJqMIdPWGwc+RRZIO8jU9iI=">AAACo3ichVFda9swFJXdfXTeV9o97uWyUOho8OyydXspFAajUFiz0aSF2A3XspKISrKR5NJg/Mf2M/a2f1MlMaNLC7sgODr3niPde7NScGOj6I/nbzx6/OTp5rPg+YuXr153traHpqg0ZQNaiEJfZGiY4IoNLLeCXZSaocwEO8+uvi7y59dMG16oMzsvWSpxqviEU7SOGnd+HY/rRKKdaVnP5lkvc7BpLhPDpxLhEBJTSVdRyp 46jJvL+vuH/SbYHS4pUA1gi3orhVPmOIXcsas77MFf+5CGzftg70FPSG74f0zX2XGnG4XRMuA+iFvQJW30x53fSV7QSjJlqUBjRnFU2rRGbTkVrAmSyrAS6RVO2chBhZKZtF7OuIEdx+QwKbQ7ysKSvauoURozl5mrXPRr1nML8qHcqLKTL2nNVVlZpujqoUklwBawWBjkXDNqxdwBpJq7vwKdoUZq3VoDN4R4veX7YLgfxgfhpx8fu0dRO45N8pa8I7skJp/JETkmfTIg1APvm3fq9f0d/8T/6Z+tSn2v1bwh/4Sf3gIBmc4o</latexit>

H
�
hyb,bath =

N/2X

±,n=1

(V±na
†
±n,�d� + h.c.) +

N/2X

±,n=1

⇠±na
†
±n,�a±n,�

D =1
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Mapping to Wilson chain

<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="DoGDj6REgbsFs7G2FD8a7j1iQKU=">AAADVXichVJba9swFJadru28S9PtcS/KwiBlq7HDbi+FwgbbYA8dLGkhSoMiy6mIJHuWPBaE/mRfxv7JXgaTL4FeRnaM4dP5ztH5voPmOWdKR9Evz+9s3dne2b0b3Lv/4OFed//RWGVlQeiIZDwrzuZYUc4kHWmmOT3LC4rFnNPT+fJdxZ9+p4VimfyqVzmdCryQLGUEa5ea7XvL8flwZlAuoLTwCCImtTsKrC8I5uaTXXMWol 79fcBC4AHKBF3gg7qwECaxTQIGKKvGUW3WFA0XobXmyML3TS9En52+BJ+bQ2kH7QH1DlEvPgheQPStxEmAfrCrqtICE7NZWzN/szz7nzs2N2/0ds1Vq3dt7bmzZs3Qzrr9KIzqgLdB3II+aONk1r1ESUZKQaUmHCs1iaNcTw0uNCOcOkGlojkmS7ygEwclFlRNTf0qLHzmMglMs8L9UsM6e7XDYKHUSsxdZWVH3eSq5L+4SanTt1PDZF5qKkkzKC051BmsnhhMWEGJ5isHMCmY0wrJBXYb0W57gVtCfNPybTAehvHr8NWXl/3jqF3HLngCnoIBiMEbcAw+ghMwAsS79H77nu/7P/0/na3OdlPqe23PY3AtOnt/AZkFEZc=</latexit>

V 2
±n =

Z

I±n

�(!)d!
e.g.
= D�⇤�n(⇤�1), ⇠±n =

R
I±n

!�(!)d!
R
I±n

�(!)d!
e.g.
= D⇤�n⇤+1

2

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

<latexit sha1_base64="WHAxb8vOb7FOk5siv8KTZM8bkzg=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFclaRYdVlw47KCfUATymRy0w6dTMLMRCghGzf+ihsXirj1H9z5N07aLLT1wDCHc+7l3nv8hFGpbPvbWFldW9/YrGxVt3d29/bNg8OujFNBoENiFou+jyUwyqGjqGLQTwTgyGfQ8yc3hd97ACFpzO/VNAEvwiNOQ0qw0tLQPHFTHoDwBSaQuWOZFH+j3miSKM+HZs2u2zNYy8QpSQ2VaA/NLzeISRoBV4RhKQeOnSgvw0JRwiCvuqkEPWGCRzDQlOMIpJfNrsitM60EVhgL/biyZurvjgxHUk4jX1dGWI3loleI/3mDVIXXXkZ5kirgZD4oTJmlYquIxAqoAKLYVBNMBNW7WmSMdSJKB1fVITiLJy+TbqPuXNabdxe1ll3GUUHH6BSdIwddoRa6RW3UQQQ9omf0it6MJ+PFeDc+5qUrRtlzhP7A+PwBhiCYiQ==</latexit>| {z }<latexit sha1_base64="ZrPMwQdqM5YrUiLSN4mCb4J6HLk="></latexit>

tdc
†
0�, {c†0�, c0�} = 1 , td =

N/2X

±,n

V 2
±n =

Z
�(!)d!

vD22

<latexit sha1_base64="EszrdJqMIdPWGwc+RRZIO8jU9iI=">AAACo3ichVFda9swFJXdfXTeV9o97uWyUOho8OyydXspFAajUFiz0aSF2A3XspKISrKR5NJg/Mf2M/a2f1MlMaNLC7sgODr3niPde7NScGOj6I/nbzx6/OTp5rPg+YuXr153traHpqg0ZQNaiEJfZGiY4IoNLLeCXZSaocwEO8+uvi7y59dMG16oMzsvWSpxqviEU7SOGnd+HY/rRKKdaVnP5lkvc7BpLhPDpxLhEBJTSVdRyp 46jJvL+vuH/SbYHS4pUA1gi3orhVPmOIXcsas77MFf+5CGzftg70FPSG74f0zX2XGnG4XRMuA+iFvQJW30x53fSV7QSjJlqUBjRnFU2rRGbTkVrAmSyrAS6RVO2chBhZKZtF7OuIEdx+QwKbQ7ysKSvauoURozl5mrXPRr1nML8qHcqLKTL2nNVVlZpujqoUklwBawWBjkXDNqxdwBpJq7vwKdoUZq3VoDN4R4veX7YLgfxgfhpx8fu0dRO45N8pa8I7skJp/JETkmfTIg1APvm3fq9f0d/8T/6Z+tSn2v1bwh/4Sf3gIBmc4o</latexit>

H
�
hyb,bath =

N/2X

±,n=1

(V±na
†
±n,�d� + h.c.) +

N/2X

±,n=1

⇠±na
†
±n,�a±n,�

Unitary traformation 
via tri-diagonalization 
(Lanczos)

-2             -1         imp        1         2 

 2
   1

  im
p 

-1
  -

2 

imp   0        1        2        3

3 
   2

    
 1 

   0
  im

p<latexit sha1_base64="wYWINBYFwsLyn6EfsweZF0vSMnM="></latexit>0

BBBB@

⇠�2 0 V�2 0 0
0 ⇠�1 V�1 0 0

V�2 V�1 0 V1 V2

0 0 V1 ⇠1 0
0 0 V2 0 ⇠2

1

CCCCA
!

