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Abstract: "AdS/CFT endows gravity in anti-de Sitter (AdS) spacetime with a dual description in certain conformal field theories (CFTs) with
matching symmetries. Tensor networks on regular discretizations of AdS space provide natural toy models of AAS/CFT, but break the continuous
bulk symmetries. In this talk, we discuss severa aspects of such toy models based on tensor networks. We show that this produces a quasiregular
conformal field theory (qCFT) on the boundary and rigorously compute its symmetries, entanglement properties, and central charge bounds,
applicable to a wide range of existing models. An explicit AdS/qgCFT model with exact fractional central charges is given by holographic quantum
error correcting codes based on Majorana dimers. These models also realize the strong disorder renormalization group, resulting in new connections
between critical condensed-matter models, exact quantum error correction, and holography. If time allows, we will briefly review other recent group
research on using tensor network models in quantum many-body physics including many-body localization and time crystals as well as in
probabilistic modelling.

Based on arXiv:2004.04173, Phys. Rev. A 102, 042407 (2020), Phys. Rev. Research 1, 033079 (2019), Science Advances 5, eaaw0092 (2019)."
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Duality between Einstein gravity in D + 2 Anti de Sitter spacetime and
conformal field theory in D + 1 dimensions
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Duality between Einstein gravity in D + 2 Anti de Sitter spacetime and
conformal field theory in D + 1 dimensions
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Tensor-network based toy models, connecting to

condensed matter
quantum information
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Quantum error correction: Holographic pentagon code

~ Perfect tensor
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Quantum error correction: Holographic pentagon code

~ Perfect tensor

=

Perfect tensor: Any bi-partite cut with|A| < |A®| is proportional to isometry
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Quantum error correction: Holographic pentagon code

k.éf{’) £o
~ Perfect tensor B S Q@gﬂ? o

Perfect tensor: Linear map from one spin to spins with is the isometric
encoding map of a quantum error-correcting code

[[2n — 1,1, n]] quantum error correcting code

nry
I

Here,2n — 1 =5, “Pentagon code”
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Entanglement entropy of a connected region of a boundary satisfies

Sa=|ya
74 minimal bulk geodesic
Lattice version of Ryu-Takayanagi formula

g s Area -“ A)
1G
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Connection of AdS-cft to holographic quantum error correction
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Connection of AdS-cft to holographic quantum error correction
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Tensor network consisting of isometries and disentanglers

Approximates critical quantum states
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Random isometric tensors are with high probability close to being perfect

Random tensor
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Choose some some tiling of the plane

Matchgate tensor
Tafoar™ 3.6

per vertexv € V
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Matchgate tensors: Consider a rank-r tensorT'(z) with inputsz € {0,1}%
T(z)is a matchgate if there exists an antisymmetric matrix A € C"*" and a

reference indexz € {0.1}" such that

T(z) = Pf(A|zx0R2)T(2)
where Pf(A) is the Pfaffian of A and A4, is the submatrix of A acting on the
subspace supported by z

ai, Choudhary, Lu, CC
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Matchgate tensors: Consider a rank-r tensorT'(z) with inputsz € {0,1}"
T(z)is a matchgate if there exists an antisymmetric matrix A € C"*" and a
reference indexz € {0, 1}" such that

T(z) = Pf(A|zx0r2)T(2)

where Pf(A) is the Pfaffian of A and A4, is the submatrix of A acting on the
subspace supported by z

ai, Choudhary, Lu, CC

Generic even matchgate withz = 0 has

_ 1
®p(8) = T(0) vwb > A ”.."H-“-')

with generating matrix A
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Observation: The contraction requiresO(L?N) steps forL boundary sites
andN contracted tensors

Generic even matchgate withz = 0 has

; o |
O (6) = T(0) :!:\])(3 Z Ajx H_l‘-f},-,)

K=

with generating matrix A
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Place generating matrices
on some tiling

Generic even matchgate withz = 0 has
o (1% =
By () = ![H}{-x:)k— YA _An,n,.,)

\, | § ) A 5

with generating matrix A
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Observation: The holographic pentagon code with computational
basis input in the bulk yields a matchgate tensor network

