
Deep learning quantum matter
 Machine-learning approaches to the quantum many-body problem 

Joaquín E. Drut & Andrew C. Loheac 
University of North Carolina 
at Chapel Hill

SAS, September 2018



Outline 
Why quantum matter? 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How machine learning is helping 
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- Detecting phase transitions and critical phenomena 
- Our forays with CNNs  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Matter whose collective behavior is dominated  
by the laws of quantum mechanics

Few to 
many particles

The many-body Schrödinger equation

Thermodynamics, phase transitions, 
response to external perturbations,  
quantum information,…



Quantum matter… 

…is everywhere, but…                    



The challenge*

Wavefunction description for N particles requires exponentially 
as much memory: you need to store a function of N variables 

“Traditional” quantum mechanics

 (x1,x2, . . . ,xN )
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Discretize each variable into M points
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Discretize each variable into M points
Same problem as storing an N-dimensional array

 ijk...
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Advantage: knowing the wavefunction amounts to knowing  
  everything about the system of interest. 

Disadvantage: to good to be true/practical

Discretize each variable into M points
Same problem as storing an N-dimensional array

 ijk...
<latexit sha1_base64="MkwQu4377IlR9U68UmTvhNQrl94=">AAAB+HicjVDLSsNAFL2pr1pfUZduBovgqqQiqLuiG5cVjC20IUymk3bsZBJmbgol9E/cuFBx66e482+cPhYqCh64cDjnHu7lRJkUBj3vwyktLa+srpXXKxubW9s77u7enUlzzbjPUpnqdkQNl0JxHwVK3s40p0kkeSsaXk391ohrI1J1i+OMBwntKxELRtFKoet2m0aEhbgfkm4vRTMJ3Wq95s1A/iZVWKAZuu82yPKEK2SSGtOpexkGBdUomOSTSjc3PKNsSPu8Y6miCTdBMft8Qo6s0iNxqu0oJDP1a6KgiTHjJLKbCcWB+elNxd+8To7xeVAIleXIFZsfinNJMCXTGkhPaM5Qji2hTAv7K2EDqilDW1blfyX4J7WLmndzWm1cLtoowwEcwjHU4QwacA1N8IHBCB7gCZ6dwnl0XpzX+WrJWWT24Ruct08DZJN0</latexit><latexit sha1_base64="MkwQu4377IlR9U68UmTvhNQrl94=">AAAB+HicjVDLSsNAFL2pr1pfUZduBovgqqQiqLuiG5cVjC20IUymk3bsZBJmbgol9E/cuFBx66e482+cPhYqCh64cDjnHu7lRJkUBj3vwyktLa+srpXXKxubW9s77u7enUlzzbjPUpnqdkQNl0JxHwVK3s40p0kkeSsaXk391ohrI1J1i+OMBwntKxELRtFKoet2m0aEhbgfkm4vRTMJ3Wq95s1A/iZVWKAZuu82yPKEK2SSGtOpexkGBdUomOSTSjc3PKNsSPu8Y6miCTdBMft8Qo6s0iNxqu0oJDP1a6KgiTHjJLKbCcWB+elNxd+8To7xeVAIleXIFZsfinNJMCXTGkhPaM5Qji2hTAv7K2EDqilDW1blfyX4J7WLmndzWm1cLtoowwEcwjHU4QwacA1N8IHBCB7gCZ6dwnl0XpzX+WrJWWT24Ruct08DZJN0</latexit><latexit sha1_base64="MkwQu4377IlR9U68UmTvhNQrl94=">AAAB+HicjVDLSsNAFL2pr1pfUZduBovgqqQiqLuiG5cVjC20IUymk3bsZBJmbgol9E/cuFBx66e482+cPhYqCh64cDjnHu7lRJkUBj3vwyktLa+srpXXKxubW9s77u7enUlzzbjPUpnqdkQNl0JxHwVK3s40p0kkeSsaXk391ohrI1J1i+OMBwntKxELRtFKoet2m0aEhbgfkm4vRTMJ3Wq95s1A/iZVWKAZuu82yPKEK2SSGtOpexkGBdUomOSTSjc3PKNsSPu8Y6miCTdBMft8Qo6s0iNxqu0oJDP1a6KgiTHjJLKbCcWB+elNxd+8To7xeVAIleXIFZsfinNJMCXTGkhPaM5Qji2hTAv7K2EDqilDW1blfyX4J7WLmndzWm1cLtoowwEcwjHU4QwacA1N8IHBCB7gCZ6dwnl0XpzX+WrJWWT24Ruct08DZJN0</latexit>

i = 1, . . . ,M

j = 1, . . . ,M

...
<latexit sha1_base64="JwMsJZLmXymARHWwh/MQnt9FM3Q=">AAACGHicjVDLSgMxFL3js46vUZdugsXiopSpCOpCKLpxI1RwbKEzlEyaaWMzD5JMoQz9DTf+ihsXKm6782/MtF2oVPBA4OSce3Nvjp9wJpVtfxoLi0vLK6uFNXN9Y3Nr29rZvZdxKgh1SMxj0fSxpJxF1FFMcdpMBMWhz2nD71/lfmNAhWRxdKeGCfVC3I1YwAhWWmpbNkOlC1QtI7cTK1lGN8h1zYc5Wskd5LdS2ypWK/YE6G9ShBnqbWusnyFpSCNFOJayVbUT5WVYKEY4HZluKmmCSR93aUvTCIdUetnkZyN0qJUOCmKhT6TQRP3ekeFQymHo68oQq5787eXiPK+VquDMy1iUpIpGZDooSDlSMcpjQh0mKFF8qAkmguldEelhgYnSYZr/C8E5rpxX7NuTYu1ylkYB9uEAjqAKp1CDa6iDAwQe4Rle4c14Ml6Md+NjWrpgzHr24AeM8RfJuJtu</latexit><latexit sha1_base64="JwMsJZLmXymARHWwh/MQnt9FM3Q=">AAACGHicjVDLSgMxFL3js46vUZdugsXiopSpCOpCKLpxI1RwbKEzlEyaaWMzD5JMoQz9DTf+ihsXKm6782/MtF2oVPBA4OSce3Nvjp9wJpVtfxoLi0vLK6uFNXN9Y3Nr29rZvZdxKgh1SMxj0fSxpJxF1FFMcdpMBMWhz2nD71/lfmNAhWRxdKeGCfVC3I1YwAhWWmpbNkOlC1QtI7cTK1lGN8h1zYc5Wskd5LdS2ypWK/YE6G9ShBnqbWusnyFpSCNFOJayVbUT5WVYKEY4HZluKmmCSR93aUvTCIdUetnkZyN0qJUOCmKhT6TQRP3ekeFQymHo68oQq5787eXiPK+VquDMy1iUpIpGZDooSDlSMcpjQh0mKFF8qAkmguldEelhgYnSYZr/C8E5rpxX7NuTYu1ylkYB9uEAjqAKp1CDa6iDAwQe4Rle4c14Ml6Md+NjWrpgzHr24AeM8RfJuJtu</latexit><latexit sha1_base64="JwMsJZLmXymARHWwh/MQnt9FM3Q=">AAACGHicjVDLSgMxFL3js46vUZdugsXiopSpCOpCKLpxI1RwbKEzlEyaaWMzD5JMoQz9DTf+ihsXKm6782/MtF2oVPBA4OSce3Nvjp9wJpVtfxoLi0vLK6uFNXN9Y3Nr29rZvZdxKgh1SMxj0fSxpJxF1FFMcdpMBMWhz2nD71/lfmNAhWRxdKeGCfVC3I1YwAhWWmpbNkOlC1QtI7cTK1lGN8h1zYc5Wskd5LdS2ypWK/YE6G9ShBnqbWusnyFpSCNFOJayVbUT5WVYKEY4HZluKmmCSR93aUvTCIdUetnkZyN0qJUOCmKhT6TQRP3ekeFQymHo68oQq5787eXiPK+VquDMy1iUpIpGZDooSDlSMcpjQh0mKFF8qAkmguldEelhgYnSYZr/C8E5rpxX7NuTYu1ylkYB9uEAjqAKp1CDa6iDAwQe4Rle4c14Ml6Md+NjWrpgzHr24AeM8RfJuJtu</latexit>

