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Syllabus :

* Introduction to Quantum Optics:

e Quantum Mechanics:

* Quantum Properties of Light:

» Simple Optical Instrument:
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Syllabus :
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Photon-atom interaction:

» Selected Applications:
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coherent states form a complete set = [ 5= o)«
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but not an orthonormal basis <,*3|(1> — €

two coherent states are never orthogonal to each other
there is always a non-vanishing overlap between them
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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.
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Sub-Planck structure in phase

d its relevance for = I
Space an | el T
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quantum decoherence O Ry (B
R s
0 e, \,.;‘i\ /] 'o\,""\._ ;" s
Wojciech Hubert Zurek 4 et L b S
-05 \%-?:/ \. ’\\\3\,‘:‘.4 05
Theory Division, T-6, MS B288, Los Alamos National Laboratory, Los Alamos, 1 o ;;’?\ {\%
New Mexico 87545, USA € | e
E -2 0 2 - 2 0 2 o .
LR N R R B L N I TN e g 1 : ) 1 5 B
Heisenberg’s principle' states that the product of uncertainties of = 1-° 5 g &
position and momentum should be no less than the limit set by o5 ' B 5 oK A, y.
Planck’s constant, ii/2, This is usually taken to imply that phase o 03 | #-IaASSSEgUATl | o5
- B 0 e ',.‘:‘.7‘} 1 L}--';{ik .
space structures associated with sub-Planck scales ( < fi) do not o | Q2T ; B,
exist, or at least that they do not matter. Here I show that this . ¥ osl T ;-5" k- o
commeon assumption is false: non-local quantum superpositions N | SO S o i
(or ‘Schrodinger’s cat’ states) that are confined to a phase space -1 | : for:
volume characterized by the classical action A, much larger than 5 5 5 2 1545 - 3 %
hi, develop spotty structus= on the sub-Planck scale, a = hi’/A. Position (x)
Structure saturates on this scale pax . larly quickly in quantum
versions of classically chaotic systems—su..  ~ases that are
modelled by chaotic scattering of molecules—because ... e o
nential sensitivity to perturbations’ causes them to be driven imuw., s
non-local ‘cat’ states. Most importantly, these sub- Planck scales are Cat stat | :77(&@.5{‘%?
physically significant: a determines the sensitivity of a quantum at states : ;j‘@,g%;;% ;
system or environment to perturbations. Therefore, this scale éﬁ “g;f{@f‘g S4<
controls the effectiveness of decoherence and the selection of ‘?2 ,/:‘Fe;:\\“;’ .
preferred pointer states by the environment' ™. It will also be |\\/ Zurek, Nature 412, 712 (2001). 7 s L
relevant in setting limits on the sensitivity of quantum meters. A 9
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Coherent to Squeezed states




Quadrature

Squeezed States
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For the degenerate parametric process, i.e., two-photon process, its Hamil-
tonian 1s

H = ih(ga'™ — g*a®),

where g is a coupling constant. The state of fields generated by this Hamiltonian
1S

— ~T2 kA2
|\Ij(t)> T exp[(ga g a )t]|0> 7 Correlated
\ | ® Sideband Pair
. Vacuum o : | Unner |
Then, one can define the unitary squeeze operator | 5
Pump 20 [IWIWL | @S S ‘ i v
) 1 1 ... | b Sideba d
_ * A2 ~T2
5(¢) = explggta? - c€al?) I
SAEEER
where £ = rexp(if) is an arbitrary complex number.  FORBITAR ¢
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Squeezed Operator

N——

o If |U) is the vacuum state |0), then |Wy) state is the squeezed vacuum,
€) = S5()[0).

e The variances for squeezed vacuum are

.9 1

Aa; = 1 [cosh? r 4 sinh® r — 2sinh r cosh r cos 6],
1
Aas = 1 [cosh? 1 4 sinh? r + 2 sinh r cosh r cos 6],

e For 6 = 0, we have

1 1
QA2:— —2r d QA2:—+2r
a4 46 , all a9 46 ,

and squeezing exists in the a; quadrature. S e

e For 0 = 7, the squeezing will appear in the do quadrature.



