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Why QS?

Simulating of quantum systems

e Classical computers

Exponential growth of Hilbert space Computational
5 5 basis
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n

_ 250 =10"5 complex
System with 50 amplitudes ~ 32 x 1015

qubits bytes of information

of existing computers

The Puzzle: Feynman’ s main thesis was quantum systems
could not be efficiently imitated on classical systems.




Why QS?

Simulating of quantum systems

e Quantum computers - Universal quantum simulators

1982 Richard P. Feynmann

R.P. Feynman, “Simulating Physics
with Computers” , Int. J. Theor. Phys.
21, 467-488, 1982

Can we do it with a new kind of computer
— a quantum computer? Now it turns out,
as far as I can tell, that you can simulate
this with a quantum system, with
quantum computer elements. [...] |
therefore believe it’ s true that with a
suitable class of quantum machines you
can imitate any quantum system,
including the physical world.




What is QS?

> Quantum simulation: simulating a quantum system by
guantum mechanical means.

> Quantum simulator: a controllable quantum system
used to simulate or emulate other quantum systems

\
-
g ) Q &
] ¢ - )
[ }‘:’:‘L-—.:—_‘:;ju -
Quan = @3

3 Chemistry

/ =
2 ) . ‘;:.. / <
ritum Physics .
- (L-

Quantum
Systems




7 R—1 300 B AP R B LL A

~32 x 105 %
—IRTRE Shor& % PEHE R
;}:ﬁ 1024 1010 o T
CPUJIE 1 THz 1 THz

B[] 1514 175
Quantum simulator # Universal quantum computer




Basic principle of QS

QS: a controllable quantum system used to simulate or
emulate other quantum systems

U = exp{—ihHt} Two types:

Quantum system
Digital quantum simulation: to

|(b(0)> —’ Id)(t» use qubits to encode the state of the
quantum system, “translate” its
N unitary evolution in terms of
f elementary quantum gates, and
implement them in a circuitbased
quantum computer.

Quantum simulator

U = U(p{—thHg,m }

Y(0)) B [y (1))

Evolution

Analog quantum simulation: to
map the evolution of the system to be
simulated onto the controlled
evolution of the quantum simulator

slm stysf_ HsyseHsim

Preparation Measurement

|. M. Georgescu et al., Rev. Mod. Phys., Vol. 86, No. 1, January—March 2014



Applications of QS

Condensed-
matter physics _
High-energy Ar:o;rilclg
physics / phy
Cosmology «__ [ Quantum o Quantum
simulations chemistry

Open quantum
systems

Nuclear physics A// \ \

Others Quantum
chaos



Physical implementations of QS
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Polar
molecules

Neutral atoms

Arrays of in optical lattices

quantum dots

Quantum simulator

5, & ‘ ; Arrays of
Others %;W trapped ions
Superconducting Arrays of
circuits cavities

Nuclear spins
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NMR QIP

Spectrometer Nuclear Spins as qubits

ADC for data acquisition
RF synthesizer and amplifier
Gradient control

sample

wave guides

2-3 D'iLBr;'Qm;j:tﬁi;ophene



Different classes of quantum simulations

- explore new physics (perhaps even trackable classically)
« outperform classical computation (address the classically non-

trackabkle)

Quantum harmonic and @mtum walk >

anharmonic oscillators
@ntum chemis@
Many-fermion system

Quantum chaos
Quantum spin model (quantum
hase transition) Paring Hamiltonian

Localization effects by Quantum Tunneling
decoherence Entropy 2010, 12, 2268-2307




Basic principle of QS

Main steps

o Mapping
e Initialization

e Direct state construction

e Adiabatic quantum state preparation
e Hamiltonian engineering

e Lloyd’'s method (Average Hamiltonian theory)
e Quantum network

e Measurement
e Quantum state tomography (full characterization)
e Phase estimation algorithm (Energy spectrum and eigenstates)

e Specialized measurement scheme to extract the desired
observables (e.g., correlation functions)



Mapping

Quantum spin model (Quantum magnets)

n n

X y ;
H = E BiGiZ + z (JI]OIXO]X + J(']'Oiy(jjy + JI]OIZO/Z ]
=1

i<j=1
External fields Heisenberg couplings

Heisenberg isotropic, Ising, XX, XY, XYZ model

Mapﬁing: A more realistic model in_that it treats the spins quantum-

mechanically, by replacin§ the spin by a quantum operator (Pauli
spin-1/2 matrices at spin 1/2).

o)