MN
<latexit sha1_base64="VMdSFd1AeG8ytoBv6AhOVSiZN+Q=">AAAB6XicjVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FL16UisYW2lg220m7dLMJuxuhhP4ELx5UvPqPvPlv3H4cVBR8MPB4b4aZeWEquDae9+EU5uYXFpeKy6WV1bX1DXdz61YnmWLos0QkqhlSjYJL9A03ApupQhqHAhvh4GzsN+5RaZ7IGzNMMYhpT/KIM2qsdH1xd9lxy9WKNwH5m5RhhnrHfW93E5bFKA0TVOtW1UtNkFNlOBM4KrUzjSllA9rDlqWSxqiDfHLqiOxZpUuiRNmShkzUrxM5jbUexqHtjKnp65/eWPzNa2UmOg5yLtPMoGTTRVEmiEnI+G/S5QqZEUNLKFPc3kpYnyrKjE2n9L8Q/IPKScW7OizXTmdpFGEHdmEfqnAENTiHOvjAoAcP8ATPjnAenRfnddpacGYz2/ANztsnZoGNZw==</latexit><latexit sha1_base64="VMdSFd1AeG8ytoBv6AhOVSiZN+Q=">AAAB6XicjVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FL16UisYW2lg220m7dLMJuxuhhP4ELx5UvPqPvPlv3H4cVBR8MPB4b4aZeWEquDae9+EU5uYXFpeKy6WV1bX1DXdz61YnmWLos0QkqhlSjYJL9A03ApupQhqHAhvh4GzsN+5RaZ7IGzNMMYhpT/KIM2qsdH1xd9lxy9WKNwH5m5RhhnrHfW93E5bFKA0TVOtW1UtNkFNlOBM4KrUzjSllA9rDlqWSxqiDfHLqiOxZpUuiRNmShkzUrxM5jbUexqHtjKnp65/eWPzNa2UmOg5yLtPMoGTTRVEmiEnI+G/S5QqZEUNLKFPc3kpYnyrKjE2n9L8Q/IPKScW7OizXTmdpFGEHdmEfqnAENTiHOvjAoAcP8ATPjnAenRfnddpacGYz2/ANztsnZoGNZw==</latexit><latexit sha1_base64="VMdSFd1AeG8ytoBv6AhOVSiZN+Q=">AAAB6XicjVBNS8NAEJ3Ur1q/oh69LBbBU0lFUG9FL16UisYW2lg220m7dLMJuxuhhP4ELx5UvPqPvPlv3H4cVBR8MPB4b4aZeWEquDae9+EU5uYXFpeKy6WV1bX1DXdz61YnmWLos0QkqhlSjYJL9A03ApupQhqHAhvh4GzsN+5RaZ7IGzNMMYhpT/KIM2qsdH1xd9lxy9WKNwH5m5RhhnrHfW93E5bFKA0TVOtW1UtNkFNlOBM4KrUzjSllA9rDlqWSxqiDfHLqiOxZpUuiRNmShkzUrxM5jbUexqHtjKnp65/eWPzNa2UmOg5yLtPMoGTTRVEmiEnI+G/S5QqZEUNLKFPc3kpYnyrKjE2n9L8Q/IPKScW7OizXTmdpFGEHdmEfqnAENTiHOvjAoAcP8ATPjnAenRfnddpacGYz2/ANztsnZoGNZw==</latexit> elements=)

<latexit sha1_base64="5ZPsU0QaBZsiCZItX2mCUzeC22s=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF20psMmZndzMwKYclPePGg4tXv8ebfOHkcVBQsaCiquunuilLBjfX9D6+wtLyyulZcL21sbm3vlHf37kySaYYBS0SiWxE1KLjCwHIrsJVqpDIS2IyGV1O/eY/a8ETd2nGKoaR9xWPOqHVSq8Ol24KmW67Uqv4M5G9SgQUa3fJ7p5ewTKKyTFBj2jU/tWFOteVM4KTUyQymlA1pH9uOKirRhPns3gk5ckqPxIl2pSyZqV8nciqNGcvIdUpqB+anNxV/89qZjc/DnKs0s6jYfFGcCWITMn2e9LhGZsXYEco0d7cSNqCaMusiKv0vhOCkelH1b04r9ctFGkU4gEM4hhqcQR2uoQEBMBDwAE/w7I28R+/Fe523FrzFzD58g/f2CbG0j+8=</latexit><latexit sha1_base64="5ZPsU0QaBZsiCZItX2mCUzeC22s=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF20psMmZndzMwKYclPePGg4tXv8ebfOHkcVBQsaCiquunuilLBjfX9D6+wtLyyulZcL21sbm3vlHf37kySaYYBS0SiWxE1KLjCwHIrsJVqpDIS2IyGV1O/eY/a8ETd2nGKoaR9xWPOqHVSq8Ol24KmW67Uqv4M5G9SgQUa3fJ7p5ewTKKyTFBj2jU/tWFOteVM4KTUyQymlA1pH9uOKirRhPns3gk5ckqPxIl2pSyZqV8nciqNGcvIdUpqB+anNxV/89qZjc/DnKs0s6jYfFGcCWITMn2e9LhGZsXYEco0d7cSNqCaMusiKv0vhOCkelH1b04r9ctFGkU4gEM4hhqcQR2uoQEBMBDwAE/w7I28R+/Fe523FrzFzD58g/f2CbG0j+8=</latexit><latexit sha1_base64="5ZPsU0QaBZsiCZItX2mCUzeC22s=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF20psMmZndzMwKYclPePGg4tXv8ebfOHkcVBQsaCiquunuilLBjfX9D6+wtLyyulZcL21sbm3vlHf37kySaYYBS0SiWxE1KLjCwHIrsJVqpDIS2IyGV1O/eY/a8ETd2nGKoaR9xWPOqHVSq8Ol24KmW67Uqv4M5G9SgQUa3fJ7p5ewTKKyTFBj2jU/tWFOteVM4KTUyQymlA1pH9uOKirRhPns3gk5ckqPxIl2pSyZqV8nciqNGcvIdUpqB+anNxV/89qZjc/DnKs0s6jYfFGcCWITMn2e9LhGZsXYEco0d7cSNqCaMusiKv0vhOCkelH1b04r9ctFGkU4gEM4hhqcQR2uoQEBMBDwAE/w7I28R+/Fe523FrzFzD58g/f2CbG0j+8=</latexit>



The challenge*

We don’t need to know everything. Focus on answering specific  
questions, i.e. computing specific quantities: “observables”. 

