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Outline

• Rydberg array quantum simulators/emulators 

• In silico simulation strategies: DMRG, QMC 

• Data-driven strategies: neural network wavefunctions & VMC 



Rydberg atom arrays

• Atoms can be in their ground state, or an excited state with a large principle 
quantum number (a Rydberg state).  They form a strongly-interacting system. 

• Single-atom resolved fluorescent imaging provides projective measurements 

• Arrays of atoms are currently used for simulation (groundstates, critical phenomena), 
solving combinatorial optimization problems 

• Neutral atoms (Rb, Sr) are loaded into a lattice 
formed by an array of optical tweezers
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• Two atoms within the blockade radius cannot both 
be excited into a Rydberg state simultaneously 

• Lattice geometry crucially affects physics



Experimental Rydberg Arrays

87Rb
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Single-atom resolved fluorescent 
imaging provides projective 
measurements of |gi
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Experimental lattices
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Adiabatic state preparation
• Phase diagrams are studied by detuning across the bare resonance 

• Optimization problems (MIS) and quantum sampling 

H. Pichler, S.-T. Wang, L. Zhou, S. Choi, and M. D. Lukin, 
Quantum optimization for maximum independent set using Rydberg atom arrays, arXiv:1808.10816, 
Computational complexity of the Rydberg blockade in two dimensions, arXiv:1809.04954 
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Quantum Sampling Algorithms for Near-Term Devices 
arXiv:2005.14059, arXiv:2109.03007



2D: Quantum critical points
Samajdar, Ho, Pichler, Lukin, Sachdev, 
Phys. Rev. Lett. 124, 103601 (2020)
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• First experimental realization of a 2+1 D QCP in the Ising universality class

15⇥ 8
<latexit sha1_base64="lB/XQcPKN+V+222I5er6qrKMg+I=">AAAB6HicbVDLSgMxFL1TX219VV26CRbBVZkRxC6LblxWsA9oS82kmTY2MwnJHaGU/oMbkW4U/Bp/wb8xfWzaeiBwOOeEe88NtRQWff/Xy2xt7+zuZXP5/YPDo+PCyWndqtQwXmNKKtMMqeVSJLyGAiVvasNpHEreCIf3M7/xyo0VKnnCkeadmPYTEQlG0Umt4Ia0UcTcknK3UPRL/hxkkwRLUqzk9PQZAKrdwk+7p1ga8wSZpNa2Al9jZ0wNCib5JN9OLdeUDWmfj+eLTsilk3okUsa9BMlcXcnR2NpRHLpkTHFg172Z+J/XSjEqd8Yi0SnyhC0GRakkqMisNekJwxnKkSOUGeE2JGxADWXobpN31YP1opukfl0K/FLw6G5wBwtk4Rwu4AoCuIUKPEAVasBAwTt8wpf34r15H950Ec14yz9nsALv+w/Yy42d</latexit><latexit sha1_base64="gIUyQz+v0NsFZP2FRjsHKFq270k=">AAAB6HicbVDLTgIxFL2DL8AX6tJNIzFxRWZMDCyJblxiIo8IhHRKByqd6aS9YySEf3BjDBtN/AF/w1/wa7Q8NoAnaXJyzmnuPdePpTDouj9OamNza3snncnu7u0fHOaOjmtGJZrxKlNS6YZPDZci4lUUKHkj1pyGvuR1f3Az9etPXBuhonscxrwd0l4kAsEoWqnpXZEWipAbUurk8m7BnYGsE29B8uVMPHn4ev6tdHLfra5iScgjZJIa0/TcGNsjqlEwycfZVmJ4TNmA9vhotuiYnFupSwKl7YuQzNSlHA2NGYa+TYYU+2bVm4r/ec0Eg1J7JKI4QR6x+aAgkQQVmbYmXaE5Qzm0hDIt7IaE9ammDO1tsra6t1p0ndQuC55b8O7sDa5hjjScwhlcgAdFKMMtVKAKDBS8wjt8OI/Oi/PmTObRlLP4cwJLcD7/AJocj70=</latexit><latexit sha1_base64="gIUyQz+v0NsFZP2FRjsHKFq270k=">AAAB6HicbVDLTgIxFL2DL8AX6tJNIzFxRWZMDCyJblxiIo8IhHRKByqd6aS9YySEf3BjDBtN/AF/w1/wa7Q8NoAnaXJyzmnuPdePpTDouj9OamNza3snncnu7u0fHOaOjmtGJZrxKlNS6YZPDZci4lUUKHkj1pyGvuR1f3Az9etPXBuhonscxrwd0l4kAsEoWqnpXZEWipAbUurk8m7BnYGsE29B8uVMPHn4ev6tdHLfra5iScgjZJIa0/TcGNsjqlEwycfZVmJ4TNmA9vhotuiYnFupSwKl7YuQzNSlHA2NGYa+TYYU+2bVm4r/ec0Eg1J7JKI4QR6x+aAgkQQVmbYmXaE5Qzm0hDIt7IaE9ammDO1tsra6t1p0ndQuC55b8O7sDa5hjjScwhlcgAdFKMMtVKAKDBS8wjt8OI/Oi/PmTObRlLP4cwJLcD7/AJocj70=</latexit><latexit sha1_base64="+6+wbzyC+kSIX19JAP3kUUTxS2k=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV1BzDHoxWME84AkhNlJJxkzu7PM9Aoh5B+8iHhR8Gv8Bf/GSbKXJBYMFFU1dFeHiZKWfP/X29jc2t7Zze3l9w8Oj44LJ6d1q1MjsCa00qYZcotKxlgjSQqbiUEehQob4eh+5jde0Fip4ycaJ9iJ+CCWfSk4OakV3LA2yQgtK3cLRb/kz8HWSZCRImSodgs/7Z4WaYQxCcWtbQV+Qp0JNySFwmm+nVpMuBjxAU7mi07ZpZN6rK+NezGxubqU45G14yh0yYjT0K56M/E/r5VSv9yZyDhJCWOxGNRPFSPNZq1ZTxoUpMaOcGGk25CJITdckLtN3lUPVouuk/p1KfBLwaNfrNxlR8jBOVzAFQRwCxV4gCrUQICGN/iEL+/Ze/XevY9FdMPL/pzBErzvP5/di+s=</latexit>



