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How do we compute?

Shown is an Intel processor
capable of performing

3,000,000,000 (3 billion)
processes per second!

v

It is composed of ~400,000,000

Individual Transistors!

The typical size of a transistor In
the picture is about 65nm
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http://dwave.wordpress.com/files/2007/01/sample-holder-with-europa-chip_small.JPG
http://dwave.wordpress.com/files/2007/01/img_5568-2.jpg

Towards the quantum limit

Every 18 months microprocessors double in speed
FASTER = SMALLER
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« Recentresearch predicts an end to Moore’s Law in 2018. Smaller than this quantum effects

Electrons per device

begin to take over, electronics becomes unpredictable.

. Physical limitation at a16 nm process. In that scale the behaviour of nature follows the

laws of Quantum Mechanics!



What is a quantum computer?

= 1982 - Feynman proposed the idea of creating
machines based on the laws of quantum
mechanics instead of the laws of classical
physics.

= A quantum computer is a machine that performs calculations based on the laws of
quantum mechanics, which is the behaviour of particles at the sub-atomic level.

g These laws are weird and counter-intuitive. “I think I can safely say that nobody
understands quantum mechanics” - Feynman

swave-particle duality squantum entanglement squantum super-position
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Images of Quantum World

Electrons (yellow-orange) on the surface of a piece of
copper are (cyan-purple) bound by 48 iron atoms
(the spikes at the perimeter)

STM picture © IBM

Glowing and vibrating beryllium ions
in a linear ion trap.

© Innsbruck University
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Atom as Bits - Qubits

A bit of data 1s represented by a single atom that 1s in one of
two states denoted by 10> and I11>. A single bit of this form is
known as a qubit

A physical implementation of a qubit could use the two energy
levels of an atom. An excited state representing |[1> and a
ground state representing 10>.

Light pulse of
frequency A for time

Excited interval t
State

(e )= QOD

Electron

State 10> State 11>




Two things in one?

What do you see?

An old woman smiling
A young lady with her head

turned




Quantum Superposition

(@E e

Electrons have a wave property which allows a single electron to be in two orbits
simultaneously. In other words, the electron can be in a superposition of both orbits

qubits stores simultaneously total number A Qubit |§|:’: %

1 (0 and 1) 21 - >

A 3 Bit Register
2 (0 and 1)(0 and 1) Ix2 = 22 =4
[o1o[0] -——[Q[Q[Q] ———— []
3 (0 and 1)(0 and 1)(0 and 1) 2x2x2 =23 =18 /7/ L\
: : : o[1[0 %
[O[1]1] [1]0[0]
300 |(0and 1)(0 and 1)........ (0 and 1) | 2x2...... x2 = 2300

Bigger number than the number of atoms in the universe, and calculations can
be performed simultaneously on each of these numbers

For every extra qubit you get, you can store twice as many humbers




Classical vs. quantum computation

In quantum systems possibilities count, even if they never happen!
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Interesting Algorithm
Factoring Prime Numbers

18 4,5?50
_ 2 9 2 5 4 : S '
"PRIME" 3 3 NN
| . 2 19 ‘z

. Peter Shor J

Prime numbers used in current day cryptography
Peter Shor discovered quantum factoring algorithm
Quantum “time” to factor ~ 0[log(n)’)

Classical “time” to factor 0(210g<w>2)

Polynomial vs. Exponential time to calculate.
Exponential Speedup using quantum computer!

Shor, Peter W. (1997), "Polynomial-Time Algorithms for Prime Factorization and Discrete Logarithms on a Quantum Computer", SIAM J. Comput. 26 (5): 1484—1509, arXiv:quant-ph/9508027v2,



Quantum simulations

Nature isn't classical, dammit, and if you want )
to make a simulation of nature, you'd better

make it quantum mechanical, and by golly it's

a wonderful problem, because it doesn't look

SO easy.

%
Digital QS

Discrete evolution

Analog QS

Continuous evolution
Hamiltonian engineering
No error correction

Error correction

Feynman, Int. J. Theoret. Phys. 21, 467 (1982) Lloyd, Science 273, 1073 (1996)

Nature insight: Goals and opportunities in quantum simulation by Zoller and Cirac, Nat, Phys, April 2012



Possible implementation platforms - Quantum hardware

|) Cold ions in ions traps

To Aéilep Trepiopiel TNV BepuIKN Kivnon Tou
16vT0G 0TV TTayida, B£TovTag 10 16V 0TV
XOPNAGTEPN EVEPYEICKR TOU KOTAOTON,
ETITPETTOVTOG £T01 TN PEAET TWV KBAVTIKWY