“Modern” quantum mechanics, i.e. quantum field theory



The challenge*

We don’t need to know everything. Focus on answering specific  
questions, i.e. computing specific quantities: “observables”. 

E.g. a correlation function:

“Modern” quantum mechanics, i.e. quantum field theory

Sample with a  
random number 
generator that 
obeys

G(x) =

Z
D� P[�] G[�,x]

<latexit sha1_base64="BM1MtSov6oKaai81GVOIZJzuZVA=">AAACOXicjZBNS8MwGMfT+TbnW9Wjl+AQJsjoRFARYagwjxtYN2jLSLN0C0tfSFJxlH0uL34Kbx68eFDx6hcw7Qo6UfCBwJ/f8zzJP383YlRIw3jUCjOzc/MLxcXS0vLK6pq+vnEtwphjYuKQhbzjIkEYDYgpqWSkE3GCfJeRtjs8T/vtG8IFDYMrOYqI46N+QD2KkVSoq7calcR2PXg73oWn0KaBhLaP5AAjBi+gHQ0otE++UNNKkTPFGhnby69xunq5VjWygn+LMsir2dUf7F6IY58EEjMkhFUzIukkiEuKGRmX7FiQCOEh6hNLyQD5RDhJ9vUx3FGkB72Qq6O8Z/T7RoJ8IUa+qyZTv+JnL4W/9axYekdOQoMoliTAk4e8mEEZwjRH2KOcYMlGSiDMqfIK8QBxhKVKu/S/EMz96nHVaB2U62d5GkWwBbZBBdTAIaiDS9AEJsDgDjyBF/Cq3WvP2pv2PhktaPnOJpgq7eMTVqyrDQ==</latexit><latexit sha1_base64="BM1MtSov6oKaai81GVOIZJzuZVA=">AAACOXicjZBNS8MwGMfT+TbnW9Wjl+AQJsjoRFARYagwjxtYN2jLSLN0C0tfSFJxlH0uL34Kbx68eFDx6hcw7Qo6UfCBwJ/f8zzJP383YlRIw3jUCjOzc/MLxcXS0vLK6pq+vnEtwphjYuKQhbzjIkEYDYgpqWSkE3GCfJeRtjs8T/vtG8IFDYMrOYqI46N+QD2KkVSoq7calcR2PXg73oWn0KaBhLaP5AAjBi+gHQ0otE++UNNKkTPFGhnby69xunq5VjWygn+LMsir2dUf7F6IY58EEjMkhFUzIukkiEuKGRmX7FiQCOEh6hNLyQD5RDhJ9vUx3FGkB72Qq6O8Z/T7RoJ8IUa+qyZTv+JnL4W/9axYekdOQoMoliTAk4e8mEEZwjRH2KOcYMlGSiDMqfIK8QBxhKVKu/S/EMz96nHVaB2U62d5GkWwBbZBBdTAIaiDS9AEJsDgDjyBF/Cq3WvP2pv2PhktaPnOJpgq7eMTVqyrDQ==</latexit><latexit sha1_base64="BM1MtSov6oKaai81GVOIZJzuZVA=">AAACOXicjZBNS8MwGMfT+TbnW9Wjl+AQJsjoRFARYagwjxtYN2jLSLN0C0tfSFJxlH0uL34Kbx68eFDx6hcw7Qo6UfCBwJ/f8zzJP383YlRIw3jUCjOzc/MLxcXS0vLK6pq+vnEtwphjYuKQhbzjIkEYDYgpqWSkE3GCfJeRtjs8T/vtG8IFDYMrOYqI46N+QD2KkVSoq7calcR2PXg73oWn0KaBhLaP5AAjBi+gHQ0otE++UNNKkTPFGhnby69xunq5VjWygn+LMsir2dUf7F6IY58EEjMkhFUzIukkiEuKGRmX7FiQCOEh6hNLyQD5RDhJ9vUx3FGkB72Qq6O8Z/T7RoJ8IUa+qyZTv+JnL4W/9axYekdOQoMoliTAk4e8mEEZwjRH2KOcYMlGSiDMqfIK8QBxhKVKu/S/EMz96nHVaB2U62d5GkWwBbZBBdTAIaiDS9AEJsDgDjyBF/Cq3WvP2pv2PhktaPnOJpgq7eMTVqyrDQ==</latexit>

Calculate for 
each sample

P[�]
<latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit> Sum over all possible  

with weight  
�(x)

<latexit sha1_base64="dsr12/WTRKw9kF23sISDK9DoIac=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJWxEUG9BLx4juCaQXcLspDcZMju7zswGw5Lv8OJBxas/482/cfI4qChY0FBUddNFhang2rjuh7OwuLS8slpYK65vbG5tl3Z2b3WSKYYeS0SiWiHVKLhEz3AjsJUqpHEosBkOLid+c4hK80TemFGKQUx7kkecUWOlwE/7vJL7YUTux0edUrlWdacgf5MyzNHolN79bsKyGKVhgmrdrrmpCXKqDGcCx0U/05hSNqA9bFsqaYw6yKehx+TQKl0SJcqONGSqfr3Iaaz1KA7tZkxNX//0JuJvXjsz0VmQc5lmBiWbPYoyQUxCJg2QLlfIjBhZQpniNithfaooM7an4v9K8I6r51X3+qRcv5i3UYB9OIAK1OAU6nAFDfCAwR08wBM8O0Pn0XlxXmerC878Zg++wXn7BHzCkXQ=</latexit><latexit sha1_base64="dsr12/WTRKw9kF23sISDK9DoIac=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJWxEUG9BLx4juCaQXcLspDcZMju7zswGw5Lv8OJBxas/482/cfI4qChY0FBUddNFhang2rjuh7OwuLS8slpYK65vbG5tl3Z2b3WSKYYeS0SiWiHVKLhEz3AjsJUqpHEosBkOLid+c4hK80TemFGKQUx7kkecUWOlwE/7vJL7YUTux0edUrlWdacgf5MyzNHolN79bsKyGKVhgmrdrrmpCXKqDGcCx0U/05hSNqA9bFsqaYw6yKehx+TQKl0SJcqONGSqfr3Iaaz1KA7tZkxNX//0JuJvXjsz0VmQc5lmBiWbPYoyQUxCJg2QLlfIjBhZQpniNithfaooM7an4v9K8I6r51X3+qRcv5i3UYB9OIAK1OAU6nAFDfCAwR08wBM8O0Pn0XlxXmerC878Zg++wXn7BHzCkXQ=</latexit><latexit sha1_base64="dsr12/WTRKw9kF23sISDK9DoIac=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJWxEUG9BLx4juCaQXcLspDcZMju7zswGw5Lv8OJBxas/482/cfI4qChY0FBUddNFhang2rjuh7OwuLS8slpYK65vbG5tl3Z2b3WSKYYeS0SiWiHVKLhEz3AjsJUqpHEosBkOLid+c4hK80TemFGKQUx7kkecUWOlwE/7vJL7YUTux0edUrlWdacgf5MyzNHolN79bsKyGKVhgmrdrrmpCXKqDGcCx0U/05hSNqA9bFsqaYw6yKehx+TQKl0SJcqONGSqfr3Iaaz1KA7tZkxNX//0JuJvXjsz0VmQc5lmBiWbPYoyQUxCJg2QLlfIjBhZQpniNithfaooM7an4v9K8I6r51X3+qRcv5i3UYB9OIAK1OAU6nAFDfCAwR08wBM8O0Pn0XlxXmerC878Zg++wXn7BHzCkXQ=</latexit>P[�]
<latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit>

