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In this talks…

introducing Tensor Network 
States

basic numerical algorithms

NOTES:

unguided
TUTORIAL:

https://drive.google.com/file/d/1FOWJwbwyErND7XCjF5fyQ1bGHGrKTaif/view?usp=sharing
https://drive.google.com/drive/folders/1DEalFVk3dW-0AVgbxPjqychIrNyc_wy6


algorithms



BASIC ALGORITHMS
two main types

variational optimization 

applying a (local) operator
basis of most common 
evolution algorithms

used for ground states



variational optimisation



BASIC ALGORITHMS
variational minimization of energy

Verstraete, Porras, Cirac, PRL 2004
White, PRL 1992

Schollwöck, RMP 2005, Ann. Phys. 2011

Variational principle
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{A}
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BASIC ALGORITHMS
variational minimization of energy

H =

|E0� �

��|H|��

Variational principle

sweep back and forth 
over tensors

min
A

ĀHe�A

ĀNe�A
min
{A}

��|H|��
��|��

He↵
<latexit sha1_base64="4pDhGZc0yOD8wKF3LT7bPiMdNKc=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSlIFXRbddFnBPqANYTKdtENnJmFmUighf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTJowq7brf1sbm1vbObmWvun9weHRsn5x2VZxKTDo4ZrHsh0gRRgXpaKoZ6SeSIB4y0gunD4XfmxGpaCye9DwhPkdjQSOKkTZSYNutIBtypCeSZySK8jywa27dXcBZJ15JalCiHdhfw1GMU06ExgwpNfDcRPsZkppiRvLqMFUkQXiKxmRgqECcKD9bJM+dS6OMnCiW5gntLNTfGxniSs15aCaLkGrVK8T/vEGqozs/oyJJNRF4eShKmaNjp6jBGVFJsGZzQxCW1GR18ARJhLUpq2pK8Fa/vE66jbp3XW883tSa92UdFTiHC7gCD26hCS1oQwcwzOAZXuHNyqwX6936WI5uWOXOGfyB9fkDIoiT/A==</latexit>

Ne↵
<latexit sha1_base64="iR86QrinAMJM0f6pZ68v7+d4pKQ=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaQKuiy6cSUV7APaECbTSTt0Jgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5ttbWNza3tis71d29/YND++i4o+JUEtomMY9lL8CKchbRtmaa014iKRYBp91gclf43SmVisXRk54l1BN4FLGQEayN5Nv2g58NBNZjKTIahnnu2zWn7syBVolbkhqUaPn212AYk1TQSBOOleq7TqK9DEvNCKd5dZAqmmAywSPaNzTCgiovmyfP0blRhiiMpXmRRnP190aGhVIzEZjJIqRa9grxP6+f6vDGy1iUpJpGZHEoTDnSMSpqQEMmKdF8ZggmkpmsiIyxxESbsqqmBHf5y6uk06i7l/XG41WteVvWUYFTOIMLcOEamnAPLWgDgSk8wyu8WZn1Yr1bH4vRNavcOYE/sD5/ACv6lAI=</latexit>

h | i
<latexit sha1_base64="7hwyVs/s94lt14z5HW/597jSOxY=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKialKChKMFSyMRaIPqYkqx3Vaq44T2Q5SFbrwKywMIMTKZ7DxNzhtBmg5kq3jc+7V9T1BwpnSjvNtlVZW19Y3ypuVre2d3T17/6Ct4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8k/udByoVi8W9niTUj/BQsJARrI3Ut488jsWQU6+p2GN+eXL27ttVp+bMgJaJW5AqFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5stMEWnRhmgMJbmCI1m6u+ODEdKTaLAVEZYj9Sil4v/eb1Uh1d+xkSSairIfFCYcqRjlKeBBkxSovnEEEwkM39FZIQlJtpkVjEhuIsrL5N2veae1+p3F9XGdRFHGY7hBM7AhUtowC00oQUEpvAMr/BmPVkv1rv1MS8tWUXPIfyB9fkDKeiWxQ==</latexit>

Verstraete, Porras, Cirac, PRL 2004
White, PRL 1992

Schollwöck, RMP 2005, Ann. Phys. 2011



BASIC ALGORITHMS
variational minimization of energy

canonical form

min
A

ĀHe�A

ĀNe�A
He↵A = �minNe↵A

<latexit sha1_base64="cL0aXLBTq5EZ4EuKCthXelv8jPQ=">AAACJnicbVDLSgMxFM3UV62vUZdugkVwVWaqoJtC1U1XUsHaQmcYMmmmDU0yQ5IRytCvceOvuHFREXHnp5i2A2rrgcDhnHtv7j1hwqjSjvNpFVZW19Y3ipulre2d3T17/+BBxanEpIVjFstOiBRhVJCWppqRTiIJ4iEj7XB4M/Xbj0QqGot7PUqIz1Ff0IhipI0U2LVGkHkc6YHkGYmi8Rhe1aDHzIAe+nE4Fca5XSoN7LJTcWaAy8TNSRnkaAb2xOvFOOVEaMyQUl3XSbSfIakpZmRc8lJFEoSHqE+6hgrEifKz2ZljeGKUHoxiaZ7QcKb+7sgQV2rEQ1M5XVMtelPxP6+b6ujSz6hIUk0Enn8UpQzqGE4zgz0qCdZsZAjCkppdIR4gibA2yZZMCO7iycvkoVpxzyrVu/Ny/TqPowiOwDE4BS64AHXQAE3QAhg8gRcwAW/Ws/VqvVsf89KClfccgj+wvr4BSlqm5Q==</latexit>

tensor structure
sparse matrices

} O(D3)
<latexit sha1_base64="zA/lDdqpXVTNBZqohJetibgo4A4=">AAAB7XicdVBNS8NAEJ3Ur1q/qh69LBahXkrS+nkr6sGbFWwttLFstpt27SYbdjdCCf0PXjwo4tX/481/47aNUEUfDDzem2FmnhdxprRtf1qZufmFxaXscm5ldW19I7+51VAiloTWieBCNj2sKGchrWumOW1GkuLA4/TWG5yP/dsHKhUT4Y0eRtQNcC9kPiNYG6lxVby4q+x38gW7ZE+AZsih7ZweOchJlQKkqHXyH+2uIHFAQ004Vqrl2JF2Eyw1I5yOcu1Y0QiTAe7RlqEhDqhyk8m1I7RnlC7yhTQVajRRZycSHCg1DDzTGWDdV7+9sfiX14q1f+ImLIxiTUMyXeTHHGmBxq+jLpOUaD40BBPJzK2I9LHERJuAciaE70/R/6RRLjmVUvn6oFA9S+PIwg7sQhEcOIYqXEIN6kDgHh7hGV4sYT1Zr9bbtDVjpTPb8APW+xdCpI5F</latexit>

PBC: higher cost O(D5)

symmetries can be integrated

PEPS O(D10)

guaranteed convergence

also excitations

DMRG



MPS

an example

H = J

X
�
[i]
z �

[i+1]
z + g

X
�
[i]
x

<latexit sha1_base64="czA9oxUB8Xs3M1f7qmFn98JbT14="></latexit>

Ising model
<latexit sha1_base64="/Kfrea1ivkIkSkiltDo+5i+Cwbg=">AAAB8XicdVBNSwMxEJ2tX7V+VT16CRbB07KRgr0Uil7EUwVrK92lZNNsG5rsLklWKKW/wosHBfHqv/HmvzHbFrGiDwYe780wMy9MBdfG8z6dwsrq2vpGcbO0tb2zu1feP7jTSaYoa9FEJKoTEs0Ej1nLcCNYJ1WMyFCwdji6zP32A1OaJ/GtGacskGQQ84hTYqx0f13Hvo8GddwrVzy35uVA2PXmxHOry0oFFmj2yh9+P6GZZLGhgmjdxV5qgglRhlPBpiU/0ywldEQGrGtpTCTTwWR28BSdWKWPokTZig2aqT8nJkRqPZah7ZTEDPVvLxf/8rqZiWrBhMdpZlhM54uiTCCToPx71OeKUSPGlhCquL0V0SFRhBqbUcmG8P37/6R95uKqi/FNtdK4WORRhCM4hlPAcA4NuIImtICChEd4hhdHOU/Oq/M2by04i5lDWILz/gWuAo9/</latexit>

J = 1

g = 1
<latexit sha1_base64="PhlfNRbjKwbmQlwz/gQjw9krvq8=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvgackuC9qDUPTiSSpYW2iXkk2zbWiSXZKsUJb+BS8eFMSrP8ib/8ZsW4qKPhh4vDfDzLwo5UwbhD6d0srq2vpGebOytb2zu1fdP7jXSaYIbZGEJ6oTYU05k7RlmOG0kyqKRcRpOxpfFX77gSrNEnlnJikNBR5KFjOCTSHdXPioX60hN0AWAfRcNANEbr1e95G/VGpggWa/+tEbJCQTVBrCsdZdD6UmzLEyjHA6rfQyTVNMxnhIu5ZKLKgO89mtU3hilQGME2VLGjhTv0/kWGg9EZHtFNiM9G+vEP/yupmJz8OcyTQzVJL5ojjj0CSweBwOmKLE8IklmChmb4VkhBUmxsZTsSEsf/+ftH3XC1zPuw1qjctFHmVwBI7BKfDAGWiAa9AELUDACDyCZ/DiCOfJeXXe5q0lZzFzCH7Aef8C1+CN8A==</latexit>

N = 20

Matlab         eigs
<latexit sha1_base64="phAyJgmocWz+tZnmy/w551xTiO8="></latexit>

EGS/N = �1.255389855581190
t=38 s

<latexit sha1_base64="KQdfxZ2k2CDflHT8yZliDiZoHns=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjLDaNuFUHTjSipYK7RjyaSZNjSTGZNMoQz9DjcuFMSt/+LOvzF9UFT0wIXDOfdy7z1BwpnSCH1auaXlldW1/HphY3Nre6e4u3er4lQS2iAxj+VdgBXlTNCGZprTu0RSHAWcNoPBxcRvDqlULBY3epRQP8I9wUJGsDaS795nV+MzB3mVk/Jpp1hCtocMPOjYaAqI7Gq16iJ3oZTAHPVO8aPdjUkaUaEJx0q1HJRoP8NSM8LpuNBOFU0wGeAebRkqcESVn02PHsMjo3RhGEtTQsOp+n0iw5FSoygwnRHWffXbm4h/ea1UhxU/YyJJNRVktihMOdQxnCQAu0xSovnIEEwkM7dC0scSE21yKpgQFr//T5qu7Xi241x7pdr5PI88OACH4Bg4oAxq4BLUQQMQ8AAewTN4sYbWk/Vqvc1ac9Z8Zh/8gPX+BSdIkN8=</latexit>

