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• ☑︎Quantum Simple Harmonic Oscillator, qSHO

• Photons occupy an electromagnetic mode (referred as the modes in 
quantum optics, typically a plane wave) 


• ☑︎Hamiltonian

• ☑︎Number operator

• ☑︎Energy Quantization (equally spacing in energy)


•The energy in a mode is not continuous but discrete in quanta. 

• ☑︎Vacuum state with zero-point energy


•There is a zero point energy inherent to each mode, which is 
equivalent with fluctuations of the electromagnetic field in vacuum, due 
to the uncertainty principle. 


• ☑︎Schrodinger picture

• ☑︎Heisenberg picture


•The observables are just represented by probabilities as usual in QM. 

 


Note: Quantum SHO
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Vacuum, which is not just nothing, it is full of energy. 


•☐ Spontaneous emission: timulated by the vacuum fluctuation 

•☐Purcell effect: modify vacuum fluctuations by resonators

•☐The electron does not crash into the core in the atomic structure, due 
to vacuum fluctuation of the electromagnetic field. 

•☐Casimir effect: two charged metal plates repel, or attract, each other 
due to the potential force induced by the vacuum. 

•☐Lamb shift: the energy level difference between 2S1/2 and 2P1/2 in 
hydrogen. 

•☐Gravity is not a fundamental force but a side effect matter modifies 
the vacuum fluctuations, by Sakharov. 

•☐Dark energy:

•☐Comic inflation:

Vacuum is NOT empty !


真空並不是空的 !
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What is Quantum !?


Quantum	
Mechanics Non-Classicality

Entanglement

(EPR-pair)

Bell’s	inequality

Non-locality

Energy	
Quanta

Wavefunction

Collapse	

(decoherence)

Schrödinger’s	Cat

Realism

Steering

Quantum Optics, Quantum Technologies, 

Q-Sensors, Q-Simulators, Q-Communication, Q-Computers !!


There are MANY aspects of Quantum !
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Mark Zuckerberg is already reading his baby 
books about quantum physics
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Entanglement for Baby !
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From Scratch !! 

 

• How much do you known about Quantum Mechanics ?
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Anyone who is not shocked by 

quantum theory has not understood it.
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• ☐Axioms

• ☐State

• ☐Operator

• ☐Density Matrix


•More on States

• ☐Coherent States

• ☐Squeezed States

• ☐Uncertainty Relation ➡︎ Minimum Uncertainty States

• ☐Entropy

• ☐Purity

• ☐bi-particle States ➡︎ Entanglement (Schmidt decomposition)

• ☐Cat states

 


Note: Quantum Mechanics
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1. State: The properties of a quantum system are completely defined by

specification of its state vector | i. The state vector is an element of a

complex Hilbert space H called the space of states.

2. Observable: With every physical property Â (energy, position, momen-

tum, angular momentum, ...) there exists an associated linear, Hermitian

operator Â (usually called observable), which acts in the space of states

H. The eigenvalues of the operator are the possible values of the physical

properties.

3. Probability:

(a) If | i is the vector representing the state of a system and if |�irepresents

another physical state, there exists a probability p(| i, |�i) of finding
| i in state |�i, which is given by the squared modulus of the scalar

product on H: : p(| i, |�i) = |h |�i|
2
(Born Rule).

(b) If A is an observable with eigenvalues ak and eigenvectors |ki, Â|ki =
ak|ki, given a system in the state | i, the probability of obtaining ak
as the outcome of the measurement of Â is p(ak) = |hk| i|. After the

measurement the system is left in the state projected on the subspace

of the eigenvalue ak (Wave function collapse).

4. Time evolution: The evolution of a closed system is unitary. The state

vector | (t)i at time t is derived from the state vector | (t0)i at time

t0 by applying a unitary operator Û(t, t0), called the evolution operator:

| (t)i = Û(t, t0)| (t0)i.
<latexit sha1_base64="7a8dgjhRaw2ccoBrZebxPq/BMi4="></latexit>

Axioms of Quantum Mechanics

Quantum State

Tomography

Non-Hermitian

QM

Quantum

Measurement


(weak measurement)


Decoherence

Arrow of Time


Entangled-History
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Quantum Mechanics: States

• Pure state
• Mixed state
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Quantum Mechanics: Operators

• Operator <=> Matrix

• Hermitian operator
• unitary operator
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Quantum Mechanics: Momentum Operator
<latexit sha1_base64="F6TkiebFHqQqJv9/8KMDCl9d68w="></latexit>

For an infinitesimal translation, we have

T̂ (dx)|xi = |x+ dxi,

• position-momentum
• time-energy
• spin
• angular momentum
• [a, a+]


• Uncertainty Relation



Quantum Mechanics: Measurement

• Expectation Value
• Variance
• Co-variance
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Quantum Mechanics: Desity Matrix/Operator

• rank-one matrix
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Can we see Quantum (state) ?


