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• E.g. given a Hamiltonian, we may seek to find a ground state, & calculate 
correlation functions, elementary excitations, topological defects, etc.

• What makes “solving” or “simulating” a many-body system hard? 
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The need for quantum simulators



The need for quantum simulators

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

• Here, numerical methods do not need to “solve” the Hamiltonian.  However, 
they can be used to probe the experiment and (ultimately) reconstruct the 
underlying quantum state
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Supervised versus unsupervised learning

• Supervised learning can classify features in the data.

• Unsupervised learning deals with un-labelled data.  We want to use it to 
characterize and validate the state, and give feedback to experimental 
design

marilyn monroe

albert einstein

Bohrdt et al., Nature Physics 15, 921 (2019)



Outline:

• Restricted Boltzmann machines

• Recurrent Neural Networks

• Neutral Rydberg atoms

• Trapped ions

Yb174+ R. Islam Lab, 
IQC Waterloo

• Applications in near-term experiments

• An introduction to generative models



Generative models

arXiv:1905.08233
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Generative models

Generative Adversarial Networks

Ian Goodfellow


arXiv:1701.00160

What physicists want to know about advances in generative modeling

Michael Albergo


https://machine19.github.io
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Generative models

Imagine that you have a large number of measurements, samples, or configurations, 
drawn from some unknown probability distribution

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)

. . .

Goal: to learn from the data the best possible approximation,  
that generalizes well to data not contained in the training set

p(x) ⇡ P (x)

p�
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a ‘model’

||D|| = 10, 000



Generative models
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Recurrent Neural Network

p�(x1, · · ·xN ) =
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Define an optimization problem: minimize the Kullback-Leibler divergence

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

Training an RBM
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p(x) log
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� 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, and the weights and biases 
are stationary, one can sample new configurations

The Generative Step

• Markov chain sampling for RBMs, etc.

• Tractable sampling for RNNs, other autoregressive models

These samples can be used to probe physical estimators, like 
the energy, magnetic state, or the entanglement.  These can 
validate the hardware against expectations, or be something 
inaccessible in experiment.
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compare to Sharir, Levine, Wies, Carleo, Shashua, Phys. Rev. Lett. 124, 020503 (2020)



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

e.g. sampling a RBM

restrict observables 

x h

N nh

exact

N = 64

Torlai and RGM, PRB 94, 165134 (2016)
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Outline:

• An introduction to generative models

• Applications in near-term experiments

• Restricted Boltzmann machines

• Recurrent Neural Networks

• Neutral Rydberg atoms

• Trapped ions

Yb174+ R. Islam Lab, 
IQC Waterloo



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

• Explicit density models can represent pure & mixed quantum states

“classical” complex phase
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… …
density matrix

⇢
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• Let’s focus first on the class of groundstate wavefunction where in some 
“convenient” basis coefficients are all positive and real
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“stoquastic” Hamiltonians



Experiments: Rydberg atoms
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Bernien, Schwartz, Keesling, Levine, Omran, Pichler, Choi, 
Zibrov, Endres, Greiner, Vuletić, Lukin Nature 551, 579 (2017)



Train with samples in the       basis

In the case where the wavefunction is 
real and positive in a certain basis

Learning (real +ve) wavefunctions

and after calculate estimators from samples 
produced on the trained machine
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Torlai, Mazzola, Carrasquilla, Troyer, RGM, Carleo, 
Nature Physics 14, 447-450 (2018)
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The expectation of the swap operator can be 
measured in the replicated (trained) RBM with a 
simple, universal algorithm that scales well.