2N = 1048576
<latexit sha1_base64="ngF0xTD6yjsRIIa1nCYYKc7tsdE=">AAAB/3icdVDLSsNAFJ34rPUVFVduBovgKk5CQLsoFHXhSipYW2hjmEyn7dDJg5mJWELAX3HjQkHc+hvu/BunD4qKHrhwOOde7r0nSDiTCqFPY25+YXFpubBSXF1b39g0t7ZvZJwKQusk5rFoBlhSziJaV0xx2kwExWHAaSMYnI38xh0VksXRtRom1AtxL2JdRrDSkm/unvtZO8T3ecW5zS6PnLxiI8f1zRKyXKThQttCY0BklctlBzkzpQSmqPnmR7sTkzSkkSIcS9myUaK8DAvFCKd5sZ1KmmAywD3a0jTCIZVeNj4/hwda6cBuLHRFCo7V7xMZDqUchoHuDLHqy9/eSPzLa6Wqe+JlLEpSRSMyWdRNOVQxHGUBO0xQovhQE0wE07dC0scCE6UTK+oQZr//TxqOZbuWbV+5perpNI8C2AP74BDY4BhUwQWogTogIAOP4Bm8GA/Gk/FqvE1a54zpzA74AeP9C9gWlJM=</latexit>

Dmax = 2N/2 = 1024



MPS

an example

H = J

X
�
[i]
z �

[i+1]
z + g

X
�
[i]
x

<latexit sha1_base64="czA9oxUB8Xs3M1f7qmFn98JbT14="></latexit>

Ising model
<latexit sha1_base64="/Kfrea1ivkIkSkiltDo+5i+Cwbg=">AAAB8XicdVBNSwMxEJ2tX7V+VT16CRbB07KRgr0Uil7EUwVrK92lZNNsG5rsLklWKKW/wosHBfHqv/HmvzHbFrGiDwYe780wMy9MBdfG8z6dwsrq2vpGcbO0tb2zu1feP7jTSaYoa9FEJKoTEs0Ej1nLcCNYJ1WMyFCwdji6zP32A1OaJ/GtGacskGQQ84hTYqx0f13Hvo8GddwrVzy35uVA2PXmxHOry0oFFmj2yh9+P6GZZLGhgmjdxV5qgglRhlPBpiU/0ywldEQGrGtpTCTTwWR28BSdWKWPokTZig2aqT8nJkRqPZah7ZTEDPVvLxf/8rqZiWrBhMdpZlhM54uiTCCToPx71OeKUSPGlhCquL0V0SFRhBqbUcmG8P37/6R95uKqi/FNtdK4WORRhCM4hlPAcA4NuIImtICChEd4hhdHOU/Oq/M2by04i5lDWILz/gWuAo9/</latexit>

J = 1

g = 1
<latexit sha1_base64="PhlfNRbjKwbmQlwz/gQjw9krvq8=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvgackuC9qDUPTiSSpYW2iXkk2zbWiSXZKsUJb+BS8eFMSrP8ib/8ZsW4qKPhh4vDfDzLwo5UwbhD6d0srq2vpGebOytb2zu1fdP7jXSaYIbZGEJ6oTYU05k7RlmOG0kyqKRcRpOxpfFX77gSrNEnlnJikNBR5KFjOCTSHdXPioX60hN0AWAfRcNANEbr1e95G/VGpggWa/+tEbJCQTVBrCsdZdD6UmzLEyjHA6rfQyTVNMxnhIu5ZKLKgO89mtU3hilQGME2VLGjhTv0/kWGg9EZHtFNiM9G+vEP/yupmJz8OcyTQzVJL5ojjj0CSweBwOmKLE8IklmChmb4VkhBUmxsZTsSEsf/+ftH3XC1zPuw1qjctFHmVwBI7BKfDAGWiAa9AELUDACDyCZ/DiCOfJeXXe5q0lZzFzCH7Aef8C1+CN8A==</latexit>

N = 20
<latexit sha1_base64="KQdfxZ2k2CDflHT8yZliDiZoHns=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjLDaNuFUHTjSipYK7RjyaSZNjSTGZNMoQz9DjcuFMSt/+LOvzF9UFT0wIXDOfdy7z1BwpnSCH1auaXlldW1/HphY3Nre6e4u3er4lQS2iAxj+VdgBXlTNCGZprTu0RSHAWcNoPBxcRvDqlULBY3epRQP8I9wUJGsDaS795nV+MzB3mVk/Jpp1hCtocMPOjYaAqI7Gq16iJ3oZTAHPVO8aPdjUkaUaEJx0q1HJRoP8NSM8LpuNBOFU0wGeAebRkqcESVn02PHsMjo3RhGEtTQsOp+n0iw5FSoygwnRHWffXbm4h/ea1UhxU/YyJJNRVktihMOdQxnCQAu0xSovnIEEwkM7dC0scSE21yKpgQFr//T5qu7Xi241x7pdr5PI88OACH4Bg4oAxq4BLUQQMQ8AAewTN4sYbWk/Vqvc1ac9Z8Zh/8gPX+BSdIkN8=</latexit>

2N = 1048576
<latexit sha1_base64="ngF0xTD6yjsRIIa1nCYYKc7tsdE=">AAAB/3icdVDLSsNAFJ34rPUVFVduBovgKk5CQLsoFHXhSipYW2hjmEyn7dDJg5mJWELAX3HjQkHc+hvu/BunD4qKHrhwOOde7r0nSDiTCqFPY25+YXFpubBSXF1b39g0t7ZvZJwKQusk5rFoBlhSziJaV0xx2kwExWHAaSMYnI38xh0VksXRtRom1AtxL2JdRrDSkm/unvtZO8T3ecW5zS6PnLxiI8f1zRKyXKThQttCY0BklctlBzkzpQSmqPnmR7sTkzSkkSIcS9myUaK8DAvFCKd5sZ1KmmAywD3a0jTCIZVeNj4/hwda6cBuLHRFCo7V7xMZDqUchoHuDLHqy9/eSPzLa6Wqe+JlLEpSRSMyWdRNOVQxHGUBO0xQovhQE0wE07dC0scCE6UTK+oQZr//TxqOZbuWbV+5perpNI8C2AP74BDY4BhUwQWogTogIAOP4Bm8GA/Gk/FqvE1a54zpzA74AeP9C9gWlJM=</latexit>

Dmax = 2N/2 = 1024
<latexit sha1_base64="TQ1bJjlkfsYB65BXxdlz9BIauCA=">AAACBnicdVDLSgMxFM34rPVVdamLYBFcjZlxQLsQirpwJRWsLfRFJk3b0GRmSDJiGWbjxl9x40JB3PoN7vwb0wdFRQ9cOJxzL/fe40ecKY3QpzUzOze/sJhZyi6vrK6t5zY2b1QYS0LLJOShrPpYUc4CWtZMc1qNJMXC57Ti98+GfuWWSsXC4FoPItoQuBuwDiNYG6mV2zlvJXWB79ITt5lcHrhpXTEBHdRMDlHayuWR7SEDDzo2GgEiu1AouMidKnkwQamV+6i3QxILGmjCsVI1B0W6kWCpGeE0zdZjRSNM+rhLa4YGWFDVSEZfpHDPKG3YCaWpQMOR+n0iwUKpgfBNp8C6p357Q/EvrxbrznEjYUEUaxqQ8aJOzKEO4TAS2GaSEs0HhmAimbkVkh6WmGgTXNaEMP39f1JxbcezHefKyxdPJ3lkwDbYBfvAAUegCC5ACZQBAffgETyDF+vBerJerbdx64w1mdkCP2C9fwFvU5e0</latexit>

Dmax = 2N/2 ⇠ 1030
<latexit sha1_base64="4sR1l0a/lA051yp3UtjbhRbyUKk=">AAAB+3icdVDLSsNAFJ34rPWV6tLNYBFchUkoandFN66kgrWFNi2T6aQdOpmEmYlSYj7FjQsFceuPuPNvnD4oKnrgwuGce7n3niDhTGmEPq2l5ZXVtfXCRnFza3tn1y7t3ao4lYQ2SMxj2QqwopwJ2tBMc9pKJMVRwGkzGF1M/OYdlYrF4kaPE+pHeCBYyAjWRurZJa+bXeUdxSLoom52gvKeXUZOBRlUoOugKSByqtWqh7yFUgZz1Hv2R6cfkzSiQhOOlWq7KNF+hqVmhNO82EkVTTAZ4QFtGypwRJWfTU/P4ZFR+jCMpSmh4VT9PpHhSKlxFJjOCOuh+u1NxL+8dqrDMz9jIkk1FWS2KEw51DGc5AD7TFKi+dgQTCQzt0IyxBITbdIqmhAWv/9Pmp7jVhzXva6Ua+fzPArgAByCY+CCU1ADl6AOGoCAe/AInsGL9WA9Wa/W26x1yZrP7IMfsN6/AKcok24=</latexit>

2N ⇠ 1060
<latexit sha1_base64="oSSlUnKe2i9e+haAL/tU5RBHRNo=">AAAB7XicdVBNSwMxEJ2tX7V+VT16CRbB05ItBe1BKHrxJBVcW2iXkk2zbWg2uyRZoSz9DV48KIhX/483/43pB0VFHww83pthZl6YCq4Nxp9OYWV1bX2juFna2t7Z3SvvH9zrJFOU+TQRiWqHRDPBJfMNN4K1U8VIHArWCkdXU7/1wJTmibwz45QFMRlIHnFKjJX8m4sqxr1yBbs1bFFDnotnQNit1+tVXF0qFVig2St/dPsJzWImDRVE646HUxPkRBlOBZuUuplmKaEjMmAdSyWJmQ7y2bETdGKVPooSZUsaNFO/T+Qk1noch7YzJmaof3tT8S+vk5noPMi5TDPDJJ0vijKBTIKmn6M+V4waMbaEUMXtrYgOiSLU2HxKNoTl7/+TVtX1aq7n3dYqjctFHkU4gmM4BQ/OoAHX0AQfKHB4hGd4caTz5Lw6b/PWgrOYOYQfcN6/AEa3jio=</latexit>

N = 200



applying a (local) operator



BASIC ALGORITHMS
approximate action of local operators

local truncation

variational truncation

basis of most common evolution algorithms
disclaimer: 
also other 
algorithms 

exist

TEBD



discrete time

<latexit sha1_base64="Sixzu1UxZssvnPxn6llPSwAJemk=">AAAB63icbVBNS8NAEN3Ur1q/qh69LBahXkoiih6LXjxWMG2hDWWz3bRLdzdhdyKU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhYngBlz32ymtrW9sbpW3Kzu7e/sH1cOjtolTTZlPYxHrbkgME1wxHzgI1k00IzIUrBNO7nK/88S04bF6hGnCAklGikecEsglvw7ng2rNbbhz4FXiFaSGCrQG1a/+MKapZAqoIMb0PDeBICMaOBVsVumnhiWETsiI9SxVRDITZPNbZ/jMKkMcxdqWAjxXf09kRBozlaHtlATGZtnLxf+8XgrRTZBxlaTAFF0silKBIcb543jINaMgppYQqrm9FdMx0YSCjadiQ/CWX14l7YuGd9VwHy5rzdsijjI6Qaeojjx0jZroHrWQjygao2f0it4c6bw4787HorXkFDPH6A+czx9Npo3A</latexit>

U(t)

basic time evolution 
algorithms

U(t) ! [U(�)]M

initial MPS

<latexit sha1_base64="UMi1kkmKJDFD31d4TNlnvrYQt9s="></latexit>

U(�) ⇡ e�iHe�e�iHo�

Suzuki-Trotter expansion

TEBD, t-DMRG
Vidal, PRL 2003, 2004
Verstraete, García-Ripoll, Cirac, PRL 2004

truncate bond dimension

iterate

compute observables

time evolved state 
approximated by MPS



local truncation: TEBD

photo: Alejandro Piñero Amerio @ Unsplash 



BASIC ALGORITHMS
local truncation: TEBD

=

=

recall canonical form

can be made explicit

A[k] = �[k]�[k]
<latexit sha1_base64="heQD5KQ3rYwj334j4b3tScAI9cE=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUFCRakAgOMRaIPqQmV4zitVduJbAepirqz8CssDCDEyg+w8Te4bQZoOZKlc8+51/Y9QcKo0o7zbRWWlldW14rrpY3Nre0de3evpeJUYtLEMYtlJ0CKMCpIU1PNSCeRBPGAkXYwvJr47QciFY3FnR4lxOeoL2hEMdJG6tnli/usO/TH59414hzNCugxc0OYVz274lSdKeAicXNSATkaPfvLC2OcciI0Zkiprusk2s+Q1BQzMi55qSIJwkPUJ11DBeJE+dl0lzE8NEoIo1iaIzScqr8nMsSVGvHAdHKkB2rem4j/ed1UR2d+RkWSaiLw7KEoZVDHcBIMDKkkWLORIQhLav4K8QBJhLWJr2RCcOdXXiStWtU9rtZuTyr1yzyOIjgAZXAEXHAK6uAGNEATYPAInsEreLOerBfr3fqYtRasfGYf/IH1+QMA0JsI</latexit>

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

Schmidt values

Vidal, PRL 2003, 2004

⇤[k] = �[k]2
<latexit sha1_base64="Dk6tPpzHLnWhSJO5JKhelHv+hYk=">AAACCHicdVBLSwMxGMz6rPW16tGDwSJ4Krutj3oQil48eKhgH7C7Ldk024Zms0uSFcrSoxf/ihcPinj1J3jz35i2K1TRgcBkZj6Sb/yYUaks69OYm19YXFrOreRX19Y3Ns2t7YaMEoFJHUcsEi0fScIoJ3VFFSOtWBAU+ow0/cHl2G/eESFpxG/VMCZeiHqcBhQjpaWOuede63AXtVNn4I3OU5fNXEftUscsWMVjyz47saBVtCaYkIpdtqGdKQWQodYxP9xuhJOQcIUZktKxrVh5KRKKYkZGeTeRJEZ4gHrE0ZSjkEgvnSwyggda6cIgEvpwBSfq7ESKQimHoa+TIVJ9+dsbi395TqKCipdSHieKcDx9KEgYVBEctwK7VBCs2FAThAXVf4W4jwTCSneX1yV8bwr/J41S0S4XSzdHhepFVkcO7IJ9cAhscAqq4ArUQB1gcA8ewTN4MR6MJ+PVeJtG54xsZgf8gPH+BTJImhg=</latexit>



�̃
<latexit sha1_base64="e+n65/KTUZkVg791pinSOeBYU94=">AAAB+HicbVDLSsNAFL3xWeujVZdugkVwVZIq6LLoxmUF+4AmlMlk0g6dTMLMjVBDv8SNC0Xc+inu/BunbRbaemDgcM493DsnSAXX6Djf1tr6xubWdmmnvLu3f1CpHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWRK80Q+4CRlfkyGkkecEjTSoFrxkIuQ5Z4wmZBMB9WaU3fmsFeJW5AaFGgNql9emNAsZhKpIFr3XSdFPycKORVsWvYyzVJCx2TI+oZKEjPt5/PDp/aZUUI7SpR5Eu25+juRk1jrSRyYyZjgSC97M/E/r59hdO3nXKYZMkkXi6JM2JjYsxbskCtGUUwMIVRxc6tNR0QRiqarsinBXf7yKuk06u5FvXF/WWveFHWU4ARO4RxcuIIm3EEL2kAhg2d4hTfryXqx3q2PxeiaVWSO4Q+szx8nB5No</latexit>

BASIC ALGORITHMS
local truncation: TEBD

Vidal, PRL 2003, 2004

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�
<latexit sha1_base64="nXDa1ro9aby2NgbsYvH6Ud8S1pM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u7dYCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaC80r1/qJcu87jKMAxnMAZBHAJNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/VzmO+Q==</latexit>

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

� �̃
<latexit sha1_base64="JLt+LOCkXg+l0Hg8gLHNx/8ysgw=">AAACAHicbVDLSsNAFJ3UV62vqgsXbgaL4KokVdBl0YUuK9gHNKHcTCbt0JkkzEyEErLxV9y4UMStn+HOv3HaZqGtBwYO55zLnXv8hDOlbfvbKq2srq1vlDcrW9s7u3vV/YOOilNJaJvEPJY9HxTlLKJtzTSnvURSED6nXX98M/W7j1QqFkcPepJQT8AwYiEjoI00qB653IQDcLGrGQ9o5t6CEJAPqjW7bs+Al4lTkBoq0BpUv9wgJqmgkSYclOo7dqK9DKRmhNO84qaKJkDGMKR9QyMQVHnZ7IAcnxolwGEszYs0nqm/JzIQSk2Eb5IC9EgtelPxP6+f6vDKy1iUpJpGZL4oTDnWMZ62gQMmKdF8YggQycxfMRmBBKJNZxVTgrN48jLpNOrOeb1xf1FrXhd1lNExOkFnyEGXqInuUAu1EUE5ekav6M16sl6sd+tjHi1Zxcwh+gPr8weozZZz</latexit>

��1
<latexit sha1_base64="JPdJhvYg0/74bUatuOCdNPlZT3g=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBHcWGaqoMuiG5cV7AM6Y8lkMm1oJhmSjFCG/oYbF4q49Wfc+Tem7Sy09UDgcM653JsTppxp47rfzsrq2vrGZmmrvL2zu7dfOThsa5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YSj26nfeaJKMykezDilQYIHgsWMYGMl3+c2GuHH/Nyb9CtVt+bOgJaJV5AqFGj2K19+JEmWUGEIx1r3PDc1QY6VYYTTSdnPNE0xGeEB7VkqcEJ1kM9unqBTq0Qolso+YdBM/T2R40TrcRLaZILNUC96U/E/r5eZ+DrImUgzQwWZL4ozjoxE0wJQxBQlho8twUQxeysiQ6wwMbamsi3BW/zyMmnXa95FrX5/WW3cFHWU4BhO4Aw8uIIG3EETWkAghWd4hTcnc16cd+djHl1xipkj+APn8wec+ZFn</latexit>

��1
<latexit sha1_base64="JPdJhvYg0/74bUatuOCdNPlZT3g=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBHcWGaqoMuiG5cV7AM6Y8lkMm1oJhmSjFCG/oYbF4q49Wfc+Tem7Sy09UDgcM653JsTppxp47rfzsrq2vrGZmmrvL2zu7dfOThsa5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YSj26nfeaJKMykezDilQYIHgsWMYGMl3+c2GuHH/Nyb9CtVt+bOgJaJV5AqFGj2K19+JEmWUGEIx1r3PDc1QY6VYYTTSdnPNE0xGeEB7VkqcEJ1kM9unqBTq0Qolso+YdBM/T2R40TrcRLaZILNUC96U/E/r5eZ+DrImUgzQwWZL4ozjoxE0wJQxBQlho8twUQxeysiQ6wwMbamsi3BW/zyMmnXa95FrX5/WW3cFHWU4BhO4Aw8uIIG3EETWkAghWd4hTcnc16cd+djHl1xipkj+APn8wec+ZFn</latexit>

�̃
<latexit sha1_base64="skGB9VKDn3hFKlwhFkIi1E3Qyxw=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FD3qsYD+gu5bZbNqGJtklySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRWiTxDxWnRA05UzSpmGG006iKIiQ03Y4up767UeqNIvlvRknNBAwkKzPCBgrPfiG8Yhm/g0IAZNeueJW3RnwMvFyUkE5Gr3ylx/FJBVUGsJB667nJibIQBlGOJ2U/FTTBMgIBrRrqQRBdZDNrp7gE6tEuB8rW9Lgmfp7IgOh9ViEtlOAGepFbyr+53VT078MMiaT1FBJ5ov6KccmxtMIcMQUJYaPLQGimL0VkyEoIMYGVbIheIsvL5NWreqdVWt355X6VR5HER2hY3SKPHSB6ugWNVATEaTQM3pFb86T8+K8Ox/z1oKTzxyiP3A+fwDE8pKv</latexit>

�̃
<latexit sha1_base64="skGB9VKDn3hFKlwhFkIi1E3Qyxw=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FD3qsYD+gu5bZbNqGJtklySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRWiTxDxWnRA05UzSpmGG006iKIiQ03Y4up767UeqNIvlvRknNBAwkKzPCBgrPfiG8Yhm/g0IAZNeueJW3RnwMvFyUkE5Gr3ylx/FJBVUGsJB667nJibIQBlGOJ2U/FTTBMgIBrRrqQRBdZDNrp7gE6tEuB8rW9Lgmfp7IgOh9ViEtlOAGepFbyr+53VT078MMiaT1FBJ5ov6KccmxtMIcMQUJYaPLQGimL0VkyEoIMYGVbIheIsvL5NWreqdVWt355X6VR5HER2hY3SKPHSB6ugWNVATEaTQM3pFb86T8+K8Ox/z1oKTzxyiP3A+fwDE8pKv</latexit>

also possible in 
the TD limit

unitary gate
⇒canonical form 

preserved
up to truncation canonical form lost



global truncation: 
t-MPS, t-DMRG



BASIC ALGORITHMS
global truncation

≈
min
{A}

k| i �O|�0ik2
<latexit sha1_base64="h1ySnFUrsUM3wAao+iKi/rpQeOI=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJioSQFCcYCCxtFog+pDpHjOq1Vx4lsB6lK+xks/AoLAwixduNvcNsM0HIkS+eec6+u7/FjzpS27W8rt7S8srqWXy9sbG5t7xR39xoqSiShdRLxSLZ8rChngtY105y2Yklx6HPa9Ps3E7/5RKVikXjQg5i6Ie4KFjCCtZG84ikKmfBSlF6h0Qii4RDVFEMSiy6nJ3em6jHPzmo0fKx4xZJdtqeAi8TJSAlkqHnFMepEJAmp0IRjpdqOHWs3xVIzwumogBJFY0z6uEvbhgocUuWm08NG8MgoHRhE0jyh4VT9PZHiUKlB6JvOEOuemvcm4n9eO9HBpZsyESeaCjJbFCQc6ghOUoIdJinRfGAIJpKZv0LSwxITbbIsmBCc+ZMXSaNSds7KlfvzUvU6iyMPDsAhOAYOuABVcAtqoA4IeAav4B18WC/Wm/Vpfc1ac1Y2sw/+wBr/ADv3oH8=</latexit>

min
A

(ĀNe↵A� ĀM � M̄A+ const)
<latexit sha1_base64="d5XCG5TukSvPncXPedTLsqDO3x4="></latexit>

M
<latexit sha1_base64="LYKb6VVKloxBSLpM78v6ttRQbOI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ZbjNU=</latexit>

Ne↵
<latexit sha1_base64="iR86QrinAMJM0f6pZ68v7+d4pKQ=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaQKuiy6cSUV7APaECbTSTt0Jgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5ttbWNza3tis71d29/YND++i4o+JUEtomMY9lL8CKchbRtmaa014iKRYBp91gclf43SmVisXRk54l1BN4FLGQEayN5Nv2g58NBNZjKTIahnnu2zWn7syBVolbkhqUaPn212AYk1TQSBOOleq7TqK9DEvNCKd5dZAqmmAywSPaNzTCgiovmyfP0blRhiiMpXmRRnP190aGhVIzEZjJIqRa9grxP6+f6vDGy1iUpJpGZHEoTDnSMSpqQEMmKdF8ZggmkpmsiIyxxESbsqqmBHf5y6uk06i7l/XG41WteVvWUYFTOIMLcOEamnAPLWgDgSk8wyu8WZn1Yr1bH4vRNavcOYE/sD5/ACv6lAI=</latexit>

|�0i
<latexit sha1_base64="4671e7zQE+ZAxj5f3lnutMjnH3o=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDbbSbt0swm7G6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLK6tr6RnGztLW9s7tX3j9oqTiVFJs05rHsBEQhZwKbmmmOnUQiiQKO7WB0PfXbDygVi8WdHifoR2QgWMgo0Ua6f/IaQ9ZzPEnEgGOvXHGqzgz2MnFzUoEcjV75y+vHNI1QaMqJUl3XSbSfEakZ5TgpeanChNARGWDXUEEiVH42u3pinxilb4exNCW0PVN/T2QkUmocBaYzInqoFr2p+J/XTXV46WdMJKlGQeeLwpTbOranEdh9JpFqPjaEUMnMrTYdEkmoNkGVTAju4svLpFWrumfV2u15pX6Vx1GEIziGU3DhAupwAw1oAgUJz/AKb9aj9WK9Wx/z1oKVzxzCH1ifP1Xgkmc=</latexit>

| (A)i
<latexit sha1_base64="zvifQMojM30LevtSFmrt/ps5gVQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkpSBT1WvXisYD+gCWWz3bRLN5uwuxFq7C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzgoQzpR3n21pZXVvf2CxsFbd3dvdK9v5BS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Gbqtx+oVCwW93qcUD/CA8FCRrA2Us8uPXkNxSpXp57EYsBpzy47VWcGtEzcnJQhR6Nnf3n9mKQRFZpwrFTXdRLtZ1hqRjidFL1U0QSTER7QrqECR1T52ezwCToxSh+FsTQlNJqpvycyHCk1jgLTGWE9VIveVPzP66Y6vPQzJpJUU0Hmi8KUIx2jaQqozyQlmo8NwUQycysiQywx0SarognBXXx5mbRqVfesWrs7L9ev8zgKcATHUAEXLqAOt9CAJhBI4Rle4c16tF6sd+tj3rpi5TOH8AfW5w8Kk5Kw</latexit>

Ne↵A = M
<latexit sha1_base64="EkbV9n5y9UggRL08ALs5NOLiAME=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyWp74VQdeNGqWAf0IYwmU7aoZNJmJkIJQT8FTcuFHHrd7jzb5y0EarogYHDOfdyzxwvYlQqy/o0CjOzc/MLxcXS0vLK6pq5vtGUYSwwaeCQhaLtIUkY5aShqGKkHQmCAo+Rlje8zPzWPRGShvxOjSLiBKjPqU8xUlpyza0bN+kGSA1EkBDfT1N4Ds+uXbNsVawx4BQ5tOzTIxvauVIGOequ+dHthTgOCFeYISk7thUpJ0FCUcxIWurGkkQID1GfdDTlKCDSScbxU7irlR70Q6EfV3CsTm8kKJByFHh6Mksqf3uZ+JfXiZV/4iSUR7EiHE8O+TGDKoRZF7BHBcGKjTRBWFCdFeIBEggr3VhJl/D9U/g/aVYr9n6lentQrl3kdRTBNtgBe8AGx6AGrkAdNAAGCXgEz+DFeDCejFfjbTJaMPKdTfADxvsXvMqVVQ==</latexit>



BASIC ALGORITHMS
imaginary time evolution ⇒ ground state

<latexit sha1_base64="znWDxhfl0cF4+Gi3ItNPGdXMsck="></latexit>

lim
⌧!1

e�⌧H |�0i ! |Emini
<latexit sha1_base64="dRhLIWf+eC1WqkfKwxXi09I7WY8=">AAACDXicbVBNSwMxFMzWr1q/qh69BIvgqeyKoBehKILHCtYWusuSTV/b0CS7JFmhbPsDvPhXvHhQEK/evflvTNs9aOtAYJiZx8ubKOFMG9f9dgpLyyura8X10sbm1vZOeXfvXsepotCgMY9VKyIaOJPQMMxwaCUKiIg4NKPB1cRvPoDSLJZ3ZphAIEhPsi6jxFgpLFdGfr3PQtdXRPY4XPg6FZiGEo+uQ5mLNuVW3SnwIvFyUkE56mH5y+/ENBUgDeVE67bnJibIiDKMchiX/FRDQuiA9KBtqSQCdJBNjxnjI6t0cDdW9kmDp+rviYwIrYcisklBTF/PexPxP6+dmu55kDGZpAYknS3qphybGE+awR2mgBo+tIRQxexfMe0TRaix/ZVsCd78yYukeVL1Tqued3taqV3mfRTRATpEx8hDZ6iGblAdNRBFj+gZvaI358l5cd6dj1m04OQz++gPnM8f+MubYA==</latexit>

|�0i =
X

cn|Eni

<latexit sha1_base64="U2WvtSz8PkrtuyuJiBnNpAT43OM=">AAACJXicbVDNSgMxGMzWv1r/qh69BIvgxbIrBQURiiL0WMHaQrcu2fRrG5rNLklWKNs+jBdfxYsHFRE8+Sqm7SLaOpAwzMxH8o0fcaa0bX9amYXFpeWV7GpubX1jcyu/vXOrwlhSqNGQh7LhEwWcCahppjk0Igkk8DnU/f7l2K/fg1QsFDd6EEErIF3BOowSbSQvfwZ3yZGrSYwro6Fb7THPdiURXQ7nrooDTD2BfyJXnhgNzZUmvHzBLtoT4HnipKSAUlS9/JvbDmkcgNCUE6Wajh3pVkKkZpTDKOfGCiJC+6QLTUMFCUC1ksmSI3xglDbuhNIcofFE/T2RkECpQeCbZEB0T816Y/E/rxnrzmkrYSKKNQg6fagTc6xDPG4Mt5kEqvnAEEIlM3/FtEckodr0mjMlOLMrz5P6cdEpFR3nulQoX6R9ZNEe2keHyEEnqIwqqIpqiKIH9IRe0Kv1aD1b79bHNJqx0pld9AfW1zdLpqUG</latexit>

e�⌧H |�0i =
X

cne
�⌧En |Eni

<latexit sha1_base64="1hlpScespWXSt9AH7zNSAzCd9BQ="></latexit>

e�⌧H |�0i / c0|E0i+
X

n>0

cne
�⌧(En�E0)|Eni



BASIC ALGORITHMS
imaginary time evolution ⇒ ground state



BASIC ALGORITHMS
simulate time evolution

TEBD
t-DMRG

compute 
observables

but out of equilibrium entanglement can grow fast!

works for real and imaginary time

Osborne, PRL 2006
Schuch et al., NJP 2008

imaginary time for ground states, 
thermal equilibrium



BASIC ALGORITHMS
real time dynamics
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t

 

 

pure D =40
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pure D =200
exact
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(5-1024)
(6-4096)

h�xi
<latexit sha1_base64="FCDOBPSAI6k7mBYPTkwrUp2xRHs=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JUQZdFNy4r2Ac0IUymk3TozCTMTMQS6sZfceNCEbf+hTv/xmmahbYeuHA4517uvSdMGVXacb6tpeWV1bX1ykZ1c2t7Z9fe2++oJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG46up373nkhFE3GnxynxOYoFjShG2kiBfegxJGJGoKdozFHwAD1ZCIFdc+pOAbhI3JLUQIlWYH95gwRnnAiNGVKq7zqp9nMkNcWMTKpepkiK8AjFpG+oQJwoPy8+mMATowxglEhTQsNC/T2RI67UmIemkyM9VPPeVPzP62c6uvRzKtJME4Fni6KMQZ3AaRxwQCXBmo0NQVhScyvEQyQR1ia0qgnBnX95kXQadfes3rg9rzWvyjgq4Agcg1PgggvQBDegBdoAg0fwDF7Bm/VkvVjv1sesdckqZw7AH1ifP0dTlsc=</latexit>
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higher dimensions



MPS complete family

<latexit sha1_base64="twLFRac/WVSvuMovjLmVQEVigK0=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadlNVhNvQS8ePCRgHpAsYXbSm4yZfTAzK4QlX+DFgyJe/SRv/o2TZAUVLWgoqrrp7vJizqSyrA8jt7K6tr6R3yxsbe/s7hX3D9oySgSFFo14JLoekcBZCC3FFIduLIAEHoeON7ma+517EJJF4a2axuAGZBQyn1GitNS8GRRLlulc1KxKFS/JWTkjTgXbprVACWVoDIrv/WFEkwBCRTmRsmdbsXJTIhSjHGaFfiIhJnRCRtDTNCQBSDddHDrDJ1oZYj8SukKFF+r3iZQEUk4DT3cGRI3lb28u/uX1EuXX3JSFcaIgpMtFfsKxivD8azxkAqjiU00IFUzfiumYCEKVzqagQ/j6FP9P2mXTPjedplOqX2Zx5NEROkanyEZVVEfXqIFaiCJAD+gJPRt3xqPxYrwuW3NGNnOIfsB4+wQkrY0w</latexit>

L

<latexit sha1_base64="0a2nPUJiXeVpTNVxODQm9A9pqwM=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuwiSmmu6Kbly4qGgf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfVhLyyura+uFjeLm1vbObmlvv6mSTBLaIAlPZDvEinImaEMzzWk7lRTHIaetcHQ59Vv3VCqWiDs9TmkQ44FgESNYG6l121Ushte9UhnZ1SryPB8iu4Jc16sYgk5d33egY6MZymCBeq/03u0nJIup0IRjpToOSnWQY6kZ4XRS7GaKppiM8IB2DBU4pirIZ+dO4LFR+jBKpCmh4Uz9PpHjWKlxHJrOGOuh+u1Nxb+8TqYjP8iZSDNNBZkvijIOdQKnv8M+k5RoPjYEE8nMrZAMscREm4SKJoSvT+H/pOnazpnt3Xjl2sUijgI4BEfgBDjgHNTAFaiDBiBgBB7AE3i2UuvRerFe561L1mLmAPyA9fYJI9GPdw==</latexit>

S ⇠ L
<latexit sha1_base64="AwRW2k+Fgd+dJ2mgSTIZ5JGJc2Y=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ6a2td0VdeGyon1AZyiZNG1DM8mYZIQy9DfcuFDErT/jzr8xfQgqeuDC4Zx7ufeeMOZMG4Q+nKXlldW19cxGdnNre2c3t7ff1DJRhDaI5FK1Q6wpZ4I2DDOctmNFcRRy2gpHF1O/dU+VZlLcmnFMgwgPBOszgo2V/Buf0zvoczmAl91cHrkl5FXLHkRuoYSqpVNLkIdQoQI9F82QBwvUu7l3vydJElFhCMdadzwUmyDFyjDC6STrJ5rGmIzwgHYsFTiiOkhnN0/gsVV6sC+VLWHgTP0+keJI63EU2s4Im6H+7U3Fv7xOYvqVIGUiTgwVZL6on3BoJJwGAHtMUWL42BJMFLO3QjLEChNjY8raEL4+hf+TZsH1ym7xupivnS/iyIBDcAROgAfOQA1cgTpoAAJi8ACewLOTOI/Oi/M6b11yFjMH4Aect09hMpFH</latexit>

S  logD

requires exponentially 
large bond dimension



entropy bounded by the 
number of bonds cut

natural MPS generalization

Projected Entangled Pairs

PEPS

D: virtual bond

d: physical bond



PEPS
Projected Entangled Pairs States

local map onto the physical d.o.f.

additional
virtual

particles

generalize MPS construction to any lattice



PEPS
Projected Entangled Pairs States

��|

D: virtual bond

d: physical bond

Computing 
the norm

|��



D2L×D2D6×D2D4×D2D2×D2

PEPS
Projected Entangled Pairs States

D2

contracting 
#P-complete



Best we can do: 
approximate (e.g. via MPO-

MPS contractions)

PEPS
Projected Entangled Pairs States

Needed for expectation 
values and tensor updates

enviroment
approximation



PEPS
Projected Entangled Pairs States

local parent Hamiltonian
A

<latexit sha1_base64="Lihtv2jYSe0RaYbwwPdS8141boc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJQrjMk=</latexit>

A
<latexit sha1_base64="Lihtv2jYSe0RaYbwwPdS8141boc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJQrjMk=</latexit>

X
<latexit sha1_base64="kpPTAtGMnO2krFRSnNrra2xDivU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftweM4A==</latexit>

H =
N�1X

i=1

(1�⇧S2)
<latexit sha1_base64="SJKGUQmTR4cEJqmXfxPUFTaHDr0="></latexit>

local, frustration-free

injectivity ⇒ unique ground state

bulk-boundary correspondence
holographic principle: boundary dof determine physics in bulk 

half-system 
RDM

on virtual dof

map virtual to physical



PEPS
Projected Entangled Pairs States

efficient approximation of thermal states
Hastings PRB 2006
Molnar et al PRB 2015

no efficient calculation of expectation values
can hold algebraically decaying correlations

cannot be prepared efficiently

Properties

ground state of local frustration-free Hamiltonians



TNS play well with symmetries



U⌦N
g

<latexit sha1_base64="bUPjtggVHeAswEC7wryrCKNwEHQ=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5Ko9bErunElFUxbaGOYTCft0MlMmJkINfRL3LhQxK2f4s6/cdpGqKIHLhzOuZd77wkTRpV2nE+rsLC4tLxSXC2trW9slu2t7aYSqcTEw4IJ2Q6RIoxy4mmqGWknkqA4ZKQVDi8nfuueSEUFv9WjhPgx6nMaUYy0kQK77AX9u6wrNI2JgtfjwK44VWcKOEdqjnt+4kI3VyogRyOwP7o9gdOYcI0ZUqrjOon2MyQ1xYyMS91UkQThIeqTjqEcmT1+Nj18DPeN0oORkKa4hlN1fiJDsVKjODSdMdID9dubiH95nVRHZ35GeZJqwvFsUZQyqAWcpAB7VBKs2cgQhCU1t0I8QBJhbbIqmRC+P4X/k+Zh1T2q1m6OK/WLPI4i2AV74AC44BTUwRVoAA9gkIJH8AxerAfryXq13matBSuf2QE/YL1/AcF6kyo=</latexit>

state invariant under global symmetry



=

Ug
<latexit sha1_base64="CX2cnay1noUiQKY3rR/nEy+Nmns=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0m09eNW9OKxomkLbSib7SZdutmE3Y1QQn+CFw+KePUXefPfuG0jVNEHA4/3ZpiZ5yecKW3bn1ZhaXllda24XtrY3NreKe/utVScSkJdEvNYdnysKGeCupppTjuJpDjyOW37o+up336gUrFY3OtxQr0Ih4IFjGBtpDu3H/bLFbtqz4AWSN12Ls8c5ORKBXI0++WP3iAmaUSFJhwr1XXsRHsZlpoRTielXqpogskIh7RrqMARVV42O3WCjowyQEEsTQmNZuriRIYjpcaRbzojrIfqtzcV//K6qQ4uvIyJJNVUkPmiIOVIx2j6NxowSYnmY0MwkczcisgQS0y0SadkQvj+FP1PWidV57Rav61VGld5HEU4gEM4BgfOoQE30AQXCITwCM/wYnHryXq13uatBSuf2YcfsN6/AEmIjdA=</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

Vg
<latexit sha1_base64="PHTKvlMLcd+vzLDIoRwcosyIy64=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GnqymHgLevEY0cRAMoSeTs+kSc9Cd48QhnyCFw+KePWLvPk3dhZBRR8UPN6roqqelwiuNMYfVm5ldW19I79Z2Nre2d0r7h90VJxKyto0FrHsekQxwSPW1lwL1k0kI6En2J03vpz5d/dMKh5Ht3qSMDckQcR9Tok20k1nEAyKJWzjs6pTdhC2a9hplPGCnNcryLHxHCVYojUovveHMU1DFmkqiFI9ByfazYjUnAo2LfRTxRJCxyRgPUMjEjLlZvNTp+jEKEPkx9JUpNFc/T6RkVCpSeiZzpDokfrtzcS/vF6q/Yab8ShJNYvoYpGfCqRjNPsbDblkVIuJIYRKbm5FdEQkodqkUzAhfH2K/iedsu1U7Np1tdS8WMaRhyM4hlNwoA5NuIIWtIFCAA/wBM+WsB6tF+t10ZqzljOH8APW2yd7OI3y</latexit>

V †
g

<latexit sha1_base64="rdA5ahcKaqRNmN346Bo61Gpo0+M=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ6YPW3dFNy4r2Ae0Y8lkMtPQTGZMMoUy9DvcuFDErR/jzr8xfQgqeuDC4Zx7ufceL+FMaYQ+rJXVtfWNzdxWfntnd2+/cHDYVnEqCW2RmMey62FFORO0pZnmtJtIiiOP0443upr5nTGVisXiVk8S6kY4FCxgBGsjue1BeJf1fRyGVE4HhSKy0XnFKTkQ2VXk1EtoQS5qZejYaI4iWKI5KLz3/ZikERWacKxUz0GJdjMsNSOcTvP9VNEEkxEOac9QgSOq3Gx+9BSeGsWHQSxNCQ3n6veJDEdKTSLPdEZYD9Vvbyb+5fVSHdTdjIkk1VSQxaIg5VDHcJYA9JmkRPOJIZhIZm6FZIglJtrklDchfH0K/yftku2U7epNpdi4XMaRA8fgBJwBB9RAA1yDJmgBAu7BA3gCz9bYerRerNdF64q1nDkCP2C9fQJElpJy</latexit>

W †
g

<latexit sha1_base64="g/a3x2sUxQNZpMKXAzyIRHy/K4c=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuwqRabXdFNy4r2Ae0sUwmk3ToZBJnJoUS+h1uXCji1o9x5984bSOo6IELh3Pu5d57vIQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+W8WpJLRFYh7LrocV5UzQlmaa024iKY48Tjve6Grmd8ZUKhaLWz1JqBvhULCAEayN5HYG4V3W93EYUjkdlMrIriKnfu5AZKM5DKlUUb2GoJMrZZCjOSi99/2YpBEVmnCsVM9BiXYzLDUjnE6L/VTRBJMRDmnPUIEjqtxsfvQUHhvFh0EsTQkN5+r3iQxHSk0iz3RGWA/Vb28m/uX1Uh3U3IyJJNVUkMWiIOVQx3CWAPSZpETziSGYSGZuhWSIJSba5FQ0IXx9Cv8n7YrtnNrVm7Ny4zKPowAOwRE4AQ64AA1wDZqgBQi4Bw/gCTxbY+vRerFeF61LVj5zAH7AevsEOWiSag==</latexit>

