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Practical quantum computation?

~50 qubits

Quantum 
“Supremacy”

Useful Quantum Advantage?? 
Simulating quantum matter

# logical 
qubits100’s - 1000’s of qubits

You are here

Goal: Port successful classical strategies (tensor-network representations) to the quantum realm

Strategy: Focus quantum resources on classically-hard aspects of computation



Tensor Network States (TNS)

“Bond-
dimension”

Hidden/“Bond” DOF

Physical DOF

ground-states of 
local Hamiltonians

many-body 
states

time-evolved 
low-energy 

states

2d TNS2d TNSMatrix Product State 
(MPS)

e.g. Yan, Huse, White, 
Science ‘10
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Can simulate 100’s-1000’s of spins!

Higher-d MPS: (gapless)



Quantum Matrix Product States (qMPS)

Schoen, Hammerer, Wolf, Cirac PRA ‘07 
Foss-Feig, Hayes, … ACP PRR ’21 

Barratt, Dborin, Bal, Stojevic, Green, Pollmann NPJQI ’21
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“Physical” qubit(s)

“Bond” qubit(s)
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� = 2#bond-qubits

“Holographic” simulation:  
Simulate d-dimensions w/ (d-1) 

dimensions’ worth of qubits
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Representational Power of qTNS?

Restriction 1: Tensors = Isometries

Soejima, Siva, Bultinck, Chatterjee, 
Pollmann, Zaletel PRB ‘20

• 1d: No Restriction (“Canonical Form” ) 
• 2d, 3d: ?? [Many interesting states have low-

bond dimension isoTNS representations]

Restriction 2: Circuit Resources

(e.g. Solovay, Kitaev)

Generic “Dense” Unitary:
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• Key Question: What class of states can be 
captured w/ D~poly(Q,L)? 

• (Partial) Answer: 
- Anything continuously connected to non-
interacting electrons 
- (Non-chiral) topological orders Niu, Zhang, Haghenas, 

Chan, ACP [to appear]



qMPS Ground-State Preparation: “Holographic VQE”

Honeywell H1 
Trapped-Ion Processor ✓1
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QPU* CPU 
(Classical Optimizer)

*Data shown will be classically pre-optimized, then implemented on QPU



Variational qMPS: Experimental Demo

Foss-Feig, Hayes, et al. [Honeywell + ACP] arXiv:2104.11235

# Qubits used: 2-3 
Vs. >~ 40 qubits!!
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paramagnet

Cardy, Calabrese

Ground-state energy Entanglement entropy(2 qubits) (2-3 qubits)



Variational qMPS: Systematics

Haghenas, Gray, ACP, G Chan arXiv:2107.01307

Takeaways: 
• Local circuits can achieve similar performance to DMRG

• Extrapolation: qMPS can be more expressive than dense-MPS

Heisenberg spin-chain Fermi-Hubbard Chain 
(partial filling = metal)



Non-equilibrium dynamics

Foss-Feig, Hayes, … ACP PRR ’21

Transport, Scattering, Thermalization, Localization, Quantum-Chaos, 
Scrambling, Dynamical critical phenomena & phases…

Correlated (qTNS) initial state

<latexit sha1_base64="Jc5jShqgCHaV+2LYK3G5Qzyc1lY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7ud+54lrI2L1iNOE+xEdKREKRtFKnWbfiIjgoFxxq+4CZJ14OalAjsag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8W5M3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIMb/1MqCRFrthyUZhKgjGZ/06GQnOGcmoJZVrYWwkbU00Z2oRKNgRv9eV10r6qetfVWrNWqd/lcRThDM7hEjy4gTo8QANawGACz/AKb07ivDjvzseyteDkM6fwB87nD/HUj1M=</latexit>

Q ⇠ t

Space-time tradeoff:

Classical simulations (TEBD): 
<latexit sha1_base64="8bhnHVDRk792K5sX6fSwsz9IWk4=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBoE+5E1DJoYxnBfEDuCHubiVncvTt258RwpLDxr9hYKGLrj7Dz37hJrtDEBwOP92aYmRcmUhh03W9nYXFpeWW1sFZc39jc2i7t7DZNnGoODR7LWLdDZkCKCBooUEI70cBUKKEV3l2O/dY9aCPi6AaHCQSK3UaiLzhDK3VLZZ8PBPWNUNSHh+TQR3jADIWC0VG3VHGr7gR0nng5qZAc9W7py+/FPFUQIZfMmI7nJhhkTKPgEkZFPzWQMH7HbqFjacQUmCCbPDGiB1bp0X6sbUVIJ+rviYwpY4YqtJ2K4cDMemPxP6+TYv88yESUpAgRny7qp5JiTMeJ0J7QwFEOLWFcC3sr5QOmGUebW9GG4M2+PE+ax1XvtHpyfVKpXeRxFEiZ7JND4pEzUiNXpE4ahJNH8kxeyZvz5Lw4787HtHXByWf2yB84nz9r0Zf5</latexit>

� ⇠ exp(time) Hard even in 1d!!

