Date Topic To Know To Think
Feb. 23rd Introduction Scope J Your and My Expectations.
(Tue.) [J What is the nature of light?
[J Anything else ?
Feb. 26th Simple Harmonic Oscillator (SHO) | classical trajectory [J Bohmian mechanics
(Fri.) O analogue to EM waves O Inverted SHO
O
week 1 Quantum SHO OJ Fock states, |n) [J single-photon detection
(3/2.3/9) O creation operator, a' 0 Wave-Particle Duality

OJ photon-number resolving

0

(3/12, 3/16, 3/19)

[J Vacuum state
[J Quantum Fluctuations

[0 Shot Noise Limit
[J Casimir Force
O

week 2
(3/23, 3/26)

Quantum Mechanics

[J Schrodinger picture
[l Heisenberg picture
L] Interaction picture

[J Uncertainty Relation

[ Probability Interpretation
[J Measurement problem

[J Non-locality

(5/11, 5/14)

[J Young’s Interferometry, ?(‘)
O HBT-Interferometry, g

0 Macrorealism
O
week 3 Coherent states, |a) 0 photon statistics 0 Minimum Uncertainty States
(3/30, 472, 4/6) O bunching O Classical-Quantum boundary
0 Correlation function O
week 4 Quantum Phase Space J Wigner function 0J Quasi-probability
(4/9. 4/13) O Quantum State Tomography
O
week 5 Squeezed states a |§) [0 Continuous Variables
(4/20, 4/23) L OPO 0
week 6 Two-mode Squeezed states J EPR pair J Quantum Discord
(4/27, 4/29) [J Cat states [J Entanglement
(] non-Gaussian states [J Steering
[J Bell’s inequality
O
week 7 Optical devices [J Beam splitter [J linear optics
(5/4, 5/7) [0 Mach-Zehnder interferometer |[J
week 8 Interferometry [J Quantum Phase Estimation

[J Quantum Fisher Information
O

] |




Note: Simple Harmonic Oscillators

| ———— e ———————

 O0Simple Harmonic Oscillator,
 JHamiltonian energy
 JPhase Space

« JEM wave as a SHO

e More on SHO

 OEIT and Fano resonance

SHO

download

*http://mx.nthu.edu.tw/~rklee
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* How much do you known about SHO ?

LY




Possible Goals:
D et - e ——EEE———

* Find a possible (but simple) building block for EM
wave quantization !

e Classical Counterpart !?
 Constraints?
Energy Conservation
Momentum Conservation




Simple Harmonic Oscillator, SHO
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e Classical Mechanics
System Time Series Phase Portrait . i
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—ma=me gy = TR * Newton’s law

* Hooke’s law
.k * Linear force (parabolic potential)

Z(t) = A cos(wot + ¢o),  wy = —, |* Hamiltonian (energy) is constant (conserved).
* Equally distributions in KE and PE

102 1 * Sinusoidal motion
H=KE.+PE.= -~ + ~kz° * Periodic orbit (trajectory) in phase space

2m 2 .

* Response bandwidth
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Poynting Energy Theorem

e ————

Poynting’s theorem:

%(Exﬁ)-dgz—/(ﬁ- ) dV — = wedV——/wde
S ot

The quantity E - J is the power density associated with the work done by
the field, having to do with the current flow.
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Energy of EM Waves

R e———

The total energy for the electric and magnetic fields, plus the particles, is

PHYSCS TRATROO

(.J-nw—‘w-

L]
o Mrapmar s L L e T e ———

1 60 . otons
H - Z§mavi<t> 3 [ erEen e B,

Z —mqug(t) +H + H,

where the energy contributed from the transverse electric and magnetic field is,

[ remcsromooe |
60 — - it Oupers M, SN Yoy s
H =— 5 /d3 [E7 (7, t) + ¢ BS (7, t)]. Atom-Photon

* Coulomb self energy of the particle and Coulomb interaction energy
between pairs of particles,

* Transverse Electric and Magnetic fields

* Longitudinal Electric field (the longitudinal Magnetic field is zero)

C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg, “Photons & Atoms”, John Wiley & Sons (1989). 8




EM Waves

T ee———— ~ e ————————t R
Sinusoidally time-varying plane waves: .
polarization

—

E(x,t) =12 ARe{Expli (wt — Bx)]} = A cos(wt — Bx),

where Expli (wt — B x)| is called the phasor.

