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Bose-Einstein Condensation
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[Anderson et al., Science 1995] [Kasprzak et al., Nature 2006]
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Polaritons vs Cold Atoms

atoms polaritons
mass 10%me, 10~ %me
T 10~ 'K 10K
density 1014cm—3 109cm—2
average spacing 10— 2cm 10—2cm
thermalisation 1ms 0.5ps
lifetime 1s 10ps

Environment

< 2D z

< internal structure (X+C) i~ (. f

< stronger interaction(Coulomb & saturation) | E S B

<> photonic and excitonic disorder - VAV %{
4 Non-equilibrium -

Environment




State of the art: experiments

<> Vortices, half vortices and persistent currents

{=900ps |

[K. G. Lagoudakis et al, [K. G. Lagoudakis et al, [Sanvitto et al.,

Nature Physics 2008] Science 2009] Nature Phys. 2010]
<> Frictionless Propagation and Flow via obstacle <> Bogoliubov Excitation Spectrum

[Amo et al, Nature 2009] [Amo et al. Nature Phys. 2009]

[S. Utsunomiya et al,
Nature Physics 2008]



State of the art: experiments

<> Lattices

P/Py - 0.29 1

[Kim et al., Nature Phys. 2011]

<> Hydrodynamics (nucleation of V-AV pairs, solitons in the wake of an obstacle), quantum
turbulence, pattern formation

Superfluidity vortices and solitons ~ Cherenkov waves

r v'cl— Cg
=

flow

[Nardin et al., Nature Phys. 2011]
[Sanvitto et al., Nature Photonics 2011]
[Grosso et al., PRL 2011]

[Amo et al., Science 2011, Nature 2009]
[Wertz et al., Nature Phys. 2010]

£

[Pigeon et al., PRB (2011)]



Non-equilibrium Condensation

Hamiltonian

H = Hsys + Hsys,bath + Hpath
Hsys — pr@%% + Z (ga,pwpgbg + hC)
P o,p

+Heyel o, 7]

Environment

I %
Method: Non-equilibrium path integrals and Greens functions Environment
C
....... [
.............. -
— o0 +00 t
Steady state p(t) = petHst
Fluctