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INTRODUCTION

DARK STATES OF LIGHT

SINGLE-MODE CASE: UNIQUE DARK STATE

MULTIMODE CASE: INFINITE FAMILY OF DARK STATES

VACUUM STATE

ARBITRARY NUMBER OF PHOTONS 



INTRODUCTION

DARK STATES OF LIGHT (aPPLICATION)
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BEAM SPLITTER FOR DARK AND BRIGHT 
STATES OF LIGHT

CROSS-CAVITY SYSTEM

T: DARK COMPONENT 

R: BRIGHT COMPONENT

LIGHT BEAM IS SPLIT INTO 
ITS TWO-MODE BRIGHT 
AND DARK COMPONENTS



BEAM SPLITTER FOR DARK AND BRIGHT 
STATES OF LIGHT

CROSS-CAVITY SYSTEM

𝐻 = σℓ=𝑟,𝑡 𝑑𝜔𝜔 𝐴ℓ
† 𝜔 𝐴ℓ 𝜔 + 𝐵ℓ

† 𝜔 𝐵ℓ 𝜔  

     +𝑖
𝜅

2𝜋
σℓ=𝑟,𝑡 𝑑𝜔 𝑎†𝐴ℓ 𝜔 − 𝑎𝐴ℓ

† 𝜔  

     +𝑖
𝜅

2𝜋
σℓ=𝑟,𝑡 𝑑𝜔 𝑏†𝐵ℓ 𝜔 − 𝑏𝐵ℓ

† 𝜔  

     +𝑔 𝑎 + 𝑏 𝜎+ + 𝑔 𝑎† + 𝑏† 𝜎− − 𝑖Γ𝜎+𝜎−

HAMILTONIAN:
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CROSS-CAVITY SYSTEM

ሶ𝑎 𝑡 = −𝑖𝑔𝜎− − 𝜅𝑎 𝑡 + 𝜅𝑎in
𝑟 𝑡 , 

ሶ𝑏 𝑡 = −𝑖𝑔𝜎− − 𝜅𝑏 𝑡 + 𝜅𝑏in
𝑟 𝑡 , 

ሶ𝜎− 𝑡 = −𝑖𝑔 𝑎 𝑡 + 𝑏 𝑡 − Γ𝜎− 𝑡 . 

HEISENBERG-LANGEVIN 𝜎𝑧 ≈ −𝟏 :

INPUT-OUTPUT RELATIONS:

𝑎out
𝑟 𝑡 = 𝜅𝑎 𝑡 − 𝑎in

𝑟 𝑡 , 

𝑏out
𝑟 𝑡 = 𝜅𝑏 𝑡 − 𝑏in

𝑟 𝑡 , 

𝑎out
𝑡 𝑡 = 𝜅𝑎 𝑡 ,

𝑏out
𝑡 𝑡 = 𝜅𝑏 𝑡 .



BEAM SPLITTER FOR DARK AND BRIGHT 
STATES OF LIGHT

CROSS-CAVITY SYSTEM

𝑋in
± =

1

2
𝑎in
𝑟 ± 𝑏in

𝑟 → INCOMING FIELD

𝑋out
± =

1

2
𝑎out
𝑟 ± 𝑏out

𝑟 → REFLECTED FIELD

𝑌out
± =

1

2
𝑎out
𝑡 ± 𝑏out

𝑡 → TRANSMITTED FIELD

COLLECTIVE-MODE OPERATORS:
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CROSS-CAVITY SYSTEM

𝑋out
+ = −

𝐶

1+𝐶
𝑋in
+ , 

𝑋out
− = 0, 

𝑌out
+ =

1

1+𝐶
𝑋in
+ , 

𝑌out
− = 𝑋in

− . 