Quantum magnet




Energy levels

Simulating quantum-spin-systems

= Bzzaf + JE OZ.ZOJZ.
i /i i\

First-order phase transition

how to simulate

Ising model
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Longltudlnal field B

H = Bza +JEUO

=>» Nuclear spins

=>» Average Hamiltonian theory

= Use pseudo-pure states
& Adiabatic evolution

=>» Landau-Zener anticrossing

<<

=>spin o

=>magnetic field B

=>» Spin-spin interaction J
=>ground state
=>detection

<
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Quantum “baby” phase transition
H = BZEO' +JEO'ZO'Z+BxEO'

*¢ adiabatic evolution
n<0.03 ‘

I‘I"I [I [I duratio‘n

Prepare initialize  Hamiltonian simulate (analyse) detect
(PPS) f
ground state

BZ

<<

amplitude

ground state

Entanglement



Entanglement and QPTs

Change in the ground-state wavefunction in the critical
region: the concurrence as a function of A.
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Magnetic field g,
XH Peng et al., PRA 72, 052109 (2005)

simulating a quantum magnet



2008 FEE MR/ NS FBHFPRISSSEE

Simulating a quantum magnet with

. M ET
trapped ions '

A. FRIEDENAUER*, H. SCHMITZ*, J. T. GLUECKERT, D. PORRAS AND T. SCHAETZ'

Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany

nature physics | VOL 4 | OCTOBER 2008 |

Here we study the building blocks for simulating quéntum

spin Hamiltonians with trapped ions’. We experimentally [_ - .
simulate the adiabatic evolution of the smallest non-trivial 1%}5 3—%1‘%* uTEE_/J E”ESIZ

spin system from paramagnetic into ferromagnetic order with ﬂ..ElJ 7ol g ﬁﬁ{zlg ?{\ }A j||§i ﬁzz }_'_ EIJ

a quantum magnetization for two spins of 98%. We prove

that the transition is not driven by thermal fluctuations %95622}_‘_ E,Jé@ﬁl\’;ﬁﬁﬂﬁ """ ﬂ:j?,

but is of quantum-mechanical origin (analogous to quantum ﬂ]j( I 22 ) ek 72k 5 B9 AR A 15
fluctuations in quantum phase transitions®). We observe a final = 0
superposition state of the two degenerate spin configurations B E,J j]u'b‘ ER 7884’1%

for the ferromagnetic order (|11) + |[{|)), corresponding to | E. };E’\] HEM2YE,

deterministic entanglement achieved with 88% fidelity. This
method should allow for scaling to a higher number of
coupled spins’, enabling implementation of simulations that are
intractable on conventional computers.



Exotic guantum many-body physics

Spin Chain (complex interaction)

b b, 45 oS5

—

Many-body interaction New
Physics?

Degenerated ground state

Frustration

Entanglement
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What about thermal systems?

Previous experiments:
QPT<——> Simulating ground states (T = 0)

Thermal systems (T > 0)?
Partition functions

Z(B, h) = Tr[e PH]

=

Partition . Total
function energy

describe the statistical
properties of a system in
thermodynamic equilibrium
and play a central role in
statistical mechanics.




Thermal systems: Lee-Yang Zeros

1952, T.D. Lee and C. N. Yang:
Phys. Rev. 87, 410-419 (1952)

Lee Yang Zeros: Partition functions
of thermal systems vanish at certain points
on the complex plane of fugacity or a
magnetic field.

Unit-circle theorem: All zeros of a general Ising ferromagnet
are purely imaginary and located on the unit circle.

Z(B.h) = poe™'M (z—z,) 2z = & Imaginary - not physical

n

z=e"" Wick rotation

imaginary inverse temperature -> time - Observable



Lee-yang zeros and spin coherence

arbitrary Ising model: H (h) = —2 J,0.0, = hz of

probe-bath coupling: H, = —2)LSZEGJ. =-2AS H =-S B
[H(h),H 1=0

_aassssanansnesEEEE Lee-Yang Zel‘OS: 7

_2iNAL Z(/J), h - 12tA/ B,)

Spin Coherence: L(¢) = e
Z(p, h)
BT RS NA R Z G ENEE T (e ptiAt
€M, MYFEZRAZRELMM | = ™™ Hn=1/§ 7 )
— N EREIARE, X EERBREN [T, (e - 2)
S A R ZE- TSR AT

B.-B. Wei & R.-B. Liu. PRL 109, 185701 (2012)



» Lee-yang zeros and spin coherence

11
[

FNEROBTAOE THRRLNE-HERES LS
SN A EER T

h=0=4At = arg(zn)

>

» Imaginary Lee-Yang zeros “e 2
now accessible

» Coherence zeros @ Lee-
Yang zeros

L(t)

B.-B. Wei & R.-B. Liu. PRL 109, 185701 (2012)
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Phase transition

Phase transitions are intimately connected to the Lee-
Yang zeros.