%x
y
27
q ‘E(t) t:: W\
—> o
y
§ x

- VA :

Degrees of freedom in Classical EM waves:

* Amplitude, Phase,

* Polarization (spin), Optical Angular Momentum (OAM),
* Frequency (Wavelength), Frequency (Time) Bandwidth, Intensity (Power) Q)




Simple Harmonic Oscillator, SHO

~ SHO | EMwaves CWERITE

particle (transverse) mode wave-particle
Schrodinger/Heisenberg eq.
Newton’s law Maxwell’s eqgs Quantum Liouville eq.
Dirac eq.
sinusoidal sol. plane wave sol. harmonic waves
KE+PE Poynting energy Hamiltonian energy
Kinetic Energy Diffraction/Dispersion free-particle expansion

refractive index change

Potential Energy Potential Energy

(GRIN lens)
: Probability distribution
Trajectory Phasor (Husimi function)
X, p ‘e 5
canonical coordinates quadrature [X7 P]




Phase space

@ Classical Mechanics

System Time Series Phase Portrait
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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. | 7
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coherent states form a complete set = / — |a) (]

(B|a) ‘= ¢

but not an orthonormal basis

two coherent states are never orthogonal to each other
there is always a non-vanishing overlap between them
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Vacuum State: 10>
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Vacuum State: 10>
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Number (Fock) states

et - —
Non-classical
o Wigner quasiprobability distribution ——
1 [ § §\ —ik \
W = — [ d&yr(x—2 >)e k¢
(p) = 5 | dwr (= S0ulx+ 5)e

negative probability with Ludmila Praxmeyer
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More on SHO




Damped SHO

J. B. Marion and S. T. Thornton, “Classical dynamics of particles and systems,” (1995).

Momentum %(m/s)

* Energy « radius :

* damped SHO \

0.5 A
» critically damped \
* over-damped ) [ @L\

x(m)
* under-damped ~

/4

U nderdampiug,ﬂ? < (og F==(fran)x . I

. Dots represent
o . . 9 o Y initial values
Critical damping, B = @§ R

Overdamping, % > @}

FIGURE 3-6 Dam ped oscillator motion for three cases of damping. FIGURE 3-11 The phase paths for overdamped motion are shown for several initial

values of (x, ). We examine more closely the paths labeled I, II, and IIL




J. B. Marion and S. T. Thornton, “Classical dynamics of particles and systems,” (1995).

clasyiead dvyianics

Anharmonic Potential
Nonlinear Force

FIGURE 4-5

(a) Asymmetric potential and (b) phase diagram for bounded motion

* Inverted SHO ‘

FIGURE 4-6

(b)

{(a) Inverted asymmetric potential and (b) phase diagram for
unbounded moton.

-3
.

FIGURE 47

PURSS ol el Bl FLE R U T T A

LI T

2 1 ° 1 4 3
Phase diagram for the solution of the van der Pol Equation 4.20. The
dumping term is g = 0.08, and the solution very slowly approaches the
limiz cycle at 2. Positive and negative damping occur, respectively, for
Ixd values outside and inside the limit cycle at 2 The solid and dashed
lines hone initial (x 2 valoes of (1.0, 0) and (3.0, 0), respectively.

 limitcycle| - -




Driven SHO and Lorentz model
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frequency of a driven damped simple harmonic oscillator.[112]
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J. B. Marion and S. T. Thornton, “Classical dynamics of particles and systems,” (1995).

