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Complexity of a quantum many-body problem

Diagonalize a Hamiltonian in the full many-body Hilbert space
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= ull diagonalization up to ~20 sites
= Sparse methods up to ~30 sites
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Efficient representation of quantum many-body states

» Brief review of Matrix-Product States SRR
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Entanglement

Generic quantum state has a d* dimensional Hilbert space
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of product states (Schmidt decomposition)
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Entanglement

Generic quantum state has a d* dimensional Hilbert space
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Decompose a pure state into a superposition o2 il
of product states (Schmidt decomposition) AL G B

) =) Cijlya®|i)p =) Aala)a®la)s
1,9 Qo

with (a]a’) = dpar

Entanglement entropy as a measure for the
amount of entanglement S = — > AZ log AZ



Entanglement

Area law for ground states of local (gapped) Hamiltonians
in | D systems

S(L) — COIlSt. [Srednicki '93, Hastings '07]
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Entanglement

Area law for ground states of local (gapped) Hamiltonians

in |D systems
S(L) — COHSt. [Srednicki '93, Hastings '07]

Many body Hilbert space

Area law states
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Matrix-Product States

Matrix-product states (MPS): Reduction of the number

of variables: d¥ — LdXQ[M. Fannes et al, 97] j M
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Matrix-Product States

Matrlx-product states (MPS) Reduction of the number
Of Val”lab|eS d — LdX [M. Fannes et al. 92] M
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Canonical form: Use the gauge degree of freedom (A’ = XM/X™1)
to find a convenient representation
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Matrix-Product States

Matrlx-product states (MPS) Reduction of the number
Of Val”lab|eS d — LdX [M. Fannes et al. 92] M
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Vi1 ,dzdssdards = 1T 1 a,p=1..yx
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Canonical form: Use the gauge degree of freedom (A’ = XM/X™1)
to find a convenient representation

Al A21 A3] gl4] BIS] A B
' PSP DD RP glé =1 glé =1 (Isometries)
A% B*

Center matrix A represents wave function
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Density Matrix Renormalization Group

Moving the center matrix: A B+ = AVIAIZH 3ccomplished
by an orthogonal factorization (e.g. QR or SVD)
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Density Matrix Renormalization Group

Moving the center matrix: A B+ = AVIAIZH 3ccomplished
by an orthogonal factorization (e.g. QR or SVD)

AL AT AB] Al4] A[S]

XXX

Find the ground state Iteratively

rwo
DN = == =

Locally minimize the energy of Haigarirg (e.g., Lanczos)
Density matrix renormalization group (DMRG)  pwhite 92, scholwoeck1 1
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Tensor Network States in 2D

MPS capture |D area law = Exponential scaling in 2D
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How to generalize the MPS approach to 2D?

) » Tensor Network States (TNS)
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Tensor Network States in 2D

MPS capture |D area law = Exponential scaling in 2D
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How to generalize the MPS approach to 2D?
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» Tensor Network States (TNS)
[Maeshima et al. 'Ol,Verstraete and Cirac '04]

» Capture 2D area law @

» Difficult to handle numerically:
Exact contraction of the 2D network

is still exponentially hard &



Isometric Tensor Network States in 2D

Recall: Canonical form of |D MPS
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' PSP BDRP gE =1 élg =1 (Isometries)
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Isometric Tensor Network States in 2D

Recall: Canonical form of |D MPS
Al A21 AL3] gl4] BIS] A B
' PSP BDRP gE =1 élg =1 (Isometries)
AF B*

Isometric TNS

Al 7121 AI3] gl4] gIS)

N> > < <% »Subregions with only outgoing
T 3.8 .8 8 arrows have isometric boundary maps

» Causal structure: time flows opposite
A A A A A tothedrection of the arrows

[Zaletel and FP; arxiv: 1902.05100]
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Isometric Tensor Network States in 2D

How to shift the orthogonality center?
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Isometric Tensor Network States in 2D

How to shift the orthogonality center?
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Isometric Tensor Network States in 2D

How to shift the orthogonality center?

Recall: ID MPS A?BIH = AIAIZH solved by OR or SVD
Not possible for 2D TNS as it would destroy the locality of A
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Isometric Tensor Network States in 2D

Sequential splitting based on disentangling: “Moses Move” (MM)
Af A° A

[Zaletel and FP; arxiv: 1902.05100]



Convert quasi |D MPS to isometric TNS

"Peel off " layers from MPS representation of 2D state
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Convert quasi |D MPS to isometric TNS

"Peel off " layers from MPS representation of 2D state

U — g1 p2Li—> Al g2 A3Le

MM MM » Sequentially disentangle
the state
" »Efficient compression

0.25

2D transverse field o ]
1 . g
sing Model (g = 3.5) L Sg
N
_ 7,7 X 0.10 —-o— MM N
H_ Zaiaj gza - = arealaw \\
(1,]) l R area law + ¢ h
0.00
0 1 2 3 4 )
14

[Zaletel and FP; arxiv: 1902.05100]



Ground states of 2D Hamiltonians

Sequentially apply I D Time-Evolving Block Decimation (TEBD)
algorithm on the center columns/rows; 2nd order [Vidal '03]
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Ground states of 2D Hamiltonians

Sequentially apply 1D Time-Evolving Block Decimation (TEBD)
algorithm on the center columns/rows; 2nd order [Vidal '03]
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Real time evolution of 2D Hamiltonians

Real time evolution of |y, (1)) = e " 6% |yy,) for

the transverse field Ising model (paramagnetic phase)
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Summary

2D tensor-network state ansatz that allows
for efficient contractions

» Subset of TNS: Variational power?

» Sequential splitting based on
disentangling Moses Move

» TEBD? to obtain ground states and
perform time evolution

[ Zaletel and FP; arXiv:1902.05100]

Thank You!




