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The landscape of many-body complexity

• Many body systems are typically “solved” or “simulated”.  E.g. given a 
Hamiltonian, we may seek to find a ground state, or its correlation functions

✏(↵) = h (↵)|H| (↵)i
<latexit sha1_base64="Nkh5LEtoSI3wvT7ZHzpruxSRxIQ=">AAACIXicbVDLSgMxFL1TX7W+Rl26CS1CRSgzbnQjlLrpsoJ9QKeUTJppQzOZIckIpfZfBDd+im5E3Kj4M6bTIrT1woXDOSfcnOPHnCntON9WZm19Y3Mru53b2d3bP7APjxoqSiShdRLxSLZ8rChngtY105y2Yklx6HPa9Ic3U715T6VikbjTo5h2QtwXLGAEa0N17YpHY8V4JIoe5vEAn6Fr5HEs+pwizyh/9AOqml2gPJn6unbBKTnpoFXgzkGhnPfOHwGg1rVfvF5EkpAKTThWqu06se6MsdSMcDrJeYmiMSZD3KfjNOEEnRqqh4JImhUapeyCD4dKjULfOEOsB2pZm5L/ae1EB1edMRNxoqkgs0NBwpGO0LQu1GOSEs1HBmAimfkhIgMsMdGm1JyJ7i4HXQWNi5LrlNxb00EFZpOFE8hDEVy4hDJUoQZ1IPAMb/AJX9aT9Wq9Wx8za8aavzmGhbF+fgHLwqNP</latexit><latexit sha1_base64="Rpb6uddajgJAOkJWtonJvqb6K7E=">AAACIXicbVDNSgMxGMzWv1r/Vj16CS1CRSi7XvQilHrpsYJthW4p2TRtQ7NJSLLCUvsWvoEXH0UvIl60+DKm2yK09YMPhpkJX2ZCyag2njdxMmvrG5tb2e3czu7e/oF7eNTQIlaY1LFgQt2HSBNGOakbahi5l4qgKGSkGQ5vpnrzgShNBb8ziSTtCPU57VGMjKU6biUgUlMmeDFATA7QGbyGAUO8zwgMrPJHP8Kq3QUqUKmv4xa8kpcOXAX+HBTK+eD8aVJOah33NegKHEeEG8yQ1i3fk6Y9QspQzMg4F8SaSISHqE9GacIxPLVUF/aEsssNTNkFH4q0TqLQOiNkBnpZm5L/aa3Y9K7aI8plbAjHs0O9mEEj4LQu2KWKYMMSCxBW1P4Q4gFSCBtbas5G95eDroLGRcn3Sv6t7aACZpMFJyAPisAHl6AMqqAG6gCDF/AOvsC38+y8OR/O58yaceZvjsHCOD+/xfCk1Q==</latexit><latexit sha1_base64="Rpb6uddajgJAOkJWtonJvqb6K7E=">AAACIXicbVDNSgMxGMzWv1r/Vj16CS1CRSi7XvQilHrpsYJthW4p2TRtQ7NJSLLCUvsWvoEXH0UvIl60+DKm2yK09YMPhpkJX2ZCyag2njdxMmvrG5tb2e3czu7e/oF7eNTQIlaY1LFgQt2HSBNGOakbahi5l4qgKGSkGQ5vpnrzgShNBb8ziSTtCPU57VGMjKU6biUgUlMmeDFATA7QGbyGAUO8zwgMrPJHP8Kq3QUqUKmv4xa8kpcOXAX+HBTK+eD8aVJOah33NegKHEeEG8yQ1i3fk6Y9QspQzMg4F8SaSISHqE9GacIxPLVUF/aEsssNTNkFH4q0TqLQOiNkBnpZm5L/aa3Y9K7aI8plbAjHs0O9mEEj4LQu2KWKYMMSCxBW1P4Q4gFSCBtbas5G95eDroLGRcn3Sv6t7aACZpMFJyAPisAHl6AMqqAG6gCDF/AOvsC38+y8OR/O58yaceZvjsHCOD+/xfCk1Q==</latexit><latexit sha1_base64="Z2B8umnL45SMho2Aq02mEeRAA+M=">AAACIXicbVDLSgMxFM34rPU16tJNsAh1U2bc6EYoddNlBfuATil30kwbmsmEJCOU2q9x46foRsSNij9j2g5CWy9cOJxzws05oeRMG8/7dtbWNza3tnM7+d29/YND9+i4oZNUEVonCU9UKwRNORO0bpjhtCUVhTjktBkOb6d684EqzRJxb0aSdmLoCxYxAsZSXbcSUKkZT0QxAC4HcIFvcMBB9DnFgVX+6EdctbtABWrm67oFr+TNBq8CPwMFlE2t674EvYSkMRWGcNC67XvSdMagDCOcTvJBqqkEMoQ+Hc8STvC5pXo4SpRdYfCMXfBBrPUoDq0zBjPQy9qU/E9rpya67oyZkKmhgswPRSnHJsHTunCPKUoMH1kARDH7Q0wGoIAYW2reRveXg66CxmXJ90r+nVcoV7IScugUnaEi8tEVKqMqqqE6IugZvaFP9OU8Oa/Ou/Mxt6452ZsTtDDOzy/InaHG</latexit>

Example: fermonic Hubbard model

ergodicity sign problem entanglement scaling



The landscape of many-body complexity

• With the advent of experimental simulators, data from measurements of a 
quantum state turn this into a data-driven learning problem.

Q: how does our notion of complexity transfer?

E.g. Mazurenko et. al. Nature 545, 462 (2017)



Learning (quantum) states from data

• Target projective measurements on a large number of qubits

• Systematically increase the complexity of the learning problem

classical real/positive complex phase

p(x)

x1 = (1, 0, 0, 1, 1, 1, 0, 0, 0, 0, · · · , 1)
x2 = (1, 1, 1, 0, 1, 1, 0, 1, 1, 1, · · · , 1)
x3 = (0, 1, 1, 0, 0, 1, 0, 1, 0, 1, · · · , 0)

x10,000 = (0, 0, 1, 1, 1, 1, 0, 1, 0, 0, · · · , 0)

. . .

 (x) = +
p

p(x)
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… …
density matrix

⇢
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• Can be used to generate new data samples

hOi =
1

NMCS

X
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Ox

Strategy: probabilistic graphical models

p�
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• These can be used e.g. to calculate new estimators

• Parameterize with a graphical representation of a probability distribution

• Goal: take the data and learn the best possible approximation p�(x) ⇡ p(x)
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model parameters

joint probability distribution

Smolensky, Hinton, Salakhutdinov, BengioRestricted Boltzmann Machine

RBMs are “energy-based” models:
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visible units hidden unitsN nh

Wij

marginal probability distribution



Define an optimization problem: minimize the Kullback-Leibler divergence

G. Hinton, Neural computation 14, 1771 (2002)

Training means tuning the machine parameters to minimize the difference between the 
marginal distribution                               and the (unknown) physical “target” distribution

Training the RBM

p�(x) =
X

h

p�(x,h)

KL(p||p�) =
X

x

p(x) log
p(x)

p�(x)
� 0

The optimization landscape is thus defined - find minima using gradient 
descent 

� = {W, b, c}�0 = �� ⌘rL

p(x) p�(x)