Critical temperature N=9 N=500 Finite-size effect

N = kBTClJ =1 | N—w

0.02

Numerically™ |
calculated resuli

Evidences of onset of time- & |
domain phase transitions >§ |
(finite temperature) 3 oo} ! e
El LT
=T | N =500
l 0.25 0?5 0.75
Teﬂ/(NJ)

Phys. Rev. Lett. 114, 010601 (2015)
Collaborate with Prof. R. B. Liu
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(Imaginary Magnetic Fields in the Real World) "BJ& 4T 2B-
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Ph)/SICS Physics 8. 2 (2015)

Viewpoint
Imaginary Magnetic Fields in the Real World

Nerses Ananikian
A. 1. Alikhanyan National Science Laboratory, 0036 Yerevan, Armenia

Ralph Kenna
Applied Mathematics Research Centre, Coventry University, Coventry CV1 5FB., United Kingdom

Published January 5. 2015

Imaginary magnetic fields predicted by the fundamental theory of phase transitions can be realized
exrperimentally.

Subject Areas: Statistical Physics

A Viewpoint on:

Experimental Observation of Lee-Yang Zeros

Xinhua Peng. Hui Zhou, Bo-Bo Wei. Jiangyu Cui. Jiangfeng Du, and Ren-Bao Liu
Physical Review Letters 114, 010601 2015 — Published January 5. 2015



Non-equilibrium systems?

XY spin chain \I/ 1 ¢ 4, 4, f $ -------------
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A Magnetic field A
S.-L. Zhu, Phys. Rev. Lett. (2006) X. H. Peng, Phys. Rev. Lett. (2010)

Ground-state geometric phase and QPT



Non-equilibrium systems
Dynamical quantum Hall effect in the parameter space

e Non-adiabatic response:
My, = — (Wt )0, H|to(ty))
= const + F,,v, + O(v?)

Conditions:

(1) the velocity w,, 1s turned on smoothly

(1) the system 1s prepared initially in a state with a large gap

(111) there 1s a weak dephasing mechanism in the system and the
time of experiment 1s longer than the dephasing time.

Berry curvature
f/.u/ _ ZZ <¢0|6u7{|¢n><¢n|0u7{|¢0) — (I/ <~ ,LL)
n0 (gn - 50)2

The degeneracies contribute non-zero terms
V. Gritsev and A. Polkovnikov. PNAS, 109:6457 (2012)




Dynamcial QHE

Example: Single spin-1/2 particle

500 1000



Previous experiments

e Exp. 1: an Artificial Spin-1/2 System

1

H/h=5 [AO‘Z +Qo, cosgp+Q0, singb]

A=A cosO+A,

0/n

PRL 113, 050402 (2014)

Q=G smnf
(b) A
Q cos ¢ Qsin¢
- (d) 1.0 ,'_.ﬁl?,_,":.__.vl
. \
0.8 L €1 = 0,980 \
' + 0,008 1 _
'1 C F g¢d 6
0
0.6 “
) |
04 't
0,2 b — Simulation \ €1 ==0,011
— Spin 1/2 \ + 0,006
e Experiment \
of 1 1 ! . I e b4
=0,5 0 0,5 1,0 1.5

2,0



Previous experiments

Exp. 2: two-spin interacting quantum system

H,, = —g[Hoaf +H, ‘6, +H, o, —g(alxa; +(71y02y)]

H/2r (MHz)

@ Dynamical
@ Adiabatic

H,/2% (MHz) ' o/ H,

Nature. 515, 241 (2014).



Dynamical quantum Hall effect

N W; N wJ;
g 1) Az Az
HNMR E :? E 5 i
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N N-1
N h-d-T> 7 Fin
7=1

=1



Energy
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o —Ground state

———First excited state
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summary: novel physics

Decoherence #
error

scaling quantum simulations

=» proof of principle on

sSpins

bridging the gap
(proof of principle studies and “useful” QS)

= how to mitigate it
how to exploit it
(quantum control)

=>how to in_vestigate = outperforming classical computation
(mesoscopic) = deeper understanding of quantum dynamics
decoherence = new physical phenomena

investigate the impact on:
- Solid state physics (magnets, ferroelectrics, quantum Hall, high T )
(quantum phase transitions, spin frustration, spin glasses,...)
- quantum information processing / quantum metrology
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