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Motivation

Problems for which Quantum Computers might be advantageous

> Factoring > Quantum simulation
Lattice field theory
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Motivation

On the verge of the NISQ era

> Noisy intermediate-scale quantum computers
with O(100) qubits are already available

> Noise significantly limits the circuit depths that
can be executed reliably, no quantum error
correction possible
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> Current NISQ devices have already outperformed
classical computers
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Quantum supremacy using a programmable
superconducting processor

J. Preskill, Quantum 2, 79 (2018)
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Article
Quantum supremacy using a programmable
superconducting processor

RESEARCH

QUANTUM COMPUTING
= Quantum computational advantage using photons

Han-Sen Zhong™2", Hui Wang"2*, Yu-Hao Deng2*, Ming-Cheng Cher'2*, L-Chao Peng'2,
Y+Han Luo'2, Jan Qin', Dian Wu'?, Xing Ding'”, Yi Hu'Z, Peng Hu’, Xizo-Yan Yang’, Wek-Jun Zhang’,
Hao L, Yuxuan Li*, Xiao Jiang'Z, Lin Gan*, Guangwen Yang", Lixing You”, Zhen Wang?, Li Li*%,
Na-Le Liu'2, Chao Yang Lu'21, Jian-Wei Pani2f

Quantum computers promise to perform certan tasks that are believed to be intractable o classical
‘computers. Boson sampling s such a task and is considered a strong candidate to demanstrate
the advant ing 50

8
indistinguishable single-mode squeezed states into a 100-mode ultralowloss interferometer with full
‘connectivity and random matrix—the whole optical setup is phase-locked—and sampling the output
using i
hypotheses exploiting thermal states, distinguishable photons, and uniform distrbution. The photonic
‘quantum computer, Jiuzhang, generates up to 76 output photon clicks, which yields an output state-

space dimension of 10® and a sampling rate that is faster than using the state-of-the-art simulation

Sy s R N al., Nature 574, 5050 (2019)
H.-S. Zhong et al., Science 370, 1460 (2020)
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Motivation

On the verge of the NISQ era

Noisy intermediate-scale quantum computers
with O(100) qubits are already available

Noise significantly limits the circuit depths that

Article

can be executed reliably, no quantum error Quantum supremacy usingaprogrammable
. : superconducting processor
correction possible

QUANTUM COMPUTING

Current NISQ devices have already outperformed - Quantum computational advantage using photons
classical computers oy =) >
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Motivation

On the verge of the NISQ era

Noisy intermediate-scale quantum computers
with O(100) qubits are already available

Noise significantly limits the circuit depths that
can be executed reliably, no quantum error
correction possible

Current NISQ devices have already outperformed
classical computers

PHYSICAL REVIEW LETTERS 127, 180501 (2021)

Strong Quantum Computational Advantage Using a
Superconducting Quantum Processor

obo 71 >
PHYSICAL REVIEW LETTERS 127, 180502 (2021)
| Editon” Suggestion Il Featured in Physics |

Phase-Programmable Gaussian Boson Sampling Using Stimulated Squeezed Light

Quantum computational advantage witha
programmable photonic processor

fewrm— e A e AT A PR S00,12019)
Receoto: S hort 2022 Qb atal Setenee-8 701486 (2020)

Y. Wu et al., PRL 127, 180501 (2021), Han-Sen Zhong et al., Phys. Rev. Lett. 127, 180502 (2021), L. S. Madsen et al., Nature 606, 75 (2022)
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Motivation

On the verge of the NISQ era

PHYSICAL REVIEW LETTERS 127, 180501 (2021)

Noisy intermediate-scale quantum computers
with O(100) qubits are already available v i G P

Noise significantly limits the circuit depths that
can be executed reliably, no quantum error :

correction possible e wmrmm
Current NISQ devices have already outperformed Fhseprosrammaple Gaussun Boson Sumpling {8 St Sauecred st
classical computers
Larger quantum devices in the near future Quantum computational advantage witha

IBM: 1000 qubits by the end of 2023 programmable photonic processor
Google: 10% qubits and error correction 2029

Roceived: 2Novenbor 2021 i Eoi NG B A AR ST, 090,020 19)
Aecepted: 5 Aoril2022 PregeFho g atal-Scienee-3701466(2020)

Y. Wu et al., PRL 127, 180501 (2021), Han-Sen Zhong et al., Phys. Rev. Lett. 127, 180502 (2021), L. S. Madsen et al., Nature 606, 75 (2022)
https://research.ibm.com/blog/ibm-quantum-roadmap, https://blog.google/technology/ai/unveiling-our-new-quantum-ai-campus/
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Outline