0

BBBB@

0 td 0 0 0
td ✏0 t0 0 0
0 t0 ✏1 t1 0
0 0 t1 ✏2 t2
0 0 0 t2 ✏3

1

CCCCA

D =1
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<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="DoGDj6REgbsFs7G2FD8a7j1iQKU=">AAADVXichVJba9swFJadru28S9PtcS/KwiBlq7HDbi+FwgbbYA8dLGkhSoMiy6mIJHuWPBaE/mRfxv7JXgaTL4FeRnaM4dP5ztH5voPmOWdKR9Evz+9s3dne2b0b3Lv/4OFed//RWGVlQeiIZDwrzuZYUc4kHWmmOT3LC4rFnNPT+fJdxZ9+p4VimfyqVzmdCryQLGUEa5ea7XvL8flwZlAuoLTwCCImtTsKrC8I5uaTXXMWol 79fcBC4AHKBF3gg7qwECaxTQIGKKvGUW3WFA0XobXmyML3TS9En52+BJ+bQ2kH7QH1DlEvPgheQPStxEmAfrCrqtICE7NZWzN/szz7nzs2N2/0ds1Vq3dt7bmzZs3Qzrr9KIzqgLdB3II+aONk1r1ESUZKQaUmHCs1iaNcTw0uNCOcOkGlojkmS7ygEwclFlRNTf0qLHzmMglMs8L9UsM6e7XDYKHUSsxdZWVH3eSq5L+4SanTt1PDZF5qKkkzKC051BmsnhhMWEGJ5isHMCmY0wrJBXYb0W57gVtCfNPybTAehvHr8NWXl/3jqF3HLngCnoIBiMEbcAw+ghMwAsS79H77nu/7P/0/na3OdlPqe23PY3AtOnt/AZkFEZc=</latexit>

V 2
±n =

Z

I±n

�(!)d!
e.g.
= D�⇤�n(⇤�1), ⇠±n =

R
I±n

!�(!)d!
R
I±n

�(!)d!
e.g.
= D⇤�n⇤+1

2

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

<latexit sha1_base64="WHAxb8vOb7FOk5siv8KTZM8bkzg=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFclaRYdVlw47KCfUATymRy0w6dTMLMRCghGzf+ihsXirj1H9z5N07aLLT1wDCHc+7l3nv8hFGpbPvbWFldW9/YrGxVt3d29/bNg8OujFNBoENiFou+jyUwyqGjqGLQTwTgyGfQ8yc3hd97ACFpzO/VNAEvwiNOQ0qw0tLQPHFTHoDwBSaQuWOZFH+j3miSKM+HZs2u2zNYy8QpSQ2VaA/NLzeISRoBV4RhKQeOnSgvw0JRwiCvuqkEPWGCRzDQlOMIpJfNrsitM60EVhgL/biyZurvjgxHUk4jX1dGWI3loleI/3mDVIXXXkZ5kirgZD4oTJmlYquIxAqoAKLYVBNMBNW7WmSMdSJKB1fVITiLJy+TbqPuXNabdxe1ll3GUUHH6BSdIwddoRa6RW3UQQQ9omf0it6MJ+PFeDc+5qUrRtlzhP7A+PwBhiCYiQ==</latexit>| {z }<latexit sha1_base64="ZrPMwQdqM5YrUiLSN4mCb4J6HLk="></latexit>

tdc
†
0�, {c†0�, c0�} = 1 , td =

N/2X

±,n

V 2
±n =

Z
�(!)d!

vD22

<latexit sha1_base64="EszrdJqMIdPWGwc+RRZIO8jU9iI=">AAACo3ichVFda9swFJXdfXTeV9o97uWyUOho8OyydXspFAajUFiz0aSF2A3XspKISrKR5NJg/Mf2M/a2f1MlMaNLC7sgODr3niPde7NScGOj6I/nbzx6/OTp5rPg+YuXr153traHpqg0ZQNaiEJfZGiY4IoNLLeCXZSaocwEO8+uvi7y59dMG16oMzsvWSpxqviEU7SOGnd+HY/rRKKdaVnP5lkvc7BpLhPDpxLhEBJTSVdRyp 46jJvL+vuH/SbYHS4pUA1gi3orhVPmOIXcsas77MFf+5CGzftg70FPSG74f0zX2XGnG4XRMuA+iFvQJW30x53fSV7QSjJlqUBjRnFU2rRGbTkVrAmSyrAS6RVO2chBhZKZtF7OuIEdx+QwKbQ7ysKSvauoURozl5mrXPRr1nML8qHcqLKTL2nNVVlZpujqoUklwBawWBjkXDNqxdwBpJq7vwKdoUZq3VoDN4R4veX7YLgfxgfhpx8fu0dRO45N8pa8I7skJp/JETkmfTIg1APvm3fq9f0d/8T/6Z+tSn2v1bwh/4Sf3gIBmc4o</latexit>

H
�
hyb,bath =

N/2X

±,n=1

(V±na
†
±n,�d� + h.c.) +

N/2X

±,n=1

⇠±na
†
±n,�a±n,�

Unitary traformation 
via tri-diagonalization 
(Lanczos)

-2             -1         imp        1         2 

 2
   1

  im
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 1 

   0
  im

p<latexit sha1_base64="wYWINBYFwsLyn6EfsweZF0vSMnM="></latexit>0

BBBB@

⇠�2 0 V�2 0 0
0 ⇠�1 V�1 0 0

V�2 V�1 0 V1 V2

0 0 V1 ⇠1 0
0 0 V2 0 ⇠2

1

CCCCA
!