SYSTEM RESPONSE 
(RESONANT INCOMING FIELD):

𝐶 =
𝑔2

𝜅Γ
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CROSS-CAVITY SYSTEM

𝑋out
+ = −

𝐶

1+𝐶
𝑋in
+ , 

𝑋out
− = 0, 

𝑌out
+ =

1

1+𝐶
𝑋in
+ , 

𝑌out
− = 𝑋in

− . 

SYSTEM RESPONSE 
(RESONANT INCOMING FIELD):

DARK STATES:

Ψ𝒟
𝑁

in
=

𝑋in
− †𝑁

𝑁!
0 0  

BRIGHT STATES:

Ψℬ
𝑁

in
=

𝑋in
+ †𝑁

𝑁!
0 0  
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CROSS-CAVITY SYSTEM

𝑋out
+ = −𝑋in

+ , 

𝑌out
− = 𝑋in

− . 

HIGH-COOPERATIVITY REGIME
𝐶 → ∞  

DARK STATES:

Ψ𝒟
𝑁

in
=

𝑋in
− †𝑁

𝑁!
0 0  

BRIGHT STATES:

Ψℬ
𝑁

in
=

𝑋in
+ †𝑁

𝑁!
0 0  



BEAM SPLITTER FOR DARK AND BRIGHT 
STATES OF LIGHT

EXAMPLE:

𝜓 in = 𝜇𝑎 1in 𝛼
𝑟 0 𝛽

𝑟 + 𝜇𝑏 0 𝛼
𝑟 1in 𝛽

𝑟 0 𝛼
𝑡 0 𝛽

𝑡  

              = 𝜇+ Ψℬ
1
𝑟

in
+ 𝜇− Ψ𝒟

1
𝑟

in
0 𝛼

𝑡 0 𝛽
𝑡  

𝜓 out = −𝜇+ Ψℬ
1
𝑟

out
0 𝛼

𝑡 0 𝛽
𝑡 + 𝜇− 0 𝛼

𝑟 0 𝛽
𝑟 Ψ𝒟

1
𝑡

out
 

𝜇± =
1

2
𝜇𝑎 ± 𝜇𝑏  

Ψℬ
1
𝑟

in
=

1

2
1in 𝛼

𝑟 0 𝛽
𝑟 + 0 𝛼

𝑟 1in 𝛽
𝑟  

Ψ𝒟
1
𝑟

in
=

1

2
1in 𝛼

𝑟 0 𝛽
𝑟 − 0 𝛼

𝑟 1in 𝛽
𝑟  

Ψℬ
1
𝑟

out
=

1

2
1out 𝛼

𝑟 0 𝛽
𝑟 + 0 𝛼

𝑟 1out 𝛽
𝑟  

Ψ𝒟
1
𝑡

out
=

1

2
1out 𝛼

𝑡 0 𝛽
𝑡 − 0 𝛼

𝑡 1out 𝛽
𝑡  
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EXAMPLE: 𝜇𝑎 = 1, 𝜇𝑏 = 0

𝜓 in = 1in 𝛼
𝑟 0 𝛽

𝑟 0 𝛼
𝑡 0 𝛽

𝑡  

              =
1

2
Ψℬ
1
𝑟

in
+ Ψ𝒟

1
𝑟

in
0 𝛼

𝑡 0 𝛽
𝑡  

𝜓 out = −
1

2
Ψℬ
1
𝑟

out
0 𝛼

𝑡 0 𝛽
𝑡 +

1

2
0 𝛼

𝑟 0 𝛽
𝑟 Ψ𝒟

1
𝑡

out
 

𝜇± =
1

2
𝜇𝑎 ± 𝜇𝑏  

Ψℬ
1
𝑟

in
=

1

2
1in 𝛼

𝑟 0 𝛽
𝑟 + 0 𝛼

𝑟 1in 𝛽
𝑟  

Ψ𝒟
1
𝑟

in
=

1

2
1in 𝛼

𝑟 0 𝛽
𝑟 − 0 𝛼

𝑟 1in 𝛽
𝑟  

Ψℬ
1
𝑟

out
=

1

2
1out 𝛼

𝑟 0 𝛽
𝑟 + 0 𝛼

𝑟 1out 𝛽
𝑟  

Ψ𝒟
1
𝑡

out
=

1

2
1out 𝛼

𝑡 0 𝛽
𝑡 − 0 𝛼

𝑡 1out 𝛽
𝑡  
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EXAMPLE: 𝜇𝑎 =
1

