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Plan of the lecture

 Notation


 Theoretical Background: the GW approximation and beyond


•  GW (self-screening and incorrect atomic limit)


• Corrections to GW (T matrix)


 The Hubbard dimer


• Exact solution


• GW solution


• T-matrix solution 
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Theoretical Background
 GW

screening important                well-approximated

Ξ =
δ(vH + Σxc)

δG
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Self-screening: the extracted particle screens itself   
(bad treatment of the induced exchange)
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Theoretical Background
 GW: incorrect atomic limit

1

2
e
− one type of 

addition energy→H
+
2

1

2
e
−

GW treats the system and its response classically        
(bad treatment of correlation)    

• Exact

H
+
2 → two types of 

addition energies

• GW



Theoretical Background
 GW

rough approximation  

GW

screening important                well-approximated

Ξ =
δ(vH + Σxc)

δG

✗ ⇡ �ivc

<latexit sha1_base64="19/OeTBEcJcclJJw2LBwUPnrYjY=">AAAB6HicbVA9SwNBEJ3zM8avU0ubxSBYhTsRtQzaWFgkYD4gOcLeZi5Zs7d37O4JIeQX2FgoYutPsvPfuLmk0MQHA4/3ZpiZF6aCa+N5387K6tr6xmZhq7i9s7u37x4cNnSSKYZ1lohEtUKqUXCJdcONwFaqkMahwGY4vJ36zSdUmifywYxSDGLalzzijBor1e67bskreznIMvHnpFRxIUe16351egnLYpSGCap12/dSE4ypMpwJnBQ7mcaUsiHtY9tSSWPUwTg/dEJOrdIjUaJsSUNy9ffEmMZaj+LQdsbUDPSiNxX/89qZia6DMZdpZlCy2aIoE8QkZPo16XGFzIiRJZQpbm8lbEAVZcZmU7Qh+IsvL5PGedm/LF/UbBo3szSgAMdwAmfgwxVU4A6qUAcGCM/wCm/Oo/PivDsfs9YVZz5zBH/gfP4AEfaNJQ==</latexit>

L

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L

<latexit sha1_base64="K6RJJpZG3W5CHDFAjF+N+XrM7mA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIglASEXVZdGGXFe0DmhAm00k7dPJgZlIsoeCvuHGhiFu/w51/4zTtQlsPXDiccy/33uMnnEllWd9GYWl5ZXWtuF7a2Nza3jF395oyTgWhDRLzWLR9LClnEW0opjhtJ4Li0Oe05Q9uJn5rSIVkcfSgRgl1Q9yLWMAIVlryzAPnnvVC7OAkEfEjGnq1U3bb8syyVbFyoEViz0i5akKOumd+Od2YpCGNFOFYyo5tJcrNsFCMcDouOamkCSYD3KMdTSMcUulm+fljdKyVLgpioStSKFd/T2Q4lHIU+rozxKov572J+J/XSVVw5WYsSlJFIzJdFKQcqRhNskBdJihRfKQJJoLpWxHpY4GJ0omVdAj2/MuLpHlWsS8q53c6jetpGlCEQziCE7DhEqpQgzo0gEAGz/AKb8aT8WK8Gx/T1oIxm9mHPzA+fwD1hZWE</latexit>

⌃ ⇡ vH + iGW

Beyond GW: keep an approximate         in⌃xc ⌅



Theoretical Background
 T matrix

quantum nature 
important               

<latexit sha1_base64="QDsbPKFrRYIxiTQbExhkAM09hL8="></latexit>

L =
�G

�Uext
= �G

�G�1

�Uext
G = �G

�[G�1
0 � Uext � ⌃]

�Uext
G

<latexit sha1_base64="dD3lp6U3Qga1/ZUR1nwYraELsdk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7vn7h886iRTDJssEYlqh1Sj4BKbhhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVa677Z5z616Na8AWSb+nFTrLhRo9Nyvbj9hWYzSMEG17vheaoKcKsOZwEmlm2lMKRvRAXYslTRGHeTFqRNyYpU+iRJlSxpSqL8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBks0VRJohJyPRv0ucKmRFjSyhT3N5K2JAqyoxNp2JD8BdfXiaPZzX/onZ+Z9O4nqUBZTiCYzgFHy6hDrfQgCYwGMAzvMKbI5wX5935mLWWnPnMIfyB8/kDmaOOCg==</latexit>

⌅ well-approximated

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L



Theoretical Background
 T matrix

quantum nature 
important               

✗ ⇡ GG

<latexit sha1_base64="QDsbPKFrRYIxiTQbExhkAM09hL8="></latexit>

L =
�G

�Uext
= �G

�G�1

�Uext
G = �G

�[G�1
0 � Uext � ⌃]

�Uext
G

<latexit sha1_base64="dD3lp6U3Qga1/ZUR1nwYraELsdk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7vn7h886iRTDJssEYlqh1Sj4BKbhhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVa677Z5z616Na8AWSb+nFTrLhRo9Nyvbj9hWYzSMEG17vheaoKcKsOZwEmlm2lMKRvRAXYslTRGHeTFqRNyYpU+iRJlSxpSqL8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBks0VRJohJyPRv0ucKmRFjSyhT3N5K2JAqyoxNp2JD8BdfXiaPZzX/onZ+Z9O4nqUBZTiCYzgFHy6hDrfQgCYwGMAzvMKbI5wX5935mLWWnPnMIfyB8/kDmaOOCg==</latexit>

⌅ well-approximated

rough 
approximation  

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L



Theoretical Background
 T matrix

quantum nature 
important               

✗ ⇡ GG

<latexit sha1_base64="QDsbPKFrRYIxiTQbExhkAM09hL8="></latexit>

L =
�G

�Uext
= �G

�G�1

�Uext
G = �G

�[G�1
0 � Uext � ⌃]

�Uext
G

<latexit sha1_base64="dD3lp6U3Qga1/ZUR1nwYraELsdk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7vn7h886iRTDJssEYlqh1Sj4BKbhhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVa677Z5z616Na8AWSb+nFTrLhRo9Nyvbj9hWYzSMEG17vheaoKcKsOZwEmlm2lMKRvRAXYslTRGHeTFqRNyYpU+iRJlSxpSqL8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBks0VRJohJyPRv0ucKmRFjSyhT3N5K2JAqyoxNp2JD8BdfXiaPZzX/onZ+Z9O4nqUBZTiCYzgFHy6hDrfQgCYwGMAzvMKbI5wX5935mLWWnPnMIfyB8/kDmaOOCg==</latexit>

⌅ well-approximated

rough 
approximation  

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L

<latexit sha1_base64="SrNkK8GCyc0WjU4eb+DwG9JTUVs=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irol6Eogc9VuwXtkvJptk2NMkuSVYoS/+FFw+KePXfePPfmG570OqDgcd7M8zMCxPOtPG8L6ewtLyyulZcL21sbm3vuLt7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0fXUbz1SpVks62ac0EDggWQRI9hY6aF7zwYCX7Kbes8texUvB/pL/DkpV13IUeu5n91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBll88QUdW6aMoVrakQbn6cyLDQuuxCG2nwGaoF72p+J/XSU10EWRMJqmhkswWRSlHJkbT91GfKUoMH1uCiWL2VkSGWGFibEglG4K/+PJf0jyp+GeV0zubxtUsDSjCARzCMfhwDlW4hRo0gICEJ3iBV0c7z86b8z5rLTjzmX34BefjG182kME=</latexit>

⌃ = iGT
<latexit sha1_base64="Z0dZpdnlXeIq50HHD8MLIaJCtOE=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8cK/YImlM120y7dbJbdjVhC/4YXD4p49c9489+4TXvQ1gcDj/dmmJkXSc608bxvp7S2vrG5Vd6u7Ozu7R+4h0dtnWaK0BZJeaq6EdaUM0FbhhlOu1JRnEScdqLx3czvPFKlWSqaZiJpmOChYDEj2FgpCLoswFKq9Ak1+27Vq3kF0CrxF6Rad6FAo+9+BYOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WFe3DxFZ1YZoDhVtoRBhfp7IseJ1pMksp0JNiO97M3E/7xeZuKbMGdCZoYKMl8UZxyZFM0CQAOmKDF8YgkmitlbERlhhYmxMVVsCP7yy6ukfVHzr2qXDzaN23kaUIYTOIVz8OEa6nAPDWgBAQnP8ApvTua8OO/Ox7y15CxmjuEPnM8fK6WRzg==</latexit>

⌅ ⇡ T



Theoretical Background
 T matrix

quantum nature 
important               

✗ ⇡ GG

<latexit sha1_base64="QDsbPKFrRYIxiTQbExhkAM09hL8="></latexit>

L =
�G

�Uext
= �G

�G�1

�Uext
G = �G

�[G�1
0 � Uext � ⌃]

�Uext
G

<latexit sha1_base64="dD3lp6U3Qga1/ZUR1nwYraELsdk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7vn7h886iRTDJssEYlqh1Sj4BKbhhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVa677Z5z616Na8AWSb+nFTrLhRo9Nyvbj9hWYzSMEG17vheaoKcKsOZwEmlm2lMKRvRAXYslTRGHeTFqRNyYpU+iRJlSxpSqL8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBks0VRJohJyPRv0ucKmRFjSyhT3N5K2JAqyoxNp2JD8BdfXiaPZzX/onZ+Z9O4nqUBZTiCYzgFHy6hDrfQgCYwGMAzvMKbI5wX5935mLWWnPnMIfyB8/kDmaOOCg==</latexit>

⌅ well-approximated

rough 
approximation  

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L

<latexit sha1_base64="SrNkK8GCyc0WjU4eb+DwG9JTUVs=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irol6Eogc9VuwXtkvJptk2NMkuSVYoS/+FFw+KePXfePPfmG570OqDgcd7M8zMCxPOtPG8L6ewtLyyulZcL21sbm3vuLt7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0fXUbz1SpVks62ac0EDggWQRI9hY6aF7zwYCX7Kbes8texUvB/pL/DkpV13IUeu5n91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBll88QUdW6aMoVrakQbn6cyLDQuuxCG2nwGaoF72p+J/XSU10EWRMJqmhkswWRSlHJkbT91GfKUoMH1uCiWL2VkSGWGFibEglG4K/+PJf0jyp+GeV0zubxtUsDSjCARzCMfhwDlW4hRo0gICEJ3iBV0c7z86b8z5rLTjzmX34BefjG182kME=</latexit>

⌃ = iGT

T matrix
<latexit sha1_base64="9M13QQOMFllh/xFwN29tqdgWHc8=">AAACBHicbVDLSgNBEOz1GeNr1WMug0EQxLAroh6DHpJjxLwgCcvsZDYZMvtgZjYkLDl48Ve8eFDEqx/hzb9xsslBEwsaiqpuurvciDOpLOvbWFldW9/YzGxlt3d29/bNg8O6DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiDu6nfGFIhWRhU1TiiHR/3AuYxgpWWHDPXxlEkwhEaOuWz9gPr+dgZnQ8dUipVHTNvFawUaJnYc5IvmpCi4phf7W5IYp8GinAsZcu2ItVJsFCMcDrJtmNJI0wGuEdbmgbYp7KTpE9M0IlWusgLha5AoVT9PZFgX8qx7+pOH6u+XPSm4n9eK1beTSdhQRQrGpDZIi/mSIVomgjqMkGJ4mNNMBFM34pIHwtMlM4tq0OwF19eJvWLgn1VuLzXadzO0oAM5OAYTsGGayhCGSpQAwKP8Ayv8GY8GS/Gu/Exa10x5jNH8AfG5w8yY5fX</latexit>

⇡ vH +⌃x � vcGGT

<latexit sha1_base64="Z0dZpdnlXeIq50HHD8MLIaJCtOE=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8cK/YImlM120y7dbJbdjVhC/4YXD4p49c9489+4TXvQ1gcDj/dmmJkXSc608bxvp7S2vrG5Vd6u7Ozu7R+4h0dtnWaK0BZJeaq6EdaUM0FbhhlOu1JRnEScdqLx3czvPFKlWSqaZiJpmOChYDEj2FgpCLoswFKq9Ak1+27Vq3kF0CrxF6Rad6FAo+9+BYOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WFe3DxFZ1YZoDhVtoRBhfp7IseJ1pMksp0JNiO97M3E/7xeZuKbMGdCZoYKMl8UZxyZFM0CQAOmKDF8YgkmitlbERlhhYmxMVVsCP7yy6ukfVHzr2qXDzaN23kaUIYTOIVz8OEa6nAPDWgBAQnP8ApvTua8OO/Ox7y15CxmjuEPnM8fK6WRzg==</latexit>

⌅ ⇡ T

<latexit sha1_base64="SrNkK8GCyc0WjU4eb+DwG9JTUVs=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irol6Eogc9VuwXtkvJptk2NMkuSVYoS/+FFw+KePXfePPfmG570OqDgcd7M8zMCxPOtPG8L6ewtLyyulZcL21sbm3vuLt7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0fXUbz1SpVks62ac0EDggWQRI9hY6aF7zwYCX7Kbes8texUvB/pL/DkpV13IUeu5n91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBll88QUdW6aMoVrakQbn6cyLDQuuxCG2nwGaoF72p+J/XSU10EWRMJqmhkswWRSlHJkbT91GfKUoMH1uCiWL2VkSGWGFibEglG4K/+PJf0jyp+GeV0zubxtUsDSjCARzCMfhwDlW4hRo0gICEJ3iBV0c7z86b8z5rLTjzmX34BefjG182kME=</latexit>