0

BBBB@

0 td 0 0 0
td ✏0 t0 0 0
0 t0 ✏1 t1 0
0 0 t1 ✏2 t2
0 0 0 t2 ✏3

1

CCCCA

D =1
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star geometry

Wilson chain
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Mapping to Wilson chain

<latexit sha1_base64="dkEPEanqj+DKLUoYVajqMi1M0NM=">AAACkHicbVHRTtswFHUCG5CtWwePvFhUkzrRVsmAjQcQRbwA2gOT1hapyaobxwULx8lsB6lK8z38D2/8DW6bh5TuSpbOPfeca9/rMOVMadd9sey19XfvNza3nA8fa58+179s91WSSUJ7JOGJvA1BUc4E7WmmOb1NJYU45HQQPlzM6oNHKhVLxB89SWkQw51gY0ZAG2pUf/Jj0PcEeH5VjPJ9UeBTPPR/mQYR/M3bomjhSrbvFY FjmH8ZRM6Ss71wtpfFLVwlKt7pktlPYyyKqWlQVTfLBLex921Ub7gddx54FXglaKAybkb1Zz9KSBZToQkHpYaem+ogB6kZ4bRw/EzRFMgD3NGhgQJiqoJ8vtACfzVMhMeJNEdoPGerjhxipSZxaJSzOdTb2oz8X22Y6fFxkDORZpoKsrhonHGsEzz7HRwxSYnmEwOASGbeisk9SCDa/KFjluC9HXkV9L93vB+do9+Hja5brmMT7aI91EQe+om66BLdoB4iVs06sE6sU3vbPrbP7POF1LZKzw5aCvv6FRILw0A=</latexit>

I+n = [⇤�n,⇤�n+1], I�n = [�⇤�n+1,�⇤�n], |I±n| = ⇤�n(⇤� 1)

<latexit sha1_base64="DoGDj6REgbsFs7G2FD8a7j1iQKU=">AAADVXichVJba9swFJadru28S9PtcS/KwiBlq7HDbi+FwgbbYA8dLGkhSoMiy6mIJHuWPBaE/mRfxv7JXgaTL4FeRnaM4dP5ztH5voPmOWdKR9Evz+9s3dne2b0b3Lv/4OFed//RWGVlQeiIZDwrzuZYUc4kHWmmOT3LC4rFnNPT+fJdxZ9+p4VimfyqVzmdCryQLGUEa5ea7XvL8flwZlAuoLTwCCImtTsKrC8I5uaTXXMWol 79fcBC4AHKBF3gg7qwECaxTQIGKKvGUW3WFA0XobXmyML3TS9En52+BJ+bQ2kH7QH1DlEvPgheQPStxEmAfrCrqtICE7NZWzN/szz7nzs2N2/0ds1Vq3dt7bmzZs3Qzrr9KIzqgLdB3II+aONk1r1ESUZKQaUmHCs1iaNcTw0uNCOcOkGlojkmS7ygEwclFlRNTf0qLHzmMglMs8L9UsM6e7XDYKHUSsxdZWVH3eSq5L+4SanTt1PDZF5qKkkzKC051BmsnhhMWEGJ5isHMCmY0wrJBXYb0W57gVtCfNPybTAehvHr8NWXl/3jqF3HLngCnoIBiMEbcAw+ghMwAsS79H77nu/7P/0/na3OdlPqe23PY3AtOnt/AZkFEZc=</latexit>

V 2
±n =

Z

I±n

�(!)d!
e.g.
= D�⇤�n(⇤�1), ⇠±n =

R
I±n

!�(!)d!
R
I±n

�(!)d!
e.g.
= D⇤�n⇤+1

2

<latexit sha1_base64="hTKEPpdkUBODoVZ7a7o7bo11W9o=">AAACbHicbVBdaxNBFJ3d+lHjR2Ptg1KEwaAkYNfdoK0vgYKCPkmFJi1k0jA7uUmGzscyMysN033yH/rmT/DF3+BskoK2Hhg4nHMu987JC8GtS9OfUbxx6/adu5v3GvcfPHy01Xy8PbC6NAz6TAttTnNqQXAFfcedgNPCAJW5gJP8/EPtn3wDY7lWx25RwEjSmeJTzqgL0rj5nXyiUtI20RJmtIOJrtPgPJHUzY30kMySqvK9Cq +SmBzPwdH2R7yHL1dTlx3cw8SWcuxJIV+rXlad+S9vuhUeLBWsqrMuJhMQ7mrRHrngV15n3GylSboEvkmyNWmhNY7GzR9kolkpQTkmqLXDLC3cyFPjOBNQNUhpoaDsnM5gGKiiEuzIL8uq8MugTPBUm/CUw0v17wlPpbULmYdkXYG97tXi/7xh6abvR56ronSg2GrRtBTYaVw3jyfcAHNiEQhlhodbMZtTQ5kLjTdCCdn1L98kg26S7Sfvvr5tHabrOjbRLnqB2ihDB+gQfUZHqI8Y+hVtRU+jZ9HveCfejZ+vonG0nnmC/kH86g9JNblW</latexit>

�(!)
e.g.
= �⇥(D � |!|) =

N/2X

±,n=1

V 2
±n�(! � ⇠±n)

<latexit sha1_base64="WHAxb8vOb7FOk5siv8KTZM8bkzg=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFclaRYdVlw47KCfUATymRy0w6dTMLMRCghGzf+ihsXirj1H9z5N07aLLT1wDCHc+7l3nv8hFGpbPvbWFldW9/YrGxVt3d29/bNg8OujFNBoENiFou+jyUwyqGjqGLQTwTgyGfQ8yc3hd97ACFpzO/VNAEvwiNOQ0qw0tLQPHFTHoDwBSaQuWOZFH+j3miSKM+HZs2u2zNYy8QpSQ2VaA/NLzeISRoBV4RhKQeOnSgvw0JRwiCvuqkEPWGCRzDQlOMIpJfNrsitM60EVhgL/biyZurvjgxHUk4jX1dGWI3loleI/3mDVIXXXkZ5kirgZD4oTJmlYquIxAqoAKLYVBNMBNW7WmSMdSJKB1fVITiLJy+TbqPuXNabdxe1ll3GUUHH6BSdIwddoRa6RW3UQQQ9omf0it6MJ+PFeDc+5qUrRtlzhP7A+PwBhiCYiQ==</latexit>| {z }<latexit sha1_base64="ZrPMwQdqM5YrUiLSN4mCb4J6HLk="></latexit>

tdc
†
0�, {c†0�, c0�} = 1 , td =

N/2X

±,n

V 2
±n =

Z
�(!)d!

