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Quantum computer

. Concept of Quantum computer

Einstein John S. Bell Richard Feynman David Deutsch
Photon eletric effect (1905) Bell theorem (1964) U2} AFH (1982) U2} e F (1985)
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: https://www.youtube.com/watch?v=FgO0LN30Ezg&t=607s&ab_channel=bRd3D
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. Classical bit: Oor 1

Z=X: https://www.youtube.com/watch?v=Fg00LN30Ezg&t=607s&ab_channel=bRd3D
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o Classical bit: Oor 1

o  Qubit (Quantum bit, 7FH| E)
1) = cos <g> 10) + e'? sin (g) 1)
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Quantum computer

. Universal quantum computing A

o Classical logic circuit (=2] 3] &)

0

O Logic 0
. Gates .

0O — 1

Any gates (NOT, AND, XOR...) can be represented by NOR gate.

T

Q=ANORB

Truth Table

Input A InputB  Output Q

0 1
1 0
0 0
1 0



Quantum computer

. Universal quantum computing
o Quantum circuit (¥ =} 3] =)

Quantum
Gates

Hadamard gate

_H_

Phase gate

_S_

T gate
] T I

CNOT gate

D



Quantum computer

. Universal quantum computing
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o Hadamard gate o T gate
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Fault tolerant quantum computing

o A el FAAFHE T
- Fojof ok W2 wA S0l Holsl
o Decoherence or Quantum noise
= Error correction
g o R oY E WA BA S 8l A7 e
¢.g.) Hamming code in classical computing
= Quantum threshold
-0l BAge HeiM = 99%2] AEdo]l e
= Redundant qubits
- 1788 U EE B sh7] 18] oF 1000~1000070¢] FHHIE &



NISQ (Noisy Intermediate-Scale Quantum)
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physical error rate

10

Noisy Intermediate Scale Quantum
where we computing

are today NISQ application areas:

e Quantum chemistry
e Optimization
e Machine learning

error correction
) threshold

fault-tolerant QC

within §
years
| | | | | 1 a0
| | | | I i
10 100 1,000 10,000 100,000 ™
number of physical qubits
L J

“Quantum computing in the NISQ era and beyond™ Preskill, 2018 https //anav.org/abs/1801.00862



NISQ (Noisy Intermediate-Scale Quantum)

Quantum Computing in the NISQ era and beyond

hn Preskill FE 580 1
John Preski ° ﬂh XéEg _9_.-”‘7—:7 O%‘%‘O]’.]—J_(NOISY)
Institute for Quantum Information and Matter and Walter Burke Institute for Theoretical Physics, == 7 ]q = O 2~ O] (@)
California Institute of Technology, Pasadena CA 91125, USA ‘64 1_]: © ‘—L—A v_— 7;” = 4
30 July 2018 (Intermedlate—Scale)

YA} 715 e o] &3l HAF.(Quantum)
Noisy Intermediate-Scale Quantum (NISQ) technology will be available in
the near future. Quantum computers with 50-100 qubits may be able to perform
tasks which surpass the capabilities of today’s classical digital computers, but
noise in quantum gates will limit the size of quantum circuits that can be

executed reliably. NISQ devices will be useful tools for exploring many-body o H OW call we mak € some thlng COO 1

quantum physics, and may have other useful applications, but the 100-qubit . .

quantum computer will not change the world right away — we should regard by USIHg a feW leg plece S.
it as a significant step toward the more powerful quantum technologies of the

future. Quantum technologists should continue to strive for more accurate

quantum gates and, eventually, fully fault-tolerant quantum computing.

Photo by Dr. Bang
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Quantum supremacy (YA} -2 A)

54 A} (task) o] AL Larg]F o= A 57| o Wk A s dHHA 02 Hojof gt
o Good theoretical hardness evidence from complexity theory.
o Also cannot be solved in a “comparable” amount of time by classical supercomputer.

A Hol Bt A9 e & FAATE 22 A F Q= 7] Fo] glofof dt.
(Verification)
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Quantum supremacy (FAF -2 A4)

o Sampling

- In statistics, sampling is the selection of a subset (a statistical sample) of individuals from
within a statistical population to estimate characteristics of the whole population.