�(x)
<latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit><latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit><latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit>



The challenge*

We don’t need to know everything. Focus on answering specific  
questions, i.e. computing specific quantities: “observables”. 

E.g. a correlation function:

“Modern” quantum mechanics, i.e. quantum field theory

Advantage: Doable 
Disadvantage: Massive amounts of linear algebra and statistics involved. 
                         An important class of systems requires exponentially  

      large statistics.

Sample with a  
random number 
generator that 
obeys

G(x) =

Z
D� P[�] G[�,x]

<latexit sha1_base64="BM1MtSov6oKaai81GVOIZJzuZVA=">AAACOXicjZBNS8MwGMfT+TbnW9Wjl+AQJsjoRFARYagwjxtYN2jLSLN0C0tfSFJxlH0uL34Kbx68eFDx6hcw7Qo6UfCBwJ/f8zzJP383YlRIw3jUCjOzc/MLxcXS0vLK6pq+vnEtwphjYuKQhbzjIkEYDYgpqWSkE3GCfJeRtjs8T/vtG8IFDYMrOYqI46N+QD2KkVSoq7calcR2PXg73oWn0KaBhLaP5AAjBi+gHQ0otE++UNNKkTPFGhnby69xunq5VjWygn+LMsir2dUf7F6IY58EEjMkhFUzIukkiEuKGRmX7FiQCOEh6hNLyQD5RDhJ9vUx3FGkB72Qq6O8Z/T7RoJ8IUa+qyZTv+JnL4W/9axYekdOQoMoliTAk4e8mEEZwjRH2KOcYMlGSiDMqfIK8QBxhKVKu/S/EMz96nHVaB2U62d5GkWwBbZBBdTAIaiDS9AEJsDgDjyBF/Cq3WvP2pv2PhktaPnOJpgq7eMTVqyrDQ==</latexit><latexit sha1_base64="BM1MtSov6oKaai81GVOIZJzuZVA=">AAACOXicjZBNS8MwGMfT+TbnW9Wjl+AQJsjoRFARYagwjxtYN2jLSLN0C0tfSFJxlH0uL34Kbx68eFDx6hcw7Qo6UfCBwJ/f8zzJP383YlRIw3jUCjOzc/MLxcXS0vLK6pq+vnEtwphjYuKQhbzjIkEYDYgpqWSkE3GCfJeRtjs8T/vtG8IFDYMrOYqI46N+QD2KkVSoq7calcR2PXg73oWn0KaBhLaP5AAjBi+gHQ0otE++UNNKkTPFGhnby69xunq5VjWygn+LMsir2dUf7F6IY58EEjMkhFUzIukkiEuKGRmX7FiQCOEh6hNLyQD5RDhJ9vUx3FGkB72Qq6O8Z/T7RoJ8IUa+qyZTv+JnL4W/9axYekdOQoMoliTAk4e8mEEZwjRH2KOcYMlGSiDMqfIK8QBxhKVKu/S/EMz96nHVaB2U62d5GkWwBbZBBdTAIaiDS9AEJsDgDjyBF/Cq3WvP2pv2PhktaPnOJpgq7eMTVqyrDQ==</latexit><latexit sha1_base64="BM1MtSov6oKaai81GVOIZJzuZVA=">AAACOXicjZBNS8MwGMfT+TbnW9Wjl+AQJsjoRFARYagwjxtYN2jLSLN0C0tfSFJxlH0uL34Kbx68eFDx6hcw7Qo6UfCBwJ/f8zzJP383YlRIw3jUCjOzc/MLxcXS0vLK6pq+vnEtwphjYuKQhbzjIkEYDYgpqWSkE3GCfJeRtjs8T/vtG8IFDYMrOYqI46N+QD2KkVSoq7calcR2PXg73oWn0KaBhLaP5AAjBi+gHQ0otE++UNNKkTPFGhnby69xunq5VjWygn+LMsir2dUf7F6IY58EEjMkhFUzIukkiEuKGRmX7FiQCOEh6hNLyQD5RDhJ9vUx3FGkB72Qq6O8Z/T7RoJ8IUa+qyZTv+JnL4W/9axYekdOQoMoliTAk4e8mEEZwjRH2KOcYMlGSiDMqfIK8QBxhKVKu/S/EMz96nHVaB2U62d5GkWwBbZBBdTAIaiDS9AEJsDgDjyBF/Cq3WvP2pv2PhktaPnOJpgq7eMTVqyrDQ==</latexit>

Calculate for 
each sample

P[�]
<latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit> Sum over all possible  

with weight  
�(x)

