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Driven-dissipative Gross-Pitaevskil equation

Full Hamiltonian for the lower polaritons (k-space):
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Full Hamiltonian for the lower polaritons (real-space):
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Heisenberg equation for the field operator:
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Mean field approximation (classical field):
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Driven-dissipative Gross-Pitaevskil equation

Add terms for dissipation and laser drive:
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Nonlinearity (interactions) <— > Cavity losses

“Driven-dissipative Gross Pitaevskii equation”:
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Multi-stability

Scanning the laser energy at fixed laser power.

15F v

,' High power regime
Fofvy=4

-
o

"| MULTI-STABILITY

@)

YN p/(2%|Fg | )




Multi-stability

Scanning the laser power at fixed laser energy (hw,=hw, p+2y).
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Stabllity of the solutions

h

d . .
Driven-dissipative GPE: [i— = |wy — —V*+ gn — it (e
dt i 2m 2

Assume k=0, F' = \/gFoei“’Pt and search solutions of the form«(r, ) = e “»

Steady-state solution: |wp — (wo + g [th]”) + Z%} Vs = i\/gFo
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Consider small perturbation on top of steady-state solution:
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Steady-state solution of GPE



Linearized GPE
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Only keep first order terms in dy and dy*



Linearized GPE
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Linearized equation.
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Unstable solution when at least one of the eigenvalues has a positive imaginary
part.



Linearized GPE
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Unstable solutions

Whog = —75% + \/(WLP(k) + gNpp — wp)(wrp(k) +3gNrp — wp)

Stability condition at k=0:

(gNLp — A)(SQNLP — A) < —fYZ (with A = Wp — WLP )
,}/2
3(gNpp)* — 4A(gNyp) + A% + - <0

Second order polynomial in gN, , with real roots for positive discriminant:
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Two real roots:  gNip = §A + §\/A2 _3 (%)

Positive only when |A > 0




Unstable solutions

Existence of unstable solutions when:

Obtained in the range:
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One unstable solution = BISTABILITY

Unstable solutions
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Bogoliubov spectrum of excitations
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Bogoliubov spectrum of excitations
LOW EXCITATION POWER (N, =0.1)

gNLp <A = WBeg = —’L% + [LULP(]{) — Ldp] = %[wBog] ~ wLp(k‘) — Wp

= One recovers the polariton dispersion (linear regime).



Bogoliubov spectrum of excitations
LOW EXCITATION POWER (N, =0.1)

GNip € A = Wheg ™ —% + [wip(k) — wp] = Rlwpee = wip(k) — w,
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Bogoliubov spectrum of excitations
HIGH EXCITATION POWER (N, = 27)
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Bogoliubov spectrum of excitations

HIGH EXCITATION POWER (N, = 27)
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gNLp > A = Taylor expansion for small k — A K gN1p
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= Two parabolic dispersion shifted by the interaction.



Bogoliubov spectrum of excitations

HIGH EXCITATION POWER (N, = 27)
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Bogoliubov spectrum of excitations
POLARITON POPULATION WITHIN UNSTABLE RANGE (N, = 13)
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Bogoliubov spectrum of excitations
POLARITON POPULATION WITHIN UNSTABLE RANGE (N, = 13)

= EXxpect positive imaginary part next to k = 0.
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Bogoliubov spectrum of excitations
MEDIUM EXCITATION POWER (gN,, =A)
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Bogoliubov spectrum of excitations
MEDIUM EXCITATION POWER (gN,, =A)

Whog = —% + \/(WLP(k) + gNrp — wp)(wrp(k) + 3gNLp — wp)

gNLp ~ A — wBOg ~ —Z% + \/wLp(ki) (WLP(]C) —+ ZQNLP)

Taylor expansion (large k) Taylor expansion (small k)
wLp(k) =>> QgNLp 2QJVLP > WLP(k)
| R
= %[wBog] = i[WLP(]{) T gNLP] = QR[UJBOg] ~ 4/ —gNip X k
m
Parabolic dispersion Linear dispersion