Equivalent to maximizing the “log-likelihood” L = hlog p�(x)ip



After the training is complete, one can use Gibbs sampling to produce new 
configurations

Sampling the RBM

restrict observables 

⇡ hOiphysical

p�(x) ! p(x)

x h

N nh
hOijoint =

1

Z

X

x

Ox

X

h

p�(x, h)
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exact

N = 64

Torlai and RGM, PRB 94, 165134 (2016)
Classical 2D
Ising model

O = Ox



1D

N = 20

Can be trained with samples in only one basis (the computational basis)

Learning (real +ve) wavefunctions

hO
OD
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X

xx0

p
p�(x)

p
p�(x0)Oxx0 =

X

x

p�(x)
X

x0

p
p�(x0)p
p�(x)

Oxx0hO
D
i =

X

x

p�(x)Ox

“local” estimator

 �(x) /
p

p�(x)

Torlai, Mazzola, Carrasquilla, Troyer, RGM, Carleo, 
Nature Physics 14, 447-450 (2018)

N = 144
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• Minimum number of hidden units to achieve a give accuracy in energy?

1D
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quantum critical point

D. Sehayek, RGM
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quantum critical point

• Minimum number of measurements to achieve a give accuracy in energy?

1D
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D. Sehayek, RGM



Learning complex wavefunctions
For a more generic wavefunction with amplitude and phase, represent both with 
hidden units

Now, different bases are needed to estimate both the amplitude and phases of the target state.

 �,µ(x) /
p
p�(x)e

i�µ(x)

L =
NbX

b

X

xb

log | �,µ(xb)|2
Nb = number of bases

state rotated into basis b with the appropriate unitary

r�L rµLFrom this, calculate            and            , use stochastic gradient descent, etc.

In practice, training is done in two stages: learning of amplitude first, then optimization of the phase 
parameters.

x

Torlai, Mazzola, Carrasquilla, Troyer, RGM, Carleo, 
Nature Physics 14, 447-450 (2018)



x x

Learning complex wavefunctions Torlai, Mazzola, Carrasquilla, Troyer, RGM, Carleo, 
Nature Physics 14, 447-450 (2018)

N = 20

99.7%

qubits

fidelity

measurements

N-qubit “W” state, with local random phase shifts applied

Nb / 2N
<latexit sha1_base64="1iRvMWPd5D3OPLUXK7ZkBY9NuP4=">AAAB63icbVDLSgMxFL1TX7W+qoIbN8EiuCoz3eiy6MZVacE+oK01k6ZtaGYSkjtCKf0KNyJuFPwXf8GN32L62LT1QOBwzgn3nhtqKSz6/o+X2tjc2t5J72b29g8Oj7LHJzWrEsN4lSmpTCOklksR8yoKlLyhDadRKHk9HN5N/fozN1ao+AFHmrcj2o9FTzCKTnosdULS0kZpVKRQ6mRzft6fgayTYEFyxbPK7xMAlDvZ71ZXsSTiMTJJrW0Gvsb2mBoUTPJJppVYrikb0j4fz3adkEsndUlPGfdiJDN1KUcja0dR6JIRxYFd9abif14zwd5NeyxinSCP2XxQL5HENZsWJ11hOEM5coQyI9yGhA2ooQzdeTKuerBadJ3UCvnAzwcVd4NbmCMN53ABVxDANRThHspQBQYGXuEDPr3Ie/HevPd5NOUt/pzCEryvP75oj2E=</latexit><latexit sha1_base64="XQQm7FO4LL0UGGk4PP9lmpHk75c=">AAAB63icbVDLSgMxFL1TX7W+qoIbN8EiuCoz3eiy1I2r0oJ9QFtLJs20ockkJBmhlH6FGxE3Ci79Cxf+ghu/xfSxaeuBwOGcE+49N1ScGev7P15qY3Nreye9m9nbPzg8yh6f1I1MNKE1IrnUzRAbyllMa5ZZTptKUyxCThvh8HbqNx6pNkzG93akaEfgfswiRrB10kO5G6K20lJZiQrlbjbn5/0Z0DoJFiRXPKv+ss/SV6Wb/W73JEkEjS3h2JhW4CvbGWNtGeF0kmknhipMhrhPx7NdJ+jSST0USe1ebNFMXcphYcxIhC4psB2YVW8q/ue1EhvddMYsVomlMZkPihKOXLNpcdRjmhLLR45gopnbEJEB1phYd56Mqx6sFl0n9UI+8PNB1d2gBHOk4Rwu4AoCuIYi3EEFakBAwzO8wbsnvCfvxXudR1Pe4s8pLMH7+AP+UZEd</latexit><latexit sha1_base64="XQQm7FO4LL0UGGk4PP9lmpHk75c=">AAAB63icbVDLSgMxFL1TX7W+qoIbN8EiuCoz3eiy1I2r0oJ9QFtLJs20ockkJBmhlH6FGxE3Ci79Cxf+ghu/xfSxaeuBwOGcE+49N1ScGev7P15qY3Nreye9m9nbPzg8yh6f1I1MNKE1IrnUzRAbyllMa5ZZTptKUyxCThvh8HbqNx6pNkzG93akaEfgfswiRrB10kO5G6K20lJZiQrlbjbn5/0Z0DoJFiRXPKv+ss/SV6Wb/W73JEkEjS3h2JhW4CvbGWNtGeF0kmknhipMhrhPx7NdJ+jSST0USe1ebNFMXcphYcxIhC4psB2YVW8q/ue1EhvddMYsVomlMZkPihKOXLNpcdRjmhLLR45gopnbEJEB1phYd56Mqx6sFl0n9UI+8PNB1d2gBHOk4Rwu4AoCuIYi3EEFakBAwzO8wbsnvCfvxXudR1Pe4s8pLMH7+AP+UZEd</latexit><latexit sha1_base64="Hg8xn8HsnYLPDbvitF9nh+OBZ6E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsx0o8uiG1elgn1AW0smzbShmUlI7gil9CvciLhR8F/8Bf/GtJ1NWw8EDueccO+5oZbCou//ermt7Z3dvfx+4eDw6PikeHrWtCo1jDeYksq0Q2q5FAlvoEDJ29pwGoeSt8Lx/dxvvXBjhUqecKJ5L6bDRESCUXTSc60fkq42SqMilVq/WPLL/gJkkwQZKUGGer/40x0olsY8QSaptZ3A19ibUoOCST4rdFPLNWVjOuTTxa4zcuWkAYmUcS9BslBXcjS2dhKHLhlTHNl1by7+53VSjG57U5HoFHnCloOiVBLXbF6cDIThDOXEEcqMcBsSNqKGMnTnKbjqwXrRTdKslAO/HDz6pepddoQ8XMAlXEMAN1CFB6hDAxgYeINP+PJi79V79z6W0ZyX/TmHFXjff0LCjXw=</latexit>

