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Abstract: We will talk about recent progress in NMR technologies simulating topological phases. We will describe how states are prepared, how
they are evolved in time and various tricks that we can play with it, including measurements of topological properties such as modular matrices, and
thus potentially applied for identifying phases of matter in future ssmulations.
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= 1) Brief overview of quantum simulator - NMR simulator

= 2] What do we want to simulate? Topological order
-- some introduction of topological phases of matter and the toric code model

= 3] How do we do that?

= 4) What lies ahead
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Quantum Simulations

Simulating Physics with Computers

Richard P. Feynman

Department of Physics, California Institute of Technology, Pasadena, California 91107

Recerved May 7, 1981

1. INTRODUCTION

On the program it says this is a keynote speech—and I don’t know
what a keynote speech is. I do not intend in any way to suggest what should
be in this meeting as a keynote of the subjects or anything like that. I have
my own things to say and to talk about and there’s no implication that
anybody needs to talk about the same thing or anything like it. So what I 10, 1. MAHUH

BLINMMCNUMOE
W HEBLINMMCNHMOE

Computable and Noncomputable
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Bits vs Qubits

= N Qubits require 2AN complex coefficients

» | ogic gates == Unitary operations acts on both

states at the same time <= Quantum parallelism
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Quantum Simulator

()I—Ja'nrum Physics

Quantum
Systems

re courfesy Prof. Xinhua Peng

WILLL 1L, WILL ualllui-iecnanical ruies). ror exampie, tne spin waves 1n a
spin lattice imitating Bose-particles in the field theory. I therefore believe
it’s true that with a suitable class of quantum machines you could imitate
any quantum system, including the physical world. But I don’t know
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1) mapping

= ?2) Hamiltonian engineering

= |loyd's method :

Quon/fum gates implemented
ence of Hamiltonian

» Measurement
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Preparation Measurement

Picture courtesy Prof. Xinhua Peng

» | M. Georgescu et al., Rev. Mod. Phys., Vol. 86, No. 1, January-March 2014
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ADC for data acquisition
RF synthesizer and amplifier
Gradient control

wave guides

Spectrometer

NMR Quantum Simulator

Nuclear Spins as qubits

O e0tO 01@“

sample
test tube

RF Wave

2-3 Dibromothiophene

Picture courtesy Prof.
Xinhua Peng
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How (liguid)NMR Quantum computation
WOrks

Operates at room temperature and pressure. Long coherence time ~ seconds

(upto ~ 1000 pulses in an experiment).

different molecules have slightly different energy levels and so allow for suitable
choice of pulses to control them individually

The system operating at
_ (1 —a)1 + 2ay)(¥|

room temperature is in Pseudo pure state o= :
(1—a)2" + 2a

Cory, Fahmy, Havel
Proc Natl Acad Scil S A. 1997 Mar 4, 94(5): 1634-1639.

Ensemble computing: measure small magnetization can detect occupation

and allows one to measure
Tr(KY) = (1 — a)Tr(K) + 2a(y|K|)

Parallel computation without wavefunction collapse.

Page 10/26



Measurement
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R. Somma et al.,Phys. Rev. A, 65, 042323, (2002)
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Topological Phases of Matter

Gapped phases of matter beyond the Landau Paradigm

Well known example: Fractional quantum hall states

ocally indistinguishable degenerate ground state e
depending only on topology s z

256

Magnetic fleid (T)
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Phases of matter

(tensor category
w/ symmetry)

symmeltry breaking
(group theory)

SY-SRE 2 SPT orders
« (group cohomology

lopolugilcal order 824 SY-LRE l| SY-LRE2 | SET orders
(tensor category) — intrinsic topo. order —
LRE 1 | LRE 2 SB-LRE | | SB-LRE 2,
SB-SRE 1 SB-SRE 2
SRE
SY-SRE 1
(@) & (b)

8, theory)
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Applications of topological phases

® Topological order involves Long Range Entanglement

®» Degeneracy protected against Local perturbations
(energy separation ~ Exp(-L) )
= |n 2+1 dthere are anyons with non-trivial statistics
» se it for an error correcting code! GS subspace = code subspace

= Message encoded in topological charge which cannot be corrupted by local
interactions => errors

= (in 2+1 d e.g.) Braiding of anyons to readlize logic gates - robust against decoherence
since they arises from local interactions with the environment
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Braiding and Quantum Computation

braid

create
~— particles

Pirsa: 19100086 Page 15/26



Prototypical Example: Toric code

H’rork:: _Z AS _ ZBP ® ® | ®
s p L ] .V. . . [ ]
As-c.0,0 0] 1. i i
Z el ol ol | | i |
by - 0,0 xOu0;; 11T

A. Kitaev, Ann. Phys. 303, 2 (2003) ; X. G. Wen, PRL. 90,
016803 (2003)
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Excitations = anyons

4 types of
anyons

W_e=[Toz, W_m=[]ox.