Wg
<latexit sha1_base64="SU+9LWz2W0XOvDNfwEY9oFaPNx0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbPRaHILevEY0TwgWcLsZHYzZPbBzKwQlnyCFw+KePWLvPk3TpIVVLSgoajqprvLSwRXGuMPa2l5ZXVtvbBR3Nza3tkt7e23VZxKylo0FrHsekQxwSPW0lwL1k0kI6EnWMcbX838zj2TisfRnZ4kzA1JEHGfU6KNdNsZBINSGdtV7NTPHYRtPIchlSqu1zBycqUMOZqD0nt/GNM0ZJGmgijVc3Ci3YxIzalg02I/VSwhdEwC1jM0IiFTbjY/dYqOjTJEfixNRRrN1e8TGQmVmoSe6QyJHqnf3kz8y+ul2q+5GY+SVLOILhb5qUA6RrO/0ZBLRrWYGEKo5OZWREdEEqpNOkUTwten6H/SrtjOqV29OSs3LvM4CnAIR3ACDlxAA66hCS2gEMADPMGzJaxH68V6XbQuWfnMAfyA9fYJcACN6g==</latexit>

Pérez-García et al.,  PRL 2008
Sanz et al., PRA 2009
Schuch et al., Ann. Phys. 2010
Singh et al., NJP 2007, PRA 2010

state invariant under global symmetry
constructed with invariant tensors



U⌦N
g

<latexit sha1_base64="bUPjtggVHeAswEC7wryrCKNwEHQ=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5Ko9bErunElFUxbaGOYTCft0MlMmJkINfRL3LhQxK2f4s6/cdpGqKIHLhzOuZd77wkTRpV2nE+rsLC4tLxSXC2trW9slu2t7aYSqcTEw4IJ2Q6RIoxy4mmqGWknkqA4ZKQVDi8nfuueSEUFv9WjhPgx6nMaUYy0kQK77AX9u6wrNI2JgtfjwK44VWcKOEdqjnt+4kI3VyogRyOwP7o9gdOYcI0ZUqrjOon2MyQ1xYyMS91UkQThIeqTjqEcmT1+Nj18DPeN0oORkKa4hlN1fiJDsVKjODSdMdID9dubiH95nVRHZ35GeZJqwvFsUZQyqAWcpAB7VBKs2cgQhCU1t0I8QBJhbbIqmRC+P4X/k+Zh1T2q1m6OK/WLPI4i2AV74AC44BTUwRVoAA9gkIJH8AxerAfryXq13matBSuf2QE/YL1/AcF6kyo=</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

Pérez-García et al.,  PRL 2008
Sanz et al., PRA 2009
Schuch et al., Ann. Phys. 2010
Singh et al., NJP 2007, PRA 2010

SYMMETRIC PEPS



=

Ug
<latexit sha1_base64="CX2cnay1noUiQKY3rR/nEy+Nmns=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0m09eNW9OKxomkLbSib7SZdutmE3Y1QQn+CFw+KePUXefPfuG0jVNEHA4/3ZpiZ5yecKW3bn1ZhaXllda24XtrY3NreKe/utVScSkJdEvNYdnysKGeCupppTjuJpDjyOW37o+up336gUrFY3OtxQr0Ih4IFjGBtpDu3H/bLFbtqz4AWSN12Ls8c5ORKBXI0++WP3iAmaUSFJhwr1XXsRHsZlpoRTielXqpogskIh7RrqMARVV42O3WCjowyQEEsTQmNZuriRIYjpcaRbzojrIfqtzcV//K6qQ4uvIyJJNVUkPmiIOVIx2j6NxowSYnmY0MwkczcisgQS0y0SadkQvj+FP1PWidV57Rav61VGld5HEU4gEM4BgfOoQE30AQXCITwCM/wYnHryXq13uatBSuf2YcfsN6/AEmIjdA=</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

†
<latexit sha1_base64="kJBcMRTlb/5tooS5TITBhJdBJic=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rWFtoQ9lsJunSzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBNcG9f9dkorq2vrG+XNytb2zu5edf/gUae5YthiqUhVJ6AaBZfYMtwI7GQKaRIIbAfD26nffkKleSofzChDP6Gx5BFn1Fip3QtpHKPqV2tu3Z2BLBOvIDUo0OxXv3phyvIEpWGCat313Mz4Y6oMZwInlV6uMaNsSGPsWippgtofz86dkBOrhCRKlS1pyEz9PTGmidajJLCdCTUDvehNxf+8bm6ia3/MZZYblGy+KMoFMSmZ/k5CrpAZMbKEMsXtrYQNqKLM2IQqNgRv8eVl8nhW987rl/cXtcZNEUcZjuAYTsGDK2jAHTShBQyG8Ayv8OZkzovz7nzMW0tOMXMIf+B8/gBMfo+N</latexit>

Vg
<latexit sha1_base64="PHTKvlMLcd+vzLDIoRwcosyIy64=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GnqymHgLevEY0cRAMoSeTs+kSc9Cd48QhnyCFw+KePWLvPk3dhZBRR8UPN6roqqelwiuNMYfVm5ldW19I79Z2Nre2d0r7h90VJxKyto0FrHsekQxwSPW1lwL1k0kI6En2J03vpz5d/dMKh5Ht3qSMDckQcR9Tok20k1nEAyKJWzjs6pTdhC2a9hplPGCnNcryLHxHCVYojUovveHMU1DFmkqiFI9ByfazYjUnAo2LfRTxRJCxyRgPUMjEjLlZvNTp+jEKEPkx9JUpNFc/T6RkVCpSeiZzpDokfrtzcS/vF6q/Yab8ShJNYvoYpGfCqRjNPsbDblkVIuJIYRKbm5FdEQkodqkUzAhfH2K/iedsu1U7Np1tdS8WMaRhyM4hlNwoA5NuIIWtIFCAA/wBM+WsB6tF+t10ZqzljOH8APW2yd7OI3y</latexit>

V †
g

<latexit sha1_base64="rdA5ahcKaqRNmN346Bo61Gpo0+M=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ6YPW3dFNy4r2Ae0Y8lkMtPQTGZMMoUy9DvcuFDErR/jzr8xfQgqeuDC4Zx7ufceL+FMaYQ+rJXVtfWNzdxWfntnd2+/cHDYVnEqCW2RmMey62FFORO0pZnmtJtIiiOP0443upr5nTGVisXiVk8S6kY4FCxgBGsjue1BeJf1fRyGVE4HhSKy0XnFKTkQ2VXk1EtoQS5qZejYaI4iWKI5KLz3/ZikERWacKxUz0GJdjMsNSOcTvP9VNEEkxEOac9QgSOq3Gx+9BSeGsWHQSxNCQ3n6veJDEdKTSLPdEZYD9Vvbyb+5fVSHdTdjIkk1VSQxaIg5VDHcJYA9JmkRPOJIZhIZm6FZIglJtrklDchfH0K/yftku2U7epNpdi4XMaRA8fgBJwBB9RAA1yDJmgBAu7BA3gCz9bYerRerNdF64q1nDkCP2C9fQJElpJy</latexit>

W †
g

<latexit sha1_base64="g/a3x2sUxQNZpMKXAzyIRHy/K4c=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuwqRabXdFNy4r2Ae0sUwmk3ToZBJnJoUS+h1uXCji1o9x5984bSOo6IELh3Pu5d57vIQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+W8WpJLRFYh7LrocV5UzQlmaa024iKY48Tjve6Grmd8ZUKhaLWz1JqBvhULCAEayN5HYG4V3W93EYUjkdlMrIriKnfu5AZKM5DKlUUb2GoJMrZZCjOSi99/2YpBEVmnCsVM9BiXYzLDUjnE6L/VTRBJMRDmnPUIEjqtxsfvQUHhvFh0EsTQkN5+r3iQxHSk0iz3RGWA/Vb28m/uX1Uh3U3IyJJNVUkMWiIOVQx3CWAPSZpETziSGYSGZuhWSIJSba5FQ0IXx9Cv8n7YrtnNrVm7Ny4zKPowAOwRE4AQ64AA1wDZqgBQi4Bw/gCTxbY+vRerFeF61LVj5zAH7AevsEOWiSag==</latexit>

Wg
<latexit sha1_base64="SU+9LWz2W0XOvDNfwEY9oFaPNx0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbPRaHILevEY0TwgWcLsZHYzZPbBzKwQlnyCFw+KePWLvPk3TpIVVLSgoajqprvLSwRXGuMPa2l5ZXVtvbBR3Nza3tkt7e23VZxKylo0FrHsekQxwSPW0lwL1k0kI6EnWMcbX838zj2TisfRnZ4kzA1JEHGfU6KNdNsZBINSGdtV7NTPHYRtPIchlSqu1zBycqUMOZqD0nt/GNM0ZJGmgijVc3Ci3YxIzalg02I/VSwhdEwC1jM0IiFTbjY/dYqOjTJEfixNRRrN1e8TGQmVmoSe6QyJHqnf3kz8y+ul2q+5GY+SVLOILhb5qUA6RrO/0ZBLRrWYGEKo5OZWREdEEqpNOkUTwten6H/SrtjOqV29OSs3LvM4CnAIR3ACDlxAA66hCS2gEMADPMGzJaxH68V6XbQuWfnMAfyA9fYJcACN6g==</latexit>

Pérez-García et al.,  PRL 2008
Sanz et al., PRA 2009
Schuch et al., Ann. Phys. 2010
Singh et al., NJP 2007, PRA 2010

state invariant under global symmetry
constructed with invariant tensors

state (globally) invariant ⇔ 

for MPS & PEPS

Tagliacozzo et al PRX 2014
 Haegeman et al PRX 2014
Zohar et al Ann Phys 2015

also gauge symmetries

structure 
of 

tensors



OTHER TNS
not fulfilling area law



TTN
Tree Tensor States

d

! =isometries

efficient contraction

reduced density matrix

the rank of 
this matrix 
determines 

the max 
entanglement

Shi et al PRA (2006)
Tagliacozzo et al PRB80 (2009)

Silvi et al PRA81 (2010)



TTN
Tree Tensor States

d

!

efficient contraction
=isometries

can be log L
L homogeneous case: average 

correlations decay as power law

works also in two dimensions, or PBC

because no loops ⇒ canonical form
Shi et al PRA74 (2006)

Tagliacozzo et al PRB80 (2009)
Silvi et al PRA81 (2010)



state with 
short-range 
correlations

MERA
Multiscale Entanglement Renormalization Ansatz

Vidal PRL99 (2007)

tree as real space renormalization
cannot get rid of short 
range correlations

d

!



