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Abstract: Entanglement renormalization circuits are quantum circuits that can be used to prepare large-scale entangled states. For yeal
remained a mystery whether there exist scale-invariant entanglement renormalization circuits for chiral topological order. In this paper, we so
problem by demonstrating entanglement renormalization circuits for a wide class of chiral topologically ordered states, including a state shat
same topological properties as Laughlin's bosonic fractional quantum Hall state at filling fraction 1/4 and eight states with Ising-like non-At
fusion rules. The key idea is to build entanglement renormalization circuits by interleaving the conventional multi-scale entangle
renormalization ansatz (MERA) circuit (made of spatially local gates) with quasi-local evolution. Given the miraculous power of this circu
prepare a wide range of chiral topologically ordered states, we refer to these circuits as MERA with quasi-local evolution (MERAQLE).\

Zoom link https://pitp.zoom.us/j/98523529456?pwd=dUINbUQyemZGNFICUGFJINStPUOxxdz09
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It deepens our understanding of
We Constructed entar gleme the quantum combplex and
enormalization ci  for a entanglement structure of
class of chiral spin liquids. quantum many-body states.
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Introduction to entanglement renormalization circuits

- MERA circuit for the toric code

Chiral Topological Order
- Challenges for chiral topological order
- An entanglement renormalization circuit for the px+ipy topological

superconductor

Kitaev’s 16-fold way chiral spin liquids
- Construction via bosonization

- Entanglement renormalization circuits (MERAQLE circuits)

Conclusions and outlook

Pirsa: 23120025 Page 6/67



Introduction to entanglement renormalization circuits

- MERA circuit for the toric code

Pirsa: 23120025 Page 7/67



W0 |iii>'

W) ”"J

Pirsa: 23120025



Pirsa: 23120025 Page 9/67



0) 10} 0) 0} [0) 0) [0y |0) |0) [0) [0 [0) [0) [0) - -

(ffO o O )(ﬁo\O‘j)COO

T A 14

......... syl gl gyl o

o <

irsa: 23120025 Page 10/67



0) 10} 0) 0} [0) 0) [0y |0) |0) [0) [0 [0) [0) [0) - -

o O j) O O O
— &
O
\:.

<] <

A A

P %%%

irsa: 23120025 Page 11/67



10

Pirsa: 23120025 Page 12/67



Pirsa: 23120025

L ]

T » ® T TS ® TS
3 ¢
e * Y s ® ® e 2
@ E
~ . e d -~ - - s -~
& ® Z @ 2 e
¥4 E
& & P & & & & &
=3 = o = % = @ 3
® ¢
' [

- ~ . o ~ - . ~
@ o & = < & & >
[ 3 Xs
7~ ~ A - ~ o Xe ~
& ® @ @ ® & @
® X

]
~ ~ ~ ~ A ~ A ~
& % & & @ & @ &

14

Page 13/67



l:l:CNOT

‘./ A/ - “:4A_.. ’ o+ ’ oﬂ+ u+ ‘C)D-}L
..,2 1< ‘4\/‘_ “,;\/3_. ‘. o+“bo:+ ’ u+ AODL
[ ;< < < <— [ 0+ 0':+ 0+ I:i+
A ™ e PSS NP e Ry
TRR T e e e e

{e. 2 (M.Aguado and G. Vidal 2005,
SKC, G. Zhu, and A. Gorshkov 2023)
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{e. 2} (M.Aguado and G. Vidal 2005,
SKC, G. Zhu, and A. Gorshkov 2023)
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C1 ] A single layer of
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We have mtroduced the notion of e
el alizatio s, which are quantum circuits that
can be used to prepare Iarge -scale entangled states.
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We have mtrocluced the notion of e
iormalizatio s, which are quantum circuits that
can be used to prepare Iarge -scale entangled states.

_ s are the earliest realization of entanglement
renormallzatlon circuits. It is often convenlent to have a
scale-invariant and translation-ir t MERA circuit.

We have presented a MERA circuit for the toric
model.
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We have mtroduced the notion of e me
normalizatio s, which are quantum circuits that
can be usecl to prepare Iarge -scale entangled states.

_  are the earliest realization of entanglement
renormallzatlon circuits. It is often convenlent to have a
scale-invariant and MERA CII"CUlt

We have presented a MERA circuit for the toric code
model.
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Chiral Topological Order
- Challenges for chiral topological order
- An entanglement renormalization circuit for the px+ipy topological

superconductor

17
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It is also known how to construct scale-invariant MERA circuits
(with strictly local gates) for the Levin-Wen models (string-net
models). The Levin-Wen models include the toric code model.