2D: Quantum spin liquids
Samajdar, Ho, Pichler, Lukin, Sachdev, Proc. Natl. Acad. Sci. 118 (2021)
Verresen, Lukin, Vishwanath, Phys. Rev. X 11, 031005 (2021)

(219 atoms)
• Motivating experimental searches Semeghini et. al. arXiv:2104.04119

S = aL� ln(2)

Signature of a Z2 spin liquid Stopo



Outline

• Rydberg array quantum simulators/emulators 

• In silico simulation strategies: DMRG, QMC 

• Data-driven strategies: neural network wavefunctions & VMC 



in silico simulation strategies: DMRG/MPS

“MPS simulations for systems up to L = 10 are reliable to characterize 
and benchmark the experimental results, although they might not be 
fully converged in χ with regard to other observables, such as the 
entanglement entropy. Finally, we want to mention that reliable 
simulations of the dynamics for the largest experimental results 
achieved in this paper (L = 14) seem to be out of reach with currently 
available computational hardware…”

Experiment 16x16

DMRG 10x10

• DMRG/MPS is currently the standard for comparison with experiment 

• Enabled by open source libraries such as iTensor and TeNPy

Ebadi et. al. Nature 595, 227 (2021)



in silico simulation strategies: QMC

 �(x) =
p

p�(x)
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Note: the Rydberg Hamiltonian is (efficiently made) stoquastic
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• Allows for (efficient?) simulation by quantum Monte Carlo 

• Perron-Frobenius guarantees a real/positive groundstate wavefunction

Z ⌘ h 0| 0i
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Sandvik, Phys. Rev. E 68(5), 056701 (2003)
Merali, De Vlugt, RGM, arXiv:2107.00766
(c.f. Kalinowski et al. arXiv:2112.10790)

Stochastic series expansion Z ⌘ h 0| 0i
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Efficient QMC: sign-free and ergodic 



Merali, De Vlugt, RGM, arXiv:2107.00766
S. Czischek et al.
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• Detailed comparisons with experiment are possible  
• Autocorrelation times can be very significant 
• Not clear what the maximum lattice sizes are at this time
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Efficient QMC: sign-free and ergodic 



Bulk and Boundary Quantum Phase Transitions in a Square Rydberg Atom Array 
M. Kalinowski, R. Samajdar, RGM, M. Lukin, S. Sachdev, S. Choi, arXiv:2112.10790 

