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Summary of matrix product state (MPS)
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Summary of matrix product state (MPS) a_QE la] = 18] = x
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Efficient representation!
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Summary of matrix product state (MPS) a_QE la] = |B] = x
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Efficient representation!
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(a) entanglement entropy
(b) correlations

MPS physics? Structural properties:

» entanglement entropy

pa = trg [PV
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(a) entanglement entropy
(b) correlations

MPS physics? Structural properties:

» entanglement entropy
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(a) entanglement entropy
(b) correlations

MPS physics? Structural properties:

» entanglement entropy
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MPS physics? Structural properties: (a) entanglement entropy
(b) correlations

» entanglement entropy
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MPS physics? Structural properties: (a) entanglement entropy
(b) correlations

» entanglement entropy

XE
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!

S(pa) = S(Pl:Pz- ---,pXZ)
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» correlations
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» correlations
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Structural properties of MPS
correlations C(L) ~ e L/¢

entanglement S, <2logy
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» correlations

(P0(0) 6(L)|¥) =
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Structural properties of MPS
correlations C(L) ~ e~t/8 match with

ground states of 1D
gapped Hamiltonians

entanglement S, <2logy
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MERA: definition

|l'IJ) E ((Cd)®N dN complex numbers

Multi-scale entanglement
renormalization ansatz
(MERA)

Matrix product state
(MPS)
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MERA

also MERA !
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Efficient specification?

| l'IJ) E ((Cd) ®N dN complex numbers

Multi-scale entanglement
renormalization ansatz
(MERA)

Matrix product state
(MPS)

10020800 00000000

N spins
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Efficient specification?

|LIJ) E ((Cd)®N dN complex numbers

Multi-scale entanglement
renormalization ansatz
(MERA)

Matrix product state
(MPS)

10000800 000A00A0

N spins = N tensors

= O0(N) parameters N spins

= Nlog(N) tensors ?
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Efficient manipulation? ,
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Efficient manipulation? ,
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Efficient manipulation? ,

isometric tensors!
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Efficient manipulation?
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Efficient manipulation? isometric tensors!
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Efficient manipulation?




Efficient manipulation?
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Structural properties

| l'IJ) E ((Cd) ®N dN complex numbers

* Decay of correlations
* Scaling of entanglement
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(W|6(0) o(L)|¥) MPS
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(W]6(0) o(L)|¥) MPS

= exponential decay of correlations
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(W]6(0) 6(L)[¥) MERA

~ (1)1o8s(1) (y)logs(L)

— p2loga(l) — j2logz(d) — [-P

\ / \ / xlogs(¥) — y1083(x) p = —2logs(4)

= polynomial decay of correlations
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(W]6(0) o(L)[¥) MERA

/VP\/\/\?/\ O(log(L))
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w = polynomial decay of correlations
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Correlations: summary and interpretation

matrix product state

(MPS

structure of geodesics:

(6(0)6(L)) = e™/8
exponential

multi-scale entanglement renormalization ansatz

(MERA)

structure of geodesics:
(6(0)8(L)) ~ LP
power-law
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Correlations: summary and interpretation

matrix product state

(MPS

structure of geodesics:

(0(0)a(L)) ~ e7H%
exponential

multi-scale entanglement renormalization ansatz

(MERA)

structure of geodesics:
(6(0)8(L)y ~ L~P
power-law
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Entanglement entropy

multi-scale entanglement renormalization ansatz

(MERA)
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Entanglement entropy

matrix product state

(MPS)

A

T

L

connectivity:

S(A) < const
boundary law!

multi-scale entanglement renormalization ansatz

(MERA)
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Entanglement entropy

matrix product state

(MPS)

A

T

L

connectivity:

S(A) < const
boundary law!

multi-scale entanglement renormalization ansatz

(MERA)

Zon, o 2o 3
I A5 AR A5 DA

log(L)

connectivity:

S(A) < loglL

logarithmic correction!
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n(A) = loglL
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L=14  n(Ad) =6
L = 30, n(4) =8
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n(A) = loglL