<latexit sha1_base64="dsr12/WTRKw9kF23sISDK9DoIac=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJWxEUG9BLx4juCaQXcLspDcZMju7zswGw5Lv8OJBxas/482/cfI4qChY0FBUddNFhang2rjuh7OwuLS8slpYK65vbG5tl3Z2b3WSKYYeS0SiWiHVKLhEz3AjsJUqpHEosBkOLid+c4hK80TemFGKQUx7kkecUWOlwE/7vJL7YUTux0edUrlWdacgf5MyzNHolN79bsKyGKVhgmrdrrmpCXKqDGcCx0U/05hSNqA9bFsqaYw6yKehx+TQKl0SJcqONGSqfr3Iaaz1KA7tZkxNX//0JuJvXjsz0VmQc5lmBiWbPYoyQUxCJg2QLlfIjBhZQpniNithfaooM7an4v9K8I6r51X3+qRcv5i3UYB9OIAK1OAU6nAFDfCAwR08wBM8O0Pn0XlxXmerC878Zg++wXn7BHzCkXQ=</latexit><latexit sha1_base64="dsr12/WTRKw9kF23sISDK9DoIac=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJWxEUG9BLx4juCaQXcLspDcZMju7zswGw5Lv8OJBxas/482/cfI4qChY0FBUddNFhang2rjuh7OwuLS8slpYK65vbG5tl3Z2b3WSKYYeS0SiWiHVKLhEz3AjsJUqpHEosBkOLid+c4hK80TemFGKQUx7kkecUWOlwE/7vJL7YUTux0edUrlWdacgf5MyzNHolN79bsKyGKVhgmrdrrmpCXKqDGcCx0U/05hSNqA9bFsqaYw6yKehx+TQKl0SJcqONGSqfr3Iaaz1KA7tZkxNX//0JuJvXjsz0VmQc5lmBiWbPYoyQUxCJg2QLlfIjBhZQpniNithfaooM7an4v9K8I6r51X3+qRcv5i3UYB9OIAK1OAU6nAFDfCAwR08wBM8O0Pn0XlxXmerC878Zg++wXn7BHzCkXQ=</latexit><latexit sha1_base64="dsr12/WTRKw9kF23sISDK9DoIac=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJWxEUG9BLx4juCaQXcLspDcZMju7zswGw5Lv8OJBxas/482/cfI4qChY0FBUddNFhang2rjuh7OwuLS8slpYK65vbG5tl3Z2b3WSKYYeS0SiWiHVKLhEz3AjsJUqpHEosBkOLid+c4hK80TemFGKQUx7kkecUWOlwE/7vJL7YUTux0edUrlWdacgf5MyzNHolN79bsKyGKVhgmrdrrmpCXKqDGcCx0U/05hSNqA9bFsqaYw6yKehx+TQKl0SJcqONGSqfr3Iaaz1KA7tZkxNX//0JuJvXjsz0VmQc5lmBiWbPYoyQUxCJg2QLlfIjBhZQpniNithfaooM7an4v9K8I6r51X3+qRcv5i3UYB9OIAK1OAU6nAFDfCAwR08wBM8O0Pn0XlxXmerC878Zg++wXn7BHzCkXQ=</latexit>P[�]
<latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit>

�(x)
<latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit><latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit><latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit>



The challenge*
Random field generator P[�]

<latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit>

Typically a very complicated function of the field that requires  
a large number of linear algebra operations to be evaluated. 
(It’s the determinant of a large and complicated matrix computed on the fly)

Can we use ML ideas to speed this up?



The challenge*
Random field generator P[�]

<latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit><latexit sha1_base64="AFo5LvZfsM4dhXAwFf94G7tZTFk=">AAAB+HicjVBNS8NAFHypX7V+RT16WSyCp5KKoN6KXjxWMFpoQtlsN+3SzSbsvhRK6D/x4kHFqz/Fm//GTduDioIDD4aZ93jDRJkUBj3vw6ksLa+srlXXaxubW9s77u7enUlzzbjPUpnqTkQNl0JxHwVK3sk0p0kk+X00uir9+zHXRqTqFicZDxM6UCIWjKKVeq4bJBSHjErS7gbZUIQ9t95seDOQv0kdFmj33Pegn7I84QqZpMZ0m16GYUE1Cib5tBbkhmeUjeiAdy1VNOEmLGbJp+TIKn0Sp9qOQjJTv14UNDFmkkR2s8xpfnql+JvXzTE+Dwuhshy5YvNHcS4JpqSsgfSF5gzlxBLKtLBZCRtSTRnasmr/K8E/aVw0vJvTeuty0UYVDuAQjqEJZ9CCa2iDDwzG8ABP8OwUzqPz4rzOVyvO4mYfvsF5+wR9h5Mc</latexit>

Typically a very complicated function of the field that requires  
a large number of linear algebra operations to be evaluated. 
(It’s the determinant of a large and complicated matrix computed on the fly)

Can we use ML ideas to speed this up?

Detecting phase transitions 

Can neural networks detect phase transitions in the fields 
without computing specific observables? 

�
<latexit sha1_base64="WzX5hPoFXUpWs/Wez1k7Cdr/S08=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQ9lsJ83S3U3Y3Qgl9C948aDi1V/kzX9jkvagouCDgcd7M8zMCxLBjXXdD6eytLyyulZdr21sbm3v1Hf37kycaoYei0WsewE1KLhCz3IrsJdopDIQ2A0mV4XfvUdteKxu7TRBX9Kx4iFn1BbSIIn4sN5oNd0S5G/SgAU6w/r7YBSzVKKyTFBj+i03sX5GteVM4Kw2SA0mlE3oGPs5VVSi8bPy1hk5ypURCWOdl7KkVL9OZFQaM5VB3impjcxPrxB/8/qpDc/9jKsktajYfFGYCmJjUjxORlwjs2KaE8o0z28lLKKaMpvHU/tfCN5J86Lp3pw22peLNKpwAIdwDC04gzZcQwc8YBDBAzzBsyOdR+fFeZ23VpzFzD58g/P2CYTHjhU=</latexit><latexit sha1_base64="WzX5hPoFXUpWs/Wez1k7Cdr/S08=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQ9lsJ83S3U3Y3Qgl9C948aDi1V/kzX9jkvagouCDgcd7M8zMCxLBjXXdD6eytLyyulZdr21sbm3v1Hf37kycaoYei0WsewE1KLhCz3IrsJdopDIQ2A0mV4XfvUdteKxu7TRBX9Kx4iFn1BbSIIn4sN5oNd0S5G/SgAU6w/r7YBSzVKKyTFBj+i03sX5GteVM4Kw2SA0mlE3oGPs5VVSi8bPy1hk5ypURCWOdl7KkVL9OZFQaM5VB3impjcxPrxB/8/qpDc/9jKsktajYfFGYCmJjUjxORlwjs2KaE8o0z28lLKKaMpvHU/tfCN5J86Lp3pw22peLNKpwAIdwDC04gzZcQwc8YBDBAzzBsyOdR+fFeZ23VpzFzD58g/P2CYTHjhU=</latexit><latexit sha1_base64="WzX5hPoFXUpWs/Wez1k7Cdr/S08=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQ9lsJ83S3U3Y3Qgl9C948aDi1V/kzX9jkvagouCDgcd7M8zMCxLBjXXdD6eytLyyulZdr21sbm3v1Hf37kycaoYei0WsewE1KLhCz3IrsJdopDIQ2A0mV4XfvUdteKxu7TRBX9Kx4iFn1BbSIIn4sN5oNd0S5G/SgAU6w/r7YBSzVKKyTFBj+i03sX5GteVM4Kw2SA0mlE3oGPs5VVSi8bPy1hk5ypURCWOdl7KkVL9OZFQaM5VB3impjcxPrxB/8/qpDc/9jKsktajYfFGYCmJjUjxORlwjs2KaE8o0z28lLKKaMpvHU/tfCN5J86Lp3pw22peLNKpwAIdwDC04gzZcQwc8YBDBAzzBsyOdR+fFeZ23VpzFzD58g/P2CYTHjhU=</latexit>

Correlation functions            can be expensive to compute, 
difficult to analyze, and not always available.