Continuous imaginary time QMC

L = 12
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L = 8
<latexit sha1_base64="qr1dUsogyxcDuw8tA/8A2/Mv8Ek=">AAAB4HicbVC7SgNBFL0bX3F9RS1tBoNgFWZtTBMM2lhYRDQPSEKYncwmQ2YfzNwVQghY2ojYKPhD+gv+jZNHk8QDFw7nnMvcM36ipEFKf53M2vrG5lZ2293Z3ds/yB0e1Uycai6qPFaxbvjMCCUjUUWJSjQSLVjoK1H3BzcTv/4ktJFx9IjDRLRD1otkIDlDKz3clYqdXJ4W6BRklXhzkr/6dkvPAFDp5H5a3ZinoYiQK2ZM06MJtkdMo+RKjN1WakTC+ID1xGh64JicWalLgljbiZBM1YUcC40Zhr5Nhgz7ZtmbiP95zRSDYnskoyRFEfHZQ0GqCMZk0pZ0pRYc1dASxrW0FxLeZ5pxtH/i2urectFVUrsoeLTg3dN8+RpmyMIJnMI5eHAJZbiFClSBQw9e4QM+Hd95cd6c91k048x3jmEBztcf7Z6KzQ==</latexit><latexit sha1_base64="E0n5N6vVyWvQEihRPHlI1xxJQp0=">AAAB4HicbVC7SgNBFL3rM66vqKXNYBCswq6NaYJBGwuLiOYBSQizk9lkyOzOMnNXCCG9jYiNgq0fo38g/o2TR5PEAxcO55zL3DNBIoVBz/t1VlbX1jc2M1vu9s7u3n724LBqVKoZrzAlla4H1HApYl5BgZLXE81pFEheC/rXY7/2yLURKn7AQcJbEe3GIhSMopXub4uFdjbn5b0JyDLxZyR3+eUWk88ft9zOfjc7iqURj5FJakzD9xJsDalGwSQfuc3U8ISyPu3y4eTAETm1UoeEStuJkUzUuRyNjBlEgU1GFHtm0RuL/3mNFMNCayjiJEUes+lDYSoJKjJuSzpCc4ZyYAllWtgLCetRTRnaP3FtdX+x6DKpnud9L+/febnSFUyRgWM4gTPw4QJKcANlqACDLjzDG7w7gfPkvDiv0+iKM9s5gjk4H3/QpYxB</latexit><latexit sha1_base64="E0n5N6vVyWvQEihRPHlI1xxJQp0=">AAAB4HicbVC7SgNBFL3rM66vqKXNYBCswq6NaYJBGwuLiOYBSQizk9lkyOzOMnNXCCG9jYiNgq0fo38g/o2TR5PEAxcO55zL3DNBIoVBz/t1VlbX1jc2M1vu9s7u3n724LBqVKoZrzAlla4H1HApYl5BgZLXE81pFEheC/rXY7/2yLURKn7AQcJbEe3GIhSMopXub4uFdjbn5b0JyDLxZyR3+eUWk88ft9zOfjc7iqURj5FJakzD9xJsDalGwSQfuc3U8ISyPu3y4eTAETm1UoeEStuJkUzUuRyNjBlEgU1GFHtm0RuL/3mNFMNCayjiJEUes+lDYSoJKjJuSzpCc4ZyYAllWtgLCetRTRnaP3FtdX+x6DKpnud9L+/febnSFUyRgWM4gTPw4QJKcANlqACDLjzDG7w7gfPkvDiv0+iKM9s5gjk4H3/QpYxB</latexit><latexit sha1_base64="hYBMkcDn9OlFziVy1U3lKTtxz1E=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqmTc2I1QdOPCRUX7gLaUTJppQzOZIbkjlNK9GxE3Cn6Rv+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2Nza3snvFvb2Dw6PiscnDRunhos6j1VsWgGzQkkt6ihRiVZiBIsCJZrB6G7mN1+EsTLWzzhORDdiAy1DyRk66enhptIrlmiZzkHWiZ+REmSo9Yo/nX7M00ho5IpZ2/Zpgt0JMyi5EtNCJ7UiYXzEBmIyX3BKLpzUJ2Fs3NNI5upSjkXWjqPAJSOGQ7vqzcT/vHaKYaU7kTpJUWi+GBSmimBMZm1JXxrBUY0dYdxItyHhQ2YYR3eTgqvurxZdJ42rsk/L/iMtVW+zI+ThDM7hEny4hircQw3qwGEAb/AJX17gvXrv3scimvOyP6ewBO/7D5BoiQA=</latexit>

• Clear differences between OBC and PBC systems - boundary plays major role 
• Consequences for adiabatic state preparation, optimization problems



Outline

• Rydberg array quantum simulators/emulators 

• In silico simulation strategies: DMRG, QMC 

• Data-driven strategies: neural network wavefunctions & VMC 



Data driven state reconstruction

The availability of high quality projective measurement data allows for state 
reconstruction, e.g. through the KL divergence or maximum likelihood methods

KL(p||p�) =
X

x

p(x) log
p(x)

p�(x)
� 0

p(x) 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)

..
. }D

qubit projective measurement data

distributed according to Born rule,  p(x)
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Cost function: a “model”



Parameterized models and generalization
• Rydberg data is limited by the experimental shot budget (~3/s)

p(x) ⇡ 1

||D||
X

xk2D
�x,xk

<latexit sha1_base64="ZPOYGzFVxC9RGukYRqjFEPMaSBU="></latexit>

• Generative models use inductive bias (assumptions in the model) 
in order to help generalize to unseen data

p�(x) ⇡

Fidelity improvements for RBMs vs. frequency-distribution 
reconstructions, for a selection of dataset sizes Ns.