Motivation

Classical computing

The circuit model of Quantum Computing

Experimental realization of qubits
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Classical computing
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Classical computing

Classical computing
Classical bits take values in Zs, meaning 0 or 1
Goal: compute Boolean functions f : Z§ — Z

Logic gates
a -a
> 0
110
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Classical computing

Classical computing
Classical bits take values in Zs, meaning 0 or 1
Goal: compute Boolean functions f : Z§ — Z

Logic gates
a bla®b
a | —a 0 0 0
—[>o— 0l 1 0 1] 1
110 :D_ 1 0| 1
11| 0
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Classical computing

Classical computing
Classical bits take values in Zs, meaning 0 or 1
Goal: compute Boolean functions f : Z§ — Z
Logic gates

a | a
> o -

Universal gate set: allows for expressing any Boolean function, e.g. {NOT,AND}
are universal

- =2 O Ol
O ~20O <
—_
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Classical computing

Classical computing
Classical bits take values in Zs, meaning 0 or 1
Goal: compute Boolean functions f : Zj — Z»
Logic gates

a | a
> o -

Universal gate set: allows for expressing any Boolean function, e.g. {NOT,AND}
are universal
We can arbitrarily copy bits

- 2 O Ol
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Classical computing

Irreversible vs. reversible gates
Typically on uses a irreversible gate set, e.g. AND, XOR
Can we make them reversible?

a b ab
0 0 0
a b| a®b
0 1 0 00 0
=D Ao- o1
1.0 0 10 1
1 1 0
1 1 1
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Classical computing

Irreversible vs. reversible gates
Typically on uses a irreversible gate set, e.g. AND, XOR
Can we make them reversible?

a b cla b cPadb

0O 0 0|0 O 0

0O 010 O 1 a b‘a a®b
0O 1 0j]0 1 0 0 0|0 0
O 1 1]0 1 1 i 0 1|0 1
1 0 0|1 O 0 1 011 1
10 1|1 0 1 17 111 0
11 0|1 1 1

1T 1 1|1 1 0

=~

It is possible to work with reversible gates
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It is possible to work with reversible gates
Toffoli is universal
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Classical computing

Classical vs. Quantum computing

Classical computing

> Classical bits are 0 or 1

> Typically irreversible gate set, but
reversible is possible

> We can arbitrarily copy bits
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Classical computing

Classical vs. Quantum computing

Classical computing Quantum computing

> Classical bits are 0 or 1 > Quantum analog of bits?

> Typically irreversible gate set, but > Quantum logic gates?
reversible is possible

> We can arbitrarily copy bits

> Copying quantum information?
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The circuit model of Quantum Computing

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023 Page 9



Quantum bits




The circuit model of Quantum Computing

Quantum bit
Qubit: two-dimensional quantum system

Hilbert space H with basis {|0),|1)}, called the
computational basis

Contrary to classical bits, it can be in a superposition
) = cos (§) |0) + e sin (§) [1)
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The circuit model of Quantum Computing

Quantum bit
> Qubit: two-dimensional quantum system
> Hilbert space H with basis {|0),|1)}, called the 0

computational basis
> Contrary to classical bits, it can be in a superposition

1) = cos (§) |0) + e sin (&) |1)
> Angles can be associated to a vector in spherical
coordinates
sin(6) cos(¢)
= | sin()sin(¢)
cos()

0) +i[1)

= Bloch-sphere representation
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The circuit model of Quantum Computing

Extracting information from quantum bits: projective measurements
> Consider the spectral decomposition of some observable

O =>" ok |ox)(ox]
k

with eigenvalues o, and orthogonal projectors Py, = |ox)(ox| onto the eigenspaces
> Measuring in the O basis: projecting the state onto one of the eigenspaces of O
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The circuit model of Quantum Computing

Extracting information from quantum bits: projective measurements
Consider the spectral decomposition of some observable

O =>" ok |ox)(ox]
;

with eigenvalues o, and orthogonal projectors Py, = |ox)(ox| onto the eigenspaces

Measuring in the O basis: projecting the state onto one of the eigenspaces of O
Probability of measuring outcome  in state |¢) = >, ¢ |ox)

pr = (Y| Pely) = |exl?
State of the system after measuring outcome k

Ck

N |Ok>
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The circuit model of Quantum Computing

Extracting information from quantum bits: projective measurements
Consider the spectral decomposition of some observable