⌃ = iGT



Theoretical Background
 T matrix

• pp T matrix

Hartree-like 
term 

exchange-like 
term 

=        +          
<latexit sha1_base64="EKgeFUg9+sPCAR25/lZf57daZLQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0Ip/QlePCji1V/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TJJpxusskYluhdRwKRSvo0DJW6nmNA4lb4bDu5nfHHFtRKKecJzyIKZ9JSLBKFrpcdRlXbfsVbwcZJX4C1KuupCj1nW/Or2EZTFXyCQ1pu17KQYTqlEwyaelTmZ4StmQ9nnbUkVjboJJfuqUnFmlR6JE21JIcvX3xITGxozj0HbGFAdm2ZuJ/3ntDKObYCJUmiFXbL4oyiTBhMz+Jj2hOUM5toQyLeythA2opgxtOiUbgr/88ippXFT8q8rlg03jdp4GFOEETuEcfLiGKtxDDerAoA/P8ApvjnRenHfnY95acBYzx/AHzucPwsqOJQ==</latexit>

vc
<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

<latexit sha1_base64="EKgeFUg9+sPCAR25/lZf57daZLQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0Ip/QlePCji1V/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TJJpxusskYluhdRwKRSvo0DJW6nmNA4lb4bDu5nfHHFtRKKecJzyIKZ9JSLBKFrpcdRlXbfsVbwcZJX4C1KuupCj1nW/Or2EZTFXyCQ1pu17KQYTqlEwyaelTmZ4StmQ9nnbUkVjboJJfuqUnFmlR6JE21JIcvX3xITGxozj0HbGFAdm2ZuJ/3ntDKObYCJUmiFXbL4oyiTBhMz+Jj2hOUM5toQyLeythA2opgxtOiUbgr/88ippXFT8q8rlg03jdp4GFOEETuEcfLiGKtxDDerAoA/P8ApvjnRenHfnY95acBYzx/AHzucPwsqOJQ==</latexit>

vc

<latexit sha1_base64="K+PhULyoIk0F762FniIdUAUq5hg=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvXis0C9o15JNs21oNhuTrFCW/gkvHhTx6t/x5r8x3fagrQ8GHu/NMDMvlJxp43nfTmFtfWNzq7hd2tnd2z9wD49aOkkVoU2S8ER1QqwpZ4I2DTOcdqSiOA45bYfj25nffqJKs0Q0zETSIMZDwSJGsLFSp9H3HzIpp3237FW8HGiV+AtSrrmQo953v3qDhKQxFYZwrHXX96QJMqwMI5xOS71UU4nJGA9p11KBY6qDLL93is6sMkBRomwJg3L190SGY60ncWg7Y2xGetmbif953dRE10HGhEwNFWS+KEo5MgmaPY8GTFFi+MQSTBSztyIywgoTYyMq2RD85ZdXSeui4lcrl/c2jZt5GlCEEziFc/DhCmpwB3VoAgEOz/AKb86j8+K8Ox/z1oKzmDmGP3A+fwBek5A5</latexit>

T pp
1

<latexit sha1_base64="K+PhULyoIk0F762FniIdUAUq5hg=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvXis0C9o15JNs21oNhuTrFCW/gkvHhTx6t/x5r8x3fagrQ8GHu/NMDMvlJxp43nfTmFtfWNzq7hd2tnd2z9wD49aOkkVoU2S8ER1QqwpZ4I2DTOcdqSiOA45bYfj25nffqJKs0Q0zETSIMZDwSJGsLFSp9H3HzIpp3237FW8HGiV+AtSrrmQo953v3qDhKQxFYZwrHXX96QJMqwMI5xOS71UU4nJGA9p11KBY6qDLL93is6sMkBRomwJg3L190SGY60ncWg7Y2xGetmbif953dRE10HGhEwNFWS+KEo5MgmaPY8GTFFi+MQSTBSztyIywgoTYyMq2RD85ZdXSeui4lcrl/c2jZt5GlCEEziFc/DhCmpwB3VoAgEOz/AKb86j8+K8Ox/z1oKzmDmGP3A+fwBek5A5</latexit>

T pp
1

<latexit sha1_base64="+gYFlimrNdBr0GQi8Aszw4HDS3Q=">AAACAXicbZDLSsNAFIZP6q3WW9SN4CZYBEEoSRF1IxTduKzQG7QxTKaTdugkGWYmQgl146u4caGIW9/CnW/jNOlCWw8M8/H/5zBzfp8zKpVtfxuFpeWV1bXiemljc2t7x9zda8k4EZg0ccxi0fGRJIxGpKmoYqTDBUGhz0jbH91M/fYDEZLGUUONOXFDNIhoQDFSWvLMg8Z9yvnkKr8853QGVc8s2xU7K2sRnBmUayZkVffMr14/xklIIoUZkrLr2Fy5KRKKYkYmpV4iCUd4hAakqzFCIZFumm0wsY610reCWOgTKStTf0+kKJRyHPq6M0RqKOe9qfif101UcOmmNOKJIhHOHwoSZqnYmsZh9akgWLGxBoQF1X+18BAJhJUOraRDcOZXXoRWteKcV87udBrXeRpQhEM4ghNw4AJqcAt1aAKGR3iGV3gznowX4934yFsLxmxmH/6U8fkDtaOXFw==</latexit>

T pp = T pp
1 + T pp

2



Theoretical Background
 T matrix

• pp T matrix

=        +          
<latexit sha1_base64="EKgeFUg9+sPCAR25/lZf57daZLQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0Ip/QlePCji1V/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TJJpxusskYluhdRwKRSvo0DJW6nmNA4lb4bDu5nfHHFtRKKecJzyIKZ9JSLBKFrpcdRlXbfsVbwcZJX4C1KuupCj1nW/Or2EZTFXyCQ1pu17KQYTqlEwyaelTmZ4StmQ9nnbUkVjboJJfuqUnFmlR6JE21JIcvX3xITGxozj0HbGFAdm2ZuJ/3ntDKObYCJUmiFXbL4oyiTBhMz+Jj2hOUM5toQyLeythA2opgxtOiUbgr/88ippXFT8q8rlg03jdp4GFOEETuEcfLiGKtxDDerAoA/P8ApvjnRenHfnY95acBYzx/AHzucPwsqOJQ==</latexit>

vc
<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

<latexit sha1_base64="EKgeFUg9+sPCAR25/lZf57daZLQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0Ip/QlePCji1V/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TJJpxusskYluhdRwKRSvo0DJW6nmNA4lb4bDu5nfHHFtRKKecJzyIKZ9JSLBKFrpcdRlXbfsVbwcZJX4C1KuupCj1nW/Or2EZTFXyCQ1pu17KQYTqlEwyaelTmZ4StmQ9nnbUkVjboJJfuqUnFmlR6JE21JIcvX3xITGxozj0HbGFAdm2ZuJ/3ntDKObYCJUmiFXbL4oyiTBhMz+Jj2hOUM5toQyLeythA2opgxtOiUbgr/88ippXFT8q8rlg03jdp4GFOEETuEcfLiGKtxDDerAoA/P8ApvjnRenHfnY95acBYzx/AHzucPwsqOJQ==</latexit>

vc

<latexit sha1_base64="K+PhULyoIk0F762FniIdUAUq5hg=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvXis0C9o15JNs21oNhuTrFCW/gkvHhTx6t/x5r8x3fagrQ8GHu/NMDMvlJxp43nfTmFtfWNzq7hd2tnd2z9wD49aOkkVoU2S8ER1QqwpZ4I2DTOcdqSiOA45bYfj25nffqJKs0Q0zETSIMZDwSJGsLFSp9H3HzIpp3237FW8HGiV+AtSrrmQo953v3qDhKQxFYZwrHXX96QJMqwMI5xOS71UU4nJGA9p11KBY6qDLL93is6sMkBRomwJg3L190SGY60ncWg7Y2xGetmbif953dRE10HGhEwNFWS+KEo5MgmaPY8GTFFi+MQSTBSztyIywgoTYyMq2RD85ZdXSeui4lcrl/c2jZt5GlCEEziFc/DhCmpwB3VoAgEOz/AKb86j8+K8Ox/z1oKzmDmGP3A+fwBek5A5</latexit>

T pp
1

<latexit sha1_base64="K+PhULyoIk0F762FniIdUAUq5hg=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvXis0C9o15JNs21oNhuTrFCW/gkvHhTx6t/x5r8x3fagrQ8GHu/NMDMvlJxp43nfTmFtfWNzq7hd2tnd2z9wD49aOkkVoU2S8ER1QqwpZ4I2DTOcdqSiOA45bYfj25nffqJKs0Q0zETSIMZDwSJGsLFSp9H3HzIpp3237FW8HGiV+AtSrrmQo953v3qDhKQxFYZwrHXX96QJMqwMI5xOS71UU4nJGA9p11KBY6qDLL93is6sMkBRomwJg3L190SGY60ncWg7Y2xGetmbif953dRE10HGhEwNFWS+KEo5MgmaPY8GTFFi+MQSTBSztyIywgoTYyMq2RD85ZdXSeui4lcrl/c2jZt5GlCEEziFc/DhCmpwB3VoAgEOz/AKb86j8+K8Ox/z1oKzmDmGP3A+fwBek5A5</latexit>

T pp
1

<latexit sha1_base64="+gYFlimrNdBr0GQi8Aszw4HDS3Q=">AAACAXicbZDLSsNAFIZP6q3WW9SN4CZYBEEoSRF1IxTduKzQG7QxTKaTdugkGWYmQgl146u4caGIW9/CnW/jNOlCWw8M8/H/5zBzfp8zKpVtfxuFpeWV1bXiemljc2t7x9zda8k4EZg0ccxi0fGRJIxGpKmoYqTDBUGhz0jbH91M/fYDEZLGUUONOXFDNIhoQDFSWvLMg8Z9yvnkKr8853QGVc8s2xU7K2sRnBmUayZkVffMr14/xklIIoUZkrLr2Fy5KRKKYkYmpV4iCUd4hAakqzFCIZFumm0wsY610reCWOgTKStTf0+kKJRyHPq6M0RqKOe9qfif101UcOmmNOKJIhHOHwoSZqnYmsZh9akgWLGxBoQF1X+18BAJhJUOraRDcOZXXoRWteKcV87udBrXeRpQhEM4ghNw4AJqcAt1aAKGR3iGV3gznowX4934yFsLxmxmH/6U8fkDtaOXFw==</latexit>

T pp = T pp
1 + T pp

2

=        +          
<latexit sha1_base64="t4A7EpfVnfYI4zFmfdUvIxB3hiA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VihX9DGstlO2qWbTdzdCCX0T3jxoIhX/443/43btAdtfTDweG+GmXlBIrg2rvvtrKyurW9sFraK2zu7e/ulg8OmjlPFsMFiEat2QDUKLrFhuBHYThTSKBDYCka3U7/1hErzWNbNOEE/ogPJQ86osVK73vMeMhxOeqWyW3FzkGXizUm5WoIctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPtZfu+EnFqlT8JY2ZKG5OrviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2WxRmApiYjJ9nvS5QmbE2BLKFLe3EjakijJjIyraELzFl5dJ87ziXVYu7m0aN7M0oADHcAJn4MEVVOEOatAABgKe4RXenEfnxXl3PmatK8585gj+wPn8AUGpkCY=</latexit>

T eh
1

<latexit sha1_base64="t4A7EpfVnfYI4zFmfdUvIxB3hiA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VihX9DGstlO2qWbTdzdCCX0T3jxoIhX/443/43btAdtfTDweG+GmXlBIrg2rvvtrKyurW9sFraK2zu7e/ulg8OmjlPFsMFiEat2QDUKLrFhuBHYThTSKBDYCka3U7/1hErzWNbNOEE/ogPJQ86osVK73vMeMhxOeqWyW3FzkGXizUm5WoIctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPtZfu+EnFqlT8JY2ZKG5OrviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2WxRmApiYjJ9nvS5QmbE2BLKFLe3EjakijJjIyraELzFl5dJ87ziXVYu7m0aN7M0oADHcAJn4MEVVOEOatAABgKe4RXenEfnxXl3PmatK8585gj+wPn8AUGpkCY=</latexit>

T eh
1

• eh T matrix
<latexit sha1_base64="NEWk5tsggvyHFARt6c6Ns7AuF98=">AAACAXicbZDLSgMxFIbP1Futt1E3gptgEQShzBRRN0LRjcsKvUE7Dpk004ZmLiQZoQx146u4caGIW9/CnW9jOtOFth4I+fj/c0jO78WcSWVZ30ZhaXllda24XtrY3NreMXf3WjJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtjW6mfvuBCsmisKHGMXUCPAiZzwhWWnLNg8Z9SoeTq/xy7dMZVF2zbFWsrNAi2DMo10zIqu6aX71+RJKAhopwLGXXtmLlpFgoRjidlHqJpDEmIzygXY0hDqh00myDCTrWSh/5kdAnVChTf0+kOJByHHi6M8BqKOe9qfif102Uf+mkLIwTRUOSP+QnHKkITeNAfSYoUXysARPB9F8RGWKBidKhlXQI9vzKi9CqVuzzytmdTuM6TwOKcAhHcAI2XEANbqEOTSDwCM/wCm/Gk/FivBsfeWvBmM3sw58yPn8AXJiW3g==</latexit>

T eh = T eh
1 + T eh

2

Hartree-like 
term 

exchange-like 
term 



Theoretical Background

 Physics of GW and T matrix
<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L



Theoretical Background

 Physics of GW and T matrix

3 particles in the game

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L



Theoretical Background

 Physics of GW and T matrix

3 particles in the game

Let’s work with combinations!

