
Image reproduced from J. Olson, et al, 2016, arXiv:1706.05413 

MICHELINE B. SOLEY 
DEPT. OF CHEMISTRY AND DEPT. OF PHYSICS-AFFILIATE,  

UNIVERSITY OF WISCONSIN-MADISON 
VIRTUAL INTERNATIONAL SEMINAR ON THEORETICAL ADVANCEMENTS (VISTA)

TENSOR TRAINS FOR HIGHLY 
MULTIDIMENSIONAL DYNAMICS 

SIMULATIONS



CURSE OF DIMENSIONALITY

Many classical computer approaches to quantum mechanics simulations become 
computationally intractable for large molecular systems.
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LOW-RANK TENSOR-TRAIN DECOMPOSITION REDUCES COST



-10
 0

 10 -10
 0

 10
 0.05

 0.15

x [arb. units] y [arb. units]

Am
pl

itu
de

 [a
rb

. u
ni

ts
]

2D Gaussian

vs.Ψ(x, y) =
1

2π
exp (−

x2

2
−

y2

2 )
ψ(x)ψ(y) = ( 1

2π
exp (−

x2

2 )) ( 1

2π
exp (−

y2

2 ))
=

r

∑
α=1

ψ1(1,x, α)ψ2(α, y,1)

⊗

I. V. Oseledets, SIAM J. Sci Comput. 33 (2011) 2295

2D TENSOR TRAIN (RANK 1)

⊗ n2 2n
Cost of evaluating reduces to



nd dnr2
Cost Reduction

M.-L. Li, K. S. Candan, M. L. Salino, “GTT: Guiding the tensor train decomposition." International 
Conference on Similarity Search and Applications. Springer, Cham, 2020.  
I. Oseledets, E. Tyryshnikov, Linear Algebra Appl. 432 (2010) 70.

n

n

n

r0

n

r1

r1

n

r2

r2

n

r3

××

Ψ(x1, x2, ⋯, xd)
≈

r1

∑
α1=1

r2

∑
α2=1

⋯
rd

∑
αd=1

ψ1(α1, x1, α2)ψ2(α2, x2, α3)⋯ψd(αd−1, xd, αd)

ND TENSOR TRAIN (RANK R)

2D TENSOR TRAIN (RANK 2)

⊗ + ⊗

Cost Reduction: n2 → 2 × 2n

ND TENSOR TRAIN (RANK 1)

⊗ ⊗

Cost Reduction: n3 → 3n



TENSOR TRAINS FOR HIGHLY MULTIDIMENSIONAL 
QUANTUM DYNAMICS

Largest System Investigable with 
Standard Chebyshev Dynamics Functional Tensor-Train 

Chebyshev (FTTC) Dynamics

Micheline B. Soley, P. Bergold, A. A. Gorodetsky, V. S. Batista, JCTC, 18 
(2022) 25. 
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Probability Density Dynamics, Uncoupled Bath

TT-SOFT
TTC

FTTC

-3

 0

 3

x 2
 [a

u]

0 fs 0.024 fs 0.048 fs

-3  0  3
x1 [au]

-3

 0

 3

x 2
 [a

u]

0.073 fs

-3  0  3
x1 [au]

0.097 fs

-3  0  3
x1 [au]

0.15 fs

Survival Amplitude

-1

 0

 1

 0  0.06  0.12

Su
rv

iv
al

 A
m

pl
itu

de

Time [fs]

Real Part

 0  0.06  0.12
Time [fs]

TT-SOFT
TTC

FTTC

Imaginary Part

FTTC extends the Chebyshev method from simulation of four-
atom systems to molecular systems in  

50 dimensions.

APPLICATION: HYDROGEN BONDING IN DNA
Probability Density Dynamics, Uncoupled Bath Survival Amplitude

Micheline B. Soley, P. Bergold, A. A. Gorodetsky, V. S. Batista, JCTC, 18 (2022) 25. 