O =>" ok |ox)(ox]
;

with eigenvalues o, and orthogonal projectors Py, = |ox)(ox| onto the eigenspaces
Measuring in the O basis: projecting the state onto one of the eigenspaces of O
Probability of measuring outcome  in state |¢) = >, ¢ |ox)

pr = (Y| Pely) = |exl?
State of the system after measuring outcome k

7= |ok)

NV

In quantum computing we typically consider the computational basis or Z-basis
{]0), |1)} for measurements
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The circuit model of Quantum Computing

Multiple quantum bits
n qubits: Hilbert space is the tensor product H ® - -- @ ‘H
————

n times
Most general state in the computational basis
1
)= D Ciinlin) © - @ Jin)
i1,..,in=0

In the following ® often suppressed: |0) ® |0) — |0) |0), |00)
Shorthand notation for basis states: |z) where x € 0,...,2" — 1
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The circuit model of Quantum Computing

Multiple quantum bits
n qubits: Hilbert space is the tensor product H ® - -- @ ‘H
————

n times
Most general state in the computational basis
1
)= D Cirin 1) © - © [in)
i15eenyin=0

In the following ® often suppressed: |0) ® |0) — |0) |0), |00)
Shorthand notation for basis states: |x) where z € 0,...,2" — 1
Qubits can be entangled
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The circuit model of Quantum Computing

Entanglement of bipartite systems
Consider bipartite systems H 4 @ Hp
A quantum state that can be factored as a tensor product of states of its local
constituents is called a separable state or product state

¥) = |a) ® [¢B)

Otherwise the state is entangled
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The circuit model of Quantum Computing

Entanglement of bipartite systems
> Consider bipartite systems H 4 @ Hp

> A quantum state that can be factored as a tensor product of states of its local
constituents is called a separable state or product state

¥) = |a) ® [¢B)

> Otherwise the state is entangled

Example

> [¢1) =10) ®]0) +[0) ©[1) + 1) @ 0) + [1) ® |1)
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> Consider bipartite systems H 4 @ Hp

> A quantum state that can be factored as a tensor product of states of its local
constituents is called a separable state or product state

¥) = |a) ® [¢B)

> Otherwise the state is entangled

> [¢1) =10) ®[0) +10) ®[1) + |1) ® |0) + |1) ® |1)
= (10) + 1)) ® (|0) + [1))
= Product state

> [2F) =10)®[0) + 1) @ 1)

DESY. | Introduction to Quantum Computing | Stefan Kithn | DESY Summer Student Program, 31.07.2023 Page 14



The circuit model of Quantum Computing

Entanglement of bipartite systems
> Consider bipartite systems H 4 @ Hp

> A quantum state that can be factored as a tensor product of states of its local
constituents is called a separable state or product state

¥) = |a) ® [¢B)

> Otherwise the state is entangled

Example

> |¢1) =10) ®10) +|0) ® [1) +[1) ® [0) + |1) ® [1)
= (10) + 1)) ® (|0) + 1))

= Product state

> |2%) =10) ® [0) + |1) ® [1)

= Entangled state (Bell state)
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The circuit model of Quantum Computing

Entanglement of bipartite systems

> Entangled states cannot be described by the individual states of the constituent
systems

> Consider the Bell state [#*) = — (|00) + [11))
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The circuit model of Quantum Computing

Entanglement of bipartite systems
> Entangled states cannot be described by the individual states of the constituent

systems
> Consider the Bell state |®*) = \}Q (]00) + |11))
G5 s £ ool
e > £2
.‘V "" ¥
o o 5P
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The circuit model of Quantum Computing

Entanglement of bipartite systems
Entangled states cannot be described by the individual states of the constituent
systems

Consider the Bell state |®*) = —- (|00) + [11))

N Sele B *
X | "DA" ‘V.“‘y £
g WS

Bob can measure his qubit

PBob(0) = 1/2,
pBOb(l) = 1/27
Bob does not obtain information about the state, his outcomes are random
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The circuit model of Quantum Computing

Entanglement of bipartite systems
Entangled states cannot be described by the individual states of the constituent
systems

Consider the Bell state |®+) = % (100) + |11))

\{‘@'; '»‘4' (D) ;
L SR @)%
= WS
Bob can measure his qubit

pBob(0) = 1/2, 1) = 100),

pBob(1) = 1/2, ) = [11),

Bob does not obtain information about the state, his outcomes are random
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The circuit model of Quantum Computing

Entanglement of bipartite systems
Entangled states cannot be described by the individual states of the constituent
systems
Consider the Bell state |¢T) = % (100) + |11))

————— 5
Bob can measure his qubit
PBob(0) = 1/2, lv) = 100), Paiice(0) = 1
PBob(1) = 1/2, lv) = [11), Paiice(1) =1

Bob does not obtain information about the state, his outcomes are random
If Alice measures after Bob she obtains the same result as Bob with certainty
Perfect correlation between the measurement outcomes
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The circuit model of Quantum Computing

Entanglement of bipartite systems

> Let us consider the Bell state |®T) = % (10) ®10) + 1) ® |1))
= The measurement outcomes are perfectly correlated

> Are these correlations any special?
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The circuit model of Quantum Computing

Entanglement of bipartite systems
Let us consider the Bell state @) = % (10) ®10) + 1) ® |1))
The measurement outcomes are perfectly correlated
Are these correlations any special?

