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Collectivity 1n nature

Complexity arises due to
interactions (nonlinearity):

Fluctuations,
Multiple scales,

Emergent structure.

https://physics.aps.org/articles/v12/2




Collectivity 1in atoms

Complexity arises in nonlinear quantum systems as well:
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Fluctuations, Multiple scales,

Emergent structure.

® Rescattering of light. ® Dipole-dipole interactions.
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Collective effect in emission spectrum
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® Energy/frequency shift — Cooperative Lamb shift

® Linewidth broadening
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inter-atomic distance, d

Recent theoretical attempts
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EIT configuration

The appearance of the second (coupling)

field enables quantum interference, making
the light propagation highly nontrivial. Q T
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Dilemma

parameters are N ~ 5x 10 in a cloud size of 3 x 3 x 14 mm?,

which has an average atomic density ~ 4 x 10'Y cm™3. For
a peak density around 10'' ecm~3 and considering an inter-
action volume determined by probe field propagation along
the long axis with a cylindrical geometry of 7(0.2)* x 14
mm*, we have N ~ 1.8 x 10°® with an optical density ~ 400.

(a) State of system.
(b) System parameters.

Scattering

- Maxwell-
L / Bloch



RDDI in EIT
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Neglect of RDDI in control field transition.
Two-level diagram demonstration.

PRA 105, 063711 (2022)



RDDI in EIT: Hamiltonian
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RDDI in EIT: EOM
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« Only first-order cumulant kept, coarse-grained and slow-varying treatments.
« Neglect of quantum noises and RDDI emerges from system-reservoir
interaction.

« Same Maxwell-Bloch Eq. and valid from the side of noninteracting regime.



RDDI in EIT: Perturbative treatment
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RDDI in EIT: Perturbative treatment
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Up to Mth order
scattering in
transmission.

Collective
frequency shift

and decay rate.
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RDDI in EIT: Results
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« Mutual dependence of N, Dc, R's, and atomic density.



RDDI in EIT: linewidth
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Quite deviated range of predicted collective decay rates.



RDDI in EIT: EIT spectrum
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» Multiple scattering of RDDI and narrowing of transparency window.



RDDI in EIT: FWHM
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« narrowing of transparency window: storage efficiency reduced.
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RDDI in EIT: Beyond local-field approx.
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RDDI in EIT: Beyond local-field approx.

Now a weak RDDI can be approximated by a far-field expres-
sionin K (r—r') — (30'/2)(—ie€e~kr (r=x)) /¢ We finally
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where a 1s introduced in Laplace transform of 1/(|r —r’| + a)

Multiple residues - multiple resonances and decay modes.
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Dilemma and future direction
parameters are N ~ 5 x 10” in a cloud size of 3 x 3 x 14 mm?,
which has an average atomic density ~ 4 x 10'Y em™>. For
a peak density around 10'' ecm~3 and considering an inter-
action volume determined by probe field propagation along
the long axis with a cylindrical geometry of 7(0.2)* x 14

mm*, we have N ~ 1.8 x 10°® with an optical density ~ 400.

« Numerical simulation of large N system is not possible, only up to
several 10000.

« Local-field approx. too strong as an overestimation.

« Release of weak-field, local-field approximations, and ignorance of
atom-atom correlations - Quantum Langevin egs. / phase-space
method simulations, a semiclassical method that includes quantum
noises.
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