Probability Density Dynamics, Anharmonically Coupled Bath
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FTTC successfully determines molecular dynamics  
even with significant coupling of atomic motion between modes.

Probability Density Dynamics, Anharmonically Coupled Bath Survival Amplitude

Micheline B. Soley, P. Bergold, A. A. Gorodetsky, V. S. Batista, JCTC, 18 (2022) 25. 

COUPLED HYDROGEN BONDING IN DNA



TENSOR-TRAINS FOR UV-PUMP/X-RAY PROBE 
SPECTROSCOPY

Largest System Investigable with 
Standard Fixed-Grid SOFT Dynamics

Tensor-Train Split-Operator Fourier 
Transform (TT-SOFT) Dynamics
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NOVEL TENSOR-TRAIN MOLECULAR METHODS
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TT-KSL

Tensor-Train Split-Operator KSL (TT-
SOKSL) Dynamics



TENSOR-TRAIN ITERATIVE POWER ALGORITHM (IPA)

Micheline B. Soley, P. Bergold, V. S. Batista, JCTC 17 (2021) 3280.
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TENSOR-TRAIN ITERATIVE POWER ALGORITHM (IPA) FOR 
HYDROGEN BOND CONFIGURATIONS

IPA enables identification of minimum 
energy molecular structure in up to 

 400 dimensions 
beyond the capabilities of traditional 

grid-based approaches.
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TENSOR-TRAIN IPA FOR PRIME FACTORIZATION OF

2,773 DIGITS (MORE THAN 9,212 BITS)



NUMBER OF ITERATIONS  
required to reach optimal result with 50% certainty (á la Grover’s algorithm):
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IPA requires fewer iterations than foremost quantum approach.



TENSOR-TRAIN EFFICIENT QUANTUM COMPUTING ALGORITHMS FOR 
MOLECULAR SYSTEMS

T. H. Kyaw*, Micheline B. Soley,* B. Allen, P. Bergold, C. Sun, V. S. Batista, A. Aspuru-Guzik, (2022) arXiv:2208.10470v1.  
F. Arute, et al. Science 369 (2020) 1084. 

This computational efficiency raises the 
question — can IPA be used to develop more 
efficient quantum computing algorithms for 

molecular systems?

Photo from IBM Research.



QUANTUM ITERATIVE POWER ALGORITHM (QIPA)

Connection to Cooling 
Schemes in Quantum 

Annealing

Accelerated Determination of 
Global Minima

First Instance of IPA on Quantum 
Computer

T. H. Kyaw*, Micheline B. Soley,* B. Allen, P. Bergold, C. Sun, V. S. Batista, A. Aspuru-Guzik, (2022) arXiv:2208.10470v1.



QIPA FOR ELECTRONIC STRUCTURE THEORY

T. H. Kyaw*, Micheline B. Soley,* B. Allen, P. Bergold, C. Sun, V. S. Batista, A. Aspuru-Guzik, (2022) arXiv:2208.10470v1.

QIPA successfully identifies the ground state energies of  to high accuracyH2
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QIPA FOR QUANTUM COMPUTER DESIGN

T. H. Kyaw*, Micheline B. Soley,* B. Allen, P. Bergold, C. Sun, V. S. Batista, A. Aspuru-Guzik, (2022) arXiv:2208.10470v1. 
T. H. Kyaw,* Ti. Menke,* et al. (2021) arXiv:2006.03070v3.
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ĤM−transmon = 2e2
M

∑
i,j=1

(C−1)ij
N̂iN̂j

−2
M

∑
i=1

EJ,i cos (2πfi) cos φ̂i

First dynamical optimization of quantum processor design via quantum computing

Advantage of QIPA over QITE for early steps over a broad parameter range
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APPLICATIONS OF TENSOR-NETWORK AND 
QUANTUM COMPUTING APPROACHES



Tensor networks and quantum computers’ efficiency and ability to enable exact 
quantum dynamics makes the method well-suited to a wide range of processes in 

chemistry beyond reach with standard grid-based methods.
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OUTLOOK
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