R

Outcome is correlated no matter which basis we choose

1
Ii>=$(!0>ill>) = !¢+>—7|+>®I+)+I—>®\—>)

These type of correlations do not have a classical counterpart
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How to characterize entanglement?




The circuit model of Quantum Computing

Mixed states and density operators

> So far we have considered pure states |)) € H

> Assume the system can be various states |¢;) with probability p;
> The ensemble of pure states {p;, [¢;)} is called a mixed state
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The circuit model of Quantum Computing

Mixed states and density operators
So far we have considered pure states |)) € H
Assume the system can be various states ;) with probability p;
The ensemble of pure states {p;, |¢;)} is called a mixed state
Mixed states are described by the density operator

pzzﬁ i) (il Zpi =1

Properties of the density operator
self-adjoint: pf = p
positive semidefinite (eigenvalues are real and non-negative)
tr(p) =1
tr(p?) < 1 with equality iff p describes a pure state (px = 1, p; = 0 Vi # k)
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The circuit model of Quantum Computing

Mixed states and density operators

Example 1

> Consider the pure state

%) = 25 (10) + 1))

> Corresponding density operator

1/2 1/2

— p? = p, pure state

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023
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The circuit model of Quantum Computing

Mixed states and density operators

Example 1 Example 2

> Consider the pure state > Consider the ensemble
[¥) = 75 (10) + 1)) po=1/210), p1=1/2 |1)
> Corresponding density operator > Corresponding density operator
_ (172 1/2 _ o l0%0 11:(% 0)
p=1061= (1a 1/a) p=r0l0)0+m 1l (3§

— p? = p, pure state — p® = 1p# p, mixed state
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The circuit model of Quantum Computing

Reduced density operator

> Consider bipartite systems # , ®
described by p
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The circuit model of Quantum Computing

Reduced density operator

> Consider bipartite systems # , ®
described by p

> In practice we often have only sufficient
knowledge of one subsystem (e.g. we
know the lab system but not the
environment)
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The circuit model of Quantum Computing

Reduced density operator

Consider bipartite systems # 4 ®
described by p

In practice we often have only sufficient
knowledge of one subsystem (e.g. we
know the lab system but not the
environment)

Subsystem is described by the reduced
density operator obtained by taking the
partial trace with respect to one
subsystem

i=tra(p)
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The circuit model of Quantum Computing

Reduced density operator

> Consider the Bell state |®+) = \/% (10) ® |0) + |1) @ |1))
> Corresponding density matrix
1 1
p =5 |2 ){@"] = 5(10)0] @[0){0] + [0}(1] @ [0)(1] + [1){0] @ [1){0] + [1}{1] @ [1)(1])

> Taking the trace over the second system we obtain

1
p1 = tra(p) = 5(’())(0\ +11)(1))
= The first qubit is in a mixed state although the two-qubit state is pure!
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The circuit model of Quantum Computing

Implications for quantum computing

Unlike in classical computing in general we cannot
simply discard a subset of qubits

- Discarding a subset of qubits corrsponds to taking the partial
trace over them

- If there is entanglement between the two sets of qubits, this
leads to a mixed state for the subsystem

For the same reasons we need to keep the qubits well

isolated from the environment

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023
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The circuit model of Quantum Computing

Entanglement bipartite systems: pure states

Consider a bipartite system H 4 ® Hp in a pure state

W) € Ha®Hp, p=|0)(¥] O000O0
Reduced density matrix describing B O:O O O O
o5 = tra(p) :0 O O;
von Neumann entropy for the reduced density operator : :
S = —tr(pgplog, pB)

The von Neumann entropy is zero iff |¢) is a product state
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The circuit model of Quantum Computing

Entanglement bipartite systems: pure states

> We have already computed the reduced density operator for the Bell state
[2%) = 55 (10) ®[0) + 1) ® [1))