Torlai, Mazzola, Carrasquilla, Troyer, RGM, Carleo, 
Nature Physics 14, 447-450 (2018)Learning (real +ve) wavefunctions
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E.g. topological entanglement entropy

� = ln(2)
possible boundary configurations

Kitaev and Preskill - Phys. Rev. Lett. 96, 110404 (2006) 
Levin and Wen, - Phys. Rev. Lett. 96, 110405 (2006)
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Trapped ions

Yb174+

Forward problem

Inverse problem

“Machine learning design of a trapped-ion quantum spin simulator”,
 Yi Hong Teoh , Marina Drygala, Roger G. Melko, and Rajibul Islam arXiv:1910.02496



Trapped ions

Yb174+

“Machine learning design of a trapped-ion quantum spin simulator”,
 Yi Hong Teoh , Marina Drygala, Roger G. Melko, and Rajibul Islam arXiv:1910.02496

Can produce non-stoquastic Hamiltonians

Requires a parameterization with an amplitude 
and a phase
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Reconstruction requires measurements in more 
than one basis

H =
X

i,j

JijS
z
i S

z
i +

X

i,j

J̃ij(S
x
i S

x
j + S

y
i S

y
j )

<latexit sha1_base64="dcnxsgJ22XEXx8/MXkaBoGVscRg="></latexit><latexit sha1_base64="iH+o8dh4418oLkgVYwqwPmjo+ZI="></latexit><latexit sha1_base64="iH+o8dh4418oLkgVYwqwPmjo+ZI="></latexit><latexit sha1_base64="Qrwe5eJz6CB8Trk9dj2GWwsOrfc="></latexit>

Rx(✓)
<latexit sha1_base64="iCQN9UtKcie0MBqjMkZ1HpdEpLU=">AAAB6HicdVDLSgMxFL1TX7W+qi7dhBahIpQZwdeu6MZlFfuAtpRMmmljM5MhuSOW0n9wI+JGxa/xF/wb01bBih4IHM454d5z/VgKg6774aTm5hcWl9LLmZXVtfWN7OZW1ahEM15hSipd96nhUkS8ggIlr8ea09CXvOb3z8d+7ZZrI1R0jYOYt0LajUQgGEUrNa7ad4Um9jjSvXY27xbdCcgPcuh6p0ce8b6UfCnX3H8FgHI7+97sKJaEPEImqTENz42xNaQaBZN8lGkmhseU9WmXDyeLjsiulTokUNq+CMlEncnR0JhB6NtkSLFnfntj8S+vkWBw0hqKKE6QR2w6KEgkQUXGrUlHaM5QDiyhTAu7IWE9qilDe5uMrf7dj/xPqgdFzy16l/YGZzBFGnYgBwXw4BhKcAFlqAADBQ/wDC/OjXPvPDpP02jK+fqzDTNw3j4BmdGOGg==</latexit><latexit