Quantum refresh & intro

a short intro/reminder of properties and peculiarities
hopefully) useful to understand the Quantum Computing




Overview

e Quantum: why and how
e wave/particle behaviour
® Interference




Famous double slit experiment

Single-slit pattern

double-

slit screen

electron
beam gun

Electrons

Double-slit pattern
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pattern

This happens also for single particles! (one at a time)

Light in Mach—Zehnder interferometer produces

interference (wave-like behavior) even when being
detected one photon at a time (particle-like behavior).

[relational interpretation, many worlds, De Broglie--Bohm]
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- Max Planck, Albert Einstein,
Q U a ntu m pl I IS Niels Bohr, Louis de Broglie,
Max Born, Paul Dirac,

Werner Heisenberg, Wolfgang Pauli,

Quantum mechanics is the theory that describes the behavior of microscopic i Schiotec  Dich e

systems, such as photons, electrons, atoms, molecules, etc.
Nobod derstand t hanics!
”I\(l)o,oyoyu:’re‘ neor’cS gaor;n; ’?: Z: : I:I‘eTc;e E n?:lzlrcssjcand it.... You see, my physics EINSTEIN ATTAGKS

students don’t understand it either. That is because | don’t understand it. QUANTUM THEORY
Nobody does. ... The theory of quantum electrodynamics describes Nature T
as absurd from the point of view of common sense. And it agrees fully with Scientist and Two Colleagues

an experiment. So | hope that you can accept Nature as She is — absurd” Find It Is Not ‘Complete’
--Richard Feynman Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

“There's Plenty of Room at the Bottom” (1959)

“When we get to the very, very small world — say circuits of seve
atoms — we have a lot of new things that would happen that

Believe a Whole Description of
‘the Physical Reality’ Can Be

represent completely new opportunities for design. Provided Eventually.

Atoms on a small scale behave like nothing on a large scale,
6 Entanglement & Bell’s inequality

Alain Aspect, John

Clauser, and Anton John Clarke, Michel

Devoret and John

el nger he Martinis win the 2025
winners of the 2022 :
e Nobel Prize for
Nobel Prize in DL
Physics. yalue
Macro quantum
Entanglement
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“The basis of quantum computing relies to quite an extent on our discovery.”
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Quantum states, represented by D

irac’s ket, |w), evolve in time according to the Schrodinger
equation:

‘”‘f) —— (<) Adw

This implies that time evolution is descqibed by unitary transformations: |y) — U|y), with U=U |
an unitary operator (matrix), U = (U where |y) is the quantum state (wavefunction) and H is

Hamiltonign. U is;che hermitian conjugate (array is transposed and complex conjugated),

AT /\T A




Quantum Bit - Qubit

e Since quantum systems evolve according to linear equations (the Schrodinger
equation), linear combinations of solutions are also solutions.

e So, for the state of a qubit |0) and |1), its superposition also describes a state

e The general form of a qubit state can be represented by: o,|0)+ «;|1)

where o, and o, are complex humbers that specify the probability amplitudes of the
corresponding states.

® |o,|° gives the probability that you will find the qubit in the “off” |0) state; |, |
gives the probability that you will find the qubit in the “"on” |1) state.

e Normalization condition: |¢,|° + |o,|" = |

il il lcos (%) 10) + e? sin (%) | 1)]

So electrons with spin 1/2 have two states. However, recall that the photon has 1 spin but only two states of
polarisation (helicity) because it moves at c.
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Typical notation

Two level system eigenstates: | y)

eigentstate components |0) = (

L) =0t (cos (;) 10) + ¢'?sin §> | 1))
2
(wly) =yl =
1 - == s
density operator p = 5 ( L La. a) Pauli matrices o

1

=l l+w wu—1iv
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Bloch sphere

|0) or |[y) =|1) (spin down or up)
Tae (()) a = (sin @ cos ¢, sin @ sin ¢, cos 6)
= f

= (a,,a,,a) = (u, v, w)

B

Rotation along versor i R;(0) = exp (—i6’ﬁ . o/ 2)
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( | =bra | )=ket

1 gbit
( | Y=number 0) = 1[0 4 0|1) — {

Z | n){(n|=basis 1) = 0[0) + 1) — {
n

2 gbits

|£B> = a0b0‘00> —+ &0b1|01> —+ albg‘10> -+ a1b1‘11>

lx) = 20]00) + x1]|01) + x2|10) 4+ x3|11)