(10)(0] + 11)1]) = (1/ 2 0 )

p1 =

| =

0 1/2

> von Neumann entropy for p;
1 1 1 1
S(p1) = —tr(p1logy p1) = — (5 log 5 + 5 log, 5) =1
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The circuit model of Quantum Computing

Entanglement bipartite systems: mixed states

> Consider a bipartite system H 4 ® Hp in a mixed state p
> A mixed state is called separable if and only if

p=> wip' @ p!
7

> Otherwise the state is called entangled
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The circuit model of Quantum Computing

Summary qubits

> A qubit is a two-level quantum system QQ{

> Qubits can be in superposition

> Multi-qubit systems can exhibit entanglement
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Quantum gates




The circuit model of Quantum Computing

Quantum gates
Quantum mechanics is reversible, |¢)) undergoes unitary evolution under some
(time-dependent) Hamiltonian H (¢)

() = Toxp (i | t ds11(5)) o

Quantum gates are represented by unitary matrices

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023
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The circuit model of Quantum Computing

Quantum gates

> Quantum mechanics is reversible, |¢)) undergoes unitary evolution under some
(time-dependent) Hamiltonian H (¢)

) = Texp (—i [ t ds11(5)) o)

> Quantum gates are represented by unitary matrices
> Typically gates only act on a few qubits in a nontrivial way

OO%Q@QO
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The circuit model of Quantum Computing

Common single-qubit quantum gates

1 1
Hadamard H = (\f _\/i
V2 V2

1
7 (10) + 1))

1) — %um — 1)

0) =

(01 0) = [1)

X - x=(1 ) b o)
(0 —i 0) = —i|1)

v Y] Y‘(z‘ 0) )= ilo)
1 0 |0) — 10)

2z 2= h) | s
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The circuit model of Quantum Computing

Common single-qubit rotations

R(0) —{R.(0)]- | R.(6) = exp (~ifX)

Ry(0) Ry (0) Ry(0) = exp (—ilY)

Rz(e) Rz(o) Rz(e) = exp (_igz)
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The circuit model of Quantum Computing

Common multi-qubit quantum gates

CNOT

d
Tl

CNOT =

o O O

o o = O

— o O O

O = O O

100) — |00
01) — |01
|10) — |11
|11) — |10

SWAP gate —f—

SWAP =

o O o

o= O O

— o O O

01) — |10
110) — |01
111) — |11

) )
) )
) )
) )
|00) — |00)
) )
) )
) )

—

. ——
Toffoli gate 1;

01
10
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The circuit model of Quantum Computing

Quantum gates
The reversible classical gates can be implemented on a quantum computer
= We can replicate classical computation

The Hadamard gate can create superpositions out of a single basis state
1

10) +) 0) = |+) = 7 (10) +11))

The CNOT gate can create entanglement

1) —e— [91) @ |tp2) = |b12) # |b1) @ [@2)
[th2) —D—
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The circuit model of Quantum Computing

Quantum gates
The reversible classical gates can be implemented on a quantum computer
= We can replicate classical computation

The Hadamard gate can create superpositions out of a single basis state
1

10) +) 0) = |+) = 7 (10) +11))

The CNOT gate can create entanglement

1) —e— [91) @ |tp2) = |b12) # |b1) @ [@2)
[th2) —D—

Since quantum mechanics is linear, we can apply gates to superpositions of basis
states

CNOT (« |00) + 8]01) +[10) 4+ 6]11)) = «|00) + B[01) + v |11) + §]10)
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The circuit model of Quantum Computing

Quantum gates
> Combining multiple gates we can build quantum circuits

0) T Ra(00) X0
|0) R.(61) d
0)

A\

fan)
A\
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The circuit model of Quantum Computing

Quantum gates
Combining multiple gates we can build quantum circuits

0) — R (00) ——— X —o—
|0) R.(61) d
0) S

Depth of a circuit: maximum length of a directed path from the input to the output

A\
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The circuit model of Quantum Computing

Quantum gates
Combining multiple gates we can build quantum circuits

|0) R.(0o)
0) — R.(61) &A=
0) < A=

Depth of a circuit: maximum length of a directed path from the input to the output

Extracting information: measurement of the qubits (usually in the computational
basis)
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The circuit model of Quantum Computing

Example: preparing a Bell state

> Simple circuit preparing an entangled state (Bell state)

0)

0) —4

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023
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The circuit model of Quantum Computing

Example: preparing a Bell state

> Simple circuit preparing an entangled state (Bell state)
)
0) ———f A=

|010> = % (10) + 1)) ©0) =

7 (100) + [10))
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The circuit model of Quantum Computing