vD22

<latexit sha1_base64="EszrdJqMIdPWGwc+RRZIO8jU9iI=">AAACo3ichVFda9swFJXdfXTeV9o97uWyUOho8OyydXspFAajUFiz0aSF2A3XspKISrKR5NJg/Mf2M/a2f1MlMaNLC7sgODr3niPde7NScGOj6I/nbzx6/OTp5rPg+YuXr153traHpqg0ZQNaiEJfZGiY4IoNLLeCXZSaocwEO8+uvi7y59dMG16oMzsvWSpxqviEU7SOGnd+HY/rRKKdaVnP5lkvc7BpLhPDpxLhEBJTSVdRyp 46jJvL+vuH/SbYHS4pUA1gi3orhVPmOIXcsas77MFf+5CGzftg70FPSG74f0zX2XGnG4XRMuA+iFvQJW30x53fSV7QSjJlqUBjRnFU2rRGbTkVrAmSyrAS6RVO2chBhZKZtF7OuIEdx+QwKbQ7ysKSvauoURozl5mrXPRr1nML8qHcqLKTL2nNVVlZpujqoUklwBawWBjkXDNqxdwBpJq7vwKdoUZq3VoDN4R4veX7YLgfxgfhpx8fu0dRO45N8pa8I7skJp/JETkmfTIg1APvm3fq9f0d/8T/6Z+tSn2v1bwh/4Sf3gIBmc4o</latexit>

H
�
hyb,bath =

N/2X

±,n=1

(V±na
†
±n,�d� + h.c.) +

N/2X

±,n=1

⇠±na
†
±n,�a±n,�

Unitary traformation 
via tri-diagonalization 
(Lanczos)

-2             -1         imp        1         2 
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   0
  im

p<latexit sha1_base64="wYWINBYFwsLyn6EfsweZF0vSMnM="></latexit>0

BBBB@

⇠�2 0 V�2 0 0
0 ⇠�1 V�1 0 0

V�2 V�1 0 V1 V2

0 0 V1 ⇠1 0
0 0 V2 0 ⇠2

1

CCCCA
!

0

BBBB@

0 td 0 0 0
td ✏0 t0 0 0
0 t0 ✏1 t1 0
0 0 t1 ✏2 t2
0 0 0 t2 ✏3

1

CCCCA

D =1

<latexit sha1_base64="j98R0kJWuTFkxEnR5eTRWSV9SI0="></latexit>

tn
e.g.
= D(1+⇤�1)(1�⇤�n�1)

2
p
1�⇤�2n�1

p
1�⇤�2n�3⇤

�n/2, ✏n
e.g.
= 0

independent of   !∫ Γ(ω)dω
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Iterative diagonalization
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td

“Be able to resolve small energies,  
accept coarse resolution at high energies”

vD22

BCP08

<latexit sha1_base64="q6onuQZu9TJF0UHhOmz+jS7mDAc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZmoRXJVEfG2EgpsuK9gHNKFMJtN26OTBzEQoacFfceNCEbd+hzv/xkmbhbYeGDiccy/3zPFizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kZ3md9+pEKyKHxQ45i6AR6ErM8IVlrqmUcTJ8BqSDBP69MJcsq3Thn5PbNiVa0Z0DKxc1KBHI2e+eX4EUkCGirCsZRd24qVm2KhGOF0WnISSWNMRnhAu5qGOKDSTWfxp+hUKz7qR0K/UKGZ+nsjxYGU48DTk1lWuehl4n9eN1H9GzdlYZwoGpL5oX7CkYpQ1gXymaBE8bEmmAimsyIyxAITpRsr6RLsxS8vk9Z51b6qXt5fVGpWXkcRjuEEzsCGa6hBHRrQBAIpPMMrvBlPxovxbnzMRwtGvnMIf2B8/gDnM5S+</latexit>

|H|=d
<latexit sha1_base64="0qHlsDMUgMSiWT5Gsijvxmj/EH8=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaL4Kok4g1XBTddVrAXaEOZTCbt0JlJmJkIJcSNr+LGhSJufQt3vo2TNAtt/WHg4z/nMOf8fsyo0o7zbS0tr6yurVc2qptb2zu79t5+R0WJxKSNIxbJno8UYVSQtqaakV4sCeI+I11/cpvXuw9EKhqJez2NicfRSNCQYqSNNbQPBxzpseRpQHlWMEYsbWY3Q7vm1J1CcBHcEmqgVGtofw 2CCCecCI0ZUqrvOrH2UiQ1xYxk1UGiSIzwBI1I36BAnCgvLS7I4IlxAhhG0jyhYeH+nkgRV2rKfdOZ76jma7n5X62f6PDaS6mIE00Enn0UJgzqCOZxwIBKgjWbGkBYUrMrxGMkEdYmtKoJwZ0/eRE6Z3X3sn5xd15rOGUcFXAEjsEpcMEVaIAmaIE2wOARPINX8GY9WS/Wu/Uxa12yypkD8EfW5w8+9Zda</latexit>

dimH :

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc="></latexit>

� U
2 nd+Und"nd#

= (U†DU)imp,

D=diag(�U
2 , �U

2 , 0, 0)
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Iterative diagonalization
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td

“Be able to resolve small energies,  
accept coarse resolution at high energies”

vD22

BCP08

<latexit sha1_base64="q6onuQZu9TJF0UHhOmz+jS7mDAc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZmoRXJVEfG2EgpsuK9gHNKFMJtN26OTBzEQoacFfceNCEbd+hzv/xkmbhbYeGDiccy/3zPFizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kZ3md9+pEKyKHxQ45i6AR6ErM8IVlrqmUcTJ8BqSDBP69MJcsq3Thn5PbNiVa0Z0DKxc1KBHI2e+eX4EUkCGirCsZRd24qVm2KhGOF0WnISSWNMRnhAu5qGOKDSTWfxp+hUKz7qR0K/UKGZ+nsjxYGU48DTk1lWuehl4n9eN1H9GzdlYZwoGpL5oX7CkYpQ1gXymaBE8bEmmAimsyIyxAITpRsr6RLsxS8vk9Z51b6qXt5fVGpWXkcRjuEEzsCGa6hBHRrQBAIpPMMrvBlPxovxbnzMRwtGvnMIf2B8/gDnM5S+</latexit>