‘CLQbO‘Q -+ ‘aobl‘Q -+ ‘a1b0‘2 -+ \a1b1|2 =1

2N coordinates
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Classical Bit vs. Quantum Bit

CLASSICAL BIT: QUANTUM BIT.:
e can be in two distinct states, e can be in state |0) or in state |1) or
and 1 in any other state that is a linear
e can be measured completely combination of the two states
e are not changed by e can be measured partially with given
measurement probability
e can be copied e are changed by measurement

e cannot be copied

e Ccan be erased




Entanglement and some headhaches Einstein—Podolsky—Rosen BINSTRIN ATTACKS
(EPR) paradox QUANTUM THEORY

Scientist and Two Colleagues

Find It Is Not ‘Complete’

(in)famous “spooky action at distance” Even Though ‘Correct.
l.e. nOn-IOcality SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be

Do local “hidden variables” exist/are required?

Provided Eventually.
1964. Bell inequalities, or

sometimes, Bell-type

inequalities. Bell’s theorem

shows that no theory of : / - e ;
local realism such as a

local hidden variables

theory can account for the

correlations between .

enta ng led electrons Angle between detectors (in degrees)
predicted by quantum
mechanics.
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Entanglement:

a physical state of two (or more) "particles” which appear to have correlated properties independently of
their mutual space distance: there Is a restricted space of possible outcomes such that if, e.g., one of two
entangled particles is measured to have spin up,|0), then the other will always have spin down, |1), The
opposite is true: if the first is measured to have spin down, |1) then the other will always have spin up,|0)
(collapse of wave function)

Entanglement is fragile: any interactions with other particles/environment can destroy it (decoherence).
A measure of any particle destroys it.

Entanglement can be shared among N particles (- quantum computers)

Key Aspects of Quantum Entanglement:

e Non-Separability: Entangled particles cannot be described individually; they act as a single
system.

e Instant Correlation: Measuring a property (e.g., spin, polarisation) of one particle instantly
determines the state of the other, even if they are light-years apart.

e Probabilistic Nature: Before measurement, particles exist in a superposition of states.

e No FTL Communication: Although the connection is instantaneous, it cannot be used to
transmit information faster than the speed of light.

e Applications: It is crucial for quantum computing (qubits), quantum teleportation, and
quantum cryptography. . R. Scaramella - Trieste March 2026 - INAF USC-C



How to produce entangled particles: Photon

Schematic of the third Aspect experiment testing quantum non-locality. Source
Entangled photons from the source are sent to two fast switches, that
direct them to polarizing detectors. The switches change settings very
rapidly, effectively changing the detector settings for the experiment
while the photons are in flight. (Figure by Chad Orzel)

Some Methods to get Quantum Entanglement:

Entanglement From Birth: emission of two opposite photons/electrons which have opposite polarisations/spins . Ex: decay

|
of an s=0 particle that produces a | singlet state) = ﬁ ( \O>A| 1>B — | 1>A | O>B>

Second-Generation Entanglement: entangled photons are absorbed by identical atoms. Atoms are now entangled.

Entanglement by accident: a pair of atoms at different locations that emit photons. Bringing the photons together in the right way
can entangle the states of the two photons, in a way that leads to entanglement of the original atoms.

Entanglement by interaction: Any time you can bring two systems together in such a way that the final state of one particle
depends on the input state of the other, you can make an entangled state by making that input state a quantum superposition.

This will necessarily lead to a pair of particles each of which is in an indeterminate state, with any eventual measurements of
those states being perfectly correlated (or anti-correlated).

Spontaneous parametric down-conversion (also known as SPDC, parametric fluorescence or parametric scattering) is a
nonlinear instant optical process that converts one photon of higher energy (namely, a pump photon) into a pair of photons
(namely, signal and idler photons) of lower energy, in accordance with the laws of energy conservation and momentum
conservation. It is crucial for quantum computing (qubits), guantum teleportation, and quantum cryptography.