L = 14,
L = 30,

n(d) =6
n(A) =8
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MERA as a quantum circuit

disentangler iIsometry

two-body unitary gate




MERA as a quantum circuit

also a
two-body unitary gate

disentangler iIsometry

two-body unitary gate




MERA as a quantum circuit
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also a
two-body unitary gate

disentangler isometry

two-body unitary gate
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MERA as a quantum circuit
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MERA as a quantum circuit
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MERA as a quantum circuit
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- simi “time”

quantum
circuit U R

ground state ansatz |LIJ) — U |0>®N

Entanglement introduced by gates at different “times” (= length scales)
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MERA as a (real space) Renormalizatin Group transformation

Spin blocking

(1966) Leo Kadanoff

1937 - 2015

Entanglement renormalization (20035)

T
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MERA as a (real space) Renormalizatin Group transformation

Spin blocking

(1966) Leo Kadanoff

1937 - 2015

Entanglement renormalization (2005)
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MERA as a (real space) Renormalizatin Group transformation

failure to remove
some short-range

(1966) Leo Kadanoff entanglement !
, | 1937 - 2015
L ° ° ° NN\, ° ° °
[ ] L [ ] ®

Spin blocking

N b
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Entanglement renormalization (2005) removal of all

short-range
/ entanglement
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MERA as a (real space) Renormalizatin Group transformation

sequence of ground state wave-functions

|lp) N |lp’) N |Lp”) — ees
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MERA defines an RG flow
in the space of wave-functions W) = W) - [Py - -
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MERA defines an RG flow
in the space of wave-functions W) = |W') - [Py - -

Phase A use B
stable g y stable
fixed ® < > * fixed
point A W point B
critical
fixed
point
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MERA defines an RG flow
in the space of wave-functions W) = W) - [P") - -

stable stable
< s .

fixed ® ~ o fixed

point A 7 point B
critical
fixed
point

... and in the space of Hamiltonians HoH = H' — ..
T E ] b L1
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MERA defines an RG flow
in the space of wave-functions W) = |W') - [Py - -

Phase A use B
stable > = stable
fixed ® < e * fixed
point A 7/ point B

critical
fixed
point

... and in the space of Hamiltonians HoH = H" ..
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MERA defines an RG flow
in the space of wave-functions W) = W) - [P") - -

Phase A use B
stable e = stable
fixed ® < 2 * fixed
point A j\ point B
critical
fixed
point

... and in the space of Hamiltonians HoH - H' — ..

local operators
— are mapped into
local operators !
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Clalrn Entanglement renormalization * Explicit scale invariance
defines a proper scale transformation on the lattice at criticality !

input

1D quantum Hamiltonian on the lattice

* at a critical point

1 - optimization

= 1 "7 1 T T
Ltl'liittll.lttlt

2 - diagonalization

L r,|, L
1 .
L}q—%} —p scaling

T l“I' T

operators
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Entanglement renormalization * Explicit scale invariance
defines a proper scale transformation on the lattice at criticality !
input output
1D quantum Hamiltonian on the lattice Numerical extraction of conformal data
* at a critical point = |of underlying CFT:

. * central charge ¢
1 - optimization

PR

oL + scaling dimensions A, = h, + h,

AL and conformal spins s, = hy — f,
L . L[] L] L] L] LI . L] L] L] L] . L] L] L]

2 - diagonalization *  OPE coefficients C,z,
| L L

3_F .
LL&%] —p scaling
T E i operators
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input

Entanglement renormalization

1D quantum Hamiltonian on the lattice

—

* at a critical point

1 - optimization
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2 - diagonalization

| Ao L

py
o= I
= l._l_. S

scaling
operators

defines a proper scale transformation on the lattice

* Explicit scale invariance

at criticality !

outpult

Numerical extraction of conformal data
of underlying CFT:

* central charge ¢

* scaling dimensions A,
and conformal spins s, =

¥

@

a

= =

h
h

a

*  OPE coefficients C

afy

e.g. critical Ising model
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(approx. an hour on your laptop)

Pfeifer, Evenbly, Vidal 08
(4= 0)

A, ~ 0.124997

A, ~ 0.99993

A, =~ 0.125002

Ay = 0.500001
Ay ~ 0.500001
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