y J Atomes et Molécules
[ ]

Characterising Multimode
Quantum Correlations in
Cavity-Based Quantum Optics

Bakhao Dioum
University of Lille, France

100 years of Quantum Physics,
ICISE, Quy Nhon, Vietnam

Quantum properties of light in Cavity-based Quantum Optical Systems :
Microrings, Optomechanics, ...

Lu_ Université
de Lille 1




Y ) Atomes et Molécules
[ ]

XIPhLAM
e

Giuseppe Patera EIie_Gouzien,
Univ. Lille - PhLAM Adrien Bensemhoun,

Mohamed Fauzi Melalkia,
Jean Etesse,

Carlos Gonzalez-Arciniegas, Laurent Labonté,
Olivier Pfister Sebastien Tanazilli,
University of Virginia Virginia D'Auria
Univ. Nice - INPHYNI
Alessandro Zavatta

CNR-INO and QTI (Florence) Alessandro Pugliese
Univ. Bari - Dep. Mathematics

Lu_ Université
de Lille 2




Ry Quadratic Ham.
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H=h) |Gmnl,an + g > [Fnnl,af +hec]

Mode hopping Pair generation

OO 5 5

- SPDC in 2™ and 3™
Order interactions

- Detuning

- Linear dispersion
- FC processes

- SPM and XPM
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&%ZPMAM Quadratic Ham.

FI:hZGm,n&%&nqth |Ey nial al, + hc.]

Mode hopping Pair generation
Optomechanical System G = (A g ) e (0 9)
g Wm g O
Bp1|* + [Bp2|* — A Bp1Bpe 0
G=- Bp1 Bp2 Bp1|* + [Bp2|* — A Bp1 B2
0 leﬁzﬁ |5p1‘2 + ‘Bp2|2 -
Dual Pump SFWM MRR

0 ;31 26}9151)2
F=— 61%1 ﬁplﬁpQ 652
25;0151)2 32 0
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dt
\ Diagonalize?
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s PhLAM Bogo-de Gennes

. . T
Heisenberg picture collect &= (ay.....anlal,....al)

ihié: [5, H} SN %fz —iKH|E

dt /

Bogo-Valatin transf. 3 AB—l

A = diag{)\, ..., AN|—A1, -, —An} Real eigenvalues

B = ( a | B* ) Symplectic
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G PhLAM Bogo-de Gennes

. . T
Heisenberg picture collect &= (ay.....anlal,....al)

ihié: [5, H} SN iéz —iKH|E

dit dt /

Bogo-Valatin transf. 3 AB—l

Bogoliubov modes:

C=B"'¢=(b,....bxlbl, ... 00)"
H =5 h\,bl by, + const

B is symplectic not unitary
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Write the formal solution (time-indep. Hamiltonian)

LTT-

I

Multi-mode
iNntferaction

nE
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Bloch-Messiah
reduction

—

Bloch-Messiah

I

I

Multi-port

S8/ -
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Multi-port
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&%ZPMAM L QLE

() i A .

—R(t) = GTH+M)R() + V2T|R,, (t)
o
gg‘ i dissipation \J
:&f1 input fluct.
K ) (vacuum)
\/

Effective quadratic Hamiltonian

M=< Im[G+F] | RelG—F| ) H:hZGm,naInanJrgZ[Fm,naindLJrh.c.]

—Re |G+ F) | ~Im[G + F]"
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g%xs (LA Formal solution of LQLE

In Fourier domain and with the input-output theory:

A ~

Eout(w) : S(UJ)R (UJ)

—111

FT of bona fide FT of bona fide
guadrature operators guadrature operators

\

Transfer function

S(w) = VoI (iwl + I — M)~ V2T — I

Must be w-symplectic!
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“t nAM Decoupling the output
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Find linear combinations of modes such that:

1. are “normal”

2. define physical observables

3. treat smoothly time and frequency

Analytic Bloch-Messiah decomposition (ABMD)
[Gouzien, PRL 125, 103601 (2020)]:

VweR: FSw)=U(w)Dw)VT(w)