MERA
Multiscale Entanglement Renormalization Ansatz

disentanglers

state with 
short-range 
correlations

MERA = Q circuit to 
prepare the state

d

!



MERA
Multiscale Entanglement Renormalization Ansatz

efficient contraction



MERA
Multiscale Entanglement Renormalization Ansatz

causal cone
bounded width
log L height

efficient contraction



MERA
Multiscale Entanglement Renormalization Ansatz

causal cone
bounded width
log L height

efficient contraction

d

!

L
S(L)  log� logL

<latexit sha1_base64="xTtnNDlg/Pa3+nFhoIHlTaltMiU=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJsyUwVdFt246KKivUBnKJk004ZmkjHJCKUU3Pgqblwo4taXcOfbmGlnoa0/BD7+cw4n5w9iRpV2nG8rt7S8srqWXy9sbG5t79i7e00lEolJAwsmZDtAijDKSUNTzUg7lgRFASOtYHiV1lsPRCoq+J0excSPUJ/TkGKkjdW1D25LtROPkXvoMdGHHh7QGdUKXbvolJ2p4CK4GRRBpnrX/vJ6AicR4RozpFTHdWLtj5HUFDMyKXiJIjHCQ9QnHYMcRUT54+kNE3hsnB4MhTSPazh1f0+MUaTUKApMZ4T0QM3XUvO/WifR4YU/pjxONOF4tihMGNQCpoHAHpUEazYygLCk5q8QD5BEWJvY0hDc+ZMXoVkpu6flys1ZsXqZxZEHh+AIlIALzkEVXIM6aAAMHsEzeAVv1pP1Yr1bH7PWnJXN7IM/sj5/ABkSleM=</latexit>

logarithmic violation of area law
can describe critical systems

in 2D MERA are a subset of PEPS



entanglement and time evolution



Entropy of evolved state may grow linearly

0 2 4 6 8 10
0

500

1000

1500

2000

2500

0 2 4 6 8 10
0

500

1000

1500

2000

2500 required bond for 
fixed precision

Osborne, PRL 2006
Schuch et al., NJP 2008

D ⇠ e↵t
bond 
dim

time

Dmax

Drequired

ENTANGLEMENT GROWTH

limits the simulation of 
out of equilibrium



many physical situations (in closed and 
open quantum systems) can be successfully 

studied!

Paeckel et al arXiv:1901.05824

García-Ripoll, NJP 2006
Wall, Carr NJP 2012

short times, adiabatic, low energy can work well



entanglement growth in non-equilibrium 
scenarios limits the applicability of MPS

fundamental questions: thermalization, ETH…



product state

easy to write as MPS

thermal states

well approximated as MPO

S(t) / t
<latexit sha1_base64="s432rKQCjt7rrU/mLTMmDCxBl1s=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiDEyzAjrregF48RzQLJEHo6naRJT/fYXRMIQ77DiwdFvPox3vwbOxuo8UHB470qquqFseAGPO/LySwtr6yuZddzG5tb2zv53b2qUYmmrEKVULoeEsMEl6wCHASrx5qRKBSsFvZvxn5twLThSj7AMGZBRLqSdzglYKXgvgjHzVirGBSGVr7gud4E2HPPPP/q3Mf+XJmTApqh3Mp/NtuKJhGTQAUxpuF7MQQp0cCpYKNcMzEsJrRPuqxhqSQRM0E6OXqEj6zSxh2lbUnAE/XnREoiY4ZRaDsjAj3z1xuL/3mNBDqXQcplnACTdLqokwg8ftEmgNtcMwpiaAmhmttbMe0RTSjYnHI2hIWXF0n1xPU91787LZSuZ3Fk0QE6REXkowtUQreojCqIokf0hF7QqzNwnp03533amnFmM/voF5yPbzx8kb8=</latexit><latexit sha1_base64="s432rKQCjt7rrU/mLTMmDCxBl1s=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiDEyzAjrregF48RzQLJEHo6naRJT/fYXRMIQ77DiwdFvPox3vwbOxuo8UHB470qquqFseAGPO/LySwtr6yuZddzG5tb2zv53b2qUYmmrEKVULoeEsMEl6wCHASrx5qRKBSsFvZvxn5twLThSj7AMGZBRLqSdzglYKXgvgjHzVirGBSGVr7gud4E2HPPPP/q3Mf+XJmTApqh3Mp/NtuKJhGTQAUxpuF7MQQp0cCpYKNcMzEsJrRPuqxhqSQRM0E6OXqEj6zSxh2lbUnAE/XnREoiY4ZRaDsjAj3z1xuL/3mNBDqXQcplnACTdLqokwg8ftEmgNtcMwpiaAmhmttbMe0RTSjYnHI2hIWXF0n1xPU91787LZSuZ3Fk0QE6REXkowtUQreojCqIokf0hF7QqzNwnp03533amnFmM/voF5yPbzx8kb8=</latexit><latexit sha1_base64="s432rKQCjt7rrU/mLTMmDCxBl1s=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiDEyzAjrregF48RzQLJEHo6naRJT/fYXRMIQ77DiwdFvPox3vwbOxuo8UHB470qquqFseAGPO/LySwtr6yuZddzG5tb2zv53b2qUYmmrEKVULoeEsMEl6wCHASrx5qRKBSsFvZvxn5twLThSj7AMGZBRLqSdzglYKXgvgjHzVirGBSGVr7gud4E2HPPPP/q3Mf+XJmTApqh3Mp/NtuKJhGTQAUxpuF7MQQp0cCpYKNcMzEsJrRPuqxhqSQRM0E6OXqEj6zSxh2lbUnAE/XnREoiY4ZRaDsjAj3z1xuL/3mNBDqXQcplnACTdLqokwg8ftEmgNtcMwpiaAmhmttbMe0RTSjYnHI2hIWXF0n1xPU91787LZSuZ3Fk0QE6REXkowtUQreojCqIokf0hF7QqzNwnp03533amnFmM/voF5yPbzx8kb8=</latexit><latexit sha1_base64="s432rKQCjt7rrU/mLTMmDCxBl1s=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiDEyzAjrregF48RzQLJEHo6naRJT/fYXRMIQ77DiwdFvPox3vwbOxuo8UHB470qquqFseAGPO/LySwtr6yuZddzG5tb2zv53b2qUYmmrEKVULoeEsMEl6wCHASrx5qRKBSsFvZvxn5twLThSj7AMGZBRLqSdzglYKXgvgjHzVirGBSGVr7gud4E2HPPPP/q3Mf+XJmTApqh3Mp/NtuKJhGTQAUxpuF7MQQp0cCpYKNcMzEsJrRPuqxhqSQRM0E6OXqEj6zSxh2lbUnAE/XnREoiY4ZRaDsjAj3z1xuL/3mNBDqXQcplnACTdLqokwg8ftEmgNtcMwpiaAmhmttbMe0RTSjYnHI2hIWXF0n1xPU91787LZSuZ3Fk0QE6REXkowtUQreojCqIokf0hF7QqzNwnp03533amnFmM/voF5yPbzx8kb8=</latexit>

t = 0
<latexit sha1_base64="FDyz5BDyjjP74UsHHPdjiJzY8Fw=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiB4GnqiYHIQgl48RjQLJEPo6fQkTXp6hu4aIQz5BC8eFPHqF3nzb+wsguuDgsd7VVTVCxIpDBDy7uSWlldW1/LrhY3Nre2d4u5e08SpZrzBYhnrdkANl0LxBgiQvJ1oTqNA8lYwupz6rTuujYjVLYwT7kd0oEQoGAUr3cA56RVLxC1XK+Skin8TzyUzlNAC9V7xrduPWRpxBUxSYzoeScDPqAbBJJ8UuqnhCWUjOuAdSxWNuPGz2akTfGSVPg5jbUsBnqlfJzIaGTOOAtsZURian95U/MvrpBBW/EyoJAWu2HxRmEoMMZ7+jftCcwZybAllWthbMRtSTRnYdAo2hM9P8f+kWXY94nrXp6XaxSKOPDpAh+gYeegM1dAVqqMGYmiA7tEjenKk8+A8Oy/z1pyzmNlH3+C8fgBW9Y3W</latexit><latexit sha1_base64="FDyz5BDyjjP74UsHHPdjiJzY8Fw=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiB4GnqiYHIQgl48RjQLJEPo6fQkTXp6hu4aIQz5BC8eFPHqF3nzb+wsguuDgsd7VVTVCxIpDBDy7uSWlldW1/LrhY3Nre2d4u5e08SpZrzBYhnrdkANl0LxBgiQvJ1oTqNA8lYwupz6rTuujYjVLYwT7kd0oEQoGAUr3cA56RVLxC1XK+Skin8TzyUzlNAC9V7xrduPWRpxBUxSYzoeScDPqAbBJJ8UuqnhCWUjOuAdSxWNuPGz2akTfGSVPg5jbUsBnqlfJzIaGTOOAtsZURian95U/MvrpBBW/EyoJAWu2HxRmEoMMZ7+jftCcwZybAllWthbMRtSTRnYdAo2hM9P8f+kWXY94nrXp6XaxSKOPDpAh+gYeegM1dAVqqMGYmiA7tEjenKk8+A8Oy/z1pyzmNlH3+C8fgBW9Y3W</latexit><latexit sha1_base64="FDyz5BDyjjP74UsHHPdjiJzY8Fw=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiB4GnqiYHIQgl48RjQLJEPo6fQkTXp6hu4aIQz5BC8eFPHqF3nzb+wsguuDgsd7VVTVCxIpDBDy7uSWlldW1/LrhY3Nre2d4u5e08SpZrzBYhnrdkANl0LxBgiQvJ1oTqNA8lYwupz6rTuujYjVLYwT7kd0oEQoGAUr3cA56RVLxC1XK+Skin8TzyUzlNAC9V7xrduPWRpxBUxSYzoeScDPqAbBJJ8UuqnhCWUjOuAdSxWNuPGz2akTfGSVPg5jbUsBnqlfJzIaGTOOAtsZURian95U/MvrpBBW/EyoJAWu2HxRmEoMMZ7+jftCcwZybAllWthbMRtSTRnYdAo2hM9P8f+kWXY94nrXp6XaxSKOPDpAh+gYeegM1dAVqqMGYmiA7tEjenKk8+A8Oy/z1pyzmNlH3+C8fgBW9Y3W</latexit><latexit sha1_base64="FDyz5BDyjjP74UsHHPdjiJzY8Fw=">AAAB6nicdVDJSgNBEO2JW4xb1KOXxiB4GnqiYHIQgl48RjQLJEPo6fQkTXp6hu4aIQz5BC8eFPHqF3nzb+wsguuDgsd7VVTVCxIpDBDy7uSWlldW1/LrhY3Nre2d4u5e08SpZrzBYhnrdkANl0LxBgiQvJ1oTqNA8lYwupz6rTuujYjVLYwT7kd0oEQoGAUr3cA56RVLxC1XK+Skin8TzyUzlNAC9V7xrduPWRpxBUxSYzoeScDPqAbBJJ8UuqnhCWUjOuAdSxWNuPGz2akTfGSVPg5jbUsBnqlfJzIaGTOOAtsZURian95U/MvrpBBW/EyoJAWu2HxRmEoMMZ7+jftCcwZybAllWthbMRtSTRnYdAo2hM9P8f+kWXY94nrXp6XaxSKOPDpAh+gYeegM1dAVqqMGYmiA7tEjenKk8+A8Oy/z1pyzmNlH3+C8fgBW9Y3W</latexit>