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L



Theoretical Background
 Screened T matrix

<latexit sha1_base64="Y6xeUVrtWiz78jIWjJAXo9WYp78=">AAACAXicbVBNSwMxEJ2tX7V+rXoRvASL4MWyK6Ieix7qUcFqobuWbJpqaDYJSVYsS734V7x4UMSr/8Kb/8Z068GvBwOP92aYmZcozowNgg+vNDE5NT1Tnq3MzS8sLvnLK+dGZprQJpFc6laCDeVM0KZlltOW0hSnCacXSf9o5F/cUG2YFGd2oGic4ivBeoxg66SOvxZhpbS8RY2IKsO4FJf5djhEjY5fDWpBAfSXhF+kWvehwEnHf4+6kmQpFZZwbEw7DJSNc6wtI5wOK1FmqMKkj69o21GBU2rivPhgiDad0kU9qV0Jiwr1+0SOU2MGaeI6U2yvzW9vJP7ntTPbO4hzJlRmqSDjRb2MIyvRKA7UZZoSyweOYKKZuxWRa6wxsS60igsh/P3yX3K+Uwv3arunLo3DcRpQhnXYgC0IYR/qcAwn0AQCd/AAT/Ds3XuP3ov3Om4teV8zq/AD3tsnLeSWvg==</latexit>

⇡ G✏�1G

<latexit sha1_base64="coSO6ZjpmHx89S66MUhY2OYqkFA="></latexit>

L = �G
�[G�1

0 � Uext � ⌃]

�G
G

quantum nature 
important               

<latexit sha1_base64="dD3lp6U3Qga1/ZUR1nwYraELsdk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7vn7h886iRTDJssEYlqh1Sj4BKbhhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVa677Z5z616Na8AWSb+nFTrLhRo9Nyvbj9hWYzSMEG17vheaoKcKsOZwEmlm2lMKRvRAXYslTRGHeTFqRNyYpU+iRJlSxpSqL8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBks0VRJohJyPRv0ucKmRFjSyhT3N5K2JAqyoxNp2JD8BdfXiaPZzX/onZ+Z9O4nqUBZTiCYzgFHy6hDrfQgCYwGMAzvMKbI5wX5935mLWWnPnMIfyB8/kDmaOOCg==</latexit>

⌅ well-approximated

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L



Theoretical Background
 Screened T matrix

<latexit sha1_base64="Y6xeUVrtWiz78jIWjJAXo9WYp78=">AAACAXicbVBNSwMxEJ2tX7V+rXoRvASL4MWyK6Ieix7qUcFqobuWbJpqaDYJSVYsS734V7x4UMSr/8Kb/8Z068GvBwOP92aYmZcozowNgg+vNDE5NT1Tnq3MzS8sLvnLK+dGZprQJpFc6laCDeVM0KZlltOW0hSnCacXSf9o5F/cUG2YFGd2oGic4ivBeoxg66SOvxZhpbS8RY2IKsO4FJf5djhEjY5fDWpBAfSXhF+kWvehwEnHf4+6kmQpFZZwbEw7DJSNc6wtI5wOK1FmqMKkj69o21GBU2rivPhgiDad0kU9qV0Jiwr1+0SOU2MGaeI6U2yvzW9vJP7ntTPbO4hzJlRmqSDjRb2MIyvRKA7UZZoSyweOYKKZuxWRa6wxsS60igsh/P3yX3K+Uwv3arunLo3DcRpQhnXYgC0IYR/qcAwn0AQCd/AAT/Ds3XuP3ov3Om4teV8zq/AD3tsnLeSWvg==</latexit>

⇡ G✏�1G

<latexit sha1_base64="coSO6ZjpmHx89S66MUhY2OYqkFA="></latexit>

L = �G
�[G�1

0 � Uext � ⌃]

�G
G

quantum nature 
important               

<latexit sha1_base64="dD3lp6U3Qga1/ZUR1nwYraELsdk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK1hbaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnmzsrW9s7vn7h886iRTDJssEYlqh1Sj4BKbhhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVa677Z5z616Na8AWSb+nFTrLhRo9Nyvbj9hWYzSMEG17vheaoKcKsOZwEmlm2lMKRvRAXYslTRGHeTFqRNyYpU+iRJlSxpSqL8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBks0VRJohJyPRv0ucKmRFjSyhT3N5K2JAqyoxNp2JD8BdfXiaPZzX/onZ+Z9O4nqUBZTiCYzgFHy6hDrfQgCYwGMAzvMKbI5wX5935mLWWnPnMIfyB8/kDmaOOCg==</latexit>

⌅ well-approximated

<latexit sha1_base64="5mkrbh7y0do+k1viJPtTvdwibww=">AAAB83icbVBNSwMxEJ2tX7V+rXr0EiyCp7Irol6Eogc9VuwXdJeSTdM2NMkuSVYoS/+GFw+KePXPePPfmG570NYHA4/3ZpiZFyWcaeN5305hZXVtfaO4Wdra3tndc/cPmjpOFaENEvNYtSOsKWeSNgwznLYTRbGIOG1Fo9up33qiSrNY1s04oaHAA8n6jGBjpSB4ZAOBr9ldvau7btmreDnQMvHnpFx1IUet634FvZikgkpDONa643uJCTOsDCOcTkpBqmmCyQgPaMdSiQXVYZbfPEEnVumhfqxsSYNy9fdEhoXWYxHZToHNUC96U/E/r5Oa/lWYMZmkhkoyW9RPOTIxmgaAekxRYvjYEkwUs7ciMsQKE2NjKtkQ/MWXl0nzrOJfVM4fbBo3szSgCEdwDKfgwyVU4R5q0AACCTzDK7w5qfPivDsfs9aCM585hD9wPn8A7vaRpw==</latexit>

⌃ = iGTs

<latexit sha1_base64="GL8zNOA8tstqMgCXHCPVh/WRncc=">AAACB3icbZC7SgNBFIbPxluMt1VLQQaDIATCrojaCEELU1hENBdIwjI7mSRDZi/MzAbDks7GV7GxUMTWV7DzbZzsptDEHwY+/nMOZ87vhpxJZVnfRmZhcWl5JbuaW1vf2Nwyt3dqMogEoVUS8EA0XCwpZz6tKqY4bYSCYs/ltO4Orib1+pAKyQL/Xo1C2vZwz2ddRrDSlmPut+5Yz8MXQ6dcSNF5KLChQ65bDYZuHDNvFa1EaB7sKeRLJiSqOOZXqxOQyKO+IhxL2bStULVjLBQjnI5zrUjSEJMB7tGmRh97VLbj5I4xOtROB3UDoZ+vUOL+noixJ+XIc3Wnh1VfztYm5n+1ZqS65+2Y+WGkqE/SRd2IIxWgSSiowwQlio80YCKY/isifSwwUTq6nA7Bnj15HmrHRfu0eHKr07hM04As7MEBHIENZ1CCMlSgCgQe4Rle4c14Ml6Md+Mjbc0Y05ld+CPj8wfsm5i+</latexit>

⌃ = vH + ⌃x + ivcG⌅L



Theoretical Background

• pp screened T matrix

=        +          
<latexit sha1_base64="EKgeFUg9+sPCAR25/lZf57daZLQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0Ip/QlePCji1V/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TJJpxusskYluhdRwKRSvo0DJW6nmNA4lb4bDu5nfHHFtRKKecJzyIKZ9JSLBKFrpcdRlXbfsVbwcZJX4C1KuupCj1nW/Or2EZTFXyCQ1pu17KQYTqlEwyaelTmZ4StmQ9nnbUkVjboJJfuqUnFmlR6JE21JIcvX3xITGxozj0HbGFAdm2ZuJ/3ntDKObYCJUmiFXbL4oyiTBhMz+Jj2hOUM5toQyLeythA2opgxtOiUbgr/88ippXFT8q8rlg03jdp4GFOEETuEcfLiGKtxDDerAoA/P8ApvjnRenHfnY95acBYzx/AHzucPwsqOJQ==</latexit>

vc
<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

 Screened T matrix

⌇⌇⌇
<latexit sha1_base64="UIGgCQQ5kEItWmohDYezI51X0yI=">AAAB6HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0Ip/QVePCji1Z/kzX/jNu1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b//APTxq6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB0N/NbT6g0T+SDGacYxHQgecQZNVaqt3pu2at4Ocgq8RekXHUhR63nfnX7CctilIYJqnXH91ITTKgynAmclrqZxpSyER1gx1JJY9TBJD90Ss6s0idRomxJQ3L198SExlqP49B2xtQM9bI3E//zOpmJboIJl2lmULL5oigTxCRk9jXpc4XMiLEllClubyVsSBVlxmZTsiH4yy+vkuZFxb+qXNZtGrfzNKAIJ3AK5+DDNVThHmrQAAYIz/AKb86j8+K8Ox/z1oKzmDmGP3A+fwAioo0w</latexit>

W
<latexit sha1_base64="RRzgK1bZ+50OAMfQXZQ6uxRGEdI=">AAAB83icbVBNS8NAEJ34WetX1KOXxSJ4kJKIqMeiF48V+gVtLJvtpl262Sy7G6GE/A0vHhTx6p/x5r9xm/agrQ8GHu/NMDMvlJxp43nfzsrq2vrGZmmrvL2zu7fvHhy2dJIqQpsk4YnqhFhTzgRtGmY47UhFcRxy2g7Hd1O//USVZolomImkQYyHgkWMYGOlXqOf6XM/f8ykzPtuxat6BdAy8eekUnOhQL3vfvUGCUljKgzhWOuu70kTZFgZRjjNy71UU4nJGA9p11KBY6qDrLg5R6dWGaAoUbaEQYX6eyLDsdaTOLSdMTYjvehNxf+8bmqimyBjQqaGCjJbFKUcmQRNA0ADpigxfGIJJorZWxEZYYWJsTGVbQj+4svLpHVR9a+qlw82jdtZGlCCYziBM/DhGmpwD3VoAgEJz/AKb07qvDjvzsesdcWZzxzBHzifP2n9kfg=</latexit>

T pp
s,1

<latexit sha1_base64="RRzgK1bZ+50OAMfQXZQ6uxRGEdI=">AAAB83icbVBNS8NAEJ34WetX1KOXxSJ4kJKIqMeiF48V+gVtLJvtpl262Sy7G6GE/A0vHhTx6p/x5r9xm/agrQ8GHu/NMDMvlJxp43nfzsrq2vrGZmmrvL2zu7fvHhy2dJIqQpsk4YnqhFhTzgRtGmY47UhFcRxy2g7Hd1O//USVZolomImkQYyHgkWMYGOlXqOf6XM/f8ykzPtuxat6BdAy8eekUnOhQL3vfvUGCUljKgzhWOuu70kTZFgZRjjNy71UU4nJGA9p11KBY6qDrLg5R6dWGaAoUbaEQYX6eyLDsdaTOLSdMTYjvehNxf+8bmqimyBjQqaGCjJbFKUcmQRNA0ADpigxfGIJJorZWxEZYYWJsTGVbQj+4svLpHVR9a+qlw82jdtZGlCCYziBM/DhGmpwD3VoAgEJz/AKb07qvDjvzsesdcWZzxzBHzifP2n9kfg=</latexit>

T pp
s,1

<latexit sha1_base64="SsFQl94DdacSC6ZY09vkI+SrcdA=">AAACC3icbVBLS8NAEJ7UV62vqEcvoUUQlJIUUS9C0YvHCn1BG8Nmu2mXbpJldyOU0LsX/4oXD4p49Q9489+4TTxo68DC95hhdj6fMyqVbX8ZhaXlldW14nppY3Nre8fc3WvLOBGYtHDMYtH1kSSMRqSlqGKkywVBoc9Ixx9fz/zOPRGSxlFTTThxQzSMaEAxUlryzHLTk3cp59PLppfKE2eakeOM1HLimRW7amdlLQLnB1TqJmTV8MzP/iDGSUgihRmSsufYXLkpEopiRqalfiIJR3iMhqSnYYRCIt00u2VqHWplYAWx0C9SVqb+nkhRKOUk9HVniNRIznsz8T+vl6jgwk1pxBNFIpwvChJmqdiaBWMNqCBYsYkGCAuq/2rhERIIKx1fSYfgzJ+8CNq1qnNWPb3VaVzlaUARDqAMR+DAOdThBhrQAgwP8AQv8Go8Gs/Gm/GetxaMn5l9+FPGxzems5t7</latexit>

T pp
s = T pp

s,1 + T pp
s,2

Hartree-like 
term 

exchange-like 
term 



Theoretical Background

• pp screened T matrix

=        +          
<latexit sha1_base64="EKgeFUg9+sPCAR25/lZf57daZLQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0Ip/QlePCji1V/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TJJpxusskYluhdRwKRSvo0DJW6nmNA4lb4bDu5nfHHFtRKKecJzyIKZ9JSLBKFrpcdRlXbfsVbwcZJX4C1KuupCj1nW/Or2EZTFXyCQ1pu17KQYTqlEwyaelTmZ4StmQ9nnbUkVjboJJfuqUnFmlR6JE21JIcvX3xITGxozj0HbGFAdm2ZuJ/3ntDKObYCJUmiFXbL4oyiTBhMz+Jj2hOUM5toQyLeythA2opgxtOiUbgr/88ippXFT8q8rlg03jdp4GFOEETuEcfLiGKtxDDerAoA/P8ApvjnRenHfnY95acBYzx/AHzucPwsqOJQ==</latexit>

vc
<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

<latexit sha1_base64="RbZjl81XkSAZFH/n7w1osxZIzDU=">AAAB6HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix60GML9gPaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9xm/agrQ8GHu/NMDMvTAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SDGaUYxLQvecQZNVaq3XXdklf2cpBl4s9JqeJCjmrX/er0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiDcX7ohJxapUeiRNmShuTq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQdjLtPMoGSzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2maEPwF19eJo3zsn9ZvqjZNG5maUABjuEEzsCHK6jAPVShDgwQnuEV3pxH58V5dz5mrSvOfOYI/sD5/AEKYo0g</latexit>