Number of bases used for training:M = 2⇥ 105
<latexit sha1_base64="n12Snleg6l9lau/69QwZeoJJwgA=">AAAB8HicdVDLSgMxFL3js62vqS7dBIvgqiQFbbsQim7cCBXsA9paM2nahmYeJBmllP6HLkTcKPgl/oJ/Y6bVRUUPBA7nnHDvuV4khTYYfzpLyyura+updGZjc2t7x83u1nUYK8ZrLJShanpUcykCXjPCSN6MFKe+J3nDG50nfuOOKy3C4NqMI97x6SAQfcGosVLXzV6iU1RAbSN8rhHBN8ddN4fzGGNCCEoIKZ5gS8rlUoGUEEksi1wlHT3eAkC16360eyGLfR4YJqnWLYIj05lQZQSTfJppx5pHlI3ogE9mC0/RoZV6qB8q+wKDZupCjvpaj33PJn1qhvq3l4h/ea3Y9EudiQii2PCAzQf1Y4lMiJL2qCcUZ0aOLaFMCbshYkOqKDP2Rhlb/acf+p/UC3mC8+TK3uAM5kjBPhzAERAoQgUuoAo1YHAPT/AKb45yHpxn52UeXXK+/+zBApz3L38mj5I=</latexit><latexit sha1_base64="KPOs9yNA/TDpJQ9et0zcoApT/jA=">AAAB8HicdVDLSgMxFM34bOtrqks3wSK4KklB2y6Eohs3QgX7QFtLJk01NPMguaOW0v/QhYgbBTf+hr/g12im1UVFDwQO55xw77lepKQBQj6cmdm5+YXFVDqztLyyuuZm1+smjDUXNR6qUDc9ZoSSgaiBBCWakRbM95RoeP3DxG9cC21kGJzCIBJtn10Gsic5Ayt13Owx3scF3ALpC4MpudjtuDmSJ4RQSnFCaHGPWFIulwq0hGliWeQq6ej+7O32s9px31vdkMe+CIArZsw5JRG0h0yD5EqMMq3YiIjxPrsUw/HCI7xtpS7uhdq+APBYncox35iB79mkz+DK/PYS8S/vPIZeqT2UQRSDCPhkUC9WGEKctMddqQUHNbCEcS3thphfMc042BtlbPWffvh/Ui/kKcnTE3uDAzRBCm2iLbSDKCqiCjpCVVRDHN2gB/SMXhzt3DmPztMkOuN8/9lAU3BevwBAd5Gy</latexit><latexit sha1_base64="KPOs9yNA/TDpJQ9et0zcoApT/jA=">AAAB8HicdVDLSgMxFM34bOtrqks3wSK4KklB2y6Eohs3QgX7QFtLJk01NPMguaOW0v/QhYgbBTf+hr/g12im1UVFDwQO55xw77lepKQBQj6cmdm5+YXFVDqztLyyuuZm1+smjDUXNR6qUDc9ZoSSgaiBBCWakRbM95RoeP3DxG9cC21kGJzCIBJtn10Gsic5Ayt13Owx3scF3ALpC4MpudjtuDmSJ4RQSnFCaHGPWFIulwq0hGliWeQq6ej+7O32s9px31vdkMe+CIArZsw5JRG0h0yD5EqMMq3YiIjxPrsUw/HCI7xtpS7uhdq+APBYncox35iB79mkz+DK/PYS8S/vPIZeqT2UQRSDCPhkUC9WGEKctMddqQUHNbCEcS3thphfMc042BtlbPWffvh/Ui/kKcnTE3uDAzRBCm2iLbSDKCqiCjpCVVRDHN2gB/SMXhzt3DmPztMkOuN8/9lAU3BevwBAd5Gy</latexit><latexit sha1_base64="fRSNGJWf2LDZoMMOvq2Ucf3nPLk=">AAAB8HicdVDLSgMxFM34rPU11aWbYBFclaSgbRdC0Y0boYJ9QFtLJs20oZkHyR2llP6HGxE3Cn6Jv+DfmGnroqIHAodzTrj3XC9W0gAhX87K6tr6xmZmK7u9s7u37+YOGiZKNBd1HqlItzxmhJKhqIMEJVqxFizwlGh6o6vUbz4IbWQU3sE4Ft2ADULpS87ASj03d4MvcBF3QAbCYEruz3punhQIIZRSnBJaOieWVCrlIi1jmloWebRAred+dvoRTwIRAlfMmDYlMXQnTIPkSkyzncSImPERG4jJbOEpPrFSH/uRti8EPFOXciwwZhx4NhkwGJrfXir+5bUT8MvdiQzjBETI54P8RGGIcNoe96UWHNTYEsa1tBtiPmSacbA3ytrqP/3w/6RRLFBSoLckX71cHCGDjtAxOkUUlVAVXaMaqiOOHtEzekPvjnaenBfndR5dcRZ/DtESnI9vRjiN4A==</latexit>

|h ̃W | �,µi|
<latexit sha1_base64="RPlH4wlSsFSqYRZ1h4S0/CkXEgQ=">AAACGHicbVA7T8MwGPxSXqW8AowsFgWJAVUJC7BVsDAWiT6kpoocx22tOg/ZDlKV5o+w8C+YuyBgAYmNH8KO23Rpy0mWTndn2XdezJlUlvVjFFZW19Y3ipulre2d3T1z/6Aho0QQWicRj0TLw5JyFtK6YorTViwoDjxOm97gduI3H6mQLAof1DCmnQD3QtZlBCstueb1CDkchz1OkaMY92nq1CTL3CZC2oklc1PtB56Pz5ETJBlyRJ4euWbZqlhToGViz0i5evL7MgaAmmu+O35EkoCGinAsZdu2YtVJsVCMcJqVnETSGJMB7tF0WixDp1ryUTcS+oQKTdW5HA6kHAaeTgZY9eWiNxH/89qJ6l51UhbGiaIhyR/qJhypCE1WQj4TlCg+1AQTwfQPEeljgYnSW5Z0dXux6DJpXFRsq2Lf6w1uIEcRjuAYzsCGS6jCHdSgDgSe4RU+4ct4MsbGm/GRRwvG7M4hzMH4/gOR2qI9</latexit><latexit sha1_base64="Jb0eKa4ReFAEOUu09Yeph/Ui15M=">AAACGHicbVBNS8MwAE39nJsfVY9eglPwIKP1ot6GXjxOcB+wjpKm6RaWtCVJB6PrH/Hiv/AsiKgXBW/+ED2brbts80Hg8d4LyXtezKhUlvVtLC2vrK6tFzaKpc2t7R1zd68ho0RgUscRi0TLQ5IwGpK6ooqRViwI4h4jTa9/PfabAyIkjcI7NYxJh6NuSAOKkdKSa16OoMNQ2GUEOooyn6ROTdLMbUKonVhSN9U+93x0Ch2eZNAReXrkmmWrYk0AF4k9JeXq0c/j86D0W3PNN8ePcMJJqDBDUrZtK1adFAlFMSNZ0UkkiRHuoy5JJ8UyeKwlHwaR0CdUcKLO5BCXcsg9neRI9eS8Nxb/89qJCi46KQ3jRJEQ5w8FCYMqguOVoE8FwYoNNUFYUP1DiHtIIKz0lkVd3Z4vukgaZxXbqti3eoMrkKMADsAhOAE2OAdVcANqoA4weAAv4AN8GvfGk/FqvOfRJWN6Zx/MwPj6A3u2o7c=</latexit><latexit sha1_base64="Jb0eKa4ReFAEOUu09Yeph/Ui15M=">AAACGHicbVBNS8MwAE39nJsfVY9eglPwIKP1ot6GXjxOcB+wjpKm6RaWtCVJB6PrH/Hiv/AsiKgXBW/+ED2brbts80Hg8d4LyXtezKhUlvVtLC2vrK6tFzaKpc2t7R1zd68ho0RgUscRi0TLQ5IwGpK6ooqRViwI4h4jTa9/PfabAyIkjcI7NYxJh6NuSAOKkdKSa16OoMNQ2GUEOooyn6ROTdLMbUKonVhSN9U+93x0Ch2eZNAReXrkmmWrYk0AF4k9JeXq0c/j86D0W3PNN8ePcMJJqDBDUrZtK1adFAlFMSNZ0UkkiRHuoy5JJ8UyeKwlHwaR0CdUcKLO5BCXcsg9neRI9eS8Nxb/89qJCi46KQ3jRJEQ5w8FCYMqguOVoE8FwYoNNUFYUP1DiHtIIKz0lkVd3Z4vukgaZxXbqti3eoMrkKMADsAhOAE2OAdVcANqoA4weAAv4AN8GvfGk/FqvOfRJWN6Zx/MwPj6A3u2o7c=</latexit><latexit sha1_base64="LxBqByiw3+6oRhpNl0tNrtp3aPk=">AAACGHicbVDNS8MwHE3n15xfVY9egkPwIKP1ot6GXjxOcB+wjpKm6RaWpiX5VRjd/hEv/iteRL0oePO/Mdt62eaDwOO9F5L3glRwDY7za5XW1jc2t8rblZ3dvf0D+/CopZNMUdakiUhUJyCaCS5ZEzgI1kkVI3EgWDsY3k399hNTmifyEUYp68WkL3nEKQEj+fbNGHuCyL5g2AMuQpZ7Dc0nfhtj46Sa+7nx4yAkF9iLswn21Dw99u2qU3NmwKvELUgVFWj49ocXJjSLmQQqiNZd10mhlxMFnAo2qXiZZimhQ9Jn+azYBJ8ZKcRRosyRgGfqQo7EWo/iwCRjAgO97E3F/7xuBtF1L+cyzYBJOn8oygSGBE9XwiFXjIIYGUKo4uaHmA6IIhTMlhVT3V0uukpalzXXqbkPTrV+W4xQRifoFJ0jF12hOrpHDdREFL2gN/SFvq1n69V6tz7n0ZJV3DlGC7B+/gDjgJ9u</latexit>