Single-qubit gate:
25ns

Qubit
7+ XY control

Two-qubit gate:
12ns
Qubit1

= Z control \ {
- . e Coupler—l_\—

Qubit2 _ /™
Z control

>




Quantum supremacy (YA} -2 A)

o Random Circuit Sampling (RCS)

- The task 1s to take an (efficient) quantum circuit of a specific form, in which each gate is
chosen randomly, and generate samples from its output distribution.

Worst-case Average-case . . Experimentally
Anti-Concentration .
hardness hardness Feasible
OK OK
RCS OK (Nature physics, 2019) OK (Nature physics, 2018)

o  Average-case hardness: showing that a distribution D is uniformly difficult to sample from
corresponds to showing that for most outputs x, it is hard to compute D(x).

o Anti-concentration states that the output distribution of random quantum circuit is ‘spread out'.



Random circuit sampling
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Fig.1| The Sycamore processor. a, Layout of processor, showing arectangular
array of 54 qubits (grey), each connected toits four nearest neighbours with
couplers (blue). Theinoperable qubitis outlined. b, Photograph of the
Sycamore chip.
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Quantum simulation

Richard Feynman’s memorable words:

“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.”

“Apel e 31 0] obL Tk, A, §hof Palo] AHel & EAbaan
AT A2 A L0 BHEojoF £2 Aol o] =




Quantum simulation

e Richard Feynman’s memorable words:

“Nature 1sn'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.”
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Quantum simulation

e Richard Feynman’s memorable words:

“Nature 1sn'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.”

Helium

Helium atom




Quantum simulation

e Richard Feynman’s memorable words:

“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.”

Water molecule



Quantum simulation

Richard Feynman’s memorable words:

“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.”
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Quantum simulation

« Universal quantum simulators (1996)

Bl RESEARCH ARTICLES swsssssrsursssamssmssrromsmsmes

Universal Quantum Simulators
Seth Lloyd

Feynman’s 1982 conjecture, that quantum computers can be programmed to simulate
any local quantum system, is shown to be correct.




Quantum simulation

« Universal quantum simulators (1996)
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Quantum simulation

S EU ek mhebdEl S 2] 918 FA duelF

VOLUME 83, NUMBER 24 PHYSICAL REVIEW LETTERS 13 DECEMBER 1999

Quantum Algorithm Providing Exponential Speed Increase
for Finding Eigenvalues and Eigenvectors

Daniel S. Abrams*
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109-8099

Seth Lloyd'
d’Arbeloff Laboratory for Information Sciences and Technology, Department of Mechanical Engineering, MIT 3-160,

Cambridge, Massachusetts 02139
(Received 27 July 1998)

We describe a new polynomial time quantum algorithm that uses the quantum fast Fourier transform
to find eigenvalues and eigenvectors of a local Hamiltonian, and that can be applied in cases (commonly
found in ab initio physics and chemistry problems) for which all known classical algorithms require
exponential time. Applications of the algorithm to specific problems are considered, and we find that
classically intractable and interesting problems from atomic physics may be solved with between 50 and
100 quantum bits.



Quantum simulation

. SR EU nE g 2] §18 A dueF

S . Simulated Quantum Computation of Molecular Energies
Alan Aspuru-Guzik et al.

Clence Science 309, 1704 (2005);

DOI: 10.1126/science. 1113479

AYAAAS

Simulated Quantum Computation 0
of Molecular Energies 0

Alan Aspuru-Guzik,'*f Anthony D. Dutoi," Peter J. Love,?
Martin Head-Gordon'? |O
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The calculation time for the energy of atoms and molecules scales exponentially |0
with system size on a classical computer but polynomially using quantum

algorithms. We demonstrate that such algorithms can be applied to problems of

chemical interest using modest numbers of quantum bits. Calculations of the g S 2 s 4 Cor 8

water and lithium hydride molecular ground-state energies have been carried l‘p)—/— V "V 'V 'V _@
out on a quantum computer simulator using a recursive phase-estimation k k k k

- . . A . 2
algorithm. The recursive algorithm reduces the number of quantum bits required g ‘} [ . e
= exp(—12n¢ ) V
k k=1)" k=1

for the readout register from about 20 to 4. Mappings of the molecular wave

function to the quantum bits are described. An adiabatic method for the n
preparation of a good approximate ground-state wave function is described and

demonstrated for a stretched hydrogen molecule. The number of quantum bits

required scales linearly with the number of basis functions, and the number of

gates required grows polynomially with the number of quantum bits.
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