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* JQuantum Distribution Theory

* 0Ordering

 ONormally Ordering, P-representation (Glauber-sudarshan)
 OANti-Normally Ordering, Q-representation (Husimi)
 OSymmetrically Ordering, W-representation (wigner-weyi)
 More on Phase Space

« JHomodyne detection
 OWigner Flow
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non-classical
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o Wigner quasiprobability distribution — friom
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Coherent states

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.




KR

/ b

S
N

1 1

1

1

1

1

,l

e e~

e

4

1

-
—
—

Non-classicality

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. | /1
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Coherent to Squeezed states




Quantum Optics in Phase Space

W[0.000]: @lx,t) + Vik) = = yooniw 9 |5 +V=240.0-|p11]’*+0.0 x* - 0.0 x*
wy=0 43 exp[-x = 217/19.093] X=1G, P=51, Nx=274E, Np=512

WIN000)  &lx D+ VIX) = = prorsin [$(O]+1=100C:|pi1)]*5=0 0 € + 0 7 £
o=0.43-expl=ix=2]7)1%.039] X=16, P=51, Nx=2048 Np=35"7

Position X Fos tion X
Z.0 15 | 15
15
10 10 ¢
n
5 -5
LS a Q.
= £
o = —
co <  bem—— 0 e < | — 0 |~ ——
e £
=) c
2.5 = =
- . =5 1
-1.0
10 - =100
_l -
2.0 -15 15
-15 -10 -5 0 : -15 -10 -5 0 10 15 o
wioh|? lpip))’
10¢C //-\
N /v' o / N\
E / )9¢ E /, ™
= >
= S/ = / .

with Popo Yang,
Ole Steuernagel (U. Hertfordshire, UK)




-
—
".—quﬁ - —

|

£ D P __,'l;:-«'.?f‘:r S - - m-——
(\}‘\}CV;:*\_J‘C: ~ = o s SEE LTl Y e e AAA A R RERS B R R e e e " a,
~ T~ N
6 .‘:'j.-'\.
'H ‘.\hf__ - 2 6

-
P = 5 S
L OOEEEREN

sl ,

CEG00oooeapSaettY T 2

.
Complex for higher energy All real H — p - Z :1:
POSEESOSOCH0E0N0DaCHBSO000SOBBEOEOT

All complex J
2

€

(@)




e Consider a family of differential equations parameterized by a continuous
parameter € > 0 in the form:

0%y (x)
Ox?

+ Ve(z)¥(z) + 2E¢(x) =0, (1)

e Here, let us specify the definition of V. (x) = —(ix)€, by stating explicitly
the branch of logarithm :

| (—|x|¢[cos(eZ) +isin(eZ)], for x> 0;
V.(z) = —(iz)€ = eclogliz) — ) for z = 0; (2)
)|, forz<0.

| —||€| cos(eF) — isin(e

vl

e In a Fock state basis, an analytical formula for the matrix element @, (€) =

(m/He|n) of He = 2 88;2 + Y ( ) can be constructed for any natural number

n, m and positive e:

\/n(n 1) 5

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

n+1)(n+2 n
Anm(€) = — \/( +4)( + )5m,n+2 2 4:|—1 S +
_(_q\A4m W _pyErm e (= L@HLmJQﬁJﬂ% Iy
o e e
< F(1+€—i—2ﬁ+ﬁl)ﬂ(1—l—€—gﬂ+m _L J7 L J? n—|—1 2m—|—1 1 1) 5m’n (3)

where I' is an Euler gamma function; F, is a Lauricella hypergeometric
function; symbol | | denotes a floor function: |k| is the largest integer not
greater than k; character tilde = denotes a binary parity function: kis 0
for an even k£ and 1 for an odd k.

e By using truncated Fock state basis, we diagonalize the matrix M, (€)
numerically, having truncated the basis to the first 31, 51, or 71 elements. N/
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@ The time evolution of Wigner distribution can be cast in the form of a

flow field J(x, p; t) describes the flow of Wigner's quasiprobability
density

Jx = %W(X:pa t)
Jp= [dee W (x + 5, )W(x — §,1)]

V(x——) V(x)  V*(x+5)—V*(x)

3
@ Continuity equation for Hermitian Ham|It0n|an

@ Continuity equation for Hermitian non-Hamiltonian
SGEW (X, P t) + g dx + g5do = IV 06 1) — VI £)IW(x, p, t)

O. Steuernagel, D. Kakofengitis, and G. Ritter, Phys. Rev. Lett. 110, 030401 (2013).
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e Wigner flow of ground state when ¢ = 2.0 (harmonic oscillator) ground state when € = 1.4

Contour - Wigner aistributicn Contour : Wigner distribution
Quiver . Wigners flow J Quiver : Wigner flow J

Inout: Ground state of e = 2.0 Input : Ground stateofe = 1.4

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