M
<latexit sha1_base64="zR2L6rSl8Voe8LOQVA2TP5dn3VE=">AAAB33icbVDLSgMxFL1TX3V8VV26CRbBVcm40Y1YdONGqGIf0JaSSTNtaOZBckcopeDOjYgbBb9If8G/MZ1209YDFw7nnEvuiZ8oaZDSXye3srq2vpHfdLe2d3b3CvsHNROnmosqj1WsGz4zQslIVFGiEo1ECxb6StT9wc3Erz8JbWQcPeIwEe2Q9SIZSM7QSg93pFMo0hLNQJaJNyPFq2/38hkAKp3CT6sb8zQUEXLFjGl6NMH2iGmUXImx20qNSBgfsJ4YZfeNyYmVuiSItZ0ISabO5VhozDD0bTJk2DeL3kT8z2umGFy0RzJKUhQRnz4UpIpgTCZlSVdqwVENLWFcS3sh4X2mGUf7Ja6t7i0WXSa1s5JHS949LZavYYo8HMExnIIH51CGW6hAFTgE8Aof8Okw58V5c96n0Zwz2zmEOThff0wyim8=</latexit><latexit sha1_base64="ppA8f8dwUcCx2V3bEB5sVa03ChU=">AAAB33icbVC7SgNBFL0bX3F9RS1tBoNgFXZtTCMGbWyEKOYBSQizk9lkyOzuMHNXCCG1jYiNgrUfo38g/o2TR5PEAxcO55zL3DOBksKg5/06mZXVtfWN7Ka7tb2zu5fbP6iaJNWMV1giE10PqOFSxLyCAiWvK81pFEheC/rXY7/2yLURSfyAA8VbEe3GIhSMopXub0k7l/cK3gRkmfgzkr/8ci/U549bbue+m52EpRGPkUlqTMP3FLaGVKNgko/cZmq4oqxPu3w4uW9ETqzUIWGi7cRIJupcjkbGDKLAJiOKPbPojcX/vEaKYbE1FLFKkcds+lCYSoIJGZclHaE5QzmwhDIt7IWE9aimDO2XuLa6v1h0mVTPCr5X8O+8fOkKpsjCERzDKfhwDiW4gTJUgEEIz/AG7w51npwX53UazTiznUOYg/PxBy85i+M=</latexit><latexit sha1_base64="ppA8f8dwUcCx2V3bEB5sVa03ChU=">AAAB33icbVC7SgNBFL0bX3F9RS1tBoNgFXZtTCMGbWyEKOYBSQizk9lkyOzuMHNXCCG1jYiNgrUfo38g/o2TR5PEAxcO55zL3DOBksKg5/06mZXVtfWN7Ka7tb2zu5fbP6iaJNWMV1giE10PqOFSxLyCAiWvK81pFEheC/rXY7/2yLURSfyAA8VbEe3GIhSMopXub0k7l/cK3gRkmfgzkr/8ci/U549bbue+m52EpRGPkUlqTMP3FLaGVKNgko/cZmq4oqxPu3w4uW9ETqzUIWGi7cRIJupcjkbGDKLAJiOKPbPojcX/vEaKYbE1FLFKkcds+lCYSoIJGZclHaE5QzmwhDIt7IWE9aimDO2XuLa6v1h0mVTPCr5X8O+8fOkKpsjCERzDKfhwDiW4gTJUgEEIz/AG7w51npwX53UazTiznUOYg/PxBy85i+M=</latexit><latexit sha1_base64="RsXNnJxukhSdKdUsNDYXAr+OkmY=">AAAB33icbVDLSgMxFL2pr1pfoy7dBIvgqsy40WXRjRuhin1AW0omzbShmcmQ3BFK6dqNiBsF/8hf8G9M29m09UDgcM4J954bpkpa9P1fUtjY3NreKe6W9vYPDo+845OG1Znhos610qYVMiuUTEQdJSrRSo1gcahEMxzdzfzmizBW6uQZx6noxmyQyEhyhk56eqA9r+xX/DnoOglyUoYctZ730+lrnsUiQa6Yte3AT7E7YQYlV2Ja6mRWpIyP2EBM5vtN6YWT+jTSxr0E6VxdyrHY2nEcumTMcGhXvZn4n9fOMLrpTmSSZigSvhgUZYqiprOytC+N4KjGjjBupNuQ8iEzjKM7SclVD1aLrpPGVSXwK8GjX67e5kcowhmcwyUEcA1VuIca1IFDBG/wCV+EkVfyTj4W0QLJ/5zCEsj3H+7tiKI=</latexit>



Learning density matrices 1

 �,µ(x,a) /
p
p�(x,a)e

i�µ(x,a)