G

 Screened T matrix

⌇⌇⌇
<latexit sha1_base64="UIGgCQQ5kEItWmohDYezI51X0yI=">AAAB6HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0Ip/QVePCji1Z/kzX/jNu1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b//APTxq6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB0N/NbT6g0T+SDGacYxHQgecQZNVaqt3pu2at4Ocgq8RekXHUhR63nfnX7CctilIYJqnXH91ITTKgynAmclrqZxpSyER1gx1JJY9TBJD90Ss6s0idRomxJQ3L198SExlqP49B2xtQM9bI3E//zOpmJboIJl2lmULL5oigTxCRk9jXpc4XMiLEllClubyVsSBVlxmZTsiH4yy+vkuZFxb+qXNZtGrfzNKAIJ3AK5+DDNVThHmrQAAYIz/AKb86j8+K8Ox/z1oKzmDmGP3A+fwAioo0w</latexit>

W

⌃(1)= + +
Hartree                             GW                                      SOSEX

• screened T-matrix self-energy (1st iteration)

<latexit sha1_base64="RRzgK1bZ+50OAMfQXZQ6uxRGEdI=">AAAB83icbVBNS8NAEJ34WetX1KOXxSJ4kJKIqMeiF48V+gVtLJvtpl262Sy7G6GE/A0vHhTx6p/x5r9xm/agrQ8GHu/NMDMvlJxp43nfzsrq2vrGZmmrvL2zu7fvHhy2dJIqQpsk4YnqhFhTzgRtGmY47UhFcRxy2g7Hd1O//USVZolomImkQYyHgkWMYGOlXqOf6XM/f8ykzPtuxat6BdAy8eekUnOhQL3vfvUGCUljKgzhWOuu70kTZFgZRjjNy71UU4nJGA9p11KBY6qDrLg5R6dWGaAoUbaEQYX6eyLDsdaTOLSdMTYjvehNxf+8bmqimyBjQqaGCjJbFKUcmQRNA0ADpigxfGIJJorZWxEZYYWJsTGVbQj+4svLpHVR9a+qlw82jdtZGlCCYziBM/DhGmpwD3VoAgEJz/AKb07qvDjvzsesdcWZzxzBHzifP2n9kfg=</latexit>

T pp
s,1

<latexit sha1_base64="RRzgK1bZ+50OAMfQXZQ6uxRGEdI=">AAAB83icbVBNS8NAEJ34WetX1KOXxSJ4kJKIqMeiF48V+gVtLJvtpl262Sy7G6GE/A0vHhTx6p/x5r9xm/agrQ8GHu/NMDMvlJxp43nfzsrq2vrGZmmrvL2zu7fvHhy2dJIqQpsk4YnqhFhTzgRtGmY47UhFcRxy2g7Hd1O//USVZolomImkQYyHgkWMYGOlXqOf6XM/f8ykzPtuxat6BdAy8eekUnOhQL3vfvUGCUljKgzhWOuu70kTZFgZRjjNy71UU4nJGA9p11KBY6qDrLg5R6dWGaAoUbaEQYX6eyLDsdaTOLSdMTYjvehNxf+8bmqimyBjQqaGCjJbFKUcmQRNA0ADpigxfGIJJorZWxEZYYWJsTGVbQj+4svLpHVR9a+qlw82jdtZGlCCYziBM/DhGmpwD3VoAgEJz/AKb07qvDjvzsesdcWZzxzBHzifP2n9kfg=</latexit>

T pp
s,1

<latexit sha1_base64="SsFQl94DdacSC6ZY09vkI+SrcdA=">AAACC3icbVBLS8NAEJ7UV62vqEcvoUUQlJIUUS9C0YvHCn1BG8Nmu2mXbpJldyOU0LsX/4oXD4p49Q9489+4TTxo68DC95hhdj6fMyqVbX8ZhaXlldW14nppY3Nre8fc3WvLOBGYtHDMYtH1kSSMRqSlqGKkywVBoc9Ixx9fz/zOPRGSxlFTTThxQzSMaEAxUlryzHLTk3cp59PLppfKE2eakeOM1HLimRW7amdlLQLnB1TqJmTV8MzP/iDGSUgihRmSsufYXLkpEopiRqalfiIJR3iMhqSnYYRCIt00u2VqHWplYAWx0C9SVqb+nkhRKOUk9HVniNRIznsz8T+vl6jgwk1pxBNFIpwvChJmqdiaBWMNqCBYsYkGCAuq/2rhERIIKx1fSYfgzJ+8CNq1qnNWPb3VaVzlaUARDqAMR+DAOdThBhrQAgwP8AQv8Go8Gs/Gm/GetxaMn5l9+FPGxzems5t7</latexit>

T pp
s = T pp

s,1 + T pp
s,2

Hartree-like 
term 

exchange-like 
term 



The Hubbard dimer

U

t
H = −t

∑

i,j=1,2
i !=j

∑

σ

c
†
iσcjσ +

U

2

∑

i=1,2

∑

σσ′

c
†
iσc

†
iσ′ciσ′ciσ + ε0

∑

σ,i=1,2

niσ + V0

U

t

N=1 (1/4 filling) and N=2 (1/2 filling) in the ground state 
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�� N

0 i
! � (EN

0 � EN�1
n )� i⌘

#

exact solution from eigenvectors and eigenvalues of the     and (            ) electron systems 
<latexit sha1_base64="UWh1IsLhpiGCpJZzi9OElqfoZO4=">AAAB7XicdVDLSsNAFL2pr1pfUZduBkVwFZKiTborunElFewD2lAm00k7dvJgZiKU0n9w40IRt/6PO//GSaqgogcuHM65l3vvCVLOpLLtd6O0tLyyulZer2xsbm3vmLt7bZlkgtAWSXgiugGWlLOYthRTnHZTQXEUcNoJJhe537mjQrIkvlHTlPoRHsUsZAQrLbWv+mmEnIF5ZFteveraHrIt56zuudWcOI7r1ZBj2QWOGiYUaA7Mt/4wIVlEY0U4lrLn2KnyZ1goRjidV/qZpCkmEzyiPU1jHFHpz4pr5+hYK0MUJkJXrFChfp+Y4UjKaRTozgirsfzt5eJfXi9ToefPWJxmisZksSjMOFIJyl9HQyYoUXyqCSaC6VsRGWOBidIBVXQIX5+i/0m7ajk16/Rap3G+SAPKcACHcAIOuNCAS2hCCwjcwj08wpORGA/Gs/GyaC0ZnzP78APG6weqoo89</latexit>

N ± 1
<latexit sha1_base64="Ac4E3KiVPoSPlSC59PO1PAdrvYY=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0iKtumt6MWTtGA/oC1ls920azebsLsRSugv8OJBEa/+JG/+Gzetgoo+GHi8N8PMPD/mTGnHebdyK6tr6xv5zcLW9s7uXnH/oK2iRBLaIhGPZNfHinImaEszzWk3lhSHPqcdf3qZ+Z07KhWLxI2exXQQ4rFgASNYG6l5PSyWHNurlauOhxzbPa951XJGXLfqVZBrOwuU6kVYoDEsvvVHEUlCKjThWKme68R6kGKpGeF0XugnisaYTPGY9gwVOKRqkC4OnaMTo4xQEElTQqOF+n0ixaFSs9A3nSHWE/Xby8S/vF6iA2+QMhEnmgqyXBQkHOkIZV+jEZOUaD4zBBPJzK2ITLDERJtsCiaEr0/R/6Rdtt2KfdY0aVws04A8HMExnIILVajDFTSgBQQo3MMjPFm31oP1bL0sW3PW58wh/ID1+gGXhY2B</latexit>

N



The Hubbard monomer: exact solution
 N=1 (one site)

✏0



The Hubbard monomer: exact solution
 N=1 (one site)

✏0
removal energy: ! = ✏0

addition energy: ! = ✏0 + UG# =
1

! � ✏0 � U + i⌘

G" =
1

! � ✏0 � i⌘



The Hubbard monomer: exact solution

✏0
= G"

0

1

! � ✏0 + i⌘

G" =
1

! � ✏0 � i⌘

U ! 0

 N=1 (one site)

G# =
1

! � ✏0 � U + i⌘



The Hubbard monomer: exact solution

✏0

⌃(!) = G�1
0 (!)�G�1(!)

= G"
0

1

! � ✏0 + i⌘

G" =
1

! � ✏0 � i⌘

U ! 0

 N=1 (one site)

G# =
1

! � ✏0 � U + i⌘



The Hubbard dimer: exact solution

✏0
|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉)t E0 = ε0 − t

 N=1 (two sites)



The Hubbard dimer: exact solution

✏0
|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉)t E0 = ε0 − t

 N=1 (two sites)

1 2 1 2
1
2
1
2



The Hubbard dimer: exact solution

✏0
|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉)t E0 = ε0 − t

Symmetric in the sites

 N=1 (two sites)

1 2 1 2
1
2
1
2



The Hubbard dimer: exact solution

✏0
|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉)t E0 = ε0 − t

Σ(ω) = G
−1

0
(ω) − G

−1(ω)

Σ(ω) =









0 0 0 0
0 0 0 0
0 0 Σ11↓ Σ12↓

0 0 Σ12↓ Σ11↓









Symmetric in the sites

 N=1 (two sites)

1 2 1 2
1
2
1
2



The Hubbard dimer: exact solution

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

U → 0

ε0 − t

ε0 + t ε0 + t

ε0 + t + U

satellite

ε0 + 3t

✏0
t

 N=1 (two sites)

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

8U U 6= 0; t 6= 0U = 0; t 6= 0

• Removal/addition energies: noninteracting limit



The Hubbard dimer: exact solution

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

U → 0

ε0 − t

ε0 + t ε0 + t

ε0 + t + U

satellite

ε0 + 3t

✏0
t

 N=1 (two sites)

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

8U U 6= 0; t 6= 0U = 0; t 6= 0

<latexit sha1_base64="3aLBAzhufLBlNWIA2Lz6TbnoQZU=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKqMeiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQxV7btmreDnIKvEXpFxzIUe95351+wnLYq6QSWpMx/dSDCZUo2CST0vdzPCUshEd8I6lisbcBJP80ik5s0qfRIm2pZDk6u+JCY2NGceh7YwpDs2yNxP/8zoZRtfBRKg0Q67YfFGUSYIJmb1N+kJzhnJsCWVa2FsJG1JNGdpwSjYEf/nlVdKsVvzLysW9TeNmngYU4QRO4Rx8uIIa3EEdGsAggmd4hTdn5Lw4787HvLXgLGaO4Q+czx+/dI2J</latexit>

2t

• Removal/addition energies: noninteracting limit



The Hubbard dimer: exact solution

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

ε0 − t

ε0 + t ε0 + t

ε0 + t + U

satellite

ε0 + 3t

✏0
t

 N=1 (two sites)

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

8U U 6= 0; t 6= 0U = 0; t 6= 0

<latexit sha1_base64="3aLBAzhufLBlNWIA2Lz6TbnoQZU=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKqMeiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQxV7btmreDnIKvEXpFxzIUe95351+wnLYq6QSWpMx/dSDCZUo2CST0vdzPCUshEd8I6lisbcBJP80ik5s0qfRIm2pZDk6u+JCY2NGceh7YwpDs2yNxP/8zoZRtfBRKg0Q67YfFGUSYIJmb1N+kJzhnJsCWVa2FsJG1JNGdpwSjYEf/nlVdKsVvzLysW9TeNmngYU4QRO4Rx8uIIa3EEdGsAggmd4hTdn5Lw4787HvLXgLGaO4Q+czx+/dI2J</latexit>

2t

U a

b

U → 0• Removal/addition energies: noninteracting limit



The Hubbard dimer: exact solution

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

ε0 − t

ε0 + t ε0 + t

ε0 + t + U

satellite

ε0 + 3t

✏0
t

 N=1 (two sites)

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

8U U 6= 0; t 6= 0U = 0; t 6= 0

<latexit sha1_base64="3aLBAzhufLBlNWIA2Lz6TbnoQZU=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKqMeiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQxV7btmreDnIKvEXpFxzIUe95351+wnLYq6QSWpMx/dSDCZUo2CST0vdzPCUshEd8I6lisbcBJP80ik5s0qfRIm2pZDk6u+JCY2NGceh7YwpDs2yNxP/8zoZRtfBRKg0Q67YfFGUSYIJmb1N+kJzhnJsCWVa2FsJG1JNGdpwSjYEf/nlVdKsVvzLysW9TeNmngYU4QRO4Rx8uIIa3EEdGsAggmd4hTdn5Lw4787HvLXgLGaO4Q+czx+/dI2J</latexit>

2t

a

b

U → 0• Removal/addition energies: noninteracting limit



The Hubbard dimer: exact solution

t → 0

✏0
t

 N=1 (two sites)

ε0 − t

ε0 + t

ε0 + t

ε0 + t + U

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2
✏0

✏0 + U

U 6= 0; t 6= 0U 6= 0; t = 08U ; t = 0

✏0

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

satellite
• Removal/addition energies: atomic limit

<latexit sha1_base64="u93dmOz1OpKtKGOBvLMMfVQEyCk=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURUcFL0YvHCqYtNKFstpt26WYTdzdiCf0rXjwo4tU/4s1/4zbtQVsHFoaZ93izE6acKe0431ZpZXVtfaO8Wdna3tnds/erLZVkklCPJDyRnRArypmgnmaa004qKY5DTtvh6Gbqtx+pVCwR93qc0iDGA8EiRrA2Us+u+lEiMefIu0LaF/QBOT275tSdAmiZuHNSa9hQoNmzv/x+QrKYCk04VqrrOqkOciw1I5xOKn6maIrJCA9o11CBY6qCvMg+QcdG6SMTwjyhUaH+3shxrNQ4Ds1kjPVQLXpT8T+vm+noMsiZSDNNBZkdijKOdIKmRaA+k5RoPjYEE8lMVkSGWGKiTV0VU4K7+OVl0jqtu+f1szvTxvWsDSjDIRzBCbhwAQ24hSZ4QOAJnuEV3qyJ9WK9Wx+z0ZI13zmAP7A+fwDzLZPE</latexit>