Polncaré section

Angular veloonty, y = de/dr’

Time ¢

FIGURE 419 The damped and driven pendulum for various values of the driving
force strength. The angular velocity versus tme is shown on the left,
and phase diagrams are in the center. Poincaré sections are shown on

the right. Note that motion is chaotic for the driving force F values of
0.6, 0.7, and 1.0,

Chaos in Lorenz Model
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SHO in 2D: Lissajous curves

L e
F=—hr 5&+w%x=0}
which can be resolved in polar coordinates into the components ¥+ wgy=0
F,= —hkrcos 6 = —kx} — — .
—_ .2 - dit > 0 b % , )
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FIGURE 32 Two-dimensional harmonic oscillation motion for various phase angles
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J. B. Marion and S. T. Thornton, “Classical dynamics of particles and systems,” (1995).
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FIGURE 49 The plane pendulum where the mass m is not required to oscillate in

[
\

Stable equilibrium

FIGURE 4-11 The phasc diagram for the plane pendulum. Note the stable and

small angles. The angle @ > 0 is in the counterclockwise direction so

that8, < 0.

Unstable equilibrium

unstable equilibrium points and the regions of bounded and
unbounded motion.

J. B. Marion and S. T. Thornton, “Classical dynamics of particles and systems,” (1995).
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More Pendulums
~ L e—— - - B e

https:// math.stackexchange.com/questions/ 297 1394/ periodic- solutions- of- the-double-pendulum

\u I A cos wt

\_\.

(a) Forced pivot (b) Double pendulum
' 4 il
-w w \

- E

- | S f J
- o B s =

(c) Coupled pendulums (d) Magnetic pendulum

FIGURE 4-17 Examples of pendulums that have chaotic motion.

J. B. Marion and S. T. Thornton, “Classical dynamics of particles and systems,” (1995).
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Pumping laser ) ! ) ' ) !
N> Probe laser (a)
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12)

z

Fig. 1. The energy diagram of a three-level A-type atom interacting with

two laser beams, coupling the two ground states to a common excited

atomic state. Note that, if we connect each ground state to the excited state 2

by a straight line, we draw the Greek letter A, hence the name. §
E 1.40F (b)
v
3
b
2 105 F
301
-~ 0.70
3
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2
o
&
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Fig. 2. The mechanical model used to simulate EIT.

Fig. 4. The dispersive (a) and absorplive (b) responses of the probe power
transferred to particle 1 for £2,=0.1 m frequency units.

C. L. Garrido Alzar et al., “Classical analog of electromagnetically induced transparency,”
Am. J. Phys. 70, 37 (2002). > A




More on SHO and Phase Space
 O0Simple Harmonic Oscillator, SHO

e OPendulum

0 Two-Level (State) systems

 OEIT and Fano resonance

*http://mx.nthu.edu.tw/~rklee
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EX Josephson oscillations [ Self-trapping
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M. Albiez, et al.,
Phys. Rev. Lett. 95, 010402 (2005).

i 2
/ S. Raghavan, et al.,
“Coherent oscillations between two weakly
\ coupled Bose-Einstein condensates:
\ / \ /’ . . .
e \ Josephson effects, $\pi$ oscillations, and
JE macroscopic quantum self-trapping,”
~ Phys. Rev. A 59, 620 (1999).
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Josephson tunneling fo

r BEC in double well

Rigid Pendulum
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week ending

PRL 105, 204101 (2010) PHYSICAL REVIEW LETTERS 12 NOVEMBER 2010

Classical Bifurcation at the Transition from Rabi to Josephson Dynamics

Tilman Zibold,* Eike Nicklas, Christian Gross, and Markus K. Oberthaler

Kirchhoff Institut fiir Physik, Universitdt Heidelberg, Im Neuenheimer Feld 227, D-69120, Germany
(Received 12 July 2010; published 12 November 2010)

We report on the experimental demonstration of the internal bosonic Josephson effect in a rubidium
spinor Bose-Einstein condensate. The measurement of the full time dynamics in phase space allows the
characterization of the theoretically predicted 7-phase modes and quantitatively confirms analytical
predictions, revealing a classical bifurcation. Our results suggest that this system is a model system which
can be tuned from classical to the quantum regime and thus is an important step towards the experimental
investigation of entanglement generation close to critical points.
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PHYSICAL REVIEW E 84, 016225 (2011)

Classical dynamics of a two-species condensate driven by a quantum field

B. M. Rodriguez-Lara'? and Ray-Kuang Lee'"
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Ray Optics Particle
Fermat’s principle

Trajectory

Gutzwilla trace formula

EM Optics S
Maxwel I ,S Eq . iiz;f@pi: »;75,
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Ray Optics: Poincare Section of Surface
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experiment in VCSELS:

v 41st-order

v Room Temperature

M. Chen, T.D. Lee, 4
RS B 9/, Ol




Whispering-Gallery
mode

Nature 424, 8/3/3//@' (2003).

