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Theory Experiment

Numerical

simulations

Numerical*methods*(in5terms5of5Tensor5Networks)

! DMRG Density5Matrix5Renormalization5Group

! CTMRG Corner5Transfer5Matrix5Renormalization5Group

! MPS Matrix5Product5States

! TEBD Time5Evolving5Block5Decimation

! HOTRG HigherHOrder5Tensor5Renormalization5Group

! TPVF Tensor5Product5Variational Formulation

! MERA MultiHscale5Entanglement5Renormalization5Ansatz



Entanglement Entropy
(What else is it good for?)
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Area law











Matrix Product State..→ Tensor Product State
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Discretization:
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Schrödinger+equation+
(for+a+single+particle+in+3D)
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Time;independent+Schrödinger+equation
(for+N+particles+in+one;dimension)
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Time;independent+Schrödinger+equation+in+second+quantization
(for+N+interacting+particles+in+one;dimension)
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Solving+the+Schrödinger+equation+means+to+find+++++++and++
(e.g.+by+diagonalizing the+Hamiltonian).
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Can$we$prepare$an$entangled$state(?!)

! = −$ %&' ⊗ %)' + %&+ ⊗ %)+ + %&, ⊗ %), =
−$ 0
0 $

0 0
−2$ 0

0 −2$
0 0

$ 0
0 −$

! ⟩01 = 21 ⟩01 , 4 = 0,1,2,3

⟩|01 =8
9:↑

↓
8
=:↑

↓
09= | ⟩>? = 0↑↑

(1)| ⟩↑↑ + 0↑↓
(1)| ⟩↑↓ + 0↓↑

(1)| ⟩↓↑ + 0↓↓
(1)| ⟩↓↓ = 0↑↑

(1)
1
0
0
0

+ 0↑↓
(1)

0
1
0
0

+ 0↓↑
(1)

0
0
1
0

+ 0↓↓
(1)

0
0
0
1

Result: 2 =
−$ 0
0 −$

0 0
0 0

0 0
0 0

−$ 0
0 3$

| ⟩0B =
&
B
B
B
, | ⟩0& = &

)

B
&
&
B
,

| ⟩0) =
B
B
B
&
, | ⟩0C = &

)

B
&
D&
B

Diagonalize the$4�4$Hamiltonian$matrix
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Entanglement entropy for quantum spin system !=−#$ %′ '()* %′



Decay of(the singular values (Schmidt(coefficients)
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Comparison between the thermodynamic entropy and2entanglement entropy





Tensor Network is a-Tensor Product State
(and%it‘s like playing a%Tetris game...)



Tensor Network is a-Tensor Product State
(and%it‘s like playing a%Tetris game...)



Tensor Network is a-Tensor Product State
(and%it‘s like playing a%Tetris game...)

1D#state

2D#state

For#open/fixed
boundary#conditions

For#periodic
boundary#conditions

(it#is#a#torus!)

| ⟩#
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Tensor Network is a-Tensor Product State
(and%it‘s like playing a%Tetris game...)

2D#Tensor#Network
for

Corner#Transfer#Matrix
Renormalization#Group

reduced
density
matrix

reduced
density
matrix



Tensor Network is a-Tensor Product State
(and%it‘s like playing a%Tetris game...)

(imaginary)%time%evolution

If#studying#quantum
(topological)#phases



For more&datails,&read the outstanding review
by&Román&Orús



Matrix'diagonalization Singular'value'decomposition
(Schmidt)decomposition)

M is)a)rectangular)matrix) !×#
$ = &'&()

$ = &'&* (if)Hermitian)

&*& = +

$ = &',*

&*& = ,*, = +

M a)square)matrix) !×!



Decomposing+a+vector+++++++into+the+product+of+two+matrices+A and+B
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Decay of(the singular values (Schmidt(coefficients)
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Decay of(the singular values (Schmidt(coefficients)

! ∝ #$%&'(, ℎ ≠ ℎ,
log0 1 , ℎ = ℎ,

34







More%details%on%singular%value%decomposition%in%1D%chain%of%6%spins