⇢�,µ(x,x
0) =

X

a

 �,µ(x,a) 
⇤
�,µ(x

0,a)

Torlai and RGM, Phys. Rev. Lett. 120, 240503 (2018)

x

• Can extend an RBM to represent mixed state density matrices

• Parameterization is physically appealing but appears to scale 
exponentially as a learning problem
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Figure 1. Experimental setup. (a) Schematic of our type-I SPDC source. A 45�

polarized, pulsed UV beam pumps a pair of orthogonally oriented BBO crystals
cut for type-I phase matching. Temporal walk-off between the pairs created in
the first and in the second crystal is compensated by a 1 mm thick ↵-BBO and
two quartz crystals (one 2 mm and one 0.5 mm thick) before the SPDC crystals.
Spatial walk-off, which occurred in mode 1, was compensated by a BiBO crystal.
The phase between horizontal and vertical photons was adjusted by tilting a
�/4 plate in mode 2. All photons pass through 3 nm FWHM bandwidth filters
around 790 nm and are coupled into single-mode fibers corresponding to the
spatial modes 1 and 2. (b) The interferometer used to project on a three-photon
GHZ state. Using fiber polarization controllers, the polarization in mode 2 is
rotated such that we map H ! V and V ! H, while in mode 1, H and V
are preserved. Inside the interferometer the four photons from a double-pair
emission can be split up into four separate spatial modes and result in a four-
fold coincidence event between the detectors T , Da, Db and Dc. In this case the
three photons in the modes a, b and c will be projected on the three-photon GHZ
state 1p

2
(|Ha HbVci + |VaVb Hci) given that the photons detected by Da and Db

are indistinguishable.

A four-fold coincidence detection in the interferometer outputs can only occur if the trigger
photon is V polarized, and if the other three photons in the modes a, b and c (see figure 1(b))
are either |Ha HbVci or |VaVb Hci. By tilting a �/4 plate in output mode a we adjust the relative
phase between these contributions such that a four-fold coincidence event signals a GHZ state
of the form 1p

2
(|Ha HbVci + |VaVb Hci).

Given this state, quantum mechanics predicts a maximum violation of Svetlichny’s
inequality if we choose measurements of the form |Hi + ei�|V i with the angles given in (9).
Particles a, b and c are identified with photons in the interferometer output modes a, b and
c, respectively. To test Svetlichny’s inequality each of the photons has to be measured in two
measurement bases, and for each basis there are two possible outcomes, +1 and �1. For each
outcome, we have to set the polarization analyzer in the respective mode such that a photon
detected after passing through the analyzer corresponds to that outcome.

New Journal of Physics 11 (2009) 073051 (http://www.njp.org/)

| i = 1p
2
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Experiment: entangled photons

K. Resch lab, IQC Waterloo F ⇡ 85%



Learning density matrices 2

p(x) = Tr⇢Mx
<latexit sha1_base64="hIa4T+mGeahHXU2EcCvbdEX99FI=">AAACA3icbVBLSwMxGPy2vmp9rXr0ElqFilB2vehFKHrxIlToC7q1ZNNsG5rdLElWLEuPXvwV3r2IeFHw7l/w35g+Lq0OBIaZCcmMH3OmtOP8WJml5ZXVtex6bmNza3vH3t2rK5FIQmtEcCGbPlaUs4jWNNOcNmNJcehz2vAHV2O/cU+lYiKq6mFM2yHuRSxgBGsjdezDuJh6foAeRsfoAqWeDFFVjpAn+wLd3M2sjl1wSs4E6C9xZ6RQznsnzwBQ6djfXleQJKSRJhwr1XKdWLdTLDUjnI5yXqJojMkA92g66TBCR0bqokBIcyKNJupcDodKDUPfJEOs+2rRG4v/ea1EB+ftlEVxomlEpg8FCUdaoPEgqMskJZoPDcFEMvNDRPpYYqLNbDlT3V0s+pfUT0uuU3JvzQaXMEUWDiAPRXDhDMpwDRWoAYEneIUP+LQerRfrzXqfRjPW7M4+zMH6+gWzU5eS</latexit><latexit sha1_base64="jB6c3WDIr+EAgB4MoS8w3FYvSHk=">AAACA3icbVBLSwMxGPy2vmp9rXr0ElqFilB2vehFKHrxIlToC7q1ZNNsG5p9kGTFZenRi2f/hRcRLwre/Qv9N6aPS1sHAsPMhGTGjTiTyrJGRmZldW19I7uZ29re2d0z9w/qMowFoTUS8lA0XSwpZwGtKaY4bUaCYt/ltOEObsZ+45EKycKgqpKItn3cC5jHCFZa6pjHUTF1XA89DU/RFUod4aOqGCJH9EN09zCzOmbBKlkToGViz0ihnHfOXkflpNIxf51uSGKfBopwLGXLtiLVTrFQjHA6zDmxpBEmA9yj6aTDEJ1oqYu8UOgTKDRR53LYlzLxXZ30serLRW8s/ue1YuVdtlMWRLGiAZk+5MUcqRCNB0FdJihRPNEEE8H0DxHpY4GJ0rPldHV7segyqZ+XbKtk3+sNrmGKLBxBHopgwwWU4RYqUAMCL/AOX/BtPBtvxofxOY1mjNmdQ5iD8fMHrYGZGA==</latexit><latexit sha1_base64="jB6c3WDIr+EAgB4MoS8w3FYvSHk=">AAACA3icbVBLSwMxGPy2vmp9rXr0ElqFilB2vehFKHrxIlToC7q1ZNNsG5p9kGTFZenRi2f/hRcRLwre/Qv9N6aPS1sHAsPMhGTGjTiTyrJGRmZldW19I7uZ29re2d0z9w/qMowFoTUS8lA0XSwpZwGtKaY4bUaCYt/ltOEObsZ+45EKycKgqpKItn3cC5jHCFZa6pjHUTF1XA89DU/RFUod4aOqGCJH9EN09zCzOmbBKlkToGViz0ihnHfOXkflpNIxf51uSGKfBopwLGXLtiLVTrFQjHA6zDmxpBEmA9yj6aTDEJ1oqYu8UOgTKDRR53LYlzLxXZ30serLRW8s/ue1YuVdtlMWRLGiAZk+5MUcqRCNB0FdJihRPNEEE8H0DxHpY4GJ0rPldHV7segyqZ+XbKtk3+sNrmGKLBxBHopgwwWU4RYqUAMCL/AOX/BtPBtvxofxOY1mjNmdQ5iD8fMHrYGZGA==</latexit><latexit sha1_base64="EOKGuucgMgH1cHdOassVec1gb8I=">AAACA3icbVBLSwMxGPy2vmp9rXr0EqxCvZRdL3oRil68CBX6gm4t2TTbhmY3S5IVy9KjF/+KFxEvCt79C/4b03YvbR0IDDMTkhk/5kxpx/m1ciura+sb+c3C1vbO7p69f9BQIpGE1ongQrZ8rChnEa1rpjltxZLi0Oe06Q9vJn7zkUrFRFTTo5h2QtyPWMAI1kbq2idxKfX8AD2Nz9AVSj0ZopocI08OBLp7yKyuXXTKzhRombgZKUKGatf+8XqCJCGNNOFYqbbrxLqTYqkZ4XRc8BJFY0yGuE/TaYcxOjVSDwVCmhNpNFXncjhUahT6JhliPVCL3kT8z2snOrjspCyKE00jMnsoSDjSAk0GQT0mKdF8ZAgmkpkfIjLAEhNtZiuY6u5i0WXSOC+7Ttm9d4qV62yEPBzBMZTAhQuowC1UoQ4EXuANPuHLerZerXfrYxbNWdmdQ5iD9f0HsC6WCQ==</latexit>