- U(w), V(w) Smooth unitary and omega-symplectic
wi
D(w) Smooth diagonal (squeezing and anti-squeezing)
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Zg*}ﬁzphLAM Decoupling the output
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Find linear combinations of modes such that:
1. are “normal”
2. define physical observables
3. treat smoothly time and frequency

Analytic Bloch-Messiah decomposition (ABMD)
[Gouzien, PRL 125, 103601 (2020)]:

VweR: FSw)=U(w)Dw)VT(w)

- U(w), V(w) Smooth unitary and omega-symplectic
wi
D(w) Smooth diagonal (squeezing and anti-squeezing)

ATTENTION! ABMD is different from a point-by-point BMD
(that does not satisfy pt. 3)
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g%xe (EnLAM Homodyne Detection

Strong LO
Eio(t) =i Z aple @' 4 H.c.,

m

Source

\l

Photocurrent

Noise spectral power

Yo(@) = Q' oou(w)Q
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10’ !

Zo(w) = 5= [Q"U(w) Dz‘(m U' ()@l

(=]

)

y =10
£
N

Oout (CU) g 20
o
w

—30

40

0 3 i 6 8 10
w/y

Gouzien, PRR 5, 025178 (2023)

Lu_ Université
de Lille 14




¥ /PhLAM
® Physique des Lasers
° i) Atomes et Molécules

J
@

Xo(w) = Q'U(w)] D*(w) [U"(w)Q]

Mode-matching:

HD Local Oscillator Q SupermodedJ (w)
® (Constant ® Morphing
® Real ® Complex

Hidden/complex squeezing
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Squeezing (dB)

Mode-matching

10’ !

|
[y
=

|
)
=)

-30

— d*(w)

-- constant and complex ()

constant and real ()

—40

0 2 4 6 8 10
w/vy

Gouzien, PRR 5, 025178 (2023)

15




> J Atomes et Molécules
[ ]

gj%pphLAM Hidden squeezing

1. Resonator detection [Barbosa2013]

Hidden or complex squeezing _
2. Synodyne detection [Buchmann2016]

| ‘ Standard squeezing o(w) = o(—w)

jl‘l? 3||,‘ , | Hidden/Complex squeezing o(w) # o(—w)

Local
Oscillator

Dioum, Phys. Rev. A 112, 023705 (2025)
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g%%? PhLAM Interf. with memory effect

SIME (w) Strong LO

Linear
Passive
System

Dioum, Optica Quantum (2024)
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%%ZPMAM Interf. with memory effect

SIME (w) Strong LO

Linear
Passive

Generalized LO O (w) = Q' Spvp(w)
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gj% pPhLAM Smooth two-mode decomp.
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Two-mode frequency-dependent unitaries

STME (W)

> |] Ton(w)  N(N-1)/2
(m,n)

S e S = =1
1]

i Frequency Beam Splitters

: i$Wa(w) —bw)
:Tm,n(w) = (e¢.( ) * )

: e'?“ph*(w) a*(w)

i _uw

& ot 0 Dioum, Optica Quantum (2024) 19




'PhLAM Some results
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3.9

Local
Oscillator

Q
QO
QO

W Wa Wa Wy

Squeezing(dB)

Interferometer

with memory effect o
(IME) E
=

—41 -== Ymei(w)

-—- Emea(w)

0 1 2 3 4 5 6 T 8 9 10
w/y

Dioum, Optica Quantum (2024)
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* General method for complete characterization of quant. fluct. in time&freq.
Gouzien, PRL 125, 103601 (2020)

* Complex morphing supermodes — mode-matching problem for HD
Gouzien, PRR 5, 025178 (2023)

1. Criteria for predicting or engineering hidden correlations
Dioum, PRA 112, 023705 (2025)

2. Interferometers with memory effect with new
smooth decompositions of frequency dependent unitaries
Dioum, Optica Quantum (2024)

* Quantum prop. of the light generated in active devices (QCL and ICL)
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/PhLAM ic di P
B Roenam Symplectic diag
Does there exist a unitary and symplectic diagonalization?

