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• ☑︎Heisenberg’s Uncertainty Relation

• ☑︎Minimum Uncertainty States (MUS)

• ☑︎Gaussian States

• ☑︎Free-particle expansion

• ☐Squeezed States

•More on Uncertainty Relations

• ☐Intelligent States

• ☐Robertson–Schrodinger uncertainty relations

• ☐Quantum entropic uncertainty principle 

• ☐Quantum Metrology

• ☐Heisenberg limit ➡︎ Quantum Cramer-Rao bound

• ☐Quantum Non-Demolition (QND) Measurement 

 


Note: Minimum Uncertainty States (MUS)
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• ☑︎Quantum Distribution Theory

• ☑︎Ordering 

• ☐Normally Ordering, P-representation (Glauber-Sudarshan)

• ☐Anti-Normally Ordering, Q-representation (Husimi)

• ☑︎Symmetrically Ordering, W-representation (Wigner-Weyl)

• More on Phase Space

• ☐Fokker-Planck equation

• ☐Quantum Liouville equation

• ☐Moyal function 

• ☐Homodyne detection

• ☐Wigner Flow 

 


Note: Phase Space
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• ☐Squeezed Operator

• ☐Squeezed Vacuum

• ☐Squeezed Coherent v.s. Coherent Squeezed states

• ☐Squeezed states as the Minimum Uncertainty states

• ☐Generation of Squeezed states by OPO

• ☐Homodyne detections

• More on Squeezed States

• ☐OPA

• ☐FWM Squeezing

• ☐Soliton Squeezing

• ☐Squeezing spectrum 

• ☐Applications to Gravitational Wave Detectors 

 


Note: Squeezed States
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Number (Fock) states

|0i |n = 1i

non-classical

states

negative probability with	Ludmila	Praxmeyer

single-photon
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Coherent states

with	Popo	Yang

Popo	Yang,	Ivan	F.	Valtierra,	Andrei	B.	Klimov,	Shin-Tza	Wu,	RKL,		Luis	L.	Sanchez-Soto,	and	Gerd	Leuchs,	
Physica	Scripta	for	the	New	Focus	issue:	Quantum	Optics	and	Beyond	-	in	honour	of	Wolfgang	Schleich.

wave-nature
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with	Popo	Yang

Popo	Yang,	Ivan	F.	Valtierra,	Andrei	B.	Klimov,	Shin-Tza	Wu,	RKL,		Luis	L.	Sanchez-Soto,	and	Gerd	Leuchs,	
Physica	Scripta	for	the	New	Focus	issue:	Quantum	Optics	and	Beyond	-	in	honour	of	Wolfgang	Schleich.

Non-classicality

Cat States in Phase Space
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Squeezed States
Coherent to Squeezed states

Courtesy: 

Roman Schnabel (2017).

by	Popo	Yang



8

Non-classical

states

Vacuum is NOT empty !


真空並不是空的 !


wave-nature
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Squeezed Vacuum State: |𝛏>

with Zero Mean

Gaussian wave-package

time

histogram
time-sequence

|𝛏>
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with	Yi-Ru	Chen,	Chien-Ming		Wu
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time-sequence
histogram

BHD signal

Φ

Phase Sapce

LO phase

Squeezed States

only Even Number 

of photons
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Squeezed States and SHO:
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Optical Parametric Oscillator, OPO

For the degenerate parametric process, i.e., two-photon process, its Hamil-

tonian is

Ĥ = i~(gâ†2 � g
⇤
â
2
),

where g is a coupling constant. The state of fields generated by this Hamiltonian

is

| (t)i = exp[(gâ
†2 � g

⇤
â
2
)t]|0i.

Then, one can define the unitary squeeze operator

Ŝ(⇠) = exp[
1

2
⇠
⇤
â
2 � 1

2
⇠â

†2
],

where ⇠ = rexp(i✓) is an arbitrary complex number.
<latexit sha1_base64="207+H6priH3zKj/SQtGmVyeAQM4="></latexit>

Quantum Correlation
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Squeezed Operator
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Squeezed Operator
• If | i is the vacuum state |0i, then | si state is the squeezed vacuum,

|⇠i = Ŝ(⇠)|0i.

• The variances for squeezed vacuum are

�â21 =
1

4
[cosh2 r + sinh2 r � 2 sinh r cosh r cos ✓],

�â22 =
1

4
[cosh2 r + sinh2 r + 2 sinh r cosh r cos ✓],

• For ✓ = 0, we have

�â21 =
1

4
e�2r, and �â22 =

1

4
e+2r,

and squeezing exists in the â1 quadrature.

• For ✓ = ⇡, the squeezing will appear in the â2 quadrature.
<latexit sha1_base64="S74k2pWYqxcCSdRIgpGezTZs4Ug="></latexit>



15

 


Squeezed State as a Eigen-state of UR 
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Squeezed states in the Number state basis 
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Sub-Poisson distribution 
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Squeezed State as a Eigen-state of UR 
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time-sequence
histogram

BHD signal

Φ

Phase Sapce

LO phase

Squeezed States

only Even Number 

of photons
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Optical Parametric Oscillator, OPO
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MgO: LiNbO3

Oct.	12th,	2019	
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1st Squeezer 

@ Taiwan

1064 nm, 2W,  

BW < 1 kHz

Fig.

70mm

50m

Squeezed  signal
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Balanced Homodyne Detector, BHD

|0> or |𝜉>

|α> *exp(i Φ)


Local Oscillator (LO)
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Date:	June	26th,	2018

vacuum

anti-squeezed

dark noise

squeezed vacuum noise 

Squeezing angle, Φ Φ-10 dB Squeezed vacuum 

at 3MHz


+20 dB Anti-Squeezed 

at 3MHz


by	Chien-Ming	Wu