|H|=d
<latexit sha1_base64="0qHlsDMUgMSiWT5Gsijvxmj/EH8=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaL4Kok4g1XBTddVrAXaEOZTCbt0JlJmJkIJcSNr+LGhSJufQt3vo2TNAtt/WHg4z/nMOf8fsyo0o7zbS0tr6yurVc2qptb2zu79t5+R0WJxKSNIxbJno8UYVSQtqaakV4sCeI+I11/cpvXuw9EKhqJez2NicfRSNCQYqSNNbQPBxzpseRpQHlWMEYsbWY3Q7vm1J1CcBHcEmqgVGtofw 2CCCecCI0ZUqrvOrH2UiQ1xYxk1UGiSIzwBI1I36BAnCgvLS7I4IlxAhhG0jyhYeH+nkgRV2rKfdOZ76jma7n5X62f6PDaS6mIE00Enn0UJgzqCOZxwIBKgjWbGkBYUrMrxGMkEdYmtKoJwZ0/eRE6Z3X3sn5xd15rOGUcFXAEjsEpcMEVaIAmaIE2wOARPINX8GY9WS/Wu/Uxa12yypkD8EfW5w8+9Zda</latexit>

dimH :
<latexit sha1_base64="R3QW2zQ29qZvqGIPUEYd5923bIs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbqYWwVVJiq+NUHDTZQX7gCaWyWTSDp1MwsxEKGk2/oobF4q49TPc+TdO2i609cCFwzn3cu89XsyoVJb1bRRWVtfWN4qbpa3tnd09c/+gLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vdJv7nUciJI34vRrHxA3RgNOAYqS01DePJk6I1BAjljayCXTKN04Z+g+1vlmxqtYUcJnYc1IBczT75pfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMHMniqFR8GkdDFFZyqvydSFEo5Dj3dmV8rF71c/M/rJSq4dlPK40QRjmeLgoRBFcE8DehTQbBiY00QFlTfCvEQCYSVzqykQ7AXX14m7VrVvqxe3J1X6tY8jiI4BifgDNjgCtRBAzRBC2CQgWfwCt6MJ+PFeDc+Zq0FYz5zCP7A+PwBGtmVYg==</latexit>

|H|=d2

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc="></latexit>

� U
2 nd+Und"nd#

= (U†DU)imp,

D=diag(�U
2 , �U

2 , 0, 0)
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Iterative diagonalization
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“Be able to resolve small energies,  
accept coarse resolution at high energies”

vD22

BCP08

<latexit sha1_base64="q6onuQZu9TJF0UHhOmz+jS7mDAc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZmoRXJVEfG2EgpsuK9gHNKFMJtN26OTBzEQoacFfceNCEbd+hzv/xkmbhbYeGDiccy/3zPFizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kZ3md9+pEKyKHxQ45i6AR6ErM8IVlrqmUcTJ8BqSDBP69MJcsq3Thn5PbNiVa0Z0DKxc1KBHI2e+eX4EUkCGirCsZRd24qVm2KhGOF0WnISSWNMRnhAu5qGOKDSTWfxp+hUKz7qR0K/UKGZ+nsjxYGU48DTk1lWuehl4n9eN1H9GzdlYZwoGpL5oX7CkYpQ1gXymaBE8bEmmAimsyIyxAITpRsr6RLsxS8vk9Z51b6qXt5fVGpWXkcRjuEEzsCGa6hBHRrQBAIpPMMrvBlPxovxbnzMRwtGvnMIf2B8/gDnM5S+</latexit>

|H|=d
<latexit sha1_base64="0qHlsDMUgMSiWT5Gsijvxmj/EH8=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaL4Kok4g1XBTddVrAXaEOZTCbt0JlJmJkIJcSNr+LGhSJufQt3vo2TNAtt/WHg4z/nMOf8fsyo0o7zbS0tr6yurVc2qptb2zu79t5+R0WJxKSNIxbJno8UYVSQtqaakV4sCeI+I11/cpvXuw9EKhqJez2NicfRSNCQYqSNNbQPBxzpseRpQHlWMEYsbWY3Q7vm1J1CcBHcEmqgVGtofw 2CCCecCI0ZUqrvOrH2UiQ1xYxk1UGiSIzwBI1I36BAnCgvLS7I4IlxAhhG0jyhYeH+nkgRV2rKfdOZ76jma7n5X62f6PDaS6mIE00Enn0UJgzqCOZxwIBKgjWbGkBYUrMrxGMkEdYmtKoJwZ0/eRE6Z3X3sn5xd15rOGUcFXAEjsEpcMEVaIAmaIE2wOARPINX8GY9WS/Wu/Uxa12yypkD8EfW5w8+9Zda</latexit>

dimH :
<latexit sha1_base64="R3QW2zQ29qZvqGIPUEYd5923bIs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbqYWwVVJiq+NUHDTZQX7gCaWyWTSDp1MwsxEKGk2/oobF4q49TPc+TdO2i609cCFwzn3cu89XsyoVJb1bRRWVtfWN4qbpa3tnd09c/+gLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vdJv7nUciJI34vRrHxA3RgNOAYqS01DePJk6I1BAjljayCXTKN04Z+g+1vlmxqtYUcJnYc1IBczT75pfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMHMniqFR8GkdDFFZyqvydSFEo5Dj3dmV8rF71c/M/rJSq4dlPK40QRjmeLgoRBFcE8DehTQbBiY00QFlTfCvEQCYSVzqykQ7AXX14m7VrVvqxe3J1X6tY8jiI4BifgDNjgCtRBAzRBC2CQgWfwCt6MJ+PFeDc+Zq0FYz5zCP7A+PwBGtmVYg==</latexit>
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<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>

|H|=Nmax

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc="></latexit>
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<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>
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<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>
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“Be able to resolve small energies,  
accept coarse resolution at high energies”
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|H|=d
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dimH :
<latexit sha1_base64="R3QW2zQ29qZvqGIPUEYd5923bIs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbqYWwVVJiq+NUHDTZQX7gCaWyWTSDp1MwsxEKGk2/oobF4q49TPc+TdO2i609cCFwzn3cu89XsyoVJb1bRRWVtfWN4qbpa3tnd09c/+gLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vdJv7nUciJI34vRrHxA3RgNOAYqS01DePJk6I1BAjljayCXTKN04Z+g+1vlmxqtYUcJnYc1IBczT75pfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMHMniqFR8GkdDFFZyqvydSFEo5Dj3dmV8rF71c/M/rJSq4dlPK40QRjmeLgoRBFcE8DehTQbBiY00QFlTfCvEQCYSVzqykQ7AXX14m7VrVvqxe3J1X6tY8jiI4BifgDNjgCtRBAzRBC2CQgWfwCt6MJ+PFeDc+Zq0FYz5zCP7A+PwBGtmVYg==</latexit>

|H|=d2
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<latexit sha1_base64="mWrf3mfPzvlYTpgpqCRIXGIRf90="></latexit>
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“Be able to resolve small energies,  
accept coarse resolution at high energies”

vD22

BCP08
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|H|=d
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dimH :
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|H|=d2
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|H|=Nmax

<latexit sha1_base64="mWrf3mfPzvlYTpgpqCRIXGIRf90="></latexit>

(U†DU)Kn�1 + ✏nnn

+(tnc
†
ncn�1+h.c.)