OPO 532nm incident power: S6mW specially ordered InGaAs Photodiodes

MC output{ LO beam)=14.5mW Laser Components GmbH $=500um QE>99%
+20 dB Anti-Squeezed &
at 3MHZ "10 kHz )
I 100 Hz
@14y VEw®?av Viewe ViEws 1
anti-squeezed
-20dBm
i eptog b e
" A Y W e, g
LI ¥ '*‘m 7 p"\h ’;fﬁ ]"P\ H.'f'! Clearance= 20dB
r.{rl %{1} f X ‘l‘ L i'
.lr I '[n‘ 11‘ If‘ \ | jf
-’ . f ‘l ] K‘. i vacuum| Zero Span mode at 3MHz
f l f | \ | RBW=10kHz
1 | - _
C_ 72,231 d2mWessivep L Pt AN g e et A T—_.-_—,J ST TR T—— ..;_'T_‘ W S————— VBW—].OOHZ
-75dam ‘ ‘ - 1
80 dsm ’l, i H squeezed vacuum noise
-5 diim Blue Line: 14.5mW Vacuum noise
50 d8m dark noise Black Line: Dark noise
‘ Q2 £20 ;E.rr—mTh 'MT'#‘ bvwe TtV e 3 -w::#_-“*‘ M e e e o
Cr 3.0 MHZz 2501 pts 1.0s/

Measuring... R0 RRRR0D 265:'3:}2 .

-10 dB Squeezed vacuum -
S Squeezing angle, ¢

by Chien-Ming Wu

Date: June 26th, 2018




Axioms of Quantum Mechanics

I. State: The properties of a quantum system are completely defined by

specification of its state vector |W). The state vector is an element of a
complex Hilbert space H called the space of states.

2. Observable: With every physical property A (energy, position, momen-
tum, angular momentum, ...) there exists an associated linear, Hermitian
operator A (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 |¥) is the vector representing the state of a system and if |®)represents
another physical state, there exists a probability p(|¥), |®)) of finding
|W) in state |®), which is given by the squared modulus of the scalar
product on H: : p(|¥),|®)) = [(¥|®)|? (Born Rule).

(b) If A is an observable with eigenvalues ay, and eigenvectors |k), A|k) =
ax|k), given a system in the state |U), the probability of obtaining ay
as the outcome of the measurement of A is p(ax) = |(k|¥)|. After the
measurement the system is left in the state projected on the subspace
of the eigenvalue a; (Wave function collapse).

4. Time evolution: The evolution of a closed system is unitary. The state
vector |W(t)) at time t is derived from the state vector |¥(ty)) at time
to by applying a unitary operator U (t,to), called the evolution operator:

(W (1) = U(t,t0)|¥(tg)).
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PRL 112, 130404 (2014) PHYSICAL REVIEW LETTERS 4 APRIT, 2014
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Local P7 Symmetry Violates the No-Signaling Principle

Yi-Chan Lee,"™ Min-Hsiu Hsieh,” Steven T. Flammia,’ and Ray-Kuang Lee'*

PhysTCs

spotlighting exceptional research

Home About Browse APS Journals

Synopsis: Reflecting on an Alternative Quantum Theory

‘ Local PT Symmetry Violates the No-Signaling Principle
Yi-Chan Lee, Min-Hsiu Hsieh, Steven T. Flammia, and Ray-Kuang Lee
Phys. Rev. Lett. 112, 130404 (2014)
Published April 3, 2014

APS/Alan Stonebraker

PHYSICAL REVIEW LETTERS 123, 080404 (2019)

Simulating Broken P7 -Symmetric Hamiltonian Systems by Weak Measurement

. l,* 2345 1 2es 5% : . 6,7, r 1,
Minyr Huang,© Ray-Kuang Lee, Lijian Zhang,”" Shao-Ming Fei, " and Junde Wu |
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Synopsis: Feeling the Squeeze at All
Frequencies

April 28, 2020 « Physics L3, 505

Two teams demonstrate frequency-dependent quantum squeezing, which could deuble the sensitivity of
gravitational-wave detectors.
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APS/Alan Stonebraker

Gravitaticnal-viave observatories have recently begun “squeezing” the lightin their detectors, which reduces noise
and improves sensitivity butonly in a limited frequency range. Now two groups have demonstrated 2 method that
reduces noise over a wide range of gravitational-wave frequencies. This quantum squeezing technigue, when

deployed with other planned upgrades, should doable the sensitivity of gravitation: | wave chservistanes

Cetecting gravitatiaonal waves involves beaming lasers back and torth in long armed interferameters and looking for
changas in the interference. The signal is affected by quantum noise in the light, which has amplitude and phase
componants. Amplitude noise dominates at |ow gravitetionz|-weve frequencies, while phase ncis2ismore of a
problem at high frequencies.