8U ; t 6= 0



The Hubbard dimer: exact solution

✏0
t

 N=1 (two sites)

ε0 − t

ε0 + t

ε0 + t

ε0 + t + U

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2
✏0

✏0 + U

✏0

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

satellite

U 6= 0; t 6= 0U 6= 0; t = 0

t → 0• Removal/addition energies: atomic limit

8U ; t = 0
<latexit sha1_base64="u93dmOz1OpKtKGOBvLMMfVQEyCk=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURUcFL0YvHCqYtNKFstpt26WYTdzdiCf0rXjwo4tU/4s1/4zbtQVsHFoaZ93izE6acKe0431ZpZXVtfaO8Wdna3tnds/erLZVkklCPJDyRnRArypmgnmaa004qKY5DTtvh6Gbqtx+pVCwR93qc0iDGA8EiRrA2Us+u+lEiMefIu0LaF/QBOT275tSdAmiZuHNSa9hQoNmzv/x+QrKYCk04VqrrOqkOciw1I5xOKn6maIrJCA9o11CBY6qCvMg+QcdG6SMTwjyhUaH+3shxrNQ4Ds1kjPVQLXpT8T+vm+noMsiZSDNNBZkdijKOdIKmRaA+k5RoPjYEE8lMVkSGWGKiTV0VU4K7+OVl0jqtu+f1szvTxvWsDSjDIRzBCbhwAQ24hSZ4QOAJnuEV3qyJ9WK9Wx+z0ZI13zmAP7A+fwDzLZPE</latexit>

8U ; t 6= 0



The Hubbard dimer: exact solution

✏0
t

 N=1 (two sites)

ε0 − t

ε0 + t

ε0 + t

ε0 + t + U

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2
✏0

✏0 + U

✏0

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

removal/addition energies of an empty atom and an atom with one electron

satellite

U 6= 0; t 6= 0U 6= 0; t = 0

t → 0• Removal/addition energies: atomic limit

8U ; t = 0
<latexit sha1_base64="u93dmOz1OpKtKGOBvLMMfVQEyCk=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURUcFL0YvHCqYtNKFstpt26WYTdzdiCf0rXjwo4tU/4s1/4zbtQVsHFoaZ93izE6acKe0431ZpZXVtfaO8Wdna3tnds/erLZVkklCPJDyRnRArypmgnmaa004qKY5DTtvh6Gbqtx+pVCwR93qc0iDGA8EiRrA2Us+u+lEiMefIu0LaF/QBOT275tSdAmiZuHNSa9hQoNmzv/x+QrKYCk04VqrrOqkOciw1I5xOKn6maIrJCA9o11CBY6qCvMg+QcdG6SMTwjyhUaH+3shxrNQ4Ds1kjPVQLXpT8T+vm+noMsiZSDNNBZkdijKOdIKmRaA+k5RoPjYEE8lMVkSGWGKiTV0VU4K7+OVl0jqtu+f1szvTxvWsDSjDIRzBCbhwAQ24hSZ4QOAJnuEV3qyJ9WK9Wx+z0ZI13zmAP7A+fwDzLZPE</latexit>

8U ; t 6= 0



The Hubbard dimer: exact solution

✏0
t

 N=1 (two sites)

ε0 − t

ε0 + t

ε0 + t

ε0 + t + U

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2
✏0

✏0 + U

U 6= 0; t 6= 0U 6= 0; t = 0

✏0

|ψN=1

0 〉 =
1√
2

(| ↑ 0〉 + |0 ↑〉) E0 = ε0 − t

satellite

equal weight sat/QP

t → 0• Removal/addition energies: atomic limit

8U ; t = 0
<latexit sha1_base64="u93dmOz1OpKtKGOBvLMMfVQEyCk=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURUcFL0YvHCqYtNKFstpt26WYTdzdiCf0rXjwo4tU/4s1/4zbtQVsHFoaZ93izE6acKe0431ZpZXVtfaO8Wdna3tnds/erLZVkklCPJDyRnRArypmgnmaa004qKY5DTtvh6Gbqtx+pVCwR93qc0iDGA8EiRrA2Us+u+lEiMefIu0LaF/QBOT275tSdAmiZuHNSa9hQoNmzv/x+QrKYCk04VqrrOqkOciw1I5xOKn6maIrJCA9o11CBY6qCvMg+QcdG6SMTwjyhUaH+3shxrNQ4Ds1kjPVQLXpT8T+vm+noMsiZSDNNBZkdijKOdIKmRaA+k5RoPjYEE8lMVkSGWGKiTV0VU4K7+OVl0jqtu+f1szvTxvWsDSjDIRzBCbhwAQ24hSZ4QOAJnuEV3qyJ9WK9Wx+z0ZI13zmAP7A+fwDzLZPE</latexit>

8U ; t 6= 0



The Hubbard dimer: exact solution

Symmetric in the sites and 
in the spin✏0

t
 N=2



The Hubbard dimer: exact solution

Σ(ω) = G
−1

0
(ω) − G

−1(ω)

Symmetric in the sites and 
in the spin
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The Hubbard dimer: exact solution

U → 0

✏0
t

 N=2

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

U 6= 0; t 6= 0U = 0; t 6= 0

✏0 � t+ U/2 +
p

16t2 + U2/2

✏0 � t+ U/2�
p

16t2 + U2/2

✏0 � 3t

✏0 + 3t

✏0 � t

✏0 + t

satellite

satellite

<latexit sha1_base64="3aLBAzhufLBlNWIA2Lz6TbnoQZU=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKqMeiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQxV7btmreDnIKvEXpFxzIUe95351+wnLYq6QSWpMx/dSDCZUo2CST0vdzPCUshEd8I6lisbcBJP80ik5s0qfRIm2pZDk6u+JCY2NGceh7YwpDs2yNxP/8zoZRtfBRKg0Q67YfFGUSYIJmb1N+kJzhnJsCWVa2FsJG1JNGdpwSjYEf/nlVdKsVvzLysW9TeNmngYU4QRO4Rx8uIIa3EEdGsAggmd4hTdn5Lw4787HvLXgLGaO4Q+czx+/dI2J</latexit>

2t

<latexit sha1_base64="3aLBAzhufLBlNWIA2Lz6TbnoQZU=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKqMeiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jNu1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t3/gHh41TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQxV7btmreDnIKvEXpFxzIUe95351+wnLYq6QSWpMx/dSDCZUo2CST0vdzPCUshEd8I6lisbcBJP80ik5s0qfRIm2pZDk6u+JCY2NGceh7YwpDs2yNxP/8zoZRtfBRKg0Q67YfFGUSYIJmb1N+kJzhnJsCWVa2FsJG1JNGdpwSjYEf/nlVdKsVvzLysW9TeNmngYU4QRO4Rx8uIIa3EEdGsAggmd4hTdn5Lw4787HvLXgLGaO4Q+czx+/dI2J</latexit>

2t

• Removal/addition energies: noninteracting limit



The Hubbard dimer: exact solution

• Removal/addition energies: atomic limit t → 0

✏0
t

 N=2

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

✏0 � t+ U/2 +
p

16t2 + U2/2

✏0 � t+ U/2�
p

16t2 + U2/2

U 6= 0; t 6= 0U 6= 0; t = 0

✏0 + U

✏0

satellite

satellite



The Hubbard dimer: exact solution

✏0
t

 N=2

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

✏0 � t+ U/2 +
p

16t2 + U2/2

✏0 � t+ U/2�
p

16t2 + U2/2

U 6= 0; t 6= 0U 6= 0; t = 0

✏0 + U

✏0

removal/addition energies of one isolated atom with one electron

satellite

satellite

• Removal/addition energies: atomic limit t → 0



The Hubbard dimer: exact solution

✏0
t

 N=2

✏0 + t+ U/2 +
p

16t2 + U2/2

✏0 + t+ U/2�
p

16t2 + U2/2

✏0 � t+ U/2 +
p

16t2 + U2/2

✏0 � t+ U/2�
p

16t2 + U2/2

U 6= 0; t 6= 0U 6= 0; t = 0

✏0 + U

✏0

satellite

satellite

equal weight sat/QP

• Removal/addition energies: atomic limit t → 0



The Hubbard dimer: GW solution

One-shot GW

 (       as starting point  ) W0 = [1 + ivcG0G0| {z }

�vcP

]�1vc



The Hubbard monomer: GW solution
N=1

✏0
exchange

<latexit sha1_base64="QsNX74lIl+dACgkWflnEXE7zCRA=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1ItQ9OKxgrGFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuEl70NYHA4/3ZpiZF6WcaeN5305lZXVtfaO6Wdva3tndc/cPHnWSKUIDkvBEdSKsKWeSBoYZTjupolhEnLaj8W3ht5+o0iyRD2aS0lDgoWQxI9gUUvsaBX237jW8EmiZ+HNSb7pQotV3v3qDhGSCSkM41rrre6kJc6wMI5xOa71M0xSTMR7SrqUSC6rDvLx1ik6sMkBxomxJg0r190SOhdYTEdlOgc1IL3qF+J/XzUx8FeZMppmhkswWxRlHJkHF42jAFCWGTyzBRDF7KyIjrDAxNp6aDcFffHmZPJ41/IvG+b1N42aWBlThCI7hFHy4hCbcQQsCIDCCZ3iFN0c4L8678zFrrTjzmUP4A+fzB6DKjgA=</latexit>

W = U
<latexit sha1_base64="kyizIhx1UghIvw/QZxfTL1njA5o=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1ItQ9OKxov2ANpTNdtou3WzC7kYooT/BiwdFvPqLvPlv3KY9aOuDgcd7M8zMCxPBtfG8b6ewsrq2vlHcLG1t7+zuufsHDR2nimGdxSJWrZBqFFxi3XAjsJUopFEosBmObqd+8wmV5rF8NOMEg4gOJO9zRo2VHmrXXtctexUvB1km/pyUqy7kqHXdr04vZmmE0jBBtW77XmKCjCrDmcBJqZNqTCgb0QG2LZU0Qh1k+akTcmKVHunHypY0JFd/T2Q00nochbYzomaoF72p+J/XTk3/Ksi4TFKDks0W9VNBTEymf5MeV8iMGFtCmeL2VsKGVFFmbDolG4K/+PIyaZxV/IvK+b1N42aWBhThCI7hFHy4hCrcQQ3qwGAAz/AKb45wXpx352PWWnDmM4fwB87nDwfwjao=</latexit>

P = 0



The Hubbard monomer: GW solution
N=1

✏0
exchange

<latexit sha1_base64="QsNX74lIl+dACgkWflnEXE7zCRA=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1ItQ9OKxgrGFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuEl70NYHA4/3ZpiZF6WcaeN5305lZXVtfaO6Wdva3tndc/cPHnWSKUIDkvBEdSKsKWeSBoYZTjupolhEnLaj8W3ht5+o0iyRD2aS0lDgoWQxI9gUUvsaBX237jW8EmiZ+HNSb7pQotV3v3qDhGSCSkM41rrre6kJc6wMI5xOa71M0xSTMR7SrqUSC6rDvLx1ik6sMkBxomxJg0r190SOhdYTEdlOgc1IL3qF+J/XzUx8FeZMppmhkswWxRlHJkHF42jAFCWGTyzBRDF7KyIjrDAxNp6aDcFffHmZPJ41/IvG+b1N42aWBlThCI7hFHy4hCbcQQsCIDCCZ3iFN0c4L8678zFrrTjzmUP4A+fzB6DKjgA=</latexit>

W = U
<latexit sha1_base64="kyizIhx1UghIvw/QZxfTL1njA5o=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1ItQ9OKxov2ANpTNdtou3WzC7kYooT/BiwdFvPqLvPlv3KY9aOuDgcd7M8zMCxPBtfG8b6ewsrq2vlHcLG1t7+zuufsHDR2nimGdxSJWrZBqFFxi3XAjsJUopFEosBmObqd+8wmV5rF8NOMEg4gOJO9zRo2VHmrXXtctexUvB1km/pyUqy7kqHXdr04vZmmE0jBBtW77XmKCjCrDmcBJqZNqTCgb0QG2LZU0Qh1k+akTcmKVHunHypY0JFd/T2Q00nochbYzomaoF72p+J/XTk3/Ksi4TFKDks0W9VNBTEymf5MeV8iMGFtCmeL2VsKGVFFmbDolG4K/+PIyaZxV/IvK+b1N42aWBhThCI7hFHy4hCrcQQ3qwGAAz/AKb45wXpx352PWWnDmM4fwB87nDwfwjao=</latexit>

P = 0

GW is exact for two isolated sites



The Hubbard dimer: GW solution
N=1 exchange

<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for          )
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U

✏0
t



The Hubbard dimer: GW solution
N=1 exchange

<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for          )
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U