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc="></latexit>

� U
2 nd+Und"nd#

= (U†DU)imp,

D=diag(�U
2 , �U

2 , 0, 0)
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b)
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td

“Be able to resolve small energies,  
accept coarse resolution at high energies”

vD22

BCP08

<latexit sha1_base64="q6onuQZu9TJF0UHhOmz+jS7mDAc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZmoRXJVEfG2EgpsuK9gHNKFMJtN26OTBzEQoacFfceNCEbd+hzv/xkmbhbYeGDiccy/3zPFizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kZ3md9+pEKyKHxQ45i6AR6ErM8IVlrqmUcTJ8BqSDBP69MJcsq3Thn5PbNiVa0Z0DKxc1KBHI2e+eX4EUkCGirCsZRd24qVm2KhGOF0WnISSWNMRnhAu5qGOKDSTWfxp+hUKz7qR0K/UKGZ+nsjxYGU48DTk1lWuehl4n9eN1H9GzdlYZwoGpL5oX7CkYpQ1gXymaBE8bEmmAimsyIyxAITpRsr6RLsxS8vk9Z51b6qXt5fVGpWXkcRjuEEzsCGa6hBHRrQBAIpPMMrvBlPxovxbnzMRwtGvnMIf2B8/gDnM5S+</latexit>

|H|=d
<latexit sha1_base64="0qHlsDMUgMSiWT5Gsijvxmj/EH8=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaL4Kok4g1XBTddVrAXaEOZTCbt0JlJmJkIJcSNr+LGhSJufQt3vo2TNAtt/WHg4z/nMOf8fsyo0o7zbS0tr6yurVc2qptb2zu79t5+R0WJxKSNIxbJno8UYVSQtqaakV4sCeI+I11/cpvXuw9EKhqJez2NicfRSNCQYqSNNbQPBxzpseRpQHlWMEYsbWY3Q7vm1J1CcBHcEmqgVGtofw 2CCCecCI0ZUqrvOrH2UiQ1xYxk1UGiSIzwBI1I36BAnCgvLS7I4IlxAhhG0jyhYeH+nkgRV2rKfdOZ76jma7n5X62f6PDaS6mIE00Enn0UJgzqCOZxwIBKgjWbGkBYUrMrxGMkEdYmtKoJwZ0/eRE6Z3X3sn5xd15rOGUcFXAEjsEpcMEVaIAmaIE2wOARPINX8GY9WS/Wu/Uxa12yypkD8EfW5w8+9Zda</latexit>

dimH :
<latexit sha1_base64="R3QW2zQ29qZvqGIPUEYd5923bIs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbqYWwVVJiq+NUHDTZQX7gCaWyWTSDp1MwsxEKGk2/oobF4q49TPc+TdO2i609cCFwzn3cu89XsyoVJb1bRRWVtfWN4qbpa3tnd09c/+gLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vdJv7nUciJI34vRrHxA3RgNOAYqS01DePJk6I1BAjljayCXTKN04Z+g+1vlmxqtYUcJnYc1IBczT75pfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMHMniqFR8GkdDFFZyqvydSFEo5Dj3dmV8rF71c/M/rJSq4dlPK40QRjmeLgoRBFcE8DehTQbBiY00QFlTfCvEQCYSVzqykQ7AXX14m7VrVvqxe3J1X6tY8jiI4BifgDNjgCtRBAzRBC2CQgWfwCt6MJ+PFeDc+Zq0FYz5zCP7A+PwBGtmVYg==</latexit>

|H|=d2
<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>

|H|=Nmax
<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>

|H|=Nmax

<latexit sha1_base64="mWrf3mfPzvlYTpgpqCRIXGIRf90="></latexit>

(U†DU)Kn�1 + ✏nnn

+(tnc
†
ncn�1+h.c.)

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc="></latexit>

� U
2 nd+Und"nd#

= (U†DU)imp,

D=diag(�U
2 , �U

2 , 0, 0)
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“Be able to resolve small energies,  
accept coarse resolution at high energies”

vD22

BCP08

<latexit sha1_base64="q6onuQZu9TJF0UHhOmz+jS7mDAc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZmoRXJVEfG2EgpsuK9gHNKFMJtN26OTBzEQoacFfceNCEbd+hzv/xkmbhbYeGDiccy/3zPFizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kZ3md9+pEKyKHxQ45i6AR6ErM8IVlrqmUcTJ8BqSDBP69MJcsq3Thn5PbNiVa0Z0DKxc1KBHI2e+eX4EUkCGirCsZRd24qVm2KhGOF0WnISSWNMRnhAu5qGOKDSTWfxp+hUKz7qR0K/UKGZ+nsjxYGU48DTk1lWuehl4n9eN1H9GzdlYZwoGpL5oX7CkYpQ1gXymaBE8bEmmAimsyIyxAITpRsr6RLsxS8vk9Z51b6qXt5fVGpWXkcRjuEEzsCGa6hBHRrQBAIpPMMrvBlPxovxbnzMRwtGvnMIf2B8/gDnM5S+</latexit>

|H|=d
<latexit sha1_base64="0qHlsDMUgMSiWT5Gsijvxmj/EH8=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaL4Kok4g1XBTddVrAXaEOZTCbt0JlJmJkIJcSNr+LGhSJufQt3vo2TNAtt/WHg4z/nMOf8fsyo0o7zbS0tr6yurVc2qptb2zu79t5+R0WJxKSNIxbJno8UYVSQtqaakV4sCeI+I11/cpvXuw9EKhqJez2NicfRSNCQYqSNNbQPBxzpseRpQHlWMEYsbWY3Q7vm1J1CcBHcEmqgVGtofw 2CCCecCI0ZUqrvOrH2UiQ1xYxk1UGiSIzwBI1I36BAnCgvLS7I4IlxAhhG0jyhYeH+nkgRV2rKfdOZ76jma7n5X62f6PDaS6mIE00Enn0UJgzqCOZxwIBKgjWbGkBYUrMrxGMkEdYmtKoJwZ0/eRE6Z3X3sn5xd15rOGUcFXAEjsEpcMEVaIAmaIE2wOARPINX8GY9WS/Wu/Uxa12yypkD8EfW5w8+9Zda</latexit>