t = 1
<latexit sha1_base64="Hz7nXkFchpkBkVTSdeF0cUmfZgE=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjNRMDkIQS8eI5gFkiH0dHqSJj09Y3eNEEJ+wosHRbz6O978GzuL4Pqg4PFeFVX1gkQKg6777mSWlldW17LruY3Nre2d/O5ew8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJz6zTuujYjVDY4S7ke0r0QoGEUrtfC8I1SIo26+4BZLlbJ7UiG/iVd0ZyjAArVu/q3Ti1kacYVMUmPanpugP6YaBZN8kuukhieUDWmfty1VNOLGH8/unZAjq/RIGGtbCslM/ToxppExoyiwnRHFgfnpTcW/vHaKYdkfC5WkyBWbLwpTSTAm0+dJT2jOUI4soUwLeythA6opQxtRzobw+Sn5nzRKRc8tetenherFIo4sHMAhHIMHZ1CFK6hBHRhIuIdHeHJunQfn2XmZt2acxcw+fIPz+gGjlJBe</latexit><latexit sha1_base64="Hz7nXkFchpkBkVTSdeF0cUmfZgE=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjNRMDkIQS8eI5gFkiH0dHqSJj09Y3eNEEJ+wosHRbz6O978GzuL4Pqg4PFeFVX1gkQKg6777mSWlldW17LruY3Nre2d/O5ew8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJz6zTuujYjVDY4S7ke0r0QoGEUrtfC8I1SIo26+4BZLlbJ7UiG/iVd0ZyjAArVu/q3Ti1kacYVMUmPanpugP6YaBZN8kuukhieUDWmfty1VNOLGH8/unZAjq/RIGGtbCslM/ToxppExoyiwnRHFgfnpTcW/vHaKYdkfC5WkyBWbLwpTSTAm0+dJT2jOUI4soUwLeythA6opQxtRzobw+Sn5nzRKRc8tetenherFIo4sHMAhHIMHZ1CFK6hBHRhIuIdHeHJunQfn2XmZt2acxcw+fIPz+gGjlJBe</latexit><latexit sha1_base64="Hz7nXkFchpkBkVTSdeF0cUmfZgE=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjNRMDkIQS8eI5gFkiH0dHqSJj09Y3eNEEJ+wosHRbz6O978GzuL4Pqg4PFeFVX1gkQKg6777mSWlldW17LruY3Nre2d/O5ew8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJz6zTuujYjVDY4S7ke0r0QoGEUrtfC8I1SIo26+4BZLlbJ7UiG/iVd0ZyjAArVu/q3Ti1kacYVMUmPanpugP6YaBZN8kuukhieUDWmfty1VNOLGH8/unZAjq/RIGGtbCslM/ToxppExoyiwnRHFgfnpTcW/vHaKYdkfC5WkyBWbLwpTSTAm0+dJT2jOUI4soUwLeythA6opQxtRzobw+Sn5nzRKRc8tetenherFIo4sHMAhHIMHZ1CFK6hBHRhIuIdHeHJunQfn2XmZt2acxcw+fIPz+gGjlJBe</latexit><latexit sha1_base64="Hz7nXkFchpkBkVTSdeF0cUmfZgE=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjNRMDkIQS8eI5gFkiH0dHqSJj09Y3eNEEJ+wosHRbz6O978GzuL4Pqg4PFeFVX1gkQKg6777mSWlldW17LruY3Nre2d/O5ew8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJz6zTuujYjVDY4S7ke0r0QoGEUrtfC8I1SIo26+4BZLlbJ7UiG/iVd0ZyjAArVu/q3Ti1kacYVMUmPanpugP6YaBZN8kuukhieUDWmfty1VNOLGH8/unZAjq/RIGGtbCslM/ToxppExoyiwnRHFgfnpTcW/vHaKYdkfC5WkyBWbLwpTSTAm0+dJT2jOUI4soUwLeythA6opQxtRzobw+Sn5nzRKRc8tetenherFIo4sHMAhHIMHZ1CFK6hBHRhIuIdHeHJunQfn2XmZt2acxcw+fIPz+gGjlJBe</latexit>

Dmin(t) ⇠ e↵t
<latexit sha1_base64="h0XpenL9gDTlABICsfQUVOjBNBw=">AAACDXicdZDLSgMxFIYzXmu9VV26CVahbsqMeN0VdeGygr1Ap5ZMmrahSWZIzghlmBdw46u4caGIW/fufBvTi6KiPwQO338OOecPIsENuO67MzU9Mzs3n1nILi4tr6zm1tarJow1ZRUailDXA2KY4IpVgINg9UgzIgPBakH/bOjXbpg2PFRXMIhYU5Ku4h1OCVjUym2ftxJfEuhpmUiu0rQAu77hErPrxCci6hEMaSuXd4sHrndy6GG36I6Ev4g3IXk0UbmVe/PbIY0lU0AFMabhuRE0E6KBU8HSrB8bFhHaJ13WsKUikplmMromxTuWtHEn1PYpwCP6fSIh0piBDGzncHHz2xvCv7xGDJ3jZsJVFANTdPxRJxYYQjyMBre5ZhTEwBaEam53xbRHNKFgA8zaED4vxf8X1b2i5xa9y/186XQSRwZtoi1UQB46QiV0gcqogii6RffoET05d86D8+y8jFunnMnMBvoh5/UDHdGcNg==</latexit><latexit sha1_base64="h0XpenL9gDTlABICsfQUVOjBNBw=">AAACDXicdZDLSgMxFIYzXmu9VV26CVahbsqMeN0VdeGygr1Ap5ZMmrahSWZIzghlmBdw46u4caGIW/fufBvTi6KiPwQO338OOecPIsENuO67MzU9Mzs3n1nILi4tr6zm1tarJow1ZRUailDXA2KY4IpVgINg9UgzIgPBakH/bOjXbpg2PFRXMIhYU5Ku4h1OCVjUym2ftxJfEuhpmUiu0rQAu77hErPrxCci6hEMaSuXd4sHrndy6GG36I6Ev4g3IXk0UbmVe/PbIY0lU0AFMabhuRE0E6KBU8HSrB8bFhHaJ13WsKUikplmMromxTuWtHEn1PYpwCP6fSIh0piBDGzncHHz2xvCv7xGDJ3jZsJVFANTdPxRJxYYQjyMBre5ZhTEwBaEam53xbRHNKFgA8zaED4vxf8X1b2i5xa9y/186XQSRwZtoi1UQB46QiV0gcqogii6RffoET05d86D8+y8jFunnMnMBvoh5/UDHdGcNg==</latexit><latexit sha1_base64="h0XpenL9gDTlABICsfQUVOjBNBw=">AAACDXicdZDLSgMxFIYzXmu9VV26CVahbsqMeN0VdeGygr1Ap5ZMmrahSWZIzghlmBdw46u4caGIW/fufBvTi6KiPwQO338OOecPIsENuO67MzU9Mzs3n1nILi4tr6zm1tarJow1ZRUailDXA2KY4IpVgINg9UgzIgPBakH/bOjXbpg2PFRXMIhYU5Ku4h1OCVjUym2ftxJfEuhpmUiu0rQAu77hErPrxCci6hEMaSuXd4sHrndy6GG36I6Ev4g3IXk0UbmVe/PbIY0lU0AFMabhuRE0E6KBU8HSrB8bFhHaJ13WsKUikplmMromxTuWtHEn1PYpwCP6fSIh0piBDGzncHHz2xvCv7xGDJ3jZsJVFANTdPxRJxYYQjyMBre5ZhTEwBaEam53xbRHNKFgA8zaED4vxf8X1b2i5xa9y/186XQSRwZtoi1UQB46QiV0gcqogii6RffoET05d86D8+y8jFunnMnMBvoh5/UDHdGcNg==</latexit><latexit sha1_base64="h0XpenL9gDTlABICsfQUVOjBNBw=">AAACDXicdZDLSgMxFIYzXmu9VV26CVahbsqMeN0VdeGygr1Ap5ZMmrahSWZIzghlmBdw46u4caGIW/fufBvTi6KiPwQO338OOecPIsENuO67MzU9Mzs3n1nILi4tr6zm1tarJow1ZRUailDXA2KY4IpVgINg9UgzIgPBakH/bOjXbpg2PFRXMIhYU5Ku4h1OCVjUym2ftxJfEuhpmUiu0rQAu77hErPrxCci6hEMaSuXd4sHrndy6GG36I6Ev4g3IXk0UbmVe/PbIY0lU0AFMabhuRE0E6KBU8HSrB8bFhHaJ13WsKUikplmMromxTuWtHEn1PYpwCP6fSIh0piBDGzncHHz2xvCv7xGDJ3jZsJVFANTdPxRJxYYQjyMBre5ZhTEwBaEam53xbRHNKFgA8zaED4vxf8X1b2i5xa9y/186XQSRwZtoi1UQB46QiV0gcqogii6RffoET05d86D8+y8jFunnMnMBvoh5/UDHdGcNg==</latexit>
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to conclude…

TNS: quantum inspired methods to describe quantum many-body 
systems

NOTES&REFS:

efficient algorithms to find ground states, thermal states

simulating time evolution/arbitrary quantum circuits requires 
truncation ⇒ limited!

yet… Pan & Zhang, 
PRL128, 030501(2022)

Tindall et al. arXiv:2306.14887
alternatives for local properties?

PhD? postdoc?
banulsm

@mpq.mpg.de
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