<latexit sha1_base64="3TfGhuXQVQdX4i1s5cWVKFVzxPI=">AAAB+XicbVBNSwMxEM36WevXqkcvwSLUS9mVoh6LXjxWsB/QXUo2nbahSXZJssWy9J948aCIV/+JN/+NabsHbX0w8Hhvhpl5UcKZNp737aytb2xubRd2irt7+weH7tFxU8epotCgMY9VOyIaOJPQMMxwaCcKiIg4tKLR3cxvjUFpFstHM0kgFGQgWZ9RYqzUdd2ADlmgmcABPCVlc9F1S17FmwOvEj8nJZSj3nW/gl5MUwHSUE607vheYsKMKMMoh2kxSDUkhI7IADqWSiJAh9n88ik+t0oP92NlSxo8V39PZERoPRGR7RTEDPWyNxP/8zqp6d+EGZNJakDSxaJ+yrGJ8SwG3GMKqOETSwhVzN6K6ZAoQo0Nq2hD8JdfXiXNy4p/Vak+VEu12zyOAjpFZ6iMfHSNauge1VEDUTRGz+gVvTmZ8+K8Ox+L1jUnnzlBf+B8/gC+/JMX</latexit>

� ⇠ exp(t)



Benchmark: Chaotic Floquet Dynamics
Self-Dual Kicked Ising Model: Non-integrable, chaotic, but solvable w/ certain MPS initial states  

(quantum algorithm does not exploit solvability)

Bertini, Kos, Prosen

Chertkov, … Foss-Feig (Honeywell + ACP) arXiv: 2105.09324

- Quantitatively Accurate Simulations of  
L=32 spins w/ ≤ 8 qubits


- Essentially no post-processing or error-mitigation

<latexit sha1_base64="WRGmnq50lXfoS/nsuh0JIP+7Ooc=">AAACGnicbVDLSgMxFM3UV62vqks3wSJUkDIjRd0IxW5cVrAP6NSSSTNtaJIZkoy0DP0ON/6KGxeKuBM3/o2ZdhBtPRA495x7ubnHCxlV2ra/rMzS8srqWnY9t7G5tb2T391rqCCSmNRxwALZ8pAijApS11Qz0golQdxjpOkNq4nfvCdS0UDc6nFIOhz1BfUpRtpI3bxT7caj0QReQpch0WfEVbTP0d2oKE/08U9hJ4WcNnTzBbtkTwEXiZOSAkhR6+Y/3F6AI06Exgwp1XbsUHdiJDXFjExybqRIiPAQ9UnbUIE4UZ14etoEHhmlB/1Amic0nKq/J2LElRpzz3RypAdq3kvE/7x2pP2LTkxFGGki8GyRHzGoA5jkBHtUEqzZ2BCEJTV/hXiAJMLapJkzITjzJy+SxmnJOSuVb8qFylUaRxYcgENQBA44BxVwDWqgDjB4AE/gBbxaj9az9Wa9z1ozVjqzD/7A+vwGJvKgUw==</latexit>

Cxx = h�x(r, t)�x(0, t)i



Simulating Electrons
Gaussian (Mean-field) States

<latexit sha1_base64="ZzujhpfbsIXGz+voCb5qiaoytoo="></latexit>

Gij = hc†i cji = W

✓
0

0 0

◆
W †

occupied

empty

Niu, Heghanas, Zhang, Chan, ACP (to appear)

• Approximate localized basis for filled states 

• Construct circuit that rotates into that basis

• Convert to qMPS

GMPS Compression: Experimental demo

<latexit sha1_base64="fFWCzb4oM/azjy3senjImkGfgbM="></latexit>

#qubits ⇠ Ld�1 · logL · log 1

✏

+ adiabatic time evolution =>  
efficient qMPS for large-class of states 
(metals, insulators, superconductors, 
magnets, some spin-liquids, etc…)

Compare to Google’s “Hartree-
Fock demo”  #Q ~ L2d Arute et al. Science ‘20

Fishman, White



Outlook

• Future directions:  

• Other tensor network architectures 
(2d, 3d, qMERA, etc…)


• Mixed/Thermal states, open-
system dynamics (qMPDO)


• Alternative hardware platforms  
(circuit QED)
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Simulating Correlated Electrons

Niu, Heghanas, Zhang, Chan, ACP (to appear)

Variational Circuits“GMPS + U”