. J

Frequency-Dependent Squeezed Vacuum
Source for Broadband Quantum Noise
Reduction in Advanced Gravitational-Wave
Detectors

Yuhang Zhao, Nacki Aritomi, Eleoncra Capccasa,
Matteo Leonardi, Marc Eisenmann, Yuefan Guo,
Fleanaora Polini, Akihiro Tamura, Ko Arai, Yoichi
A=n, Yao Chin Huang, Ray Kuang Loep, Harald
Lick, Osamu Miyakawa, Fiarre Prat, Ayaka
Sheda, Matzeo Taccz, Ryutare Takzahazhi,
Henning Vahlbruch, Marce Vardare, Chien-Ming

Wu, Mattec Barsuglia, and Raffasle Flaminio
Phys. Rev. Lett. 124, 171101 (2020]
FPublished April 2&, 2020

Frequency-Dependent Squeezing for Advanced
LIGO

L. McCuller, C. Whitde, D. Ganapathy, K. Komori,
M. Tse, A Fernandez-Galiana, L. Barsotti, P
Fritschel, M. Maclnnis, F. Matichard, K. Masan, N.
Mavalvala, R. Mittleman, Haocun Yu, M.E. Zucker,
and M. Evans

Phys. Rev. Lett. 124, 171102 (2020)
Fublished April 28, 2020
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The Trouble with

Quantum Mechanics
Steven Weinberg

= €he New HJork Times 2

SUBSCRIBE NOW LOGIN

Even Physicists
Don't Understand
(Quantum Mechanics

Worse, they don't seem to want to
understand it.

By Sean Carroll
Dr. Carroll is a physicist.

Sept. 7, 2019 f

The Trouble with Quantum Physics, and Why it
Matters

"Quantum physics—the physics of atoms and other ultratiny objects, like molecules and
subatomic particles—is the most successful theory in all of science. But there’s
something troubling here. Quantum physics doesn’t seem to apply to humans."

classical Newtonlan

mechanlcs

e
=
QJ

I/

quantu electro- specnal . general
mechamcs magnetlsr reIaINIty relauvnty
s / S
quantum QFTIin
field cuved [---» P Guantum o
from Wiki] | theory spacelime gravity

AL




Can we see Quantum (state) ?

PHYSICS TODAY / APRIL 1985 PAG. 3847

Is the moon there when nobody looks?
Reality and the quantum theory

Einstein maintained that quantum metaphysics entails spooky actions at a distance;
experiments have now shown that what bothered Einstein is not a debatable point
but the observed behaviour of the real world.

N. David Mermin

[David Mermin is director of the Laboratory of Atomic and Solid State Physics at Cornell University. A
solid-state theorist, he has recently come up with some quasithoughts about quasicrystals. He is known to
PHYSICS TODAY readers as the person who made “boojum™ an internationally accepted scientific term.
With N.W.Ashcrofl, he is about to start updating the world’s funniest solid-state physics text.

He says he is bothered by Bell's theorem, but may have rocks in his head anyway.]

Quantum mechanics is magic'
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ARTICLES

The Meaning of the phySICS PUBLISHED ONLINE: 6 MAY 2012 | DOI: 10,1038/NPHYS2309
Wave Function

ShanGao

On the reality of the quantum state No-go
Matthew F. Pusey'*, Jonathan Barrett? and Terry Rudolph’ theorem

Quantum states are the key mathematical objects in quantum theory. It is therefore surprising that physicists have been
unable to agree on what a quantum state truly represents. One possibility is that a pure quantum state corresponds directly to
reality. However, there is a long history of suggestions that a quantum state (even a pure state) represents only knowledge or
information about some aspecl of reality. Here we show that any model in which a quantum state represents mere information
about an underlying physical state of the system, and in which systems that are prepared independently have independent
physical states, must make predictions that contradict those of quantum theory.
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