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Main idea:

make correlations (entanglement) explicit
use resources proportional to relevant correlations
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matrix: rank-2 tensor

vector: rank-1 tensor

scalar: rank-0 tensor
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Course outline

Lecture 1
Bird's-​eye view: ~2.5 millennia of tensor networks
Elementary theory of entanglement

Lecture 2
Matrix-​product states & operators
Eigenstate-​finding; time evolution

Lecture 3
Logic as tensor networks
Everything as tensor networks

Lecture 4
Tensor network contraction & examples
Summary & outlook

a.
b.

a.
b.

a.
b.

a.
b.



Lecture 1



History



1992-​today

1999-​today

2003-​today

2004
2007

 ​ ​ 2007-​today

2012-​today

2013-​today
2016-​today

2020s

- DMRG algorithm for 1D quantum magnetism; matrix product states
- many extensions (2D, dynamics, finite-​T, open systems, ...)

- quantum chemistry

- quantum computation as TNs; quantum information

- higher dimensional TN states; strongly correlated electrons in 2D
- systems at / close to criticality; tensor renormalization group
- TN coarse graining methods

- TNs for holographic duality -> quantum gravity
- TNs for lattice gauge theories -> high-​energy physics

- TN methods in data science (compression, reconstruction, ...)
- TN methods for machine learning

- broad use in artificial intelligence
- state-​of-​the-​art for simulation of quantum computation



Prehistory

Kontsevich (1994); Bar-​Natan (1995)
Penrose (1971)
Baxter (1968)
Kramers & Wannier (1941)
Sylvester (1878)

Chrysippus (3rd century BCE)
Aristotle (4th century BCE)

- knot invariants
- graph invariants; 4-​color problem
- partition function of dimer model
- partition function of Ising model
- invariants of binary forms

- propositional inference
- syllogistic inference



Highlights



Quantum magnetism

Misguich, Mallick, Krapivsky (2017)

Johnnie Gray, quimb library
https://github.com/jcmgray/quimb

https://github.com/jcmgray/quimb


Hubbard & Mott physics

Zheng et al. (2017)
Zaletel et al. (2015)



Combinatorial optimization



Machine learning

Stoudenmire & Schwab (2016)
Stoudenmire (2018)

Supervised learning:

Quantum kernel learning:

TN:



Near-​term quantum computing

Tensor network simulation:

Gray & Kourtis (2020)
Yong et al. (2021)
Pan, Chen, Zhang (2021)

~195 days @ 281 petaFLOPs (Summit) (est.)
~300s @ 1.2 exaFLOPs (est.)
~few dozen s @ exaFLOPs  →  15 hours using 512 GPUs



Computation at large
Model counting (AI):

Kourtis et al. (2018)

2020 champion:  69/100 instances solved
Gray & Kourtis: ​99/100 instances solved
Gray & Kourtis (2021)



Code
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Theory of entanglement