inté=en] = Leo e

/

UAUT

Yes, but only if either (G = () or F' = ()
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&%ZPMAM Driven-dissipative

More than quadratic — Nonlinear Quantum ——p» Linear Quantum

Hamiltonian Langevin egs. Langevin egs.
o
Q
% ~ ~ A
o a =~ (a)+ da

\J

e Coupled mode theory

* Total field: Lugiato-Lefever egs,
driven dissipative Gross-PitaevskKii
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&;ﬁz hAM Morphing supermodes

J
Frequency-dependent squeezing within single-mode broadband beams
1. single mode OPO [Fabrel1989,Fabrel1990]

2. ponderomotive squeezing [Fabre1994, Mancini1994]
3. broadband squeezing [Kolobov1998]

Im de(l,p,t)

10

0.1
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More recently

Morphing supermodes

1. Xanadu broadband squeezing in microrings [Vaydia2020, Seifoory2022]j
2. Advanced Ligo [Kimble2001,McCuller2020,Miller2023]

Relative noise level (dB)
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i (PhLAM micro-SPOPO
Pump comb Signal Comb

}fﬂmﬁl /i M
?i; R

Ap,m As,m

= Wo
(DS,—Q @p,—l (Ds,—l (Dp,() u_-JS,(] (Dp,l cDs,l

’}/S,m f}/p,m

]

s | Gouzien, PRR 5, 025178 (2023)
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In u-SPOPO . R
H Fm,n — 82 (pm—i+n+l) (Pl),
[
Gm,n — As,mglm—n] + 82 Z(ﬁm—l—a’—n) (ﬁi)*,
/
»2{ injection (V7]
.4‘” hh],.
"> intracav. V)]
ﬁ 0.10 /2 E::::

0:0: ...._..."....,...m.mﬂIﬂ”m" 1“ ‘L “H Mtrrnees

0 2 0 20 10 n/4

1% below threshold Gouzien, PRR 5, 025178 (2023)
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g%”%ZPhLAM Morphing supermodes

In u-SPOPO A o
H Fm,n — 82 (pm—i+n+l)(p1)a
l

Gm,n — As,mglm—n] + 82 Z(ﬁm—l—a’—n) (ﬁi)*,

—40 —20 20 40

/
m . .
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1% below threshold Gouzien, PRR 5, 025178 (2023)

Lu_ Université
de Lille 29




&%ZP | Interf. with memory effect

~ 1

Rm ((JJ)

Rout(w) =|Smme (W)

Transfer function

Smve(w) = v/ 2I'mvE (iwl + T'ive — MIME)_l vV 2I'vE — 1

Im |G Re |G T AT A
Mine — ( m |GvEg] ‘ e| IME}T ) H_hZGm,na,man

Dioum, Optica Q. (2024)
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%QK&P“LAM Smooth one-mode decomp.

Triangular mesh

N P 1 \/

Frequency dependent Fixed 50:50 Frequency Single mode
Mach-Zehnder Interferometer Beam Splitters cavities \
') cos@(w) —sinf(w) yly S
e ?@ sinf(w) cosf(w)

$(w) 26(w)
a—
Rectangular mesh
Uni ité . .
& et 0 Dioum, Optica Q. (2024) 31
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With Vaccum Input

F+0

dia,

Lu_ Université
de Lille

Conditions to
Hidden squeezing

With Thermal Input

F #0

Dioum, Phys. Rev. A 112, 023705 (2025)
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'PhLAM IME with losses
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P e
IME
Rive(t)
—
ED ()
L0 1.00
»  Rectangular mesh
0.98 ®  Trnangular mesh
*  Balanced mesh 0.959
(.96
=094 = (.90
5 :
2 0.2
£) (1.851
= 0.90
(.88 (1.801
*  Rectangular mesh
(.86 ®  Triangular mesh
(L7517 e Balanced mesh
{‘I.S-l T T T T T T T T T T
1] 20 40 Gl i) 100 (1K) (.02 0.04 0.06G 0.0s8 0.10
Mode number Intrinsic loss per coupled cavity (dB)

& et 0 Dioum, Optica Q. (2024) 33
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