Carrasquilla, Torlai, RGM, Aolita, 
Nature Machine Intelligence 1, 155–161 (2019)

RBMs, RNNs, VAEs, GANs,…generative model

• Can introduce a factorization of the mixed state in terms of a 
probability distribution and a set of tensors - allows for inversion of the 
Born rule

Learning and representing quantum states with probability
Juan Carrasquilla, Vector Institute

http://online.kitp.ucsb.edu/online/machine19/carrasquilla/

sign/phase structure

https://vectorinstitute.ai/team/juan-felipe-carrasquilla/


Learning density matrices 2 Carrasquilla, Torlai, RGM, Aolita, 
Nature Machine Intelligence 1, 155–161 (2019)

• Correlation functions for the ground state of the triangular lattice 
Heisenberg antiferromagnet

H =
X

hi,ji

Si · Sj

<latexit sha1_base64="GkWQyXaO263kbhEw87ktTxePd/o=">AAACGHicbVC7SgNBFL3rM8bXqqXNYBAsJOzaqIUQtAnYRDQPyIZldjKbTDL7YGZWCEt+xMZfsRG1UbCz0k9xsglCEi8MnHvOudw514s5k8qyvoyFxaXlldXcWn59Y3Nr29zZrckoEYRWScQj0fCwpJyFtKqY4rQRC4oDj9O6178a6fV7KiSLwjs1iGkrwJ2Q+YxgpSnXPC+jC+TIJHBTh+Owwylix6iHHJE1Q5Q6no9uhy5DDmlH6q/vuWbBKlpZoXlgT0ChdE2+fwCg4pqvTjsiSUBDRTiWsmlbsWqlWChG9Ka8k0gaY9LHHZpmwYboUFNt5EdCv1ChjJ3y4UDKQeBpZ4BVV85qI/I/rZko/6yVsjBOFA3JeJGfcKQiNLoSajNBieIDDTARTP8QkS4WmCh9y7yObs8GnQe1k6JtFe0bfYNLGFcO9uEAjsCGUyhBGSpQBQKP8Azv8GE8GE/Gi/E2ti4Yk5k9mCrj8xfGqqEe</latexit><latexit sha1_base64="LUuxRjxXfZPyl56pJKKPx8Nb2Vc=">AAACGHicbVDLSsNAFJ1UrbW+oi7dDBZBREriRl0IRTcFNxXtA0wJk8mknXaSCTMToYT+iBt/xY2oGwV3rlz4I07TIrT1wsC555zLnXO9mFGpLOvLyC0sLuWXCyvF1bX1jU1za7sheSIwqWPOuGh5SBJGI1JXVDHSigVBocdI0+tfjvTmPRGS8uhWDWLSDlEnogHFSGnKNc+q8Bw6Mgnd1GEo6jAC6RHsQUdkzRCmjhfAm6FLoYN9rv76nmuWrLKVFZwH9gSUKlf4++cw79dc89XxOU5CEinMkJR3thWrdoqEolhvKjqJJDHCfdQhaRZsCPc15cOAC/0iBTN2yodCKQehp50hUl05q43I/7S7RAWn7ZRGcaJIhMeLgoRBxeHoStCngmDFBhogLKj+IcRdJBBW+pZFHd2eDToPGsdl2yrb1/oGF2BcBbAL9sABsMEJqIAqqIE6wOARPIN38GE8GE/Gi/E2tuaMycwOmCrj8xeKWaG1</latexit><latexit sha1_base64="LUuxRjxXfZPyl56pJKKPx8Nb2Vc=">AAACGHicbVDLSsNAFJ1UrbW+oi7dDBZBREriRl0IRTcFNxXtA0wJk8mknXaSCTMToYT+iBt/xY2oGwV3rlz4I07TIrT1wsC555zLnXO9mFGpLOvLyC0sLuWXCyvF1bX1jU1za7sheSIwqWPOuGh5SBJGI1JXVDHSigVBocdI0+tfjvTmPRGS8uhWDWLSDlEnogHFSGnKNc+q8Bw6Mgnd1GEo6jAC6RHsQUdkzRCmjhfAm6FLoYN9rv76nmuWrLKVFZwH9gSUKlf4++cw79dc89XxOU5CEinMkJR3thWrdoqEolhvKjqJJDHCfdQhaRZsCPc15cOAC/0iBTN2yodCKQehp50hUl05q43I/7S7RAWn7ZRGcaJIhMeLgoRBxeHoStCngmDFBhogLKj+IcRdJBBW+pZFHd2eDToPGsdl2yrb1/oGF2BcBbAL9sABsMEJqIAqqIE6wOARPIN38GE8GE/Gi/E2tuaMycwOmCrj8xeKWaG1</latexit><latexit sha1_base64="+Myg9bcfYI6dkt3nIfxmqtqVPSU=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwIWXGjboQim66rGgf0ClDJs20aTPJkGSEMvRH3PgrbkTdKLjzb0yng9DWC4FzzzmXm3ODmFGlHefHKqysrq1vFDdLW9s7u3v2/kFTiURi0sCCCdkOkCKMctLQVDPSjiVBUcBIKxjdTvXWI5GKCv6gxzHpRqjPaUgx0oby7asavIaeSiI/9RjifUYgPYND6MmsmcDUC0J4P/Ep9HBP6L9+6Ntlp+JkBZeBm4MyyKvu2+9eT+AkIlxjhpTquE6suymSmmKzqeQlisQIj1CfpFmwCTwxVA+GQprHNczYOR+KlBpHgXFGSA/UojYl/9M6iQ4vuynlcaIJx7NFYcKgFnB6JdijkmDNxgYgLKn5IcQDJBHW5pYlE91dDLoMmucV16m4d065epMfoQiOwDE4BS64AFVQA3XQABg8g1fwCb6sJ+vFerM+ZtaClc8cgrmyvn8BRUGecQ==</latexit>