Gives rise to stabilizer code(S;);_; , e.g.,

S1=0"®Rc*Rc*Rc” & 1y =imqmay

S =12 Rc"Rc* ®0* Q0" = imgma

expressed in Majoranas
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{3, 6} flat tiling

YA A AT
Schlafli symbol f\’:\:f :‘:f::/‘; VY ?\/{:\/‘:\/E: \:/\:/\@/\
\'\...\..\ -»‘

Anti-symmetric matrix 4, single parametera X \/\f ”\"" 'V"' A \f
0 X \f\/\/\fW ':'

a a A A AR T AT T AT AN

A= —=a 0 & N\/\/\/\/\/\/
. A AT
—a —a 0 _ \
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Gapped system
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{3,k}, k > 6, hyperbolic tiling

<3 T EAT LT

Anti-symmetric matrix 4, single parametera

0 a a f
A= —a 0 a f}/
—a —a 0 RS
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« {3, 7} critical system
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Fora = 0.61, critical Ising theory
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{3,k}, k > 6, hyperbolic tiling
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Tiling with 3-and 4-leg MERA tensor network

AtL = 256, fora = 0.566 ,b = 0.443 ,c = 0.363 , relative energy density error
to continuum solution is about € = 0.0002
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Tiling with 3-and 4-leg MERA tensor network
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Entries of the fermionic correlation matrix as a function of distance, left
for{3, 7} bulk tiling with 252 Majorana fermions, right for MERA with 256
sites
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Ising theory at criticality described by a 1+1-dimensional CFT
7 Parameter| Exact |{3,6} bulk|{3, 7} bulk|mMERA | Wavelets
€0 —0.6366| —0.6139 | —0.5617 |—0.6365|—0.6211

c 0.5000|  0.5006 0.5018 | 0.4958| 0.4957

Ay, Az | 0.5000 0.4948 0.4951 | 0.5023| 0.5000

Ae 1.0000| 0.9856 1.0121 | 1.0027| 1.0000

A 0.1250| 0.1403 0.1368 | 0.1417| 0.1402
Co,o, 0.5000] 0.5470 0.5336 0.5156| 0.4584

TABLE L. Table of conformal data for the regular {3,6} and {3, 7}
bulk tilings as well as the mMERA, compared to the exact results
and the wavelet MERA [16]. Listed are the ground-state energy
density €, central charge ¢, scaling dimensions A, of the fields
¢ = 1,1, €, o, and the structure constant Cy 5
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For holographic stabilizer codes such as pentagon code .
develop picture of paired Majorana dimers 10 4

—1 for an arrow i — §
1 for an arrow 7 — i
0 if no arrow connects ¢ and j
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For holographic stabilizer codes such as pentagon code .
develop picture of paired Majorana dimers 10 4

—1 for an arrow i — §

Li; 1 for an arrow j — i

0 if no arrow connects ¢ and j

Pentagon code logical states spanned by basis states Dand 1
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Diagrammatic contraction rules amenable to analytical analysis

"Fusing” of dimers along edges
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Theorem: Computational basis state vectors of the bulk are
dual to Majorana dimer states on the boundary

Can compute second moments of non-Gaussian states
arising in quantum error correcting codes etc
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Theorem: Can compute Renyi entropies
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{4, 5}dual of the {5, 4}Pentagon code, captured in terms of Majorana dimers

New picture of holographic QEC: Geodesic structure of dimers
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{4, 5}dual of the {5, 4}Pentagon code, captured in terms of Majorana dimers

New picture of holographic QEC: Geodesic structure of dimers
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On average, the pentagon code has a g 2
CFT-like log entanglement scaling with 0
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c4.74 Block size ¢
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{4, 5}dual of the {5, 4}Pentagon code, captured in terms of Majorana dimers

New picture of holographic QEC: Geodesic structure of dimers

Entanglement entropy Correlations decay
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Logarithmic growth CFT-like falloff
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{4, 5}dual of the {5, 4}Pentagon code, captured in terms of Majorana dimers

New picture of holographic QEC: Geodesic structure of dimers

Entanglement entropy Correlations decay
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{4, 5}dual of the {5, 4}Pentagon code, captured in terms of Majorana dimers