dimH :
<latexit sha1_base64="R3QW2zQ29qZvqGIPUEYd5923bIs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbqYWwVVJiq+NUHDTZQX7gCaWyWTSDp1MwsxEKGk2/oobF4q49TPc+TdO2i609cCFwzn3cu89XsyoVJb1bRRWVtfWN4qbpa3tnd09c/+gLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vdJv7nUciJI34vRrHxA3RgNOAYqS01DePJk6I1BAjljayCXTKN04Z+g+1vlmxqtYUcJnYc1IBczT75pfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMHMniqFR8GkdDFFZyqvydSFEo5Dj3dmV8rF71c/M/rJSq4dlPK40QRjmeLgoRBFcE8DehTQbBiY00QFlTfCvEQCYSVzqykQ7AXX14m7VrVvqxe3J1X6tY8jiI4BifgDNjgCtRBAzRBC2CQgWfwCt6MJ+PFeDc+Zq0FYz5zCP7A+PwBGtmVYg==</latexit>

|H|=d2
<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>

|H|=Nmax
<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>

|H|=Nmax

<latexit sha1_base64="mWrf3mfPzvlYTpgpqCRIXGIRf90="></latexit>

(U†DU)Kn�1 + ✏nnn

+(tnc
†
ncn�1+h.c.)

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc="></latexit>

� U
2 nd+Und"nd#

= (U†DU)imp,

D=diag(�U
2 , �U

2 , 0, 0)
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“Be able to resolve small energies,  
accept coarse resolution at high energies”

vD22

BCP08

<latexit sha1_base64="q6onuQZu9TJF0UHhOmz+jS7mDAc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZmoRXJVEfG2EgpsuK9gHNKFMJtN26OTBzEQoacFfceNCEbd+hzv/xkmbhbYeGDiccy/3zPFizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kZ3md9+pEKyKHxQ45i6AR6ErM8IVlrqmUcTJ8BqSDBP69MJcsq3Thn5PbNiVa0Z0DKxc1KBHI2e+eX4EUkCGirCsZRd24qVm2KhGOF0WnISSWNMRnhAu5qGOKDSTWfxp+hUKz7qR0K/UKGZ+nsjxYGU48DTk1lWuehl4n9eN1H9GzdlYZwoGpL5oX7CkYpQ1gXymaBE8bEmmAimsyIyxAITpRsr6RLsxS8vk9Z51b6qXt5fVGpWXkcRjuEEzsCGa6hBHRrQBAIpPMMrvBlPxovxbnzMRwtGvnMIf2B8/gDnM5S+</latexit>

|H|=d
<latexit sha1_base64="0qHlsDMUgMSiWT5Gsijvxmj/EH8=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaL4Kok4g1XBTddVrAXaEOZTCbt0JlJmJkIJcSNr+LGhSJufQt3vo2TNAtt/WHg4z/nMOf8fsyo0o7zbS0tr6yurVc2qptb2zu79t5+R0WJxKSNIxbJno8UYVSQtqaakV4sCeI+I11/cpvXuw9EKhqJez2NicfRSNCQYqSNNbQPBxzpseRpQHlWMEYsbWY3Q7vm1J1CcBHcEmqgVGtofw 2CCCecCI0ZUqrvOrH2UiQ1xYxk1UGiSIzwBI1I36BAnCgvLS7I4IlxAhhG0jyhYeH+nkgRV2rKfdOZ76jma7n5X62f6PDaS6mIE00Enn0UJgzqCOZxwIBKgjWbGkBYUrMrxGMkEdYmtKoJwZ0/eRE6Z3X3sn5xd15rOGUcFXAEjsEpcMEVaIAmaIE2wOARPINX8GY9WS/Wu/Uxa12yypkD8EfW5w8+9Zda</latexit>

dimH :
<latexit sha1_base64="R3QW2zQ29qZvqGIPUEYd5923bIs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbqYWwVVJiq+NUHDTZQX7gCaWyWTSDp1MwsxEKGk2/oobF4q49TPc+TdO2i609cCFwzn3cu89XsyoVJb1bRRWVtfWN4qbpa3tnd09c/+gLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vdJv7nUciJI34vRrHxA3RgNOAYqS01DePJk6I1BAjljayCXTKN04Z+g+1vlmxqtYUcJnYc1IBczT75pfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMHMniqFR8GkdDFFZyqvydSFEo5Dj3dmV8rF71c/M/rJSq4dlPK40QRjmeLgoRBFcE8DehTQbBiY00QFlTfCvEQCYSVzqykQ7AXX14m7VrVvqxe3J1X6tY8jiI4BifgDNjgCtRBAzRBC2CQgWfwCt6MJ+PFeDc+Zq0FYz5zCP7A+PwBGtmVYg==</latexit>

|H|=d2
<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>

|H|=Nmax
<latexit sha1_base64="bJV4iwc0SaHMaZTRceWBW+EObNI=">AAACDXicbVC7SgNBFJ31GeMramkzMQpWYVd8NULAJpVEMA/IhjA7mU2GzMwuM7Ni2OwP2PgrNhaK2Nrb+TdONlto4oELh3Pu5d57vJBRpW3721pYXFpeWc2t5dc3Nre2Czu7DRVEEpM6DlggWx5ShFFB6ppqRlqhJIh7jDS94fXEb94TqWgg7vQoJB2O+oL6FCNtpG7hcOxypAcYsbiajKFbvHKL8KYbp6rkMUcPSdItlOyynQLOEycjJZCh1i18ub0AR5wIjRlSqu3Yoe7ESGqKGUnybqRIiPAQ9UnbUIE4UZ04/SaBR0bpQT+QpoSGqfp7IkZcqRH3TOfkSDXrTcT/vHak/ctOTEUYaSLwdJEfMagDOIkG9qgkWLORIQhLam6FeIAkwtoEmDchOLMvz5PGSdk5L5/dnpYqdhZHDuyDA3AMHHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWxesbGYP/IH1+QNdv5u4</latexit>

|H|=Nmax

<latexit sha1_base64="mWrf3mfPzvlYTpgpqCRIXGIRf90="></latexit>

(U†DU)Kn�1 + ✏nnn

+(tnc
†
ncn�1+h.c.)