N = L⇥ L = 8⇥ 8
<latexit sha1_base64="amQ4V8wViuevbd8zDAWRvAAbupg=">AAAB+nicbVDLSgMxFL1TX219jbrsJlgEV2XGjd0Uim5ciFSwD2hLzaSZNjTzILkjlNqFn+HWjYgbBT/CX/BvTB8u2nogcHLOCbn3eLEUGh3nx0qtrW9sbqUz2e2d3b19++CwpqNEMV5lkYxUw6OaSxHyKgqUvBErTgNP8ro3uJz49QeutIjCOxzGvB3QXih8wSgaqWPnbkiJXJMWioBrQ0qk+Hcpduy8U3CmIKvEnZN8ORM/3wNApWN/t7oRSwIeIpNU66brxNgeUYWCST7OthLNY8oGtMdH09HH5MRIXeJHypwQyVRdyNFA62HgmWRAsa+XvYn4n9dM0C+2RyKME+Qhm33kJ5JgRCY9kK5QnKEcGkKZEmZCwvpUUYamraxZ3V1edJXUzgquU3BvTQcXMEMacnAMp+DCOZThCipQBQZP8Aof8Gk9Wi/Wm/U+i6as+ZsjWID19Qt/9JLe</latexit><latexit sha1_base64="bir7NZ1gzrJ5/H5VM4UdNB5qnKg=">AAAB+nicbVDLSgMxFL3js62vUZfdBIvgqsy4sZtC0Y0LkQr2gW0pmTRtQzMPkjtiqV34GW7diLhQwY/wF/waTR8u2nogcHLOCbn3eJEUGh3n21paXlldW08kUxubW9s79u5eWYexYrzEQhmqqkc1lyLgJRQoeTVSnPqe5BWvdzbyK7dcaREG19iPeMOnnUC0BaNopKadviR5ckHqKHyuDcmT3N8l17QzTtYZgywSd0oyhWT0ePN291Ns2l/1VshinwfIJNW65joRNgZUoWCSD1P1WPOIsh7t8MF49CE5NFKLtENlToBkrM7kqK913/dM0qfY1fPeSPzPq8XYzjUGIohi5AGbfNSOJcGQjHogLaE4Q9k3hDIlzISEdamiDE1bKbO6O7/oIikfZ10n616ZDk5hggSk4QCOwIUTKMA5FKEEDB7gGd7hw7q3nqwX63USXbKmb/ZhBtbnL0FFlP4=</latexit><latexit sha1_base64="bir7NZ1gzrJ5/H5VM4UdNB5qnKg=">AAAB+nicbVDLSgMxFL3js62vUZfdBIvgqsy4sZtC0Y0LkQr2gW0pmTRtQzMPkjtiqV34GW7diLhQwY/wF/waTR8u2nogcHLOCbn3eJEUGh3n21paXlldW08kUxubW9s79u5eWYexYrzEQhmqqkc1lyLgJRQoeTVSnPqe5BWvdzbyK7dcaREG19iPeMOnnUC0BaNopKadviR5ckHqKHyuDcmT3N8l17QzTtYZgywSd0oyhWT0ePN291Ns2l/1VshinwfIJNW65joRNgZUoWCSD1P1WPOIsh7t8MF49CE5NFKLtENlToBkrM7kqK913/dM0qfY1fPeSPzPq8XYzjUGIohi5AGbfNSOJcGQjHogLaE4Q9k3hDIlzISEdamiDE1bKbO6O7/oIikfZ10n616ZDk5hggSk4QCOwIUTKMA5FKEEDB7gGd7hw7q3nqwX63USXbKmb/ZhBtbnL0FFlP4=</latexit><latexit sha1_base64="jG9MKV9HbiZxTg0yTp2ECXR3H4A=">AAAB+nicbVDLSgMxFL1TX7U+Ouqym2ARXJUZN3ZTKLpxIVLBPqAtJZNm2tDMg+SOUGoX/oobETcKfoS/4N+YtuOirQcCJ+eckHuPF0uh0XF+rMzG5tb2TnY3t7d/cJi3j44bOkoU43UWyUi1PKq5FCGvo0DJW7HiNPAkb3qj65nffORKiyh8wHHMuwEdhMIXjKKRenbhjlTILemgCLg2pELKf5dyzy46JWcOsk7clBQhRa1nf3f6EUsCHiKTVOu268TYnVCFgkk+zXUSzWPKRnTAJ/PRp+TMSH3iR8qcEMlcXcrRQOtx4JlkQHGoV72Z+J/XTtAvdycijBPkIVt85CeSYERmPZC+UJyhHBtCmRJmQsKGVFGGpq2cWd1dXXSdNC5KrlNy751i9SotIQsFOIVzcOESqnADNagDg2d4hQ/4tJ6sF+vNel9EM1b65gSWYH39AkcGkSw=</latexit>



Outlook:

• We don’t have a theory relating the “structure” of a quantum 
state to the efficiency of reconstruction of correlation functions

nh / poly(N)

Nb / poly(N)
<latexit sha1_base64="y8Pmq74r0PEdlT8srWJbVPF/MWo=">AAAB+HicdVDLSgMxFL1TX7W+Rl2Jm9AiVIQyI/jaFd24KhVsLXRKyaRpG5qZhCQj1FL8lW5E3Cj4Ff6Cf2P6UKjogcDlnBPuPSeUnGnjeZ9OamFxaXklvZpZW9/Y3HK3d6paJIrQChFcqFqINeUsphXDDKc1qSiOQk7vwt7VWL+7p0ozEd+avqSNCHdi1mYEG0s13b1SM0SBVEIagQaBipAUvD/Mlw6bbs4rnHj+xamPvII3Afph/BmTK2aDoxEAlJvuR9ASJIlobAjHWtd9T5rGACvDCKfDTJBoKjHp4Q4dTA4fogNLtVBbKPtigybsnA9HWvej0DojbLr6tzYm/9LqiWmfNwYslomhMZkuaicc2ZDjFlCLKUoM79sBE8XshYh0scLE2K4yNvp3PvT/UD0u+F7Bv7EdXMIUadiHLOTBhzMowjWUoQIEHuEJXuHNeXBGzrPzMrWmnNmfXZiD8/4FGKyUBg==</latexit><latexit sha1_base64="s13Z+ebumUwyl1Axrlv9GkPhjrA=">AAAB+HicdVDLSgMxFM3UV62vUVfiJrQIFaHMCL52RTeuSgX7gE4ZMmmmDc1MQpIRxlL8CT/AjYgbBb/CX+jfmD4UKnogcDnnhHvPCQSjSjvOyMosLC4tr2RXc2vrG5tb9vZOXfFEYlLDnHHZDJAijMakpqlmpCkkQVHASCPoX431xh2RivL4VqeCtCPUjWlIMdKG8u29ih9AT0guNIcDT0ZQcJYOi5VD3y44pRPHvTh1oVNyJoA/jDtjCuW8d/Q4KqdV3/70OhwnEYk1ZkiplusI3R4gqSlmZJjzEkUEwn3UJYPJ4UN4YKgODLk0L9Zwws75UKRUGgXGGSHdU7+1MfmX1kp0eN4e0FgkmsR4uihMGDQhxy3ADpUEa5aaAWFJzYUQ95BEWJuucib6dz74/1A/LrlOyb0xHVyCKbJgH+RBEbjgDJTBNaiCGsDgATyDN/Bu3VtP1ov1OrVmrNmfXTAH6+MLEtqVjA==</latexit><latexit sha1_base64="s13Z+ebumUwyl1Axrlv9GkPhjrA=">AAAB+HicdVDLSgMxFM3UV62vUVfiJrQIFaHMCL52RTeuSgX7gE4ZMmmmDc1MQpIRxlL8CT/AjYgbBb/CX+jfmD4UKnogcDnnhHvPCQSjSjvOyMosLC4tr2RXc2vrG5tb9vZOXfFEYlLDnHHZDJAijMakpqlmpCkkQVHASCPoX431xh2RivL4VqeCtCPUjWlIMdKG8u29ih9AT0guNIcDT0ZQcJYOi5VD3y44pRPHvTh1oVNyJoA/jDtjCuW8d/Q4KqdV3/70OhwnEYk1ZkiplusI3R4gqSlmZJjzEkUEwn3UJYPJ4UN4YKgODLk0L9Zwws75UKRUGgXGGSHdU7+1MfmX1kp0eN4e0FgkmsR4uihMGDQhxy3ADpUEa5aaAWFJzYUQ95BEWJuucib6dz74/1A/LrlOyb0xHVyCKbJgH+RBEbjgDJTBNaiCGsDgATyDN/Bu3VtP1ov1OrVmrNmfXTAH6+MLEtqVjA==</latexit><latexit sha1_base64="8bfKd90yOq9vxkXYD+us8WhVKJU=">AAAB+HicdVDLSgMxFM3UV62vUVfiJliEuhkygq9d0Y2rUsE+oFNKJk3b0MwkJBlhHIq/4kbEjYJf4S/4N6YPhYoeCFzOOeHec0LJmTYIfTq5hcWl5ZX8amFtfWNzy93eqWuRKEJrRHChmiHWlLOY1gwznDalojgKOW2Ew6ux3rijSjMR35pU0naE+zHrMYKNpTruXqUTwkAqIY2AWaAiKAVPR6XKUcctIu8E+RenPkQemgD+MP6MKYIZqh33I+gKkkQ0NoRjrVs+kqadYWUY4XRUCBJNJSZD3KfZ5PARPLRUF/aEsi82cMLO+XCkdRqF1hlhM9C/tTH5l9ZKTO+8nbFYJobGZLqol3BoQ45bgF2mKDE8tQMmitkLIRlghYmxXRVs9O988P+hfuz5yPNvULF8OSshD/bBASgBH5yBMrgGVVADBDyAJ/AK3px759F5dl6m1pwz+7ML5uC8fwEVh5J9</latexit>