Example: preparing a Bell state

> Simple circuit preparing an entangled state (Bell state)

0)
0) — [ A

00) = = (10) + 1)) [0) =

) V2
7 (100) + [10))
1 1
7 (100) +[10)) — 7 (100) +[11))
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The circuit model of Quantum Computing

Example: preparing a Bell state

> Simple circuit preparing an entangled state (Bell state)

0)
0) — [ A

00) = = (10) + 1)) [0) =

) V2
7 (100) + [10))
1 1
7 (100) +[10)) — 7 (100) +[11))

Measurement: p(00) = 1/2, p(11) = 1/2
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The circuit model of Quantum Computing

Example: preparing a Bell state
> Simple circuit preparing an entangled state (Bell state)

|0> 500
0) ——d— A=

00) = == (10) + 1)) [0) =

ibmq_jakarta

'S
S
S

Frequency
w
(=1
S

)
=1
S

\/— 100
1 0
E (|00> + | 1O>) s Mca::rcmnnt otﬁnmc v
7= (100) +]10)) > —= (100) + [11))
V2 V2

Measurement: p(00) = 1/2, p(11) = 1/2
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The circuit model of Quantum Computing

Universal gate set

A set of gates is universal if, by composing gates from it, one can express any unitary
transformation on any number of qubits.

> Since the n-qubit unitaries form an uncountable infinite set U (2"), this requires an
infinite number of gates
> Example: {CNOT, R, (), R,(0), R.(0)}, 6 € [0, 2m)
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The circuit model of Quantum Computing

Universal gate set

A set of gates is universal if, by composing gates from it, one can express any unitary
transformation on any number of qubits.

> Since the n-qubit unitaries form an uncountable infinite set U (2"), this requires an
infinite number of gates

> Example: {CNOT, R, (), R,(0), R.(0)}, 6 € [0, 2m)

Approximate universal gate set

A set of gates is universal if, by composing gates from it, one can approximate any
unitary transformation on any number of qubits to any desired precision.

> Examples: {CNOT, R,(7/4), R.(m/2)}, {Toffoli, H, R.(7/2)}
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The circuit model of Quantum Computing

Universal gate set

A set of gates is universal if, by composing gates from it, one can express any unitary
transformation on any number of qubits.

> Since the n-qubit unitaries form an uncountable infinite set U (2"), this requires an
infinite number of gates

> Example: {CNOT, R, (), R,(0), R.(0)}, 6 € [0, 2m)

Approximate universal gate set

A set of gates is universal if, by composing gates from it, one can approximate any
unitary transformation on any number of qubits to any desired precision.

> Examples: {CNOT, R,(7/4), R.(m/2)}, {Toffoli, H, R.(7/2)}
> Approximation can be done efficiently (Solovay-Kitaev theorem, O(polylog(1/¢)))
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Can we copy quantum states?




The circuit model of Quantum Computing

Can we copy quantum states?

> Classically: we can arbitrarily copy

bits

> Quantum version: we want a unitary

U. which allows for

) —
) —

Ue

— [¥)
— |)
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Page 37



The circuit model of Quantum Computing

Can we copy quantum states?

> Classically: we can arbitrarily copy
bits

> Quantum version: we want a unitary
U. which allows for

) — o [ [¥)

Ir) =¥
> In particular we have have to be
able to copy basis states

U:10) ® |r)y — |0) ® |0)
U ) @|r) = 1) @ 1)
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The circuit model of Quantum Computing

Can we copy quantum states?

Classically: we can arbitrarily copy Since [¢) = a|0) + 3 |1)

bits

Quantum version: we want a unitary Ue[¢) @ |r) = Ue(a|0) + B1)) @ |r)

U. which allows for _ Uc(a 0) @ |r) + B]1) ® \7“>)
) = = a[0) @ [0) + B 1) ® 1)
I — =¥ # [¥) @ [¥)

In particular we have have to be
able to copy basis states

U:10) @ |r) = |0) ® |0)
U 1)@ |r) = 1) @ 1)
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The circuit model of Quantum Computing

Can we copy quantum states?

