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Motivation for Quantum Simulation

= Simulate quantum systems: difficult for the exponential growth of the
Hilbert space

= R. Feynman (1982), Idea of a hypothetical universal quantum
simulator: “quantum mechanical device for the efficient simulation of
quantum systems”.

= S. Lloyd (1996), “A standard quantum computer can be
programmed to be a Universal Quantum Simulator®.
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Outline

= Quantum Simulation: Analog and Digital approaches
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Quantum Simulation

« Quantum simulator: A controllable quantum system that can be used
to simulate other quantum systems
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Potential applications for QS

=  Quantum Magnetism (Ising, XY)
=  Quantum Phase Transitions (Superfluid/Mott Insulator)
= High-Tc Superconductors (Hubbard model)

= High energy physics (Dirac equation)
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Potential applications for QS

High-energy physics:
Lattice gauge theories
Dirac particles
Cosmology:
Hawking radiation
Unruh effect
Universe expansion
Atomic physics:
Cavity QED
Cooling
Open systems:
Chemistry:
Thermal rate calculations
Molecular energies
Chemical reactions
Quantum chaos:
Other:
Schridinger equation
Quantum thermodynamics
Nonlinear interferometers

Condensed matter physics:

Quantum phase transitions
Hubbard models

Spin models

Spin glasses

High Te superconductivity
BCS pairing

BCS-BEC crossover
Metamaterials

Disordered systems

Frustrated systems
Tonks-Girardeau gas
Anyons
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Implementations of Quantum Simulation

Electrons

|. Buluta, F. Nori, Science 326, 108 (2009).
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Quantum Simulation: Analog and digital

Analog Quantum
Simulation (AQS)

Quantum
Simulation

Digital Quantum
Simulation (DQS)
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Analog Quantum Simulation

Analog
= Mapping of the evolution of the simulated B
system onto the controlled evolution of the —  U=exp(-iH) —
quantum simulator. N N

= The simulated system and the simulator can be
physically quite different systems but mathematically
equivalent.

= The Analog Quantum Simulator is a Quantum Emulator,
a dedicated device to the particular problem.

= The simulator performs an exact computation
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Digital Quantum Simulation

Digital
= The simulated state is encoded in aregister . — . -
of qguantum information carriers. B W™ W™
(programmable quantum computer) — t* — H : ;:]:
L j_ o L]

= The interaction is written as the sum of
many local interactions.
(approximation by a stroboscopic sequence)

= Requires a set of universal quantum operations.

= A Digital Quantum Simulator is capable of simulating any other local
system. (Universal Quantum Simulator)
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DQS: The Trotter Approximation

I
Time-independent Hamiltonian: H sys Z H j
j=1

|
_iH.t/ _iH .t/ :
U=g" systh¢| |e it/ asin general [Hj,Hk].—,tO

j=1

|
—iH..t/A - —iH :t/nA
Trotter formula: e ¥ =lim | I e

N—0o0 j=1
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DQS: The Trotter Approximation

Hsys = A+B
Cor finite e—iHSySt/h _ (e—iAt/nhe—iBt/nh )n N O(t2 /n)

|
—iH..t/Ah - —IH :t/nh
Trotter formula: e ' =|lim I I e

N—o0 j=1
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Analog and Digital QS
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Analog and Digital QS

= A Digital Quantum Simulator (DQS) requires quantum error
correction, and therefore is a scalable quantum computer.

= An Analog Quantum Simulator (AQS) doesn’t need to be fault-
tolerant.

= The DQS is a programmable quantum simulator, while the AQS is
designed to behave analogously to a specific quantum system.
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Examples of analog quantum simulation

Neutral atoms:

M. W. Ray, E. Ruokokoski, S. Kandel, M. Méttonen and D. S. Hall.
Observation of Dirac monopoles in a synthetic magnetic field
Nature 505, 657-660 (2014)

Trapped ions:

Richerme, P., Gong, Z., Lee, A., Senko, C., Smit‘h;’«Jﬁ.«, Foss-lfei“g, M., Michalakis,
S., V. Gorshkov, A., and Monroe, C. Non-local propagation of correlations in

long-range interacting quantum systems ArXiv:l40l.50$ﬂ)

Quantum Simulation with Trapped lons Valentin Goblot, Antonio Rubio Abadal | 09/05/14 | 16


http://arxiv.org/abs/1401.5088

Example of digital quantum simulation

Trapped ions:

Lanyon, B. P., Hempel, C., Nigg, D., Mdller, M. et al. Universal Digital Quantum
Simulation with Trapped lons. Science 334, 57 (2011)
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http://www.sciencemag.org/content/334/6052/57.full.pdf?sid=a6b9211c-c47e-4dc0-bca7-5bf7652015e2

Outline

= Trapped ions for Digital Quantum Simulation
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Trapped ions for digital guantum simulation

Universal Digital Quantum Simulation with Trapped lons
B. P. Lanyon et al.