No-go

theorem
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Quantum State Tomography
with	Max.	Likelihood	estimation

|0i

<latexit sha1_base64="R+s2DRKaWYtM3RUvKBnE9SZmlkU=">AAAB83icbVDLSgNBEOyNrxhfUY9eBhPBU9gNgnoLevEYwTwgG8LspDcZMju7zMwKIeY3vHhQxKs/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YhK81g+mHGC3YgOJA85o8ZKfvnJJb6iciCw3CuW3Io7B1klXkZKkKHeK375/ZilEUrDBNW647mJ6U6oMpwJnBb8VGNC2YgOsGOppBHq7mR+85ScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrzqTrhMUoOSLRaFqSAmJrMASJ8rZEaMLaFMcXsrYUOqKDM2poINwVt+eZU0qxXvonJ9Xy3VbrI48nACp3AOHlxCDe6gDg1gkMAzvMKbkzovzrvzsWjNOdnMMfyB8/kDy7OQ5Q==</latexit>

|↵i

<latexit sha1_base64="plcnYN7vFm6igiM6uoIt+zY+1yg=">AAAB+nicbVBNT8JAEN3iF+JX0aOXjWDiibTERL0RvXjERMCENmS6bGHDdtvsbjWk8FO8eNAYr/4Sb/4bF+hBwZdM8vLeTGbmBQlnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW8WpJLRFYh7LhwAU5UzQlmaa04dEUogCTjvB6Gbmdx6pVCwW93qcUD+CgWAhI6CN1LPL1YkHPBkC9iSIAafVnl1xas4ceJW4OamgHM2e/eX1Y5JGVGjCQamu6yTaz0BqRjidlrxU0QTICAa0a6iAiCo/m58+xadG6eMwlqaExnP190QGkVLjKDCdEeihWvZm4n9eN9XhpZ8xkaSaCrJYFKYc6xjPcsB9JinRfGwIEMnMrZgMQQLRJq2SCcFdfnmVtOs197x2dVevNK7zOIroGJ2gM+SiC9RAt6iJWoigJ/SMXtGbNbFerHfrY9FasPKZI/QH1ucPbW2Teg==</latexit>

time	sequence	data:

Exp.	data	from	Oscilloscope

with	Hsieh-Yi	Hsieh;

Giulia	Marcucci	(U.	Sapienza);
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Local Oscillator
θ

|ψ⟩out

SignalQuantum 
Device|ψ⟩in

Reconstruction Algorithms 

Probability distribution 
Pr(q, θ) 

Quantum State Tomography: 


< 1s to 
reconstruct

few minutes 
to reconstruct

Max. Likelihood Estimation, MLE

Machine Learning (SQ Learner), CNN
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• The purity of a normalized 
quantum state is a scalar 
defined as:

Applications of real-time tomography in squeezed state:

 γ =1 for pure squeezed state

Real-time Q-State Tomography: Dynamics/Decoherence

Monitor the purity of a quantum state in real-time, and reveal the dynamics.
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Number (Fock) states

|0i |n = 1i |n = 2i

Non-classical

states

negative probability with	Ludmila	Praxmeyer
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Quantum Mechanics: Purity of States
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Examples:

 

• rank-1 matrix
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Quantum Mechanics: Desity Matrix/Operator

• Positive semi-definite

• Pure state
• Mixed state
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Examples:

 

• rank-2(d) matrix

• max. mixed state

<latexit sha1_base64="+COfDE80lOEilI9ly5ijo5Jg+74="></latexit>

1

d
 tr[⇢̂2]  1,
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Quantum Mechanics: von Neuman entropy
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Quantum Fisher Information:
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Quantum Simple Harmonic Oscillator (SHO)

<latexit sha1_base64="NUH2uhhO/zhnNBDwuoB1wtMA6L0="></latexit>

N̂ |ni = n|ni, (1)

â|ni =
p
n|n� 1i, (2)

â†|ni =
p
n+ 1|n+ 1i, (3)

En = ~!(n+
1

2
). (4)• Energy quantization

• Equally spacing in energy difference
• Zero-point energy ≠ 0
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Photon Counting:

 

• Number state

• Laser state
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i.i.d. limit:

 

• idetical
• independent
• distribution
• (large number)

• binomial distribution
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Poisson Distribution:

 

• mean = variance
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Bose-Einstein Distribution:

 

• Boltzmann’s law

• average photon number 
at temperature T
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Bose-Einstein Distribution:

 

• thermal state
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• ☑︎Axioms

• ☑︎State

• ☑︎Operator

• ☑︎Density Matrix


•More on States

• ☐Coherent States

• ☐Squeezed States

• ☐Uncertainty Relation ➡︎ Minimum Uncertainty States

• ☐Entropy

• ☐Purity

• ☐bi-particle States ➡︎ Entanglement (Schmidt decomposition)

• ☐Cat states

 


Next and Questions
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Quantum Mechanics: States
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• 2-qubit
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• ☐Geometric (Berry) phase

• ☐Schrodinger's Cat paradox

• ☐Einstein-Podolosky-Rosen paradox

• ☐Local Hidden Variables theory

• ☐Bell's inequality

• ☐Quantum Zeno effect

• ☐Entangled-History theory

• ☐The Measurement Problem 

• ☐The Many Worlds Interpretation

• ☐ …

 


More on Strangeness in QM
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