1, Decrease the size of the cavity => micro-dis mrH-sphere.
2, Suppress the lower-modes and keep the cavity size large.




Periodic Orbits

| N\
v SCAR modes

e=0 £=0.03 £=0.08

Integrated chaotic

eIintegral system: Stable Periodic Orbit

e Non-integral system: Unstable Periodic Orbit
J. U. Nockel and A. D. Stone, nature, 385, 45 (1997).



PRL 101, 084101 (2008) PHYSICAL REVIEW LETTERS 22 A s

Surface-Structure-Assisted Chaotic Mode Lasing in Vertical Cavity Surface Emitting Lasers

Tsin-Dong Lee,! Chih-Yao Chen,? YuanYao Lin,> Ming-Chih Chou,' Te-ho Wu,? and Ray-Kuang Lee”

'Graduate §chool of Oproelectronics, National Yunlin University of Science and Technology, Yunlin, 640 Taiwan
“Institute of Photonics Technologies, National Tsing-Hua University, Hsinchu, 300 Taiwan
SGraduate School of Material Sciences, National Yunlin University of Science and Technology, Yunlin, 640 Taiwan

(Received 2 May 2008; published 22 August 2008)
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Whispering-gallery modes: Rradiation pattern







19mA--defocus

Y.Y. Lin, C.Y. Chen, W. Chien, J.S. Pan, T.D. Lee, and RKL,
Appl. Phys. Lett. 94, 221112 (2009).




SuperpOSitiOn between Stable and Unstable POs
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Ray-Kuang Lee
ﬁ.l\;,”—’.‘,d :':1 "_J‘u‘.‘LJ\J :_‘Il’:lr’?f:-'n‘v

Hsanchu, Tawan

4
7 B |

T.D. Lee, C.Y. Chen, Y.Y. Lin, M.C. Chou, T.h. Wu, and RKL, Phys. Rev. Lett. 101, 084101 (2008)":':;{___, v
Y.Y. Lin, C.Y. Chen, W. Chien, J.S. Pan, T.D. Lee, and RKL, Appl. Phys. Lett. 94, 221112 (2009).[nfva ywis
OSA, Optics & Photonics News Nov., 20 (2008) and OPN calendar (2009). % .~ '




m Vol. 45, No. 6 /15 March 2020 / Optics Letters 1471

Optics Letters 2

2 a 2
tCX = (-1 + b|X| )WX + g|X|%2X
Solitons supported by intensity-dependent

dispersion

CHUN-YAN LIN," JEN-Hsu CHANG,? GERSHON KuURizKi1,® AND RAY-KUANG LEE"**

—X(7)
V()

Bright soliton

g==1.0, b=0.00, ¢=-1.0, amp=1.41

—X(1)
——— ‘1(1)




Next and Questions
e ——— —  e———————
« 1Simple Harmonic Oscillator, SHO = Quantum SHO
» 1Hamiltonian energy = Quantization
» 1Phase Space = Quantum Phase Space
« 1EM wave as a SHO = Quantum Field

* OSinusoidal waves = Beyond Plane waves
 JPoynting density = Lagrangian density

e More on SHO

= dissipation/amplification, Lorentz model
= Quantum inverted SHO

= WKB (Wentzel-Kramers—Brillouin) approximation
= Bohmian, Quantum Chaos

= BEC download
=Quantum PT-symmetry

« OEIT and Fano resonance = EIT *http://mx.nthu.edu.tw/~rklee
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If you want to know more ....
Hamiltonian mechanics
‘Poisson bracket
Symplectic Approach
Canonical Quantization
Classical-Quantum Correspondence
Bohmian Mechanics
Wigner Flow

More ... - B
(a) IT (b) ,—I.(c) —

.......

L. Praxmey, Popo Yang, and RKL, Phys. Rev. A 93, 042122 (2016).
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