✏0
t

sign of self-screening



The Hubbard dimer: GW solution
N=1 exchange

<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6=

• Removal/addition energies: self-screening

(for          )
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U

✏0
t



The Hubbard dimer: GW solution

Σ(ω) =









0 0 0 0
0 0 0 0
0 0 Σ11↓ Σ12↓

0 0 Σ12↓ Σ11↓









no self-screening at 
<latexit sha1_base64="Qu/m8bqYhM4O5LzaxmAx1r94wjc=">AAAB9XicdVDJSgNBEK2JW4xb1KOXxiB4GnrMegx68RjBLJDE0NPpJI09C901hhDyH148KOLVf/Hm39hJFFT0QcHjvSqq6vmxkgYpfXdSK6tr6xvpzczW9s7uXnb/oGGiRHNR55GKdMtnRigZijpKVKIVa8ECX4mmf3sx95t3QhsZhdc4iUU3YMNQDiRnaKUb7Gg5HCHTOhoT2svmqFuhxULZI9T18uUSzc9JkeZLlHguXSBXzcICtV72rdOPeBKIELlixrQ9GmN3yjRKrsQs00mMiBm/ZUPRtjRkgTDd6eLqGTmxSp8MIm0rRLJQv09MWWDMJPBtZ8BwZH57c/Evr53goNKdyjBOUIR8uWiQKIIRmUdA+lILjmpiCeNa2lsJHzHNONqgMjaEr0/J/6Rx5nolt3Bl0zhfpgFpOIJjOAUPylCFS6hBHThouIdHeHLGzoPz7LwsW1PO58wh/IDz+gEvyZMA</latexit>

t ! 0

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0N=1

✏0
t



The Hubbard dimer: GW solution

• Spectral function: atomic limit
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U=4
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t → 0

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0N=1

✏0
t

no gap in GW

(1/2 e- on each site)



The Hubbard dimer: GW solution

• Spectral function: atomic limit
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n U=4
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t → 0

<latexit sha1_base64="1GnF/9IeJ71y1UzLRaknpjpoTvA="></latexit>

⌃#,GW
ij (!) = �ij

U

2

<latexit sha1_base64="y4ew8eUl9eizTrppYnYf2DbY0Pw="></latexit>

⌃#,exact
ij (!) = �ij

U

2


1 +

U

2(! � ✏0)� U + i⌘

�
vs

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0N=1

✏0
t

no gap in GW

(1/2 e- on each site)



The Hubbard dimer: GW solution

• Spectral function: atomic limit
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t → 0

<latexit sha1_base64="1GnF/9IeJ71y1UzLRaknpjpoTvA="></latexit>

⌃#,GW
ij (!) = �ij

U

2

<latexit sha1_base64="y4ew8eUl9eizTrppYnYf2DbY0Pw="></latexit>

⌃#,exact
ij (!) = �ij

U

2


1 +

U

2(! � ✏0)� U + i⌘

�
vs

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0N=1

✏0
t

no gap in GW

(1/2 e- on each site)



The Hubbard dimer: GW solution
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<latexit sha1_base64="1GnF/9IeJ71y1UzLRaknpjpoTvA="></latexit>

⌃#,GW
ij (!) = �ij

U

2

<latexit sha1_base64="y4ew8eUl9eizTrppYnYf2DbY0Pw="></latexit>

⌃#,exact
ij (!) = �ij

U

2


1 +

U

2(! � ✏0)� U + i⌘

�
vs

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0N=1

✏0
t

no band gap in GW

(1/2 e- on each site)

GW treats the system and its response classically

We need 2 particles speaking to each other!

• Spectral function: atomic limit t → 0



The Hubbard dimer: GW solution
N=2

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0

exchange
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for          )
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0

✏0
t



The Hubbard dimer: GW solution
N=2

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0

exchange
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for          )
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0

✏0
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The Hubbard dimer: GW solution
N=2

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0

exchange
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for          )
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0

✏0
t

• Effect of self-screening
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The Hubbard dimer: GW solution
N=2

(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0

exchange
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for          )
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0

✏0
t

• Effect of self-screening
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Addition and removal of the same e- is non-symmetric



The Hubbard dimer: GW solution
N=2

U=4
t=1

U=4
t=10-7
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(for          )
<latexit sha1_base64="2iagknRclgcDTC4/0gITcWMFTk8=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30WG1r0esj1ToZEq/jlryyl4MsE39OShUXclQ77le7m7As5gqZpMa0fC/FYEw1Cib5pNjODE8pG9Aeb1mqaMxNMM6vnpBTq3RJlGhbCkmu/p4Y09iYURzazphi3yx6U/E/r5VhdB2MhUoz5IrNFkWZJJiQaQSkKzRnKEeWUKaFvZWwPtWUoQ2qaEPwF19eJvXzsn9Zvri3adzM0oACHMMJnIEPV1CBO6hCDRhoeIZXeHOGzovz7nzMWlec+cwR/IHz+QOgH5Kg</latexit>

P ! 0
<latexit sha1_base64="jKGmIgzvm1s/FryJNLRMsVt+58Q=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls120y7d7IbdjaWE/g8vHhTx6n/x5r9xm/agrQ8GHu/NMDMvSjnTxvO+nZXVtfWNzdJWeXtnd2/fPThsaJkpQgMiuVStCGvKmaCBYYbTVqooTiJOm9Hwduo3n6jSTIoHM05pmOC+YDEj2FjpsdlRrD8wWCk5QkHXrXhVrwBaJv6cVGouFKh33a9OT5IsocIQjrVu+15qwhwrwwink3In0zTFZIj7tG2pwAnVYV5cPUGnVumhWCpbwqBC/T2R40TrcRLZzgSbgV70puJ/Xjsz8XWYM5FmhgoyWxRnHBmJphGgHlOUGD62BBPF7K2IDLDCxNigyjYEf/HlZdI4r/qX1Yt7m8bNLA0owTGcwBn4cAU1uIM6BEBAwTO8wpszcl6cd+dj1rrizGeO4A+czx/jKpLM</latexit>

W ! U = exchange
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0

exchange
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for          )
<latexit sha1_base64="IOu7PhRrGmtX33iam/ti8beJHXQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbymY7aZduNnF3I5TQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqeDaeN63s7K6tr6xWdoqb+/s7u27B4dNnWSKYYMlIlHtkGoUXGLDcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkqtelfiI/F6bsWregXIMvHnpFJzoUC95351+wnLYpSGCap1x/dSE+RUGc4ETsrdTGNK2YgOsGOppDHqIC/OnZBTq/RJlChb0pBC/T2R01jrcRzazpiaoV70puJ/Xicz0XWQc5lmBiWbLYoyQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCZRuCv/jyMmmeV/3L6sW9TeNmlgaU4BhO4Ax8uIIa3EEdGsBgBM/wCm9O6rw4787HrHXFmc8cwR84nz/s/o9V</latexit>

P 6= 0
<latexit sha1_base64="VjgnVO7AefA92JhsdjU9drbfnAA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBNIU2lM120i7dbOLuRiilP8KLB0W8+nu8+W/cpj1o64OBx3szzMyLMsG1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZorhj5LRapaEdUouETfcCOwlSmkSSQwiIa3Uz94QqV5Kh/MKMMwoX3JY86osVIQdCQ+Er9bqbo1twBZJt6cVOsVKNDoVr46vZTlCUrDBNW67bmZCcdUGc4ETsqdXGNG2ZD2sW2ppAnqcFycOyGnVumROFW2pCGF+ntiTBOtR0lkOxNqBnrRm4r/ee3cxNfhmMssNyjZbFGcC2JSMv2d9LhCZsTIEsoUt7cSNqCKMmMTKtsQvMWXl0nzvOZd1i7ubRo3szSgBMdwAmfgwRXU4Q4a4AODITzDK7w5mfPivDsfs9YVZz5zBH/gfP4AL+ePgQ==</latexit>

W 6= U
<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0

✏0
t

• Spectral function

no gap in GW! (1/2   e- and 1/2   e- on each site)



The Hubbard monomer: T-matrix solution
N=1

✏0
Hartree-Fock

<latexit sha1_base64="Z6Ea7l/BEIsaQV+aP/V1L7VeafE=">AAAB/XicbVC7SgNBFL0bXzG+1kdnsxgEq7grojZC0MbCIoJ5QLKG2clNMmT2wcysGJfFX7GxUMTW/7Dzb5xsUmjigYHDOfdw7xwv4kwq2/42cnPzC4tL+eXCyura+oa5uVWTYSwoVmnIQ9HwiETOAqwqpjg2IoHE9zjWvcHlyK/fo5AsDG7VMELXJ72AdRklSkttc+f6LmkpfNDRJIoOsZ+m53bbLNolO4M1S5wJKZZNyFBpm1+tTkhjHwNFOZGy6diRchMiFKMc00IrlhgROiA9bGoaEB+lm2TXp9a+VjpWNxT6BcrK1N+JhPhSDn1PT/pE9eW0NxL/85qx6p65CQuiWGFAx4u6MbdUaI2qsDpMIFV8qAmhgulbLdonglClCyvoEpzpL8+S2lHJOSkd3+g2LsZtQB52YQ8OwIFTKMMVVKAKFB7hGV7hzXgyXox342M8mjMmmW34A+PzBxSRlak=</latexit>

Lpp/eh = 0
<latexit sha1_base64="k1GLXt0tWnuZHDLrxGzhCpocHx8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIqBuh6MZlhb6gjWUyvW2HTh7MTMQagr/ixoUibv0Pd/6N07QLbT0wcDjnHu6d40WcSWXb30ZuYXFpeSW/Wlhb39jcMrd36jKMBcUaDXkomh6RyFmANcUUx2YkkPgex4Y3vB77jXsUkoVBVY0idH3SD1iPUaK01DH3qndJW+GDjiZRdIyDNL2sdcyiXbIzWPPEmZJi2YQMlY751e6GNPYxUJQTKVuOHSk3IUIxyjEttGOJEaFD0seWpgHxUbpJdn1qHWqla/VCoV+grEz9nUiIL+XI9/SkT9RAznpj8T+vFavehZuwIIoVBnSyqBdzS4XWuAqrywRSxUeaECqYvtWiAyIIVbqwgi7Bmf3yPKmflJyz0umtbuNq0gbkYR8O4AgcOIcy3EAFakDhEZ7hFd6MJ+PFeDc+JqM5Y5rZhT8wPn8AWV2V1g==</latexit>

T pp/eh = U



The Hubbard monomer: T-matrix solution
N=1

✏0

T matrix is exact for two isolated sites

Hartree-Fock
<latexit sha1_base64="Z6Ea7l/BEIsaQV+aP/V1L7VeafE=">AAAB/XicbVC7SgNBFL0bXzG+1kdnsxgEq7grojZC0MbCIoJ5QLKG2clNMmT2wcysGJfFX7GxUMTW/7Dzb5xsUmjigYHDOfdw7xwv4kwq2/42cnPzC4tL+eXCyura+oa5uVWTYSwoVmnIQ9HwiETOAqwqpjg2IoHE9zjWvcHlyK/fo5AsDG7VMELXJ72AdRklSkttc+f6LmkpfNDRJIoOsZ+m53bbLNolO4M1S5wJKZZNyFBpm1+tTkhjHwNFOZGy6diRchMiFKMc00IrlhgROiA9bGoaEB+lm2TXp9a+VjpWNxT6BcrK1N+JhPhSDn1PT/pE9eW0NxL/85qx6p65CQuiWGFAx4u6MbdUaI2qsDpMIFV8qAmhgulbLdonglClCyvoEpzpL8+S2lHJOSkd3+g2LsZtQB52YQ8OwIFTKMMVVKAKFB7hGV7hzXgyXox342M8mjMmmW34A+PzBxSRlak=</latexit>

Lpp/eh = 0
<latexit sha1_base64="k1GLXt0tWnuZHDLrxGzhCpocHx8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIqBuh6MZlhb6gjWUyvW2HTh7MTMQagr/ixoUibv0Pd/6N07QLbT0wcDjnHu6d40WcSWXb30ZuYXFpeSW/Wlhb39jcMrd36jKMBcUaDXkomh6RyFmANcUUx2YkkPgex4Y3vB77jXsUkoVBVY0idH3SD1iPUaK01DH3qndJW+GDjiZRdIyDNL2sdcyiXbIzWPPEmZJi2YQMlY751e6GNPYxUJQTKVuOHSk3IUIxyjEttGOJEaFD0seWpgHxUbpJdn1qHWqla/VCoV+grEz9nUiIL+XI9/SkT9RAznpj8T+vFavehZuwIIoVBnSyqBdzS4XWuAqrywRSxUeaECqYvtWiAyIIVbqwgi7Bmf3yPKmflJyz0umtbuNq0gbkYR8O4AgcOIcy3EAFakDhEZ7hFd6MJ+PFeDc+JqM5Y5rZhT8wPn8AWV2V1g==</latexit>

T pp/eh = U



The Hubbard dimer: T-matrix solution
N=1

Σ(ω) =









0 0 0 0
0 0 0 0
0 0 Σ11↓ Σ12↓

0 0 Σ12↓ Σ11↓









HF
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for any   )t

✏0
t

<latexit sha1_base64="BQdgMj1bGRM1ECHuuKYBb846vro=">AAACAXicbVC7SgNBFL0b3/G1aiPYDIpgFXdF1DJoY2GhYKKQXcPs5CYZMju7zsyKYYmNv2JjoYitf2Hn3zh5FBo9MHA45x7u3BOlgmvjeV9OYWJyanpmdq44v7C4tOyurFZ1kimGFZaIRF1HVKPgEiuGG4HXqUIaRwKvos5J37+6Q6V5Ii9NN8Uwpi3Jm5xRY6W6u352kwcG7200T9NdbPd6gcRb4tXdLa/kDUD+En9EtsouDHBedz+DRsKyGKVhgmpd873UhDlVhjOBvWKQaUwp69AW1iyVNEYd5oMLemTbKg3STJR90pCB+jOR01jrbhzZyZiath73+uJ/Xi0zzaMw5zLNDEo2XNTMBDEJ6ddBGlwhM6JrCWWK278S1qaKMmNLK9oS/PGT/5LqXsk/KO1f2DaOh23ALGzAJuyAD4dQhlM4hwoweIAneIFX59F5dt6c9+FowRll1uAXnI9vF0KXVA==</latexit>