> Classically: we can arbitrarily copy > Since 1) = a|0) + 8 1)
bits

> Quantum version: we want a unitary Ueltp) ® |r) = Uc(oz 0) + 3 m) ®|r)
U. which allows for _ Uc(a 0) @ [r) + B]1) @ |T>)
) =y 1 = al0)® [0) + B[1) ® 1)
r) —L__—¥) #1) ® )

> In particular we have have to be
able to copy basis states

U, |0) ® |r) — [0) @ |0) No cloning theorem

Ucl) @|r) = 1) ® 1) A quantum state cannot be copied with perfect
fidelity.
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The circuit model of Quantum Computing

Summary: Classical vs. Quantum Computing

Classical computing Quantum computing

> Classical bits are 0 or 1 > Qubit: two-dimensional quantum system

> Typically irreversible gate set, but
reversible is possible

> We can arbitrarily copy bits

= Can be in superposition
> Unitary evolution, reversible
> No cloning theorem

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023 %
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The circuit model of Quantum Computing

Why is quantum computing more powerful?
> The Hilbert space of n qubits is the tensor product H ® - - - @ H
———

n times
=- Dimension 2", number of basis states grows exponentially
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The circuit model of Quantum Computing

Why is quantum computing more powerful?
The Hilbert space of n qubits is the tensor product H ® --- @ H
———

n times
=- Dimension 2", number of basis states grows exponentially

We can build superpositions of basis states and apply unitary gates to them

10) + 1) Ulo) + Ul

“Quantum parallelism”
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The circuit model of Quantum Computing

Why is quantum computing more powerful?
The Hilbert space of n qubits is the tensor product H ® --- @ H
———

n times
=- Dimension 2", number of basis states grows exponentially

We can build superpositions of basis states and apply unitary gates to them

10) + 1) Ulo) + Ul

“Quantum parallelism”
Multiple qubits can be entangled

Aeaoi 5
¢ g;/’f g..! L) =
oo Eeil o

Correlations that have no classical analog
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Experimental realization of qubits
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Experimental realization of qubits

Di Vincenzo’s criteria

> Criteria for a physical system to be a qubit
System needs to have well defined qubits and has to be scalable
Qubits can be prepared in a pure state
Decoherence time has to be longer than the one for a single operation —
It has to be possible to implement an (approximate) universal set of

gates
[El Each qubit can be measured individually

D. P. DiVincenzo, Fortschritte der Physik 48, 771 (2000)

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023 Page 41



Experimental realization of qubits

Di Vincenzo’s criteria

> Criteria for a physical system to be a qubit
System needs to have well defined qubits and has to be scalable
Qubits can be prepared in a pure state o
Decoherence time has to be longer than the one for a single operation
It has to be possible to implement an (approximate) universal set of

gates
Each qubit can be measured individually

[0)

> Requirements for communication N
Possibility to interconvert stationary and flying qubits q\\/
2 Faithful transmission flying qubits between specified locations %

D. P. DiVincenzo, Fortschritte der Physik 48, 771 (2000)
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Experimental realization of qubits

Neutral atoms Nuclear spins

o.

od o o ¢ o8-
- (Colt] atens i £m erptesl [Eiess > Nuclear spins of a molecule as qubits
> Manipulation via laser/microwave pulses = Manipulation via NMR techniques

Trapped ions Superconducting circuits
EE—
DO\N\O\N\O\N\OQ
| ee—— ]
> Manipulation via lasers and phonon > Manipulation via microwave pulses

mode > Used in most commercially available

ZeoySiem,with few dearges, of freedom gantum computers

Summer Student Program, 31.079} Page 42



Experimental realization of qubits

Neutral atoms Nuclear spins

Q
o o o \© oon Q
= Cold atoms in an optical lattices > Nuclear spins of a molecule as qubits
= Manipulation via laser/microwave pulses > Manipulation via NMR techniques

Trapped ions Superconducting circuits
> Manipulation via lasers and phonon > Manipulation via microwave pulses
mode

> Used in most commercially available
Z.oystem with few degrees of freedom yantum computers

uantum Computing n Kuhn | DESY Summer Student Program, 31.079) Page 43



Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

— X

()

U

> Josephson junction and capacitor
connected to voltage

> Circuit

> Hamiltonian

H = E.(n —ny)? — E;cos(¢)

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box
> Circuit > Constant E. depends on the capacities
| -Z in the circuit
> Constants E; and n, can be tuned via
the magnetic field and the voltage
()

U

> Josephson junction and capacitor
connected to voltage

> Hamiltonian

H = E.(n —ny)? — E;cos(¢)

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

Circuit Constant E. depends on the capacities

| -X in the circuit
Constants E£; and n, can be tuned via

the magnetic field and the voltage

/U\ Number of Cooper pairs n and phase ¢
are conjugate variables: [n, ¢| = i

Josephson junction and capacitor In the eigenbasis of n we thus have
connected to voltage

Hamiltonian nln) =nln), exp(i¢)|n)=|n+1)

H = E.(n—ny)* — E;cos(¢) Ejycos(¢) = $E; (exp(id) + exp(—i¢))