2
, 𝜇𝑏 =

1

2

𝜓 in =
1

2
1in 𝛼

𝑟 0 𝛽
𝑟 + 0 𝛼

𝑟 1in 𝛽
𝑟 0 𝛼

𝑡 0 𝛽
𝑡  

              = Ψℬ
1
𝑟

in
0 𝛼

𝑡 0 𝛽
𝑡  

𝜓 out = − Ψℬ
1
𝑟

out
0 𝛼

𝑡 0 𝛽
𝑡  

𝜇± =
1

2
𝜇𝑎 ± 𝜇𝑏  

Ψℬ
1
𝑟

in
=

1

2
1in 𝛼

𝑟 0 𝛽
𝑟 + 0 𝛼

𝑟 1in 𝛽
𝑟  

Ψ𝒟
1
𝑟

in
=

1

2
1in 𝛼

𝑟 0 𝛽
𝑟 − 0 𝛼

𝑟 1in 𝛽
𝑟  

Ψℬ
1
𝑟

out
=

1

2
1out 𝛼

𝑟 0 𝛽
𝑟 + 0 𝛼

𝑟 1out 𝛽
𝑟  

Ψ𝒟
1
𝑡

out
=

1

2
1out 𝛼

𝑡 0 𝛽
𝑡 − 0 𝛼

𝑡 1out 𝛽
𝑡  



EXAMPLE: 

𝜓 in = 𝜇𝑎 1in 𝛼
𝑟 0 𝛽

𝑟 + 𝜇𝑏 0 𝛼
𝑟 1in 𝛽

𝑟 0 𝛼
𝑡 0 𝛽

𝑡

𝜓 out = −𝜇+ Ψℬ
1
𝑟

out
0 𝛼

𝑡 0 𝛽
𝑡  

                                                         +𝜇− 0 𝛼
𝑟 0 𝛽

𝑟 Ψ𝒟
1
𝑡

out
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THE INCIDENT LIGHT MAY ALSO BE CLASSICAL!

FOR INSTANCE:

IN-PHASE COHERENT STATES: 𝛼, 𝛼 = 𝑒− 𝛼 2
σ𝑁=0
∞ 𝛼𝑁

𝑁!
Ψℬ
𝑁

OUT-OF-PHASE COHERENT STATES: 𝛼,−𝛼 = 𝑒− 𝛼 2
σ𝑁=0
∞ 𝛼𝑁

𝑁!
Ψ𝒟
𝑁



CONCLUSIONS

BEAM SPLLITERS ARE INDISPENSABLE ELEMENTS IN
OPTICAL AND PHOTONICS SYSTEMS, AND ARE
THEREFORE EMPLOYED IN BOTH CLASSICAL AND
QUANTUM TECHNOLOGIES.

THEY CAN DIVIDE INCIDENT LIGHT ACCORDING TO ITS
POWER, POLARIZATION, OR WAVELENGHT.

IN OUR WORK, WE HAVE INTRODUCED A BEAM
SPLITTER CAPABLE OS SEPARATING A LIGHT BEAM IN
ITS TWO-MODE BRIGHT AND DARK COMPONENTS.



CONCLUSIONS

OUR RESULTS PAVE THE WAY FOR NEW APPLICATIONS
OF BEAM SPLITTERS THAT LEVERAGE THE
COLLECTIVE PROPERTIES OF LIGHT.

CONTRIBUTING TO THE ADVANCEMENT OF QUANTUM
OPTICS AND QUANTUM TECHNOLOGIES!



THANK YOU!
arXiv:2408.15059
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