Lpp/eh 6= 0
<latexit sha1_base64="3T2ZNbS5SGiCLfEpTaGTwjp/s0o=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiYi6rLoxmWFvqCNZTK9aYdOHsxMpCXkV9y4UMStP+LOv3GadqGtBwYO59zDvXO8mDOpbPvbKKytb2xuFbdLO7t7+wfmYbklo0RQbNKIR6LjEYmchdhUTHHsxAJJ4HFse+O7md9+QiFZFDbUNEY3IMOQ+YwSpaW+WW48pj2FEx1N4/gcR1nWNyt21c5hrRJnQSo1E3LU++ZXbxDRJMBQUU6k7Dp2rNyUCMUox6zUSyTGhI7JELuahiRA6ab57Zl1qpWB5UdCv1BZufo7kZJAymng6cmAqJFc9mbif143Uf6Nm7IwThSGdL7IT7ilImtWhDVgAqniU00IFUzfatEREYQqXVdJl+Asf3mVtC6qzlX18kG3cTtvA4pwDCdwBg5cQw3uoQ5NoDCBZ3iFNyMzXox342M+WjAWmSP4A+PzByKFlTA=</latexit>

T pp/eh



The Hubbard dimer: T-matrix solution
N=1

Σ(ω) =









0 0 0 0
0 0 0 0
0 0 Σ11↓ Σ12↓

0 0 Σ12↓ Σ11↓









HF
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for any   )t

✏0
t

no self-screening

<latexit sha1_base64="BQdgMj1bGRM1ECHuuKYBb846vro=">AAACAXicbVC7SgNBFL0b3/G1aiPYDIpgFXdF1DJoY2GhYKKQXcPs5CYZMju7zsyKYYmNv2JjoYitf2Hn3zh5FBo9MHA45x7u3BOlgmvjeV9OYWJyanpmdq44v7C4tOyurFZ1kimGFZaIRF1HVKPgEiuGG4HXqUIaRwKvos5J37+6Q6V5Ii9NN8Uwpi3Jm5xRY6W6u352kwcG7200T9NdbPd6gcRb4tXdLa/kDUD+En9EtsouDHBedz+DRsKyGKVhgmpd873UhDlVhjOBvWKQaUwp69AW1iyVNEYd5oMLemTbKg3STJR90pCB+jOR01jrbhzZyZiath73+uJ/Xi0zzaMw5zLNDEo2XNTMBDEJ6ddBGlwhM6JrCWWK278S1qaKMmNLK9oS/PGT/5LqXsk/KO1f2DaOh23ALGzAJuyAD4dQhlM4hwoweIAneIFX59F5dt6c9+FowRll1uAXnI9vF0KXVA==</latexit>

Lpp/eh 6= 0
<latexit sha1_base64="3T2ZNbS5SGiCLfEpTaGTwjp/s0o=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiYi6rLoxmWFvqCNZTK9aYdOHsxMpCXkV9y4UMStP+LOv3GadqGtBwYO59zDvXO8mDOpbPvbKKytb2xuFbdLO7t7+wfmYbklo0RQbNKIR6LjEYmchdhUTHHsxAJJ4HFse+O7md9+QiFZFDbUNEY3IMOQ+YwSpaW+WW48pj2FEx1N4/gcR1nWNyt21c5hrRJnQSo1E3LU++ZXbxDRJMBQUU6k7Dp2rNyUCMUox6zUSyTGhI7JELuahiRA6ab57Zl1qpWB5UdCv1BZufo7kZJAymng6cmAqJFc9mbif143Uf6Nm7IwThSGdL7IT7ilImtWhDVgAqniU00IFUzfatEREYQqXVdJl+Asf3mVtC6qzlX18kG3cTtvA4pwDCdwBg5cQw3uoQ5NoDCBZ3iFNyMzXox342M+WjAWmSP4A+PzByKFlTA=</latexit>

T pp/eh



The Hubbard dimer: T-matrix solution
N=1

pp T matrix is exact

✏0
t

• Removal/addition energies

HF
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for any   )t
<latexit sha1_base64="BQdgMj1bGRM1ECHuuKYBb846vro=">AAACAXicbVC7SgNBFL0b3/G1aiPYDIpgFXdF1DJoY2GhYKKQXcPs5CYZMju7zsyKYYmNv2JjoYitf2Hn3zh5FBo9MHA45x7u3BOlgmvjeV9OYWJyanpmdq44v7C4tOyurFZ1kimGFZaIRF1HVKPgEiuGG4HXqUIaRwKvos5J37+6Q6V5Ii9NN8Uwpi3Jm5xRY6W6u352kwcG7200T9NdbPd6gcRb4tXdLa/kDUD+En9EtsouDHBedz+DRsKyGKVhgmpd873UhDlVhjOBvWKQaUwp69AW1iyVNEYd5oMLemTbKg3STJR90pCB+jOR01jrbhzZyZiath73+uJ/Xi0zzaMw5zLNDEo2XNTMBDEJ6ddBGlwhM6JrCWWK278S1qaKMmNLK9oS/PGT/5LqXsk/KO1f2DaOh23ALGzAJuyAD4dQhlM4hwoweIAneIFX59F5dt6c9+FowRll1uAXnI9vF0KXVA==</latexit>

Lpp/eh 6= 0
<latexit sha1_base64="3T2ZNbS5SGiCLfEpTaGTwjp/s0o=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiYi6rLoxmWFvqCNZTK9aYdOHsxMpCXkV9y4UMStP+LOv3GadqGtBwYO59zDvXO8mDOpbPvbKKytb2xuFbdLO7t7+wfmYbklo0RQbNKIR6LjEYmchdhUTHHsxAJJ4HFse+O7md9+QiFZFDbUNEY3IMOQ+YwSpaW+WW48pj2FEx1N4/gcR1nWNyt21c5hrRJnQSo1E3LU++ZXbxDRJMBQUU6k7Dp2rNyUCMUox6zUSyTGhI7JELuahiRA6ab57Zl1qpWB5UdCv1BZufo7kZJAymng6cmAqJFc9mbif143Uf6Nm7IwThSGdL7IT7ilImtWhDVgAqniU00IFUzfatEREYQqXVdJl+Asf3mVtC6qzlX18kG3cTtvA4pwDCdwBg5cQw3uoQ5NoDCBZ3iFNyMzXox342M+WjAWmSP4A+PzByKFlTA=</latexit>

T pp/eh



The Hubbard dimer: T-matrix solution
N=1

screening corrupts 
the pp T exact result

(but results remain 

good)

✏0
t

• Spectral function

HF
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6= (for any   )t
<latexit sha1_base64="BQdgMj1bGRM1ECHuuKYBb846vro=">AAACAXicbVC7SgNBFL0b3/G1aiPYDIpgFXdF1DJoY2GhYKKQXcPs5CYZMju7zsyKYYmNv2JjoYitf2Hn3zh5FBo9MHA45x7u3BOlgmvjeV9OYWJyanpmdq44v7C4tOyurFZ1kimGFZaIRF1HVKPgEiuGG4HXqUIaRwKvos5J37+6Q6V5Ii9NN8Uwpi3Jm5xRY6W6u352kwcG7200T9NdbPd6gcRb4tXdLa/kDUD+En9EtsouDHBedz+DRsKyGKVhgmpd873UhDlVhjOBvWKQaUwp69AW1iyVNEYd5oMLemTbKg3STJR90pCB+jOR01jrbhzZyZiath73+uJ/Xi0zzaMw5zLNDEo2XNTMBDEJ6ddBGlwhM6JrCWWK278S1qaKMmNLK9oS/PGT/5LqXsk/KO1f2DaOh23ALGzAJuyAD4dQhlM4hwoweIAneIFX59F5dt6c9+FowRll1uAXnI9vF0KXVA==</latexit>

Lpp/eh 6= 0
<latexit sha1_base64="3T2ZNbS5SGiCLfEpTaGTwjp/s0o=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiYi6rLoxmWFvqCNZTK9aYdOHsxMpCXkV9y4UMStP+LOv3GadqGtBwYO59zDvXO8mDOpbPvbKKytb2xuFbdLO7t7+wfmYbklo0RQbNKIR6LjEYmchdhUTHHsxAJJ4HFse+O7md9+QiFZFDbUNEY3IMOQ+YwSpaW+WW48pj2FEx1N4/gcR1nWNyt21c5hrRJnQSo1E3LU++ZXbxDRJMBQUU6k7Dp2rNyUCMUox6zUSyTGhI7JELuahiRA6ab57Zl1qpWB5UdCv1BZufo7kZJAymng6cmAqJFc9mbif143Uf6Nm7IwThSGdL7IT7ilImtWhDVgAqniU00IFUzfatEREYQqXVdJl+Asf3mVtC6qzlX18kG3cTtvA4pwDCdwBg5cQw3uoQ5NoDCBZ3iFNyMzXox342M+WjAWmSP4A+PzByKFlTA=</latexit>

T pp/eh



The Hubbard dimer: T-matrix solution
N=2

(for          )
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0
(for         )

<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0

✏0
t

HF
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6=
<latexit sha1_base64="BQdgMj1bGRM1ECHuuKYBb846vro=">AAACAXicbVC7SgNBFL0b3/G1aiPYDIpgFXdF1DJoY2GhYKKQXcPs5CYZMju7zsyKYYmNv2JjoYitf2Hn3zh5FBo9MHA45x7u3BOlgmvjeV9OYWJyanpmdq44v7C4tOyurFZ1kimGFZaIRF1HVKPgEiuGG4HXqUIaRwKvos5J37+6Q6V5Ii9NN8Uwpi3Jm5xRY6W6u352kwcG7200T9NdbPd6gcRb4tXdLa/kDUD+En9EtsouDHBedz+DRsKyGKVhgmpd873UhDlVhjOBvWKQaUwp69AW1iyVNEYd5oMLemTbKg3STJR90pCB+jOR01jrbhzZyZiath73+uJ/Xi0zzaMw5zLNDEo2XNTMBDEJ6ddBGlwhM6JrCWWK278S1qaKMmNLK9oS/PGT/5LqXsk/KO1f2DaOh23ALGzAJuyAD4dQhlM4hwoweIAneIFX59F5dt6c9+FowRll1uAXnI9vF0KXVA==</latexit>

Lpp/eh 6= 0
<latexit sha1_base64="3T2ZNbS5SGiCLfEpTaGTwjp/s0o=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiYi6rLoxmWFvqCNZTK9aYdOHsxMpCXkV9y4UMStP+LOv3GadqGtBwYO59zDvXO8mDOpbPvbKKytb2xuFbdLO7t7+wfmYbklo0RQbNKIR6LjEYmchdhUTHHsxAJJ4HFse+O7md9+QiFZFDbUNEY3IMOQ+YwSpaW+WW48pj2FEx1N4/gcR1nWNyt21c5hrRJnQSo1E3LU++ZXbxDRJMBQUU6k7Dp2rNyUCMUox6zUSyTGhI7JELuahiRA6ab57Zl1qpWB5UdCv1BZufo7kZJAymng6cmAqJFc9mbif143Uf6Nm7IwThSGdL7IT7ilImtWhDVgAqniU00IFUzfatEREYQqXVdJl+Asf3mVtC6qzlX18kG3cTtvA4pwDCdwBg5cQw3uoQ5NoDCBZ3iFNyMzXox342M+WjAWmSP4A+PzByKFlTA=</latexit>

T pp/eh
<latexit sha1_base64="Z6Ea7l/BEIsaQV+aP/V1L7VeafE=">AAAB/XicbVC7SgNBFL0bXzG+1kdnsxgEq7grojZC0MbCIoJ5QLKG2clNMmT2wcysGJfFX7GxUMTW/7Dzb5xsUmjigYHDOfdw7xwv4kwq2/42cnPzC4tL+eXCyura+oa5uVWTYSwoVmnIQ9HwiETOAqwqpjg2IoHE9zjWvcHlyK/fo5AsDG7VMELXJ72AdRklSkttc+f6LmkpfNDRJIoOsZ+m53bbLNolO4M1S5wJKZZNyFBpm1+tTkhjHwNFOZGy6diRchMiFKMc00IrlhgROiA9bGoaEB+lm2TXp9a+VjpWNxT6BcrK1N+JhPhSDn1PT/pE9eW0NxL/85qx6p65CQuiWGFAx4u6MbdUaI2qsDpMIFV8qAmhgulbLdonglClCyvoEpzpL8+S2lHJOSkd3+g2LsZtQB52YQ8OwIFTKMMVVKAKFB7hGV7hzXgyXox342M8mjMmmW34A+PzBxSRlak=</latexit>

Lpp/eh = 0
<latexit sha1_base64="k1GLXt0tWnuZHDLrxGzhCpocHx8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIqBuh6MZlhb6gjWUyvW2HTh7MTMQagr/ixoUibv0Pd/6N07QLbT0wcDjnHu6d40WcSWXb30ZuYXFpeSW/Wlhb39jcMrd36jKMBcUaDXkomh6RyFmANcUUx2YkkPgex4Y3vB77jXsUkoVBVY0idH3SD1iPUaK01DH3qndJW+GDjiZRdIyDNL2sdcyiXbIzWPPEmZJi2YQMlY751e6GNPYxUJQTKVuOHSk3IUIxyjEttGOJEaFD0seWpgHxUbpJdn1qHWqla/VCoV+grEz9nUiIL+XI9/SkT9RAznpj8T+vFavehZuwIIoVBnSyqBdzS4XWuAqrywRSxUeaECqYvtWiAyIIVbqwgi7Bmf3yPKmflJyz0umtbuNq0gbkYR8O4AgcOIcy3EAFakDhEZ7hFd6MJ+PFeDc+JqM5Y5rZhT8wPn8AWV2V1g==</latexit>