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian 800
E; _
W =(n—ng)?— 7 ¢0s(¢) 600
c
= 400

> For E;/E. = 0: harmonic potential

> n = 0: lowest two levels are not well 200
separated from others

> ngy = 1/2: lowest two levels are —5 1 0 1 2
degenerate ng

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023 Page 45



Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian 800}
FE
W = (n—ng)? — = cos(¢) 6001
E.
. i = ook
> For E;/E. = 0: harmonic potential
> n = 0: lowest two levels are not well 200f
separated from others
> ny = 1/2: lowest two levels are B - T L L
degenerate ng

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian
8001
E;
W = (n—ny)* - o cos(¢) 600}
C
> For E;/E. = 0: harmonic potential = 400f
> n = 0: lowest two levels are not well
200 R
separated from others
> ng = 1/2: lowest two levels are OF ; , i
degenerate -2 -1 0 1 2

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian
800}
Ey
W = (n—ng)* - 7. ©0s(¢) 600f
C
> For E;/E. = 0: harmonic potential = Joo
> n = 0: lowest two levels are not well
200 R
separated from others
> ng = 1/2: lowest two levels are OF , j
degenerate -2 -1 0 1 2

E;/E. = 0is not suitable to have a qubit.

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian

—
Ut
T

W =(n—mny?*— £y cos(¢)

E.
o OF
> For E;/E. < 1: level splitting due to
nonlinearity of the Josephson junction 5k
> n has a fairly concrete value
> For ngy = 1/2 levels are well separated O I I I i
from the ones above - ! . ! 2

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian

W = (n= ny)? — 7 cos(s) )

> For E;/E. < 1: level splitting due to
nonlinearity of the Josephson junction

Ut
I

> n has a fairly concrete value

> For ngy = 1/2 levels are well separated O I I I i
from the ones above

E;/E. < 1is a charge qubit.

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023 Page 46



Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian /\/V\/\

W = (n— ny)? — 7 cos(o) NN A

C

)
I N I N
> For intermediate E;/E. lowest levels Lok
fairly flat
> Less sensitivity to charge noise but less 05
O ] ] ] ]

separation to higher levels

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian /\/\/\/\

W = (n— ny)? — 7 cos(o) NN A

C

)
I N I N
> For intermediate E;/E. lowest levels Lok
fairly flat
> Less sensitivity to charge noise but less .
] ol ] ] ] ]

separation to higher levels — = 5 1 5

This regime is a transmon qubit.

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian
3.25)
Ey
W = (n —ng)* = = cos(¢) 3.00F
C
> Ej/E.> 1: cos(¢) dominates 2751
> Expanding around ¢ = 0 -
cos(¢) ~1— %¢2 2.95F
2.00 k1 I i ; .
> Harmonic oscillator in ¢ independent of n, -2 1 r(z] 1 L
9

M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

A simple superconducting qubit: the Cooper pair box

> Hamiltonian
3.25
Ey
W= (0= ng)* — - cos(®) 3.00F
C
> Ej/E.> 1: cos(¢) dominates g 275
> Expanding around ¢ = 0 950k
cos(¢) ~ 1 — 142 225
2.004 I . , :
> Harmonic oscillator in ¢ independent of n, -2 —1 72 T L
9

Evenly spaced energy levels, not to have a qubit.
M. H. Devoret, A. Wallraff, J. M. Martinis, arXiv:cond-mat/0411174 (2004)
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Experimental realization of qubits

Superconducting qubits

> Applying gates: couple the qubit to a microwave cavity

> Jaynes-Cummings Hamiltonian

cawty 4I qublt coupling between qubit and cavity

a : creation operator for microwave photons
= (X +iY)
w: microwave frequency
Q: frequency of the qubit
g: coupling strength
> In practice more elaborate designs

DESY. | Introduction to Quantum Computing | Stefan Kiihn | DESY Summer Student Program, 31.07.2023
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Experimental realization of qubits

Superconducting qubits

> Applying gates: couple the qubit to a microwave cavity
> Jaynes-Cummings Hamiltonian :

i Q) 0,
"= - + =2 + Tig(a'o +aot) i
/ . . 4 Ve HEMT
cawty qublt coupling between qubit and cavity ' 2

a : creation operator for microwave photons
= (X +iY)

w: microwave frequency

Q: frequency of the qubit

g: coupling strength

Wy 0 oy

> In practice more elaborate designs J.M. Chow et al., Nature Comm. 5 4015 (2014)
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Thank you for your attention!

Questions?