Courtesy: topocondmat.org
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Degenerate
states on @
torus
characterized
by global
winding
numbers of
these Wilson
loops



Modular Matrices

\l -1 -1
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Modular matrices of the toric code
S and T recovers statistics of the anyons
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A lot of numerical investigations:

[1] H.-C. Jiang et al., Identifying topological order by entanglement entropy.
Nat Phys, 8, 902-905 (2012).

[2] Y. Zhang et al., Quasiparticle statistics and braiding from ground-state
entanglement. Phys. Rev. B, 85:235151 (2012).

[3] M. P. Zaletel et al., Topological characterization of fractional quantum hall
ground states from microscopic hamiltonians. Phys. Rev. Lett., 110:236801 (2013).
[4] P. Bonderson et al. Probing non-abelian statistics with quasiparticle

1 érfcrome-try. Phys. Rev. Lett., 97:016401 (2006).

5] L. Cincio & G. Vidal. Characterizing topological order by studying the
ground states on an infinite cylinder. Phys. Rev. Lett., 110:06720, (2013).

[6 ]H. He et al. Modular matrices as topological order parameter by a gauge-
symmetry-preserved tensor renormalization approach. Phys. Rev. B, 90:205114
(2014).

[7] Fangzhou Liu et al., Modular transformations and topological orders in two
dimensions. arXiv: 1303.0829v2 (2013)

[8] Jacob C. Bridgeman et al., Detecting Topological Order with Ribbon
Operators. arXiv:1603.02275v3 (2016)
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How much physics of the 72 order can
the simulator recover?

» Strategy: Hamiltonian: H p— Htoric —|— Hz —I— Hdisorder
o z = o
Hz = h Z’L O-?: HdiSOI‘deI' _ Zz 67:0-7:

» 72 order for small h.

» should display phase transition for sufficiently large h

» We would like to detect them via the experiment.
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1. State preparation

» 4- fold degenerate ground state: we apply the random adiabatic method

Hadiabatic(s) = sH + (1 — S)Hrandom

random Z ij 03

T ), i €{1,2,3,4}
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2. Implement SWAP operation

b
0 1 2 3
0 -37342
1 3348 -44793 40 0.8
2 114.0 -51.4 -47243 40 0.8
3 1875.9 15234 64.0 2701 100 1.5
q 62.8 1274 18496 -11.8 2691 100 15
d
1 (63) 10— H 11 (53)
- - 0), - - -
A A A A
P— P — |0), B — e — e —
G G G G or
S — § — |0), S — S — 1t —
i J i J
- - 0), - - -
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3. Recovery of the modular matrices

= First, obtain orthonormal basis |¢:)n from  [¢:), i €{1,2,3,4}

» Then, look for standard anionic basis by writing

a) = ) af|di)n

= Do optimisation of the constraints <Cb|b> — 5ab

» Hermiticity of the modular matrices

Ta,b = exp(i@a)éa,b Sal =0
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——Ground state H=Hgz, —h Ziaf — El g of
15 [+ [~ 1st excited state
2nd excited state
10k 3rd excited state
R e S | l |-I-S . —dth excited state
. 5k
= 0

b 1h=0 2)h=1 3)h=2 4)h = he
Re((6]I1816]"))  Re((¢]ISI6]))  Re((¢;1S16]))  Re((¢]"81;""))
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Summary

= We use minimal theoretfical input to extract phase structure of the 72
topological order via measurements of the modular matrices. It has mild
requirements on symmetries.

= Qur experiment is the first to measure modular-matrices, also the first to get rid
of knowledge of string operators, and the first to'move away from the exactly
solvable point.

» Bigger systemse (Complexity of our method.only grows polynomially)

» More general topological orderse Braiding operationse
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Thank you |
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