G(x)
<latexit sha1_base64="Ql44z5259y/dC4sces9sT3eVjPs=">AAAB8HicjVDLSgNBEOyNrxhfUY9eBoMQL2EjAfUW9KDHCK4JJkuYncwmQ2Znl5leMSz5Cy8eVLz6Od78GyePg4qCBQ1FVTfdXUEihUHX/XByC4tLyyv51cLa+sbmVnF758bEqWbcY7GMdSughkuhuIcCJW8lmtMokLwZDM8nfvOOayNidY2jhPsR7SsRCkbRSrcX5awThOR+fNgtlqoVdwryNynBHI1u8b3Ti1kacYVMUmPaVTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6YXj8mBVXokjLUthWSqfp3IaGTMKApsZ0RxYH56E/E3r51ieOJnQiUpcsVmi8JUEozJ5H3SE5ozlCNLKNPC3krYgGrK0IZU+F8I3lHltOJe1Ur1s3kaediDfShDFY6hDpfQAA8YKHiAJ3h2jPPovDivs9acM5/ZhW9w3j4B+kyQAA==</latexit><latexit sha1_base64="Ql44z5259y/dC4sces9sT3eVjPs=">AAAB8HicjVDLSgNBEOyNrxhfUY9eBoMQL2EjAfUW9KDHCK4JJkuYncwmQ2Znl5leMSz5Cy8eVLz6Od78GyePg4qCBQ1FVTfdXUEihUHX/XByC4tLyyv51cLa+sbmVnF758bEqWbcY7GMdSughkuhuIcCJW8lmtMokLwZDM8nfvOOayNidY2jhPsR7SsRCkbRSrcX5awThOR+fNgtlqoVdwryNynBHI1u8b3Ti1kacYVMUmPaVTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6YXj8mBVXokjLUthWSqfp3IaGTMKApsZ0RxYH56E/E3r51ieOJnQiUpcsVmi8JUEozJ5H3SE5ozlCNLKNPC3krYgGrK0IZU+F8I3lHltOJe1Ur1s3kaediDfShDFY6hDpfQAA8YKHiAJ3h2jPPovDivs9acM5/ZhW9w3j4B+kyQAA==</latexit><latexit sha1_base64="Ql44z5259y/dC4sces9sT3eVjPs=">AAAB8HicjVDLSgNBEOyNrxhfUY9eBoMQL2EjAfUW9KDHCK4JJkuYncwmQ2Znl5leMSz5Cy8eVLz6Od78GyePg4qCBQ1FVTfdXUEihUHX/XByC4tLyyv51cLa+sbmVnF758bEqWbcY7GMdSughkuhuIcCJW8lmtMokLwZDM8nfvOOayNidY2jhPsR7SsRCkbRSrcX5awThOR+fNgtlqoVdwryNynBHI1u8b3Ti1kacYVMUmPaVTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6YXj8mBVXokjLUthWSqfp3IaGTMKApsZ0RxYH56E/E3r51ieOJnQiUpcsVmi8JUEozJ5H3SE5ozlCNLKNPC3krYgGrK0IZU+F8I3lHltOJe1Ur1s3kaediDfShDFY6hDpfQAA8YKHiAJ3h2jPPovDivs9acM5/ZhW9w3j4B+kyQAA==</latexit>



How machine learning is helping

Not using full-fledged deep learning, but inspired by it.
Speeding up QMC using ML ideas: “Self-learning QMC”

Fast and exact…as long as  
parametrization is robust

Trial simulation
Learning (fit)
Pe↵[�]

<latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit>

…

Actual calculation

Explore configuration  
space with Pe↵[�]

<latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit>

Validate with P[�]
<latexit sha1_base64="bla3AkduTMHfJU7Xh3vacCjplw4=">AAAB+HicbVBNS8NAFHypX7V+RT16WSyCp5KIoN6KXjxWMLaQhLLZbtqlm03Y3RRK6D/x4kHFqz/Fm//GTZuDtg4sDDPv8WYnyjhT2nG+rdra+sbmVn27sbO7t39gHx49qTSXhHok5ansRVhRzgT1NNOc9jJJcRJx2o3Gd6XfnVCpWCoe9TSjYYKHgsWMYG2kvm0HCdYjgjnq+EE2YmHfbjotZw60StyKNKFCp29/BYOU5AkVmnCslO86mQ4LLDUjnM4aQa5ohskYD6lvqMAJVWExTz5DZ0YZoDiV5gmN5urvjQInSk2TyEyWOdWyV4r/eX6u4+uwYCLLNRVkcSjOOdIpKmtAAyYp0XxqCCaSmayIjLDERJuyGqYEd/nLq8S7aN20nIfLZvu2aqMOJ3AK5+DCFbThHjrgAYEJPMMrvFmF9WK9Wx+L0ZpV7RzDH1ifP3klkxk=</latexit><latexit sha1_base64="bla3AkduTMHfJU7Xh3vacCjplw4=">AAAB+HicbVBNS8NAFHypX7V+RT16WSyCp5KIoN6KXjxWMLaQhLLZbtqlm03Y3RRK6D/x4kHFqz/Fm//GTZuDtg4sDDPv8WYnyjhT2nG+rdra+sbmVn27sbO7t39gHx49qTSXhHok5ansRVhRzgT1NNOc9jJJcRJx2o3Gd6XfnVCpWCoe9TSjYYKHgsWMYG2kvm0HCdYjgjnq+EE2YmHfbjotZw60StyKNKFCp29/BYOU5AkVmnCslO86mQ4LLDUjnM4aQa5ohskYD6lvqMAJVWExTz5DZ0YZoDiV5gmN5urvjQInSk2TyEyWOdWyV4r/eX6u4+uwYCLLNRVkcSjOOdIpKmtAAyYp0XxqCCaSmayIjLDERJuyGqYEd/nLq8S7aN20nIfLZvu2aqMOJ3AK5+DCFbThHjrgAYEJPMMrvFmF9WK9Wx+L0ZpV7RzDH1ifP3klkxk=</latexit><latexit sha1_base64="bla3AkduTMHfJU7Xh3vacCjplw4=">AAAB+HicbVBNS8NAFHypX7V+RT16WSyCp5KIoN6KXjxWMLaQhLLZbtqlm03Y3RRK6D/x4kHFqz/Fm//GTZuDtg4sDDPv8WYnyjhT2nG+rdra+sbmVn27sbO7t39gHx49qTSXhHok5ansRVhRzgT1NNOc9jJJcRJx2o3Gd6XfnVCpWCoe9TSjYYKHgsWMYG2kvm0HCdYjgjnq+EE2YmHfbjotZw60StyKNKFCp29/BYOU5AkVmnCslO86mQ4LLDUjnM4aQa5ohskYD6lvqMAJVWExTz5DZ0YZoDiV5gmN5urvjQInSk2TyEyWOdWyV4r/eX6u4+uwYCLLNRVkcSjOOdIpKmtAAyYp0XxqCCaSmayIjLDERJuyGqYEd/nLq8S7aN20nIfLZvu2aqMOJ3AK5+DCFbThHjrgAYEJPMMrvFmF9WK9Wx+L0ZpV7RzDH1ifP3klkxk=</latexit>

