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Learning Objectives

■ What are qubits?

■ Quantum basics: superposition and entanglement

■ What are quantum circuits?

■ The state of quantum computing
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Why Quantum computers? Exponential speed-up!

Problem-size/Solver-runtime [IBM Executive Report (2019)]

Problem size N 2N 10N 11 N 24 N
Classical Comp. runtime 10 secs 2 mins 330 years 3300 years 14 · 109 years
Quantum Comp. runtime 1 min 2 mins 10 mins 11 mins 24 mins

Quantum Advantage Era: Tools for classically inaccessible problems
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The Qubit (in ⟨bra| − |ket⟩ notation)
■ bits −−−−−→

quantum
qubits

|q⟩︸︷︷︸
column vector

=
√
p0 |0⟩+ eıφ

√
p1 |1⟩︸ ︷︷ ︸

superposition

where p0 = cos2(θ/2)

Array notation explicit example

|0⟩ →
[
1
0

]
︸︷︷︸

column vector

|1⟩ →
[
0
1

]

Note: this is not essential for this
course

■ Random outcomes with
p1 = 1− p0 = sin2(θ/2)

■ The phase φ doesn’t change
probabilities

Bloch Sphere
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Gates

■ Normalized row vector ⟨q| ≡ [|q⟩T ]∗:

⟨q| |q⟩ ≡ 1

Array notation explicit example

⟨0| →
[
1, 0

]︸ ︷︷ ︸
row vector

⟨1| →
[
0, 1

]
Note: this is not essential for this
course

■ Orthonormal basis states ⟨0| |1⟩ = 0

■ Gates, e.g.,

X = |1⟩ ⟨0|+ |0⟩ ⟨1| , H = X + Z,

change states:

X |1⟩ = |0⟩ , H |0⟩ = |0⟩+ |1⟩√
2

q : X

c : /1
0

��
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Valid Quantum circuit (evolution)

■ Quantum gates do operations on qubits (cf. logic gates in classical
computing)

■ Probability must be conserved

■ Gates apply linear/reversible transformations on the statevector of qubits,
i.e. unitary matrices U−1 = (U∗)T

| Overview 3 /7



The Qubits

■ Two qubits

|qA,qB⟩ = |0⟩A︸︷︷︸
Alice’s

|0⟩B︸︷︷︸
Bob’s

Array notation explicit example

|a⟩A |b⟩B →
[
a0
a1

]
⊗

[
b0
b1

]
︸ ︷︷ ︸
Kronecker product

=


a0b0
a0b1
a1b0
a1b1



Note: this is not essential for this course

■ Two-qubit gates, e.g.

CX = IA[|0⟩ ⟨0|]B + XA[|1⟩ ⟨1|]B

entangle states
CXHA |0⟩A |0⟩B =

|0⟩A|0⟩B+|1⟩A|1⟩B√
2

qA : H •
qB :

c : /2 x

��
x

��
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Advantage, but when? The Quantum Landscape [S. Jaques (2025)]

100 101 102 103 104 105 106 107

10−5

10−4

10−3

10−2

Surface codes
work

“Useful” quantum
chemistry

R
S
A
-2
0
4
8

R
S
A
-1
0
2
4

R
S
A
-4
0
9
6

R
S
A
-8
1
9
2

R
S
A
-1
6
3
8
4

F
a
u
lt-to

le
ra

n
t

F
e
M

o
C
o

S
im

u
la
tio

n

cracked RSA

Quantinuum

QuEra

G
o
ogle

IBM

Number of Physical Qubits

E
rr
or

R
at
e

■ Relevance:
Theory → Industry

■ Hardware Capability:
exponentially evolving!
[Quantinuum System Benchmarks (2025)]
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Toolbox of algorithms & benchmarking & consulting for:
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What does GWDG offer?

■ We provide various QC services

■ SCC, Emmy and Grete have QC containers to run simulations on

→ Qiskit, Qulacs, Cirq, Qsim, Qibo, QuTip...

■ Bachelors/Masters theses are available!

■ We are engaged in publishing new research regarding NISQ software

■ We provide courses and workshops (like this one)

■ See our https://gwdg.de/en/community-pages/qc-intro/webpage for
more info

■ Recommended viewing: Grover’s algorithm and Shor’s algorithm

| Final remarks 7 / 7
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Glossary for the interested

■ Tensor product = Kronecker product

■ Hilbert space = space of all valid quantum states

■ Two body gates = Two qubit gates

■ Bell-pairs = Maximally entangled states like

|0⟩A |0⟩B + |1⟩A |1⟩B√
2

■ Unitary evolution = valid quantum state evolution: reversible and
probability conserving

■ Hermitian conjugate = transpose together with conjugation A† = (A∗)T

| 1 / 2
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Table of some types of quantum hardware

Qubit Coherence Gate Gate Pro Con

Encoding [Time [s] Speed [s] Error

Supercond. 1e-3 3e-8 1e-4 CMOS-fab. Cryo. load

Trapped Ion 1e1 1e-5 1e-6 Identical Slow gates

Silicon Spin 1e-3 1e-7 1e-3 Density Charge noise

Neutral Atom 4e1 5e-7 1e-3 Dynamic layout Atom loss

NV Centers 2e-3 1e-8 1e-4 Room temp Fabrication

Photonic 1e0 1e-9 1e-3 Scalable link Measurement

Topological 1e1 1e-6 1e-7 Prot. state Material hard

Not to even mention the number of qubits, available gate sets, etc., all
important to assess the feasibility of algorithms.
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