sha1_base64="f0+QIdXXChYQ9PgyW9assB3c++c=">AAAB6HicdVDJSgNBFHwTtxi3qEcvTYIQEcKM4HYLevEYxSyQCaGn05O06VnofiOGkH/woIgXBb/GX8jf2FkEI1rQUFRV8149L5ZCo22PrNTC4tLySno1s7a+sbmV3d6p6ihRjFdYJCNV96jmUoS8ggIlr8eK08CTvOb1Lsd+7Z4rLaLwFvsxbwa0EwpfMIpGaty0HgoudjnSg1Y2bxftCcgPcmw75ycOcWZKvpRzD59GpX65lf102xFLAh4ik1TrhmPH2BxQhYJJPsy4ieYxZT3a4YPJokOyb6Q28SNlXohkos7laKB1P/BMMqDY1b+9sfiX10jQP2sORBgnyEM2HeQnkmBExq1JWyjOUPYNoUwJsyFhXaooQ3ObjKn+3Y/8T6pHRccuOtfmBhcwRRr2IAcFcOAUSnAFZagAgwie4Q3erTvr0XqxXqfRlDX7swtzsD6+AJP/j6A=</latexit><latexit sha1_base64="f0+QIdXXChYQ9PgyW9assB3c++c=">AAAB6HicdVDJSgNBFHwTtxi3qEcvTYIQEcKM4HYLevEYxSyQCaGn05O06VnofiOGkH/woIgXBb/GX8jf2FkEI1rQUFRV8149L5ZCo22PrNTC4tLySno1s7a+sbmV3d6p6ihRjFdYJCNV96jmUoS8ggIlr8eK08CTvOb1Lsd+7Z4rLaLwFvsxbwa0EwpfMIpGaty0HgoudjnSg1Y2bxftCcgPcmw75ycOcWZKvpRzD59GpX65lf102xFLAh4ik1TrhmPH2BxQhYJJPsy4ieYxZT3a4YPJokOyb6Q28SNlXohkos7laKB1P/BMMqDY1b+9sfiX10jQP2sORBgnyEM2HeQnkmBExq1JWyjOUPYNoUwJsyFhXaooQ3ObjKn+3Y/8T6pHRccuOtfmBhcwRRr2IAcFcOAUSnAFZagAgwie4Q3erTvr0XqxXqfRlDX7swtzsD6+AJP/j6A=</latexit><latexit sha1_base64="VUdzipziNwtO34IWPCvLESO9IN8=">AAAB6HicdVDLSgMxFL1TX7W+qi7dBItQNyUj+NoV3bisYh/QlpJJM21s5kFyRyyl/+BGxI2CX+Mv+Dem7QhW9EDgcM4J957rxUoapPTTySwsLi2vZFdza+sbm1v57Z2aiRLNRZVHKtINjxmhZCiqKFGJRqwFCzwl6t7gcuLX74U2MgpvcRiLdsB6ofQlZ2il5k3nodjCvkB22MkXaIlOQX6QY+qen7jETZUCpKh08h+tbsSTQITIFTOm6dIY2yOmUXIlxrlWYkTM+ID1xGi66JgcWKlL/EjbFyKZqnM5FhgzDDybDBj2zW9vIv7lNRP0z9ojGcYJipDPBvmJIhiRSWvSlVpwVENLGNfSbkh4n2nG0d4mZ6t/9yP/k9pRyaUl95oWyhfpEbKwB/tQBBdOoQxXUIEqcIjgCV7hzblzHp1n52UWzTjpn12Yg/P+BZasjJE=</latexit>