18
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It is also known how to construct scale-invariant MERA circuits
(with strictly local gates) for the Levin-Wen models (string-net
models). The Levin-Wen models include the toric code model.

However, all of these models are non-chiral.

Can we find scale-invariant MERA circuits (with strictly local
gates) for chiral topologically ordered systems? &
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modes on the boundary.
Does not preserve time-reversal symmetry.

Examples:

Integer quantum Hall states

Fractional quantum Hall states

The pxtipy topological superconductor
The Ising TQFT

Chiral spin liquids

19
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Can we find scale-invariant MERA circuits (with strictly local
gates) for chiral topologically ordered systems?

It’s hard! &
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After each layer of entanglement renormalization,

£'=C1b_

(SKC, G. Zhu, and A. Gorshkov 2023)
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In the fixed-point s;cenario, the correlation length reduction
formula £’ = £/b implies that
r=Cib
=¥ =0 or¢ =co

22

Pirsa: 23120025 Page 29/67



Can we go beyond the conventional MERA framework

(composed of strictly local and discrete gates) to develop
entanglement renormalization circuits for chiral topological
order?
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Strictly Local Gates Quasi-Local Evolution

[ t H() = ) H(1)

t
‘ U(H) = T exp (—iJ dt’ H(t’)) ‘ p e
0

r=0, =2(1)

H,_y g=1(?) H (0 = Z H,_o ()
R
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(B. Swingle and J. McGreevy 2016,

SKC, G. Zhu, and A. Gorshkov 2023)
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Energy gap
6 -

H(A) = (1 — A) Hy0 + A Hyp
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However, exact adiabatic evolution takes an infinite
amount of time.

We can convert the adlabatlc path to a Fnlte time
quasi-adiabat | 1, which is a ¢

(M. Hastings 2003, T. J. Osborne 2007)
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1
Ugy= T exp (zJ dA 9(2))
0

or P =- fJ dt F(Egagl) ™0, H(A)e™ ™"

-

D) = D 2.0
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We introduced the notion of chiral 1
We presented the correlation-length-reduction no-go argt
to show Wh)’ constructlng ventional MERA circuits (Wlth

s) for chira topologlcal order is hard.

However, we can construct an entanglement renormalization

circuit for the non-interacting px+ipy topological superconductor ~

using c local evoll The quasi-local evolution helps us
circumvent the correlatlon Iength reduction no-go argument.
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Kitaev’s 16-fold way chiral spin liquids
- Construction via bosonization

- Entanglement renormalization circuits (MERAQLE circuits)

32
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Building entanglement renormalization circuits for inter

chiral states remains a largely unexplored area.

Now, we will use the 1n5|ghts we galned from prewous
examples to construct ¢ . e o

for a class of chiral spin li The cn"cwts are called M
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The chiral spin liquids we are considering here are exactly solvable chiral
spin liquids that we will construct through bosonizing v layers of px

(Y.A. Chen, A. Kapustin,and D. Radicevic 2018)

v layers
J of px+ipy

—

34
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The chiral spin liquids we are considering here are exactly solvable chiral
spin liquids that we will construct through bosonizing v layers of px+ip

(Y.A. Chen, A. Kapustin,and D. Radicevic 2018)
The resuitlng spln liquids can be thought of as Iayers of p opological
supercond s coupled to a Z; lattice gauge the It can be shown

that our construction falls into Ki y clas: *
(Kitaev 2005)

v layers
J of pxtipy

_
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_ bosonized SKC, G. Zhu, and A. Gorshkov 2023
HIsingCSL - {pr+jpy} osonize ( )
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(Kitaev 2005)

By bosonizing different layers of px+ipy superconductors, we
can get many kinds of chiral topological orders.

However, it turns out that we can only get |6 different kinds
of topological orders from the perspective of the topological
properties of the anyons, which is determined by v (mod 16}
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Can we find scale-invariant entanglement renormalization
circuits such that our chiral spin liquids are the fixed-poi
wavefunctions? &9
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Can we find scale-invariant entanglement renormalization
circuits such that our chiral spin liquids are the fixed-poi
wavefunctions? 9

Can we circumvent the correlation-length-reduction no-go
argument?
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The entanglement renormalization circuits are MERA circuits with
- | evolution (MERAQLE).The very high-level idea is that:

J l v layers
. ; j of Px+iPy

+ the Z; lattice gauge theory 40
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CNOT
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