Time-slice of anti-de Sitter spacetime projected onto the Poincare disk

Continuum Discrete

lya| ~ 2alog |A| Scaling between|y4|and
% | A] tiling independent
= c= —
3G
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{4, 5}dual of the {5, 4}Pentagon code, captured in terms of Majorana dimers
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{4, 5}dual of the {5, 4}Pentagon code, captured in terms of Majorana dimers

Flat corner B
Sharp cornerA

Inflation rules:
A ABA
B— ABABA
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Inflation rules on level of dimers:

{ \ captured in terms of Majorana dimers

Flat corner B

Sharp cornerA
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Gives rise to quasi-periodic chain on the boundary

Can find rigorous expressions for entanglement entropies, following
a machinery of strong disorder renormalization group approaches

gloi, J aE, ys Lett 3

T
T
]
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Gives rise to quasi-periodic chain on the boundary

Theorem: The asymptotic entanglement entropy is given by*

(1+ /3)log?2 ¢
log -

Sq=n,——————Ic
* 2log(2 + v/3) €

Comparing with cft formula

t"{]._')}, . = 4.31

*¢ effective lattice spacing, n. number of cuts Jahn, Zimiboras, Eisert, arXiv.20
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Gives rise to quasi-periodic chain on the boundary

Theorem: The asymptotic entanglement entropy is given by*
(1++/3)log?2 ¢
og —

"210}:[2 +3) €

Comparing with cft formula

1 = 1

31 ++3) log?2

€{4,5} : .-—.l_‘ ~ 4.31 4
log(2 + v3) .
Il {
{4, k}Hiling gives rise to &
3(6 V8 =6k + k2)1log 2
CLa bk T ) T
i,k og(k —3+Vv8 —06k+ k=)
*¢ effective lattice spacing, n. number of cuts b, Zamboerms, B, 1
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Quasiregular CFT (qCFT) as a discretized quantum field theory
invariant under discrete global and local scaling transformations,
exhibiting approximate translation invariance
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Quasiregular CFT (qCFT) as a discretized quantum field theory
invariant under discrete global and local scaling transformations,
exhibiting approximate translation invariance

Conformal transformations up to quasi-regular symmetry

(a} Global boundary scalimg

Global scale transformations
Translations T

Local scale transformations

ok Laseal boundary scaling

e

(Inversions)

Special conformal transformations

Subgroup of conformal transformations

Realized by Pentagon code
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Tensor networks for real condensed matter systems and materials

_(-'"'IS':-:r network '|'.'.“$-\I:;'|: on of the double
ayer Kagome compound Ca1CrQO
A IS ition of many-body localized systems

5 5

Quantum time crystals with programmable

disarder in higher dimensiar
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Tensor networks for real condensed matter systems and materials

_(-'"IC\-Z'ZF network invest (_;;l: on ::‘. th
ayer Kagome compound Ca

2N f many-body localized systems

SNSIONS

Quantum time crystals with programmable
disarder in higher dimansions A tensor network annealing algorithm for
disorder in higher dimensions :

two-dimensional thermal states
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Efficient variational contraction of two-dimensional tensor
networks with a non-trivial unit cell
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Fxprr.f;=_:i\,-‘c power of tensor-network factonizations for
probabilistic modeling, with applications from hidden
Markov models to quantum machine learning

Tensor network approaches for learning
non-linear dynamical laws
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Interesting endeavor to think of tensor network models

capturing holographic aspects

Quasi-regular CFTs
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Interesting endeavor to think of tensor network models

capturing holographic aspects

Fun tool provided by
matchgate tensor networks

Tunable correlations,
curvature, entanglement,
MERA

Quantum error correction and Majorana dimers Quasi-regular CFTs
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Interesting endeavor to think of tensor network models

capturing holographic aspects

Fun tool provided by
matchgate tensor networks

Tunable correlations,

curvature; entanglement;
MERA

Quasi-periodic chains

Quantum error correction and Majorana dimers

Quasi-regular CFTs
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Interesting endeavor to think of tensor network medels
capturing holographic aspects
Fun tool provided by

@o 6o matchgate tensor networks
Q \ L0 o
0 {%\I/\}ﬁ\? o,
' I L g tions,
ement,
u@w_,_f‘ A "'I f@ Quasi-periodic chains
c d:@}.c@,-d B0 0
og o 9 Fo
Quantum error correction and Majorana dimers Quasi-regular CFTs
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