Ry(✓)
<latexit sha1_base64="YEs0Qp8caRlwWopvgMYHsGwaADk=">AAAB6HicdVDLSgMxFL3js9ZX1aWbYBXqpswIvnZFNy6r2Ae0pWTStI3NTIbkjjCU/oMbETcKfoRrl/6CH+Le9CFY0QOBwzkn3HuuH0lh0HU/nJnZufmFxdRSenlldW09s7FZNirWjJeYkkpXfWq4FCEvoUDJq5HmNPAlr/i986FfueXaCBVeYxLxRkA7oWgLRtFKtatmkqtjlyPdb2aybt4dgfwgh653euQRb6JkC7ufr28AUGxm3ustxeKAh8gkNabmuRE2+lSjYJIP0vXY8IiyHu3w/mjRAdmzUou0lbYvRDJSp3I0MCYJfJsMKHbNb28o/uXVYmyfNPoijGLkIRsPaseSoCLD1qQlNGcoE0so08JuSFiXasrQ3iZtq3/3I/+T8kHec/Pepb3BGYyRgm3YgRx4cAwFuIAilICBgnt4gmfnxrlzHpzHcXTGmfzZgik4L19GiI9h</latexit><latexit sha1_base64="VWXJWix8vvsSR4MMx1ZQeoEebwE=">AAAB6HicdVDJSgNBFHwTt5i4RD16aYxCvIQZwe0W9OIxilkgCaGn00na9Cx0vwkMIf/gRcSLgh/hD3jxF/wQPdtZBCNa0FBUVfNePTeUQqNtv1uJufmFxaXkciq9srq2ntnYLOsgUoyXWCADVXWp5lL4vIQCJa+GilPPlbzi9s5HfqXPlRaBf41xyBse7fiiLRhFI9WumnGujl2OdL+Zydp5ewzygxzazumRQ5ypki3sfry89tOfxWbmrd4KWORxH5mkWtccO8TGgCoUTPJhqh5pHlLWox0+GC86JHtGapF2oMzzkYzVmRz1tI491yQ9il392xuJf3m1CNsnjYHwwwi5zyaD2pEkGJBRa9ISijOUsSGUKWE2JKxLFWVobpMy1b/7kf9J+SDv2Hnn0tzgDCZIwjbsQA4cOIYCXEARSsAggDt4hCfrxrq17q2HSTRhTf9swQys5y8wZJDb</latexit><latexit sha1_base64="VWXJWix8vvsSR4MMx1ZQeoEebwE=">AAAB6HicdVDJSgNBFHwTt5i4RD16aYxCvIQZwe0W9OIxilkgCaGn00na9Cx0vwkMIf/gRcSLgh/hD3jxF/wQPdtZBCNa0FBUVfNePTeUQqNtv1uJufmFxaXkciq9srq2ntnYLOsgUoyXWCADVXWp5lL4vIQCJa+GilPPlbzi9s5HfqXPlRaBf41xyBse7fiiLRhFI9WumnGujl2OdL+Zydp5ewzygxzazumRQ5ypki3sfry89tOfxWbmrd4KWORxH5mkWtccO8TGgCoUTPJhqh5pHlLWox0+GC86JHtGapF2oMzzkYzVmRz1tI491yQ9il392xuJf3m1CNsnjYHwwwi5zyaD2pEkGJBRa9ISijOUsSGUKWE2JKxLFWVobpMy1b/7kf9J+SDv2Hnn0tzgDCZIwjbsQA4cOIYCXEARSsAggDt4hCfrxrq17q2HSTRhTf9swQys5y8wZJDb</latexit><latexit sha1_base64="dZoBH5VxLhB2TgwT/X1BOKuTfoA=">AAAB6HicdVDLSgMxFL1TX7W+qi7dBItQNyUj+NoV3bisYluhLSWTZtrYzIPkjjCU/oMbETcKfo2/4N+YtiNY0QOBwzkn3HuuFytpkNJPJ7ewuLS8kl8trK1vbG4Vt3caJko0F3UeqUjfecwIJUNRR4lK3MVasMBToukNLyd+80FoI6PwFtNYdALWD6UvOUMrtW66abmNA4HssFss0Qqdgvwgx9Q9P3GJmyklyFDrFj/avYgngQiRK2ZMy6UxdkZMo+RKjAvtxIiY8SHri9F00TE5sFKP+JG2L0QyVedyLDAmDTybDBgOzG9vIv7ltRL0zzojGcYJipDPBvmJIhiRSWvSk1pwVKkljGtpNyR8wDTjaG9TsNW/+5H/SeOo4tKKe01L1YvsCHnYg30ogwunUIUrqEEdOETwBK/w5tw7j86z8zKL5pzszy7MwXn/ApgujJI=</latexit>