QUIVOPEVWV OTNY TTAYIDO IGVTWY

lasers

Ta nAekTpddia KpATOUV Ta I6VTQ
BnpuAhiou amy TTayida

electrode

electrode

electrode

1) Photons in QED resonators

Ta dropa Rydberg - Trepitrou 1000 @opég

DwTéVIa avakAWVTal PTTPoG TTIoW O€ pIa
HIKPR KOIAGTNTA PETAEU BUO KABPETTITLV
yia 1/10 Tou deuTEPOAETTTOU.
' quTo TO XPOVIKG DIGOTNUA TO GWTOVIO Ba
PTTOpPOUCE KGVEl pIa TTEPIPOPE
yUpw a6 T .

peYaAUTEPa aTT6 T TUTTIKG GTopa -
BlaoXiCouv TNV KOIAGTNTA €va TTPOG €va.
Karé v £€0d6 Tou To GTopo
ATTOKAAUTITEN TNV TTapouasia fi
TNV aTTOUCIa QWTOVioU
OV KOIAGTNTG

superconducting
niobium mirrors

microwave photons
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1) Cold atoms in optical lattices
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Quantum simulators with trapped photons
by Angelakis group

Quantum physics although relatively simple for single atoms and electrons when applied to real
materials becomes extremely complex

HOW TO MAKE MATERIALS OUT OF LIGHT

If photons can be made to interact, the resulting “material” could form the basis of a quantum computer or simulator
One idea is to place atoms inside cavities in a photonic crystal. Each atom-cavity can be tuned to absorb exactly one photon and reject
others, a condition known as “photon blockade”. Disturbing this causes a phase transition - one of the hallmarks of a material

1. Material is a “photon insulator”

When photon blockade is in effect, each ILASER LIGHT
atom-cavity can hold only one photon.

This makes it hard for photons to move

around. If enough are present, they

become locked in place

2. Phase transition

Shining a laser on each atom-cavity
makes the photon blockade vanish, so
the photon material changes state...

ATOM-CAVITY
can hold one photon

PHOTONIC CRYSTAL
formed by drilling an array of
holes in a sheet of material

3. Photons become “superfluid”
Photons flow freely throughout the
array, like particles in a superfluid

PHOTON

Dimitris G. Angelakis et al, 2007

Frozen photons in Jaynes Cummings arrays, N. Schetakis, T. Grujic,

) ew Scientist, 2007; Innovation 2010
Clark, D. Jaksch, D. G. Angelakis, http://arxiv.org/abs/1305.6576, (2013)

ience 2011


http://arxiv.org/abs/1305.6576

Ocuo 0100KTOPIKNG OTPPNC:

Ylomoinon KBaviikav Yroroyicuwv e KBaviikd dwotovikd Xvotiuata

I. Movtehomoinon eOTOVIKOV KPAVTIKOV CUGTNUATOV ¥PNGLULOTOLOVTOS 0PYEC KPAVTIKNG UNYOVIKTC-OMTIKNG, ATOMUKTC
(PLOTKNG KOl PUGIKNG OTEPEAC KATAGTOOTC Y10 TPAYUOTOTOIN O KPOVIIKOV VTOAOYIGUMOV KOl TPOGOUEIDGEMV

II. YmoloyioTika epyaieio: avOALTIKEC KO DTOAOYIGTIKES LEOOJOL
XPNOUYOTOIOVUE TPOTYUEVES VTTOAOYIGTIKEG LEBOOOVS 010,y OVOTOINGN G HEYOA®Y TvaK®V otmc 1 uEBodog DMRG.

Ectidlovpe otnv Ocmpntiki] LOVIEAOTOINGT TNG OAANAETIOPACTS OTOUMDV - POTOVIOV UEGH GE VITEPUYDYIUES POTOVIKEC
KOIAOTNTEG POTOVIKMV KO DITEPAYDYILOV KOUKAOUATOV.

DwTéVIa avaKAWVTaI PTTPOG TTIoW O€ pia
HIKPR KOIAGTNTG PETAED BUO KABPETITGV
yia 1/10 OAETTTOU.

Ta dropa Rydberg - Trepitrou 1000 @opég
ITTIKG G -
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niobium mirrors

o> Y

. . St - | : i 4 :
¥ R v RS

microwave photons

2VVEPYOOIES LE LEYOAD EPELVNTIKA KEVTPO, TOL EEMTEPIKOD Y10, TV VAOTOINGT TV HE@PNTIKOV TPOTACE®Y LOC.
UK (Oxford, Cambridge), Singapore (CQT), Finland (Aalto), USA (NIST), Germany (Friedrich Schiller University Jena)



Summary

« Quantum physics allows an exciting
alternative to computation

* One of the most promising platforms is
gquantum photonics materials



Thank you for listening

Play quantum leapfrog.

More at www.dimitrisangelakis.org



http://www.dimitrisangelakis.org