�
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B. Timar



Torlai and RGM, Phys. Rev. B 94, 165134 (2016); Carleo, Troyer Science 355, 602 (2017)
Hibat-Allah, Ganahl, Hayward, RGM, and Carrasquilla, Phys. Rev. Research 2, 023358 (2020)

Neural network wavefunctions 
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� = {W, b, c} model parameters

p�(x) =
X

h

p�(x,h)

Restricted Boltzmann Machine Recurrent Neural Network

p�(x1, · · ·xN ) =
NY

i=1

p(xi|x1, . . . , xi�1)
<latexit sha1_base64="A9+0Z2wmcPoZ5u9YIotfER99DTs="></latexit>

= p(x1)p(x2|x1)p(x3|x1, x2) · · ·
<latexit sha1_base64="yNeoelgqxWunbfBTVn7zkxV1Y38=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARWpAy0wq6EYpuXFawF2iHIZNJ29BMZkgyYpn2Gdz4Km5cKOLWlTvfxkw7C209kPDlP+dwcn4vYlQqy/o2ciura+sb+c3C1vbO7p65f9CSYSwwaeKQhaLjIUkY5aSpqGKkEwmCAo+Rtje6TvPteyIkDfmdGkfECdCA0z7FSGnJNcuXUenBtcvpXYUTmDJMH7WJxlMtlmEP+6GSrlm0KtYs4DLYGRRBFg3X/Or5IY4DwhVmSMqubUXKSZBQFDMyLfRiSSKER2hAuho5Coh0ktlKU3iiFR/2Q6EPV3Cm/u5IUCDlOPB0ZYDUUC7mUvG/XDdW/QsnoTyKFeF4PqgfM6hCmPoDfSoIVmysAWFB9V8hHiKBsNIuFrQJ9uLKy9CqVuxapXp7VqxfZXbkwRE4BiVgg3NQBzegAZoAg0fwDF7Bm/FkvBjvxse8NGdkPYfgTxifP9t0mxo=</latexit>

Autoregressive model; produces independent samples 



steps

�

p(�)

KL

Exact
10 steps
500 steps

a

b

Training & sampling

Training: stochastic gradient descent:

Torlai and RGM, 
Phys. Rev. B 94, 165134 (2016)

�0 = �� ⌘rKL
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Can reconstruct estimators by sampling the trained model

Torlai, Mazzola, Carleo, and Mezzacapo Phys. Rev. Research 2, 022060 (2020)  

Bias-variance tradeoff
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Experiment
Exact Diag.
NN recnstr.

“local” estimator

Stoquastic Hamiltonian:

Exact Diagonalization

NN  
reconstruction

Torlai, Timar, van Nieuwenburg, Levine, Omran, Keesling, 
Bernien, Greiner, Vuletić, Lukin, RGM, Endres, 


Phys. Rev. Lett. 123, 230504 (2019)


Rydberg state reconstruction
• one-dimensional chain 
• 3000 projective measurements per detuning parameter 
• assume positively & purity of the state - use RBM
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Experimental reconstruction • Second Renyi entropy via SWAP

• With more data…



What use is limited experimental data?

Neural network wavefunctions allow for model parameter optimization in two ways:

Data-driven, e.g. with the K-L divergence Variationally (with knowledge of the Hamiltonian)

KL(p||p�) =
X

x

p(x) log
p(x)

p�(x)
� 0 h �|H| �i
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nh = 40



What use is limited experimental data?

Variational

Data-driven

Variational

Keep parameters, switch cost functions



Complex quantum states Torlai, Mazzola, Carrasquilla, Troyer, RGM, Carleo, Nature Physics 14, 447 (2018)
Torlai and RGM, Annual Review of Condensed Matter Physics 11:325-344 (2020)
RGM, Carleo, Carrasquilla, Cirac, Nature Physics 15, 887 (2019)
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• Conventional generative models can be adapted to learn pure & mixed quantum states

pure wavefunction density matrixsign free

• Will make the data driven problem that much harder L =
NbX

b

X

xb

log | �,µ(xb)|2



Discussion: Rydberg atom arrays

• Projective (experimental) measurement data opens up 
the possibility of combining data-driven with variational 
parameter learning.

• Classical simulations can reproduce current experiments - but for how long? 

• Experiments are capable of producing other Hamiltonians, 
including non-stoquastic models (eg. XXZ)

Scholl et al., arXiv:2107.14459H =
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• A platform for exciting physics 
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