M / poly(N)
<latexit sha1_base64="S6tg6dLbCh0kietNTxRS7HUnVx0=">AAAB9nicdVDLSgMxFL3j2/qqunDhJiiCIgxJsdpl0Y0bpYK1hU4pmTStwcwkJBmxlP6KCCJuFPwMf8G/MW11oeiBwOGcE+49N9ZSWIfxRzAxOTU9Mzs3n1tYXFpeya+uXVmVGcarTEll6jG1XIqUV51wkte14TSJJa/FNydDv3bLjRUqvXQ9zZsJ7aaiIxh1XmrlN85QpI3STqF+ZBKklewNds/3WvltHOLD4gEpIRwWMSmRoieFIsG4gEiIR9gub0X7DwBQaeXfo7ZiWcJTxyS1tkGwds0+NU4wyQe5KLNcU3ZDu7w/WnuAdrzURh1l/EsdGqk/cjSxtpfEPplQd21/e0PxL6+RuU6p2RepzhxP2XhQJ5PIlxzeALWF4czJnieUGeE3ROyaGsqcv1TOV//uh/4nV4WQ4JBc+BscwxhzsAlbsAsEjqAMp1CBKjAYwCO8wGtwF9wHT8HzODoRfP1Zhx8I3j4BrLeTOg==</latexit><latexit sha1_base64="Hv4M+yL5FI/zsIRUyBeJRITBFys=">AAAB9nicdVDNSgMxGMzWv1r/qh48eAkWoSIsSbHaY9GLF6WCrYVuKdk01dDsJiRZcSl9C89eRLwo+Bi+Qt/GtNVDRQcCw8yE75svVIIbi9DIy8zNLywuZZdzK6tr6xv5za2GkYmmrE6lkLoZEsMEj1ndcitYU2lGolCwm7B/NvZv7pk2XMbXNlWsHZHbmPc4JdZJnfzOBQyUlspKOAh0BJUU6bB4edDJF5CPjstHuAKRX0a4gsuOlMoYoRLEPpqgUN0LDh9H1bTWyX8GXUmTiMWWCmJMCyNl2wOiLaeCDXNBYpgitE9u2WCy9hDuO6kLe1K7F1s4UWdyJDImjUKXjIi9M7+9sfiX10psr9Ie8FgllsV0OqiXCOhKjm8Au1wzakXqCKGauw0hvSOaUOsulXPVf/rB/0mj5GPk4yt3g1MwRRbsgj1QBBicgCo4BzVQBxQMwTN4A+/eg/fkvXiv02jG+/6zDWbgfXwBpuWUwA==</latexit><latexit sha1_base64="Hv4M+yL5FI/zsIRUyBeJRITBFys=">AAAB9nicdVDNSgMxGMzWv1r/qh48eAkWoSIsSbHaY9GLF6WCrYVuKdk01dDsJiRZcSl9C89eRLwo+Bi+Qt/GtNVDRQcCw8yE75svVIIbi9DIy8zNLywuZZdzK6tr6xv5za2GkYmmrE6lkLoZEsMEj1ndcitYU2lGolCwm7B/NvZv7pk2XMbXNlWsHZHbmPc4JdZJnfzOBQyUlspKOAh0BJUU6bB4edDJF5CPjstHuAKRX0a4gsuOlMoYoRLEPpqgUN0LDh9H1bTWyX8GXUmTiMWWCmJMCyNl2wOiLaeCDXNBYpgitE9u2WCy9hDuO6kLe1K7F1s4UWdyJDImjUKXjIi9M7+9sfiX10psr9Ie8FgllsV0OqiXCOhKjm8Au1wzakXqCKGauw0hvSOaUOsulXPVf/rB/0mj5GPk4yt3g1MwRRbsgj1QBBicgCo4BzVQBxQMwTN4A+/eg/fkvXiv02jG+/6zDWbgfXwBpuWUwA==</latexit><latexit sha1_base64="SR/NrWqNr99EXwm1N4laK9o8arA=">AAAB9nicdVDLSgMxFM34rPVVdeHCTbAIdTMkxWqXRTdulAr2AW0pmTRtQzOTkGTEMsyvuBFxo+Bn+Av+jenDRUUPBA7nnHDvuYES3FiEvryl5ZXVtfXMRnZza3tnN7e3Xzcy1pTVqBRSNwNimOARq1luBWsqzUgYCNYIRlcTv/HAtOEyurdjxTohGUS8zymxTurmDm9gW2mprIRJW4dQSTFOC7en3Vwe+ei8dIbLEPklhMu45EixhBEqQuyjKfJgjmo399nuSRqHLLJUEGNaGCnbSYi2nAqWZtuxYYrQERmwZLp2Ck+c1IN9qd2LLJyqCzkSGjMOA5cMiR2a395E/MtrxbZf7iQ8UrFlEZ0N6scCupKTG8Ae14xaMXaEUM3dhpAOiSbUuktlXfWffvB/Ui/6GPn4DuUrl/MjZMAROAYFgMEFqIBrUAU1QEEKnsEbePcevSfvxXudRZe8+Z8DsADv4xupkpGx</latexit>

• Generative modelling can potentially become very 
powerful when combined with current experiments

• How is learning from data different than optimizing 
neural network parameters variationally with 
knowledge of the Hamiltonian?