Interplay of control parameters  
   ( )Λ, NK a ∼NK

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc="></latexit>

� U
2 nd+Und"nd#

= (U†DU)imp,

D=diag(�U
2 , �U

2 , 0, 0)
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… in practice

<latexit sha1_base64="05Udh8CFeRWdhj3TlnSUqHi6+tc=">AAACiHicbVFNb9QwEHUChRK+FjhymbKi2qrblVO1FA6VKuiBY5FIW2m9RI7jbK3aTmQ7VKsov4X/xI1/g5PNgbaMZOnNmxm/+cgqKazD+E8QPni48ejx5pPo6bPnL16OXr0+t2VtGE9YKUtzmVHLpdA8ccJJflkZTlUm+UV2/aWLX/zkxopSf3erii8UXWpRCEadp9LRr23YI1tAXGEoa5K22W9BpzmQrV1PJx43Oakrakx50/ ZOXt7otRsREm0DATiGSfKD5HQJp5DspA1R1F0Z1QhVte0U1nmn/s/jTmoI5oIu28kgvNcrT297eIp30tEYz3BvcB/EAxijwc7S0W/fIasV145Jau08xpVbNNQ4wST3PdeWV5Rd0yWfe6ip4nbR9Its4b1ncihK45920LP/VjRUWbtSmc/sprB3Yx35v9i8dsXHRSN0VTuu2VqoqCW4ErqrQC4MZ06uPKDMCN8rsCvqd+H87SK/hPjuyPfB+f4s/jA7/HYwPsHDOjbRW/QOTVCMjtAJ+orOUIJYsBHsBgfBYRiFODwKP61Tw2CoeYNuWfj5Lwqdvsc=</latexit>

� U
2 nd+Und"nd#

= (U†DU)imp,

D=diag(�U
2 , �U

2 , 0, 0)
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Using QSpace tensor library by 
Andreas Weichselbaum (BNL) for 
Abelian + non-Abelian symmetries

Exploit  symmetry, 
(could fully diagonalize 9 sites,  
corresponding to  states)

SU(2)charge×SU(2)spin

>2×106

… in practice
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Anders-Schiller basis
Anders, Schiller, PRL 2005, PRB 2006
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Single-shell Lehmann representation 
Building block of spectral function: 
(Einstein summation convention for , )s e
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Peters, Pruschke, Anders, PRB 2006 
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ñ
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hs̃ẽ|e�iHtB

<latexit sha1_base64="YTs94fZ474IcJcD9z4ziPAaALtU="></latexit>

n = ñ :
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X

n

Tr ⇢ eiHt|seiD
n

D
n
hse|A|s̃eiK

n

K
n
hs̃e|e�iHtB

=
X

n

ei(E
[n]
s �E

[n]
s̃ )t[A[n]

DK]ss̃[B
[n]
KD]s̃s[⇢

[n]
D ]ss

<latexit sha1_base64="etyMQCGtuSnojpF+zWMAHXy07sw="></latexit>

|seiKnK
nhse| =

X
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<latexit sha1_base64="A+wSWzA4Jy4s+QftB3sMD5una6k="></latexit>

H|seiXn = E
[n]
s |seiXn +O

�
⇤�n+1

2
�

Hilbert space partitioning:

Extend eigenstate approx. 
(suffices for differences)

②

<latexit sha1_base64="ivKpTThCQxEZ5HkD3qP2axCHCCg="></latexit>
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[ñ]
s̃ )t[A[ñ]
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= D
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Log-Gaussian broadening
Eigenspectrum is resolved on a logarithmic scale 
→  peaks from Lehmann representation roughly  
      uniformly spaced on logarithmic scale

δ

Weichselbaum, von Delft, PRL 2007
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Log-Gaussian broadening
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Log-Gaussian broadening

Ways to increase high-
energy resolution:

• -averaging: average results from shifted grid  
• adaptive broadening : track sensitivity of eigenstates to variations of bath parameters 
• self-energy trick: obtain spectral function via self-energy + continuous hybridization

z ∼Λ−n+z, z ∈ [0,1) Žitko, Pruschke, PRB 2009 
Lee, Weichselbaum, PRB 2016
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vD22

Spectral functions at finite temperature
Lowest relevant energy scale: Kondo temperature, 

can be deduced from Bethe-ansatz formula  

or  or maximum of  or …

TK = U Γ/2 e−πU/8Γ+πΓ/2U ∼ 10−8

TK ∼ 1/[4χ(0)] χ′ ′ T=0(ω)

(D, U, Γ) = (1, 2 ×10−3, 3 ×10−5)
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Self-energy results at zero temperature
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Self-energy results at finite temperature
Again: ,  (D, U, Γ) = (1, 2 ×10−3, 3 ×10−5) TK = U Γ/2 e−πU/8Γ+πΓ/2U ∼ 10−8

vD22
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Self-energy results at finite temperature
Again: ,  (D, U, Γ) = (1, 2 ×10−3, 3 ×10−5) TK = U Γ/2 e−πU/8Γ+πΓ/2U ∼ 10−8

vD22

Scaling collapse (Fermi-liquid form) 
(  only relevant low-energy scale)TK

Symmetric estimator crucial 
for such high resolution!

Kugler, PRB 2022
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Orbital-selective Mott phase (T=0)
Consider multi-orbital Hubbard model with  
some orbital(s) more correlated than other(s) 
 
→ Coexistent Mott-insulating + metallic orbitals
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x=0.11                                       0.19                                     0.28                                     0.44

Huang et al., 
Comm. Phys. 2022
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⊕ Real-frequency, any temperature 

⊕ Fine low-energy resolution 

⊖ Coarse high-energy resolution 

⊖ Full diagonalization requires symmetries 
      (up to 3 (4?) orbitals, no spin-orbit coupling)
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Current frontiers: 
• Ab-initio multi-orbital systems 
• Multi-point correlation functions 
→ real-freq. two-particle vertex

Kugler, Lee, von Delft, PRX 2021, Lee, 
Kugler, von Delft, PRX 2021,  
Lihm, …, Kugler, Lee, PRB 2024

Matsubara     Keldysh