simple/fast}
<latexit sha1_base64="DO3+AgGDIVD+uuUzt4lYziqckR4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt0Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRZZALlWbIFZsvijJJMCHTt0lfaM5Qji2hTAt7K2FDqilDG07FhuAtvrxM/LP6Vd29O681ros0ynAEx3AKHlxAA26hCT4wiOAZXuHNGTkvzrvzMW8tOcXMIfyB8/kDDD6NOg==</latexit><latexit sha1_base64="DO3+AgGDIVD+uuUzt4lYziqckR4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt0Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRZZALlWbIFZsvijJJMCHTt0lfaM5Qji2hTAt7K2FDqilDG07FhuAtvrxM/LP6Vd29O681ros0ynAEx3AKHlxAA26hCT4wiOAZXuHNGTkvzrvzMW8tOcXMIfyB8/kDDD6NOg==</latexit><latexit sha1_base64="DO3+AgGDIVD+uuUzt4lYziqckR4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt0Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRZZALlWbIFZsvijJJMCHTt0lfaM5Qji2hTAt7K2FDqilDG07FhuAtvrxM/LP6Vd29O681ros0ynAEx3AKHlxAA26hCT4wiOAZXuHNGTkvzrvzMW8tOcXMIfyB8/kDDD6NOg==</latexit>



Fast and exact…as long as  
parametrization is robust

Trial simulation
Learning (fit)
Pe↵[�]

<latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit>

…

Actual calculation

Explore configuration  
space with Pe↵[�]

<latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit><latexit sha1_base64="GK3cFqsR27U9ZHpVgfkTkynykOo=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GwCnciqF3QxjKCMYHcEfY2c8mSvQ9258RwpLDxr9hYqNj6J+z8N26SKzTxwcDjvRlm5gWpFBod59taWl5ZXVsvbZQ3t7Z3du29/TudZIpDkycyUe2AaZAihiYKlNBOFbAokNAKhlcTv3UPSoskvsVRCn7E+rEIBWdopK5d8SKGA84kbXQ9hAfMIQzHHS8dCL9rV52aMwVdJG5BqqRAo2t/eb2EZxHEyCXTuuM6Kfo5Uyi4hHHZyzSkjA9ZHzqGxiwC7efTJ8b0yCg9GibKVIx0qv6eyFmk9SgKTOfkZD3vTcT/vE6G4bmfizjNEGI+WxRmkmJCJ4nQnlDAUY4MYVwJcyvlA6YYR5Nb2YTgzr+8SJontYuac3NarV8WaZRIhRySY+KSM1In16RBmoSTR/JMXsmb9WS9WO/Wx6x1ySpmDsgfWJ8/eMOYMA==</latexit>

Validate with P[�]
<latexit sha1_base64="bla3AkduTMHfJU7Xh3vacCjplw4=">AAAB+HicbVBNS8NAFHypX7V+RT16WSyCp5KIoN6KXjxWMLaQhLLZbtqlm03Y3RRK6D/x4kHFqz/Fm//GTZuDtg4sDDPv8WYnyjhT2nG+rdra+sbmVn27sbO7t39gHx49qTSXhHok5ansRVhRzgT1NNOc9jJJcRJx2o3Gd6XfnVCpWCoe9TSjYYKHgsWMYG2kvm0HCdYjgjnq+EE2YmHfbjotZw60StyKNKFCp29/BYOU5AkVmnCslO86mQ4LLDUjnM4aQa5ohskYD6lvqMAJVWExTz5DZ0YZoDiV5gmN5urvjQInSk2TyEyWOdWyV4r/eX6u4+uwYCLLNRVkcSjOOdIpKmtAAyYp0XxqCCaSmayIjLDERJuyGqYEd/nLq8S7aN20nIfLZvu2aqMOJ3AK5+DCFbThHjrgAYEJPMMrvFmF9WK9Wx+L0ZpV7RzDH1ifP3klkxk=</latexit><latexit sha1_base64="bla3AkduTMHfJU7Xh3vacCjplw4=">AAAB+HicbVBNS8NAFHypX7V+RT16WSyCp5KIoN6KXjxWMLaQhLLZbtqlm03Y3RRK6D/x4kHFqz/Fm//GTZuDtg4sDDPv8WYnyjhT2nG+rdra+sbmVn27sbO7t39gHx49qTSXhHok5ansRVhRzgT1NNOc9jJJcRJx2o3Gd6XfnVCpWCoe9TSjYYKHgsWMYG2kvm0HCdYjgjnq+EE2YmHfbjotZw60StyKNKFCp29/BYOU5AkVmnCslO86mQ4LLDUjnM4aQa5ohskYD6lvqMAJVWExTz5DZ0YZoDiV5gmN5urvjQInSk2TyEyWOdWyV4r/eX6u4+uwYCLLNRVkcSjOOdIpKmtAAyYp0XxqCCaSmayIjLDERJuyGqYEd/nLq8S7aN20nIfLZvu2aqMOJ3AK5+DCFbThHjrgAYEJPMMrvFmF9WK9Wx+L0ZpV7RzDH1ifP3klkxk=</latexit><latexit sha1_base64="bla3AkduTMHfJU7Xh3vacCjplw4=">AAAB+HicbVBNS8NAFHypX7V+RT16WSyCp5KIoN6KXjxWMLaQhLLZbtqlm03Y3RRK6D/x4kHFqz/Fm//GTZuDtg4sDDPv8WYnyjhT2nG+rdra+sbmVn27sbO7t39gHx49qTSXhHok5ansRVhRzgT1NNOc9jJJcRJx2o3Gd6XfnVCpWCoe9TSjYYKHgsWMYG2kvm0HCdYjgjnq+EE2YmHfbjotZw60StyKNKFCp29/BYOU5AkVmnCslO86mQ4LLDUjnM4aQa5ohskYD6lvqMAJVWExTz5DZ0YZoDiV5gmN5urvjQInSk2TyEyWOdWyV4r/eX6u4+uwYCLLNRVkcSjOOdIpKmtAAyYp0XxqCCaSmayIjLDERJuyGqYEd/nLq8S7aN20nIfLZvu2aqMOJ3AK5+DCFbThHjrgAYEJPMMrvFmF9WK9Wx+L0ZpV7RzDH1ifP3klkxk=</latexit>

simple/fast}
<latexit sha1_base64="DO3+AgGDIVD+uuUzt4lYziqckR4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt0Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRZZALlWbIFZsvijJJMCHTt0lfaM5Qji2hTAt7K2FDqilDG07FhuAtvrxM/LP6Vd29O681ros0ynAEx3AKHlxAA26hCT4wiOAZXuHNGTkvzrvzMW8tOcXMIfyB8/kDDD6NOg==</latexit><latexit sha1_base64="DO3+AgGDIVD+uuUzt4lYziqckR4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt0Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRZZALlWbIFZsvijJJMCHTt0lfaM5Qji2hTAt7K2FDqilDG07FhuAtvrxM/LP6Vd29O681ros0ynAEx3AKHlxAA26hCT4wiOAZXuHNGTkvzrvzMW8tOcXMIfyB8/kDDD6NOg==</latexit><latexit sha1_base64="DO3+AgGDIVD+uuUzt4lYziqckR4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt0Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRZZALlWbIFZsvijJJMCHTt0lfaM5Qji2hTAt7K2FDqilDG07FhuAtvrxM/LP6Vd29O681ros0ynAEx3AKHlxAA26hCT4wiOAZXuHNGTkvzrvzMW8tOcXMIfyB8/kDDD6NOg==</latexit>