Science 334, 57 (2011);

DOI: 10.1126/science.1208001

RYAAAS
Model: DQS Simulator:
Ising, XY and XYZ <€ > String of trapped
Hamiltonian lons

P. Schindler et al., Experimental Repetitive
Quantum Error Correction.
Science 332, 1059 (2011)

Error correction demonstrated:
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Description of the system

String of °Ca*ions

Linear Paul trap

= |1) = |Ds)2), @3,}/;\ | —m,
— ] 0)-@= -~
= 1) =1Sy)
729 nm
(1)
mJ
_._ 1/2

Quantum Simulation with Trapped lons Valentin Goblot, Antonio Rubio Abadal | 09/05/14 | 20



Operation set

= First goal: simulate two-spin Ising model

H = B(o,! +0,%) + Jo,t0,?

= Decomposition of the Hamiltonian:

H=B(o!+0l)+Jo\o. = H, + H,

= Decomposition of evolution in many small time steps:

e #H/h — lim,_., “_Ii ¢ i E'I;”ﬁ)”

= We need gates to simulate evolution operators of the form:

U1 = e—i9(0'21+0'22) U2 = e_ieo'xlo'xz 0= E% H=EH
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Operation set

= The following toolbox is chosen:

e ] ]
0,(8,)) = e™i00

0,(8) = e 24! l- S
< 0.6, 0) = o-i0 T 0," = cos@ oy’ +sing o,
3 ,(p =e (Y

J

L 0,(6,p) = e L 2i<j 99'0y Mglmer—Sgrensen gate

= (Gates implementation via laser pulses:

0,8
0,(6. 9
0,09

Global beam
Addressed beams

0,06, )
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Outline

= Simulation of various spin systems
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Simulation: two-spin Ising model

H=B(o!+0’)+Jo\0;

= Single digital step represented as gates: g‘ C Bb
= Here, S
C = 0,(8,) = e~ i0c(0z" +07°) D = 0,(64,0) = e~t0a%x x
= For simulation, following parameters are used: ] =2B
6, 6, m
=0,|=— D=0,(—,0 Oy = —=
=03 (o) "3
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Simulation: two-spin Ising model

1
n=1 = »
D 1 ) o
o c D © s Fidelity: 61%
¢ E n +
0 6, % o0 2 -
0 « 0.5 1.5 1.5
Simulated phase evolution(7)
o L)
|TT)
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Simulation: two-spin Ising model

n=1

0_

o C D

0 0,
n=2

e_ '

 c pElN c

0 0,
n=3

(o]
0 0, 0
_ ] 610
n==4 2 Fidelity: 91%
5
g‘C'D'C'D'C'D'C'D‘ ‘§
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Simulated phase evolution(7)
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Simulations: Ising, XY and XYZ models

= Ising model: H=B8B(c!+0?)+J. 00} Jex = B
3‘ ol B C =0, (126) — e_i1£6(0'zl+0'zz) D=0, (%,0) _ -iloloy?
-y H= B0} +07) 1,003 +1,0107 Jex = 2yy = 2B
g_ c o b e E=04(%'g) _ —il—”6cry1(;y2
" XYZ H=B(o!+0)+J,0.0; +1,0,0, +J 00! Jex = 2Jyy = 2J,, = 2B
Oc DD E FDF._ F=03(%,0)=e—i%(ax1+ax2)
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Simulations: Ising, XY and XYZ models

=  Simulations with 12 time steps: respectively 24, 48 and 84 gates

A lIsing
i =B(c! +0?)+J 00;

Probability

14 |_)(_)x

o
el

= e,

¢ oo

B XY or [««),
H=B(o! +0?)+J,0l0] + 1, al0]

Probability

C Xyz 14—

H = B(o!+06?)+J,0\0! +1,0\0) +J_0'0!
0.5

Probability

_C DD F D F_

o
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Simulated phase evolution (7)
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Simulation: time-dependant Ising model

= Linear evolution of coupling from 0 to 4B :

H = B(0g,* +0,%) + J(t) 0, 0,

= Sequence of gates different at each time step

ccdcdcddcddcdddcddﬁcdddﬂ

1

|
s

|

|

A »
|

|

'

2. 3. 4! 5. 6 7 8!

= Result: adiabatic evolution to the antiferromagnetic ground state

@

@

B
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2
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Simulations: three-spin Ising model

= Long range Ising model successfully simulated

= |nhomogeneous spin-spin couplings

H= zlfc.jj“crng "ir_‘S = 3'"'1'11 = "ILS

i~ x-x

1
o
28 Ao BRI
o= 39

E =0, (g 1) n-pulse
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Simulations: many-body interactions

= Biggest simulation: six-body interaction

H=c'o’c'c'c’c’
-~ (1)<F, <77(1), _ "‘"‘.
T g ng*a"
3 G
o 05 g -
ﬂ_ b
@ 4D 4D
0_ »
0 Laaad 2l O j
0 0.2 0.4 0.6 0.8 1
6(r
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Conclusion

= Trapped ions constitute a system well suited to Digital Quantum Simulation

= Various types of interactions, for two spins and more, were accurately
reproduced

= With current ion trap development and including error correction, a full-scale
device seems within reach

= At present times, experimental realization of Analog Quantum Simulation is
still easier for many systems
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Towards fault-tolerant quantum computing with trapped ions

Thank you!
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Simulations: more three-spin Hamiltonians

= Long range Ising model

s R /v St "B
Simulated phase evolution (7) ST TLATLTHLTT
>LLT@LTIVYTLL

|||

= Three-body interaction

_ 23 (@
H=o0.00,

4Dm4DlE

000
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