= Phonon-like dispersion

“Speed of sound”: ¢ = \/ hgNip/myp



Bogoliubov spectrum of excitations
MEDIUM EXCITATION POWER (gN,, =A)

gNLp A = wpeg ™~ —7% + \/wLp(k)(wLp(k) +2gNLp)
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Dispersion relation of the collective excitations
in a resonantly driven polariton fluid

Petr Stepanov1, lvan Amelio?, Jean-Guy Rousset!3, Jacqueline Bloch?, Aristide Lemaitre® 4, Alberto Amo>,
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The special case of sonic dispersion relation
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No available Bogoliubov mode at the pump energy
= Consequences for polariton superfluidity



Polariton superfluidity

Superfluidity Is “the characteristic property of a fluid with zero viscosity which
therefore flows without any loss of kinetic energy”

}DBR

Quantum Induce polariton flow
= pump at k, # 0

ud
Exciton o° °° - } DBR

Modified Bogoliubov dispersion:
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Subsonic flow v, < ¢,

hk
gNip = A = wpek) ~ (k—k;) - — 4+ ¢ |k — k|
my,p

3 E (meV)




Subsonic flow v, < ¢,

hk
gNip = A = wpek) ~ (k—k;) - — 4+ ¢ |k — k|
my,p
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No Bogoliubov modes available at the pump energy

= Suppression of elastic scattering

POLARITON SUPERFLUID
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Supersonic flow v, > ¢
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Supersonic flow v, > ¢
hk
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Continuum of Bogoliubov modes available at the pump energy
= Elastic scattering allowed

NOT A SUPERFLUID PROPAGATION
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Probing Microcavity Polariton Superfluidity through Resonant Rayleigh Scattering
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We study the motion of a polariton fluid injected into a planar microcavity by a continuous wave
laser. In the presence of static defects, the spectrum of the Bogoliubov-like excitations reflects onto the
shape and intensity of the resonant Rayleigh scattering emission pattern in both momentum and real
space.




week ending
VOLUME 93, NUMBER 16 PHYSICAL REVIEW LETTERS 15 OCTOBEI!{ 2004

Probing Microcavity Polariton Superfluidity through Resonant Rayleigh Scattering

Iacopo Carusotto">* and Cristiano Ciuti’

3Laboratoire Pierre Aigrain, Ecole Normale Super:eure 24 rue Lh()mr)nd 75005 Par:s France

(Received 23 April 2004; published 13 October 2004)

We study the motion of a polariton fluid injected into a planar microcavity by a continuous wave
laser. In the presence of static defects, the spectrum of the Bogoliubov-like excitations reflects onto the
shape and intensity of the resonant Rayleigh scattering emission pattern in both momentum and real

space.
1.05
‘2‘8 (a)
- 0.5 1~
S For {9) &
()] '
E 5 0 05 =~ 0 ' (. 1
w® & >-20
- TN o5 o0 05 : -40 0.95
-50 0 50
X (pm)
1.05
40 (b)
S\ . 0.5 1 ﬁ20
()] = E
E g 0 s = 0 ¢ 1
w™ o >.20
L 05 0
-40 0.95
x(“m -50 0 50




PRL 97, 260403 (2006)

PHYSICAL REVIEW LETTERS

week ending
31 DECEMBER 2006

Bogoliubov-éerenkov Radiation in a Bose-Einstein Condensate Flowing against an Obstacle
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We study the density modulation that appears in a Bose-Einstein condensate flowing with supersonic
velocity against an obstacle.
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Conical density modulation
downstream of the defect:
Cerenkov regime.
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We study the density modulation that appears in a Bose-Einstein condensate flowing with supersonic
velocity against an obstacle.
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Superfluidity of polaritons in semiconductor

microcavities
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Superfluidity of polaritons in semiconductor
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Conclusion

« Cavity exciton-polaritons = “Fluids of light”

* Optical platform for driven-dissipative non-
linear hydrodynamics

« Superfluidity is just one example. Plenty of
other interesting effects:

« Solitons, vortices, parametric oscillations, acoustic
black holes

e Study synthetic polaritonic matter In lattices
(see next class)

* Prospects for quantum polaritonic (current
research topic)