1o R. Scaramella - Trieste March 2026 - INAF USC-C


https://en.wikipedia.org/wiki/Law_of_conservation_of_energy
https://en.wikipedia.org/wiki/Law_of_conservation_of_momentum
https://en.wikipedia.org/wiki/Law_of_conservation_of_momentum

Advantages of Qubits & Enormous Quantum Power
e Adding qubits increases storage exponentially

e Quantum computer doubles the power with every added qubit

eTo double the power of a digital computer 32bits —> 64 bits

eTo double the power of a quantum computer 32 qubits —> 33 qubits

e Can do operations on all superpositions...like massively parallel computation

eOne math operation on 2" numbers encoded in classical computers with N bits requires 2"
steps or parallel processors, but the same operation on 2Y numbers encoded by N qubits
requires just 1 step (I1!)

e A 64-bit computer can perform manipulation on 64-bit binary numbers one at at a time.

e A 64-qubit quantum computer operates in a space of 2* dimensions, or
roughly16,000,000,000,000,000,000 (1.6-10"°) numbers to specify the state of the quantum
system.

e This makes SOME complex problems much easier to solve by quantum computer

19 R. Scaramella - Trieste March 2026 - INAF USC-C



Unitary Transformation as Quantum Computing

On a quantum computer, programs are
executed by unitary evolution of an input
that is given by the state of the system, |y ),
which can in either 0 or 1 state.

Since all unitary operators are invertible,
we can always reverse or ‘uncompute’ a
computation on a quantum computer.

Topology of the
quantum circulit Is
fundamental: e.q.
entanglement among
nearest neighbour —
only, a few gbits, all (2) A 4x1. universal random quantum circuit
gbits.

14
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Bell states (entangled) form a 2 gbit basis Single gbit gates: X is the NOT operator, Y is the
phase shift and Z=XY

7 0 _igin®
2 2 —isins  Cos 7
| | 0 o0
H is Hadamard gate, S is the phase gate and R (6) = e /2 = cos 21 o gY { cos§ —sin }
T is the /8 gate Sin 3 €08
—i10Z/2 _ 0 0 6—2’9/2 0
R.(0)=e¢ = cosS 2] — 7 SIn 2Z 0 02

A\

Rotation operators about X, y, Z axis
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The Hadamard transformation
entangles two gbits

Hadamard
on N gbits

Two gbit gates: the CNOT (Controlled NOT): the
first gbit is the control, the second one is the target.
If the firstis | 0) then the second is unchanged, if

the firstis | 1) then the second is flipped

Uexor ¢ [00) = [00), [01) — [01), [10) — [11), [11) — [10)

control bit

Ucnot = 10)(0] @ I + [1){1] ® X,

target bit
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Quantum computing hardware comes in various physical implementations:

Superconducting Quantum Computers: These are the most popular, using superconducting wires and
Josephson junctions to create qubits. The two level system is encoded in cooper pairs moving across
the junction.

Quantum Dot and Silicon Spin Quantum Computers: Utilizing fundamental particles like electrons, they
encode information in spin or charge of electron to form the two level system whose operations is
controlled by microwave/magnetic fields.

Linear Optical Quantum Computers: These use photons as qubits, manipulating them with optical
components like optical mirror or interferometers. A two level system can be a superposition of
different path taken by the photon or a superposition of different number of photons present in path.

- Trapped lon Quantum Computers: Charged atoms are used as qubits, levitating and manipulated with
electromagnetic fields. The two level system is the two specific energy levels of an atom.

Color Center or Nitrogen Vacancy Quantum Computers: Qubits are created from atoms embedded in
materials like diamond or silicon carbide. The two level system is the nucleus spin of that embedded
atom.

Neutral Atoms in Optical Lattices: Cold atom physics is used to capture neutral atoms in energy wells,
offering another path to quantum simulation. The two level system can be hyperfine energy levels of
the atom.

+ Topological gbits: uses anyones, 2D quasi-particles, more stable than trapped particles
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Strong commercial competition on hardware

Technology Used By Main Advantage Primary Challenge
Superconducting qubits IBM, Google, Rigetti Fast gate speeds, mature Cryogenic complexi
tooling
Trapped ions lonQ, Quantinuum, Oxford lonics | High fidelity and coherence Scaling and control
complexity




Promising (?) applications in ASTR*
multiparameter optimisation, extremal solutions (detection, complex
fits/models...)
Montecarlo & C
fast search of huge databases [Grover's algorithm]
Quantum Fourier Transform (SKA?)
Quantum Machine Learning
secure space communications (?) [Shor's algorithm]

excessive hype (future backlash?)
Problems: ° bottleneck in feeding large amount of data

error mitigation

others (politics -embargoes- costs, what else)

L R. Scaramella - Trieste March 2026 - INAF USC-C
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