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)
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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>
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Learning density matrices

Can extend our RBM to represent mixed states described by 
density matrices

 �,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

p(x) = Tr⇢Mx
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Can introduce a factorization of the state in terms of a probability 
distribution and a set of tensors - allows for inversion of the Born 
rule.

Carrasquilla, Torlai, RGM, Aolita, 
Nature Machine Intelligence 1, 155–161 (2019)RBMs, RNNs, VAEs, GANs, and more…

generative model
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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
(|HHV i+ |V V Hi)
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Experiment: entangled photons

K. Resch lab, IQC Waterloo
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Discussion:

• Generative models are a powerful tool for performing state 
reconstruction using projective measurement data

nh / poly(N)

Nb / poly(N)
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M / poly(N)
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• How is learning from data different than optimizing 
parameters variationally (with knowledge of the 
Hamiltonian)?

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



Pruning the trained weights Sehayek, Golubeva, RGM … unpublished



• Minimum number of measurements to achieve a give accuracy in energy?
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h/J = 1
<latexit sha1_base64="4+4zSxOny93nl5cfI5/Qd8js05Q=">AAAB5HicbVDLSgMxFL1TX7W+qi7dhBZBEOrEjW6EohtxVcE+oC0lk2ba0ExmSO4IpfQP3Ii4URA/x1/wb0wfm7YeCBzOOeHec4NESYu+/+tl1tY3Nrey27md3b39g/zhUc3GqeGiymMVm0bArFBSiypKVKKRGMGiQIl6MLib+PVnYayM9RMOE9GOWE/LUHKGTqr3Lx7IDaGdfNEv+VOQVULnpFgutM6/AaDSyf+0ujFPI6GRK2Ztk/oJtkfMoORKjHOt1IqE8QHridF0yTE5dVKXhLFxTyOZqgs5Flk7jAKXjBj27bI3Ef/zmimG1+2R1EmKQvPZoDBVBGMyaUy60giOaugI40a6DQnvM8M4urvkXHW6XHSV1C5L1C/RR3eDW5ghCydQgDOgcAVluIcKVIHDAF7hAz690Hvx3rz3WTTjzf8cwwK8rz9cA4t/</latexit><latexit sha1_base64="h+DTZpMXIyWUUwSDjpwCoHkup2A=">AAAB5HicbVDLSgMxFL1TX7W+qi7dhBZBEOqkG90IRTfiqoJ9QFtKJs20oZkHyR1hKP0DN6JuFPwef6F/Y/rYtPVA4HDOCfee68VKGnTdiZPZ2Nza3snu5vb2Dw6P8scndRMlmosaj1Skmx4zQslQ1FCiEs1YCxZ4SjS84f3Ub7wIbWQUPmMai07A+qH0JWdopcbg6pHcEtrNF92SOwNZJ3RBipVC+/JjUkmr3fxvuxfxJBAhcsWMaVE3xs6IaZRciXGunRgRMz5kfTGaLTkm51bqET/S9oVIZupSjgXGpIFnkwHDgVn1puJ/XitB/6YzkmGcoAj5fJCfKIIRmTYmPakFR5VawriWdkPCB0wzjvYuOVudrhZdJ/Vyibol+mRvcAdzZOEMCnABFK6hAg9QhRpwGMIbfMG34zuvzrvzOY9mnMWfU1iC8/MHVjGNBQ==</latexit><latexit sha1_base64="h+DTZpMXIyWUUwSDjpwCoHkup2A=">AAAB5HicbVDLSgMxFL1TX7W+qi7dhBZBEOqkG90IRTfiqoJ9QFtKJs20oZkHyR1hKP0DN6JuFPwef6F/Y/rYtPVA4HDOCfee68VKGnTdiZPZ2Nza3snu5vb2Dw6P8scndRMlmosaj1Skmx4zQslQ1FCiEs1YCxZ4SjS84f3Ub7wIbWQUPmMai07A+qH0JWdopcbg6pHcEtrNF92SOwNZJ3RBipVC+/JjUkmr3fxvuxfxJBAhcsWMaVE3xs6IaZRciXGunRgRMz5kfTGaLTkm51bqET/S9oVIZupSjgXGpIFnkwHDgVn1puJ/XitB/6YzkmGcoAj5fJCfKIIRmTYmPakFR5VawriWdkPCB0wzjvYuOVudrhZdJ/Vyibol+mRvcAdzZOEMCnABFK6hAg9QhRpwGMIbfMG34zuvzrvzOY9mnMWfU1iC8/MHVjGNBQ==</latexit><latexit sha1_base64="Gwav8IT/LeJ00ObrDguNkG0PSsE=">AAAB5HicbVDLSgMxFL2pr1pfVZdugkVwVWfc1I1QdCOuKtgHtKVk0kwbmpkMyR2hlP6BGxE3Cn6Pv+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGlanhos610qbVsCsUDIWdZSoRCsxgkWBEs1gdD/zmy/CWKnjZxwnohuxQSxDyRk6qTm8eqS31O8VS17Zm4OuEz8jJchQ6xV/On3N00jEyBWztu17CXYnzKDkSkwLndSKhPERG4jJfMkpvXBSn4bauBcjnatLORZZO44Cl4wYDu2qNxP/89ophjfdiYyTFEXMF4PCVFHUdNaY9qURHNXYEcaNdBtSPmSGcXR3Kbjq/mrRddK4Lvte2X/yStW77Ah5OINzuAQfKlCFB6hBHTiM4A0+4YuE5JW8k49FNEeyP6ewBPL9B1jeifY=</latexit>

Aaronson : 
if one is only concerned about learning a state well enough to predict the outcomes of 
most measurements drawn from it, the exponential cost usually associated with full 
state tomography is reduced to a linear scaling in N. 

S. Aaronson, Proc. R. Soc. A 463 (2007). 