How machine learning is helping

Not using full-fledged deep learning, but inspired by it.
Speeding up QMC using ML ideas: “Self-learning QMC”

Liu et al. Phys. Rev. B 95, 041101(R) (2017) 



How machine learning is helping
Detecting phase transitions and critical phenomena: 
“Machine learning phases of strongly correlated fermions”

�(x)
<latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit><latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit><latexit sha1_base64="lfZWFtDwIhYAFqbVh3xOb9491ck=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCE8pmu2mXbjZxd1Msob/DiwcVr/4Zb/4bt2kO2vpg4PHeDDPzgoQzpW372yqtrK6tb5Q3K1vbO7t71f2DBxWnklCXxDyWnQArypmgrmaa004iKY4CTtvB6Gbmt8dUKhaLez1JqB/hgWAhI1gbyfeSIatnXhCip+lpr1qzG3YOtEycgtSgQKtX/fL6MUkjKjThWKmuYyfaz7DUjHA6rXipogkmIzygXUMFjqjys/zoKToxSh+FsTQlNMrV3xMZjpSaRIHpjLAeqkVvJv7ndVMdXvoZE0mqqSDzRWHKkY7RLAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNyzxlXDvjuvNa+LNMpwBMdQBwcuoAm30AIXCDzCM7zCmzW2Xqx362PeWrKKmUP4A+vzB3hgkXE=</latexit>

�(x)
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“Antiferromagnet”

“Normal” We can’t tell the difference  
just by looking at the field! 

Can a neural network learn 
to identify phases?
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How machine learning is helping
Detecting phase transitions and critical phenomena: 
“Machine learning phases of strongly correlated fermions”

Use a 3D CNN!

Network maximally confused at  
phase transition temperature

K. Ch’ng, et al. Phys. Rev. X 7, 031038 (2017)



How machine learning is helping
Detecting phase transitions and critical phenomena: 
“Machine learning phases of strongly correlated fermions”

Use a 3D CNN!

Phase diagram

K. Ch’ng, et al. Phys. Rev. X 7, 031038 (2017)

Network maximally confused at  
phase transition temperature



How machine learning is helping
Our forays using CNNs — quieting the sign problem

The sign problem is a serious roadblock that prevents important 
calculations in many areas of physics. 

Imagine you would like to estimate an observable using a probability 
measure       , but varies in sign and is not well-defined.

Determining an accurate estimate for      can be like finding a needle 
in a quantum haystack.  

Can we use convolutional neural networks to more cheaply
calculate observables when the sign problem worsens? 

hOi

hOi =

Z
D� P[�] O[�]
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Learning for dilute quantum matter
The limit of small densities (or number of particles) is one region where 
the sign problem makes calculations difficult. 

In our quantum Monte Carlo calculations, we are interested in 
thermodynamic quantities such as the density equation of state. 

The goal: CNNs can enable explorations of stronger interactions by 
                working together with quantum Monte Carlo algorithms.
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Learning for dilute quantum matter
The goal: CNNs can enable explorations of stronger interactions by 
                working together with quantum Monte Carlo algorithms. 

Use field configurations from the deep quantum regime 
(where the signal-to-noise is better) as training data.
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Learning for dilute quantum matter
Network architecture

- Network uses both convolutional and 
dense layers. 

- Implemented in Keras/TensorFlow. 
- Inputs:

- normalized form of fermion matrix 
- interaction strength 
- chemical potential 
- value of the fermion determinant 

- Output: classification of field 
configuration: 
- > 20% error in density 
- between 10% and 20% error 
- < 10% error 

~14,500 parameters. 
Trained with ~150k - 300k samples. 
Design still being optimized.

2D convolution    (3, 3)    16 filters ReLU

2D convolution    (3, 3)    8 filters ReLU

2D convolution    (5, 5)    8 filters ReLU

2D convolution    (6, 6)    4 filters ReLU

2D convolution    (7, 7)    4 filters ReLU

2D convolution    (7, 7)    4 filters ReLU

Fully connnected layer (32 neurons) ReLU

Fully connnected layer (32 neurons) ReLU

Fully connnected layer (32 neurons) ReLU

Fully connnected layer (16 neurons) ReLU

Fully connnected layer (8 neurons) ReLU

Fully connnected layer (32 neurons) ReLU

Fully connnected layer (16 neurons) ReLU

Fully connnected layer (16 neurons) ReLU

Fully connnected layer (8 neurons) ReLU

Normalized
fermion
matrix



Learning for dilute quantum matter
Shaded area shows the standard 
deviation σ of densities for each 
bin of field configurations. 

The red areas show σ for the 
original Monte Carlo data. 

The yellow areas show σ for 
subset of configurations whose 
error is < 20%. 

The blue areas: error < 10%. 

Large σ — severe sign problem. 

CNN improves limits drastically.

λ = 1
(preliminary and a work-in-progress)
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Learning for dilute quantum matter
λ = 1

(preliminary and a work-in-progress)

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

-6 -5 -4 -3 -2 -1  0  1  2  3  4

prediction training data

n
/n

0

βµ

All values
< 20% error
< 10% error

CNN
HMC

Reference value

 80

 85

 90

 95

 100

-6 -5 -4 -3 -2 -1  0  1  2  3  4

M
o
d
el

 a
cc

u
ra

cy

βµ

λ = 2
(preliminary and a work-in-progress)
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Learning for dilute quantum matter
λ = 2.5

 Entirely a prediction. 

The neural network can make 
small extrapolations to 

higher interaction strengths 
it has not seen before. 

Potentially very useful for our 
studies under a severe  

sign problem! 

Step one in a longer-term goal.
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Summary & conclusions
Understanding quantum matter is a challenging problem for 
physics at all scales: from inside atomic nuclei to materials 
and star interiors; 

The computational challenge has a linear algebra side and a 
statistics side; 

Machine learning is helping both sides simultaneously: the 
essential aspects of quantum dynamics can be learned 
with deep networks; 

However, networks work together with conventional methods 
to yield more efficient approaches - they do not replace them. 



Thank you!