T pp/eh = U= HF



The Hubbard dimer: T-matrix solution
N=2

screened pp T 
improves satellites

✏0
t

• Removal/addition energies

(for          )
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0
(for         )

<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0HF
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6=
<latexit sha1_base64="BQdgMj1bGRM1ECHuuKYBb846vro=">AAACAXicbVC7SgNBFL0b3/G1aiPYDIpgFXdF1DJoY2GhYKKQXcPs5CYZMju7zsyKYYmNv2JjoYitf2Hn3zh5FBo9MHA45x7u3BOlgmvjeV9OYWJyanpmdq44v7C4tOyurFZ1kimGFZaIRF1HVKPgEiuGG4HXqUIaRwKvos5J37+6Q6V5Ii9NN8Uwpi3Jm5xRY6W6u352kwcG7200T9NdbPd6gcRb4tXdLa/kDUD+En9EtsouDHBedz+DRsKyGKVhgmpd873UhDlVhjOBvWKQaUwp69AW1iyVNEYd5oMLemTbKg3STJR90pCB+jOR01jrbhzZyZiath73+uJ/Xi0zzaMw5zLNDEo2XNTMBDEJ6ddBGlwhM6JrCWWK278S1qaKMmNLK9oS/PGT/5LqXsk/KO1f2DaOh23ALGzAJuyAD4dQhlM4hwoweIAneIFX59F5dt6c9+FowRll1uAXnI9vF0KXVA==</latexit>

Lpp/eh 6= 0
<latexit sha1_base64="3T2ZNbS5SGiCLfEpTaGTwjp/s0o=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiYi6rLoxmWFvqCNZTK9aYdOHsxMpCXkV9y4UMStP+LOv3GadqGtBwYO59zDvXO8mDOpbPvbKKytb2xuFbdLO7t7+wfmYbklo0RQbNKIR6LjEYmchdhUTHHsxAJJ4HFse+O7md9+QiFZFDbUNEY3IMOQ+YwSpaW+WW48pj2FEx1N4/gcR1nWNyt21c5hrRJnQSo1E3LU++ZXbxDRJMBQUU6k7Dp2rNyUCMUox6zUSyTGhI7JELuahiRA6ab57Zl1qpWB5UdCv1BZufo7kZJAymng6cmAqJFc9mbif143Uf6Nm7IwThSGdL7IT7ilImtWhDVgAqniU00IFUzfatEREYQqXVdJl+Asf3mVtC6qzlX18kG3cTtvA4pwDCdwBg5cQw3uoQ5NoDCBZ3iFNyMzXox342M+WjAWmSP4A+PzByKFlTA=</latexit>

T pp/eh
<latexit sha1_base64="Z6Ea7l/BEIsaQV+aP/V1L7VeafE=">AAAB/XicbVC7SgNBFL0bXzG+1kdnsxgEq7grojZC0MbCIoJ5QLKG2clNMmT2wcysGJfFX7GxUMTW/7Dzb5xsUmjigYHDOfdw7xwv4kwq2/42cnPzC4tL+eXCyura+oa5uVWTYSwoVmnIQ9HwiETOAqwqpjg2IoHE9zjWvcHlyK/fo5AsDG7VMELXJ72AdRklSkttc+f6LmkpfNDRJIoOsZ+m53bbLNolO4M1S5wJKZZNyFBpm1+tTkhjHwNFOZGy6diRchMiFKMc00IrlhgROiA9bGoaEB+lm2TXp9a+VjpWNxT6BcrK1N+JhPhSDn1PT/pE9eW0NxL/85qx6p65CQuiWGFAx4u6MbdUaI2qsDpMIFV8qAmhgulbLdonglClCyvoEpzpL8+S2lHJOSkd3+g2LsZtQB52YQ8OwIFTKMMVVKAKFB7hGV7hzXgyXox342M8mjMmmW34A+PzBxSRlak=</latexit>

Lpp/eh = 0
<latexit sha1_base64="k1GLXt0tWnuZHDLrxGzhCpocHx8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIqBuh6MZlhb6gjWUyvW2HTh7MTMQagr/ixoUibv0Pd/6N07QLbT0wcDjnHu6d40WcSWXb30ZuYXFpeSW/Wlhb39jcMrd36jKMBcUaDXkomh6RyFmANcUUx2YkkPgex4Y3vB77jXsUkoVBVY0idH3SD1iPUaK01DH3qndJW+GDjiZRdIyDNL2sdcyiXbIzWPPEmZJi2YQMlY751e6GNPYxUJQTKVuOHSk3IUIxyjEttGOJEaFD0seWpgHxUbpJdn1qHWqla/VCoV+grEz9nUiIL+XI9/SkT9RAznpj8T+vFavehZuwIIoVBnSyqBdzS4XWuAqrywRSxUeaECqYvtWiAyIIVbqwgi7Bmf3yPKmflJyz0umtbuNq0gbkYR8O4AgcOIcy3EAFakDhEZ7hFd6MJ+PFeDc+JqM5Y5rZhT8wPn8AWV2V1g==</latexit>

T pp/eh = U= HF



The Hubbard dimer: T-matrix solution
N=2

Atomic limit 
remains a 
challenge!

✏0
t

• Spectral function

(for          )
<latexit sha1_base64="bZLJtCB4VZDXwlp2WdRIJXvXDnM=">AAAB9XicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAby2a7aZduNmF3Yiml/8OLB0W8+l+8+W/cpj1o64OBx3szzMwLUykMet63s7K6tr6xWdgqbu/s7u27B4d1k2Sa8RpLZKKbITVcCsVrKFDyZqo5jUPJG+Hgduo3nrg2IlEPOEp5ENOeEpFgFK30iG0ten2kWidD4nXcklf2cpBl4s9JqeJCjmrH/Wp3E5bFXCGT1JiW76UYjKlGwSSfFNuZ4SllA9rjLUsVjbkJxvnVE3JqlS6JEm1LIcnV3xNjGhszikPbGVPsm0VvKv7ntTKMroOxUGmGXLHZoiiTBBMyjYB0heYM5cgSyrSwtxLWp5oytEEVbQj+4svLpH5e9i/LF/c2jZtZGlCAYziBM/DhCipwB1WoAQMNz/AKb87QeXHenY9Z64oznzmCP3A+fwDYg5LE</latexit>

t ! 0
(for         )

<latexit sha1_base64="E28SDN5Fqie26wbGv7H1pCsPa1E=">AAAB7nicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBfkAbyma7aZduNnF3IpTQH+HFgyJe/T3e/Ddu0x609cHA470ZZuaFqRQGPe/bWVldW9/YLG2Vt3d29/bdg8OmSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqYVfxR+L13IpX9QqQZeLPSaXmQoF6z/3q9hOWxVwhk9SYju+lGORUo2CST8rdzPCUshEd8I6lisbcBHlx7oScWqVPokTbUkgK9fdETmNjxnFoO2OKQ7PoTcX/vE6G0XWQC5VmyBWbLYoySTAh099JX2jOUI4toUwLeythQ6opQ5tQ2YbgL768TJrnVf+yenFv07iZpQElOIYTOAMfrqAGd1CHBjAYwTO8wpuTOi/Ou/Mxa11x5jNH8AfO5w8kdY95</latexit>

t 6= 0HF
<latexit sha1_base64="xA4McUvCcmf7FRPYE+Hwu8aVJww=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbPmeQx68RjBPCBZwuxkkgyZnV1nZoWw5Be8eFDEqz/kzb9xNlFQ0YKGoqqb7q4gFlwbjN+dldW19Y3N3FZ+e2d3b79wcNjWUaIoa9FIRKobEM0El6xluBGsGytGwkCwTjC9zPzOHVOaR/LGzGLmh2Qs+YhTYjKpL9ntoFDEbh1XyjUPYdcr1aq4lJEKLlUx8ly8QLFRgAWag8JbfxjRJGTSUEG07nk4Nn5KlOFUsHm+n2gWEzolY9azVJKQaT9d3DpHp1YZolGkbEmDFur3iZSEWs/CwHaGxEz0by8T//J6iRnV/ZTLODFM0uWiUSKQiVD2OBpyxagRM0sIVdzeiuiEKEKNjSdvQ/j6FP1P2ueuV3XL1zaNi2UakINjOIEz8KAGDbiCJrSAwgTu4RGenNB5cJ6dl2XrivM5cwQ/4Lx+AN2ijtM=</latexit>

6=
<latexit sha1_base64="BQdgMj1bGRM1ECHuuKYBb846vro=">AAACAXicbVC7SgNBFL0b3/G1aiPYDIpgFXdF1DJoY2GhYKKQXcPs5CYZMju7zsyKYYmNv2JjoYitf2Hn3zh5FBo9MHA45x7u3BOlgmvjeV9OYWJyanpmdq44v7C4tOyurFZ1kimGFZaIRF1HVKPgEiuGG4HXqUIaRwKvos5J37+6Q6V5Ii9NN8Uwpi3Jm5xRY6W6u352kwcG7200T9NdbPd6gcRb4tXdLa/kDUD+En9EtsouDHBedz+DRsKyGKVhgmpd873UhDlVhjOBvWKQaUwp69AW1iyVNEYd5oMLemTbKg3STJR90pCB+jOR01jrbhzZyZiath73+uJ/Xi0zzaMw5zLNDEo2XNTMBDEJ6ddBGlwhM6JrCWWK278S1qaKMmNLK9oS/PGT/5LqXsk/KO1f2DaOh23ALGzAJuyAD4dQhlM4hwoweIAneIFX59F5dt6c9+FowRll1uAXnI9vF0KXVA==</latexit>

Lpp/eh 6= 0
<latexit sha1_base64="3T2ZNbS5SGiCLfEpTaGTwjp/s0o=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiYi6rLoxmWFvqCNZTK9aYdOHsxMpCXkV9y4UMStP+LOv3GadqGtBwYO59zDvXO8mDOpbPvbKKytb2xuFbdLO7t7+wfmYbklo0RQbNKIR6LjEYmchdhUTHHsxAJJ4HFse+O7md9+QiFZFDbUNEY3IMOQ+YwSpaW+WW48pj2FEx1N4/gcR1nWNyt21c5hrRJnQSo1E3LU++ZXbxDRJMBQUU6k7Dp2rNyUCMUox6zUSyTGhI7JELuahiRA6ab57Zl1qpWB5UdCv1BZufo7kZJAymng6cmAqJFc9mbif143Uf6Nm7IwThSGdL7IT7ilImtWhDVgAqniU00IFUzfatEREYQqXVdJl+Asf3mVtC6qzlX18kG3cTtvA4pwDCdwBg5cQw3uoQ5NoDCBZ3iFNyMzXox342M+WjAWmSP4A+PzByKFlTA=</latexit>

T pp/eh
<latexit sha1_base64="Z6Ea7l/BEIsaQV+aP/V1L7VeafE=">AAAB/XicbVC7SgNBFL0bXzG+1kdnsxgEq7grojZC0MbCIoJ5QLKG2clNMmT2wcysGJfFX7GxUMTW/7Dzb5xsUmjigYHDOfdw7xwv4kwq2/42cnPzC4tL+eXCyura+oa5uVWTYSwoVmnIQ9HwiETOAqwqpjg2IoHE9zjWvcHlyK/fo5AsDG7VMELXJ72AdRklSkttc+f6LmkpfNDRJIoOsZ+m53bbLNolO4M1S5wJKZZNyFBpm1+tTkhjHwNFOZGy6diRchMiFKMc00IrlhgROiA9bGoaEB+lm2TXp9a+VjpWNxT6BcrK1N+JhPhSDn1PT/pE9eW0NxL/85qx6p65CQuiWGFAx4u6MbdUaI2qsDpMIFV8qAmhgulbLdonglClCyvoEpzpL8+S2lHJOSkd3+g2LsZtQB52YQ8OwIFTKMMVVKAKFB7hGV7hzXgyXox342M8mjMmmW34A+PzBxSRlak=</latexit>

Lpp/eh = 0
<latexit sha1_base64="k1GLXt0tWnuZHDLrxGzhCpocHx8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIqBuh6MZlhb6gjWUyvW2HTh7MTMQagr/ixoUibv0Pd/6N07QLbT0wcDjnHu6d40WcSWXb30ZuYXFpeSW/Wlhb39jcMrd36jKMBcUaDXkomh6RyFmANcUUx2YkkPgex4Y3vB77jXsUkoVBVY0idH3SD1iPUaK01DH3qndJW+GDjiZRdIyDNL2sdcyiXbIzWPPEmZJi2YQMlY751e6GNPYxUJQTKVuOHSk3IUIxyjEttGOJEaFD0seWpgHxUbpJdn1qHWqla/VCoV+grEz9nUiIL+XI9/SkT9RAznpj8T+vFavehZuwIIoVBnSyqBdzS4XWuAqrywRSxUeaECqYvtWiAyIIVbqwgi7Bmf3yPKmflJyz0umtbuNq0gbkYR8O4AgcOIcy3EAFakDhEZ7hFd6MJ+PFeDc+JqM5Y5rZhT8wPn8AWV2V1g==</latexit>

T pp/eh = U= HF



Conclusions

 GW suffers from two shortcomings: 


•  self-screening (extra poles in 1e-, non symmetric addition/
removal energies 1e-/2e-)


• incorrect atomic limit (no gap in the Hubbard dimer)


 pp T matrix makes the one-electron case exact


 Screened pp T matrix improves the satellite description 
over a wide range of the interaction for the two-electron case


 Atomic limit remains a challenge



Open questions

 Why in the atomic limit is the pp screened T matrix 
exact for one electron but not for two electrons?


 Which approximation in the derivation of the T-matrix 
self-energy is harmless for the one-electron case, but 
dramatic for the two-electron case? And why? 

 

 Will realistic systems be more forgiving than the 

Hubbard dimer when the screened pp T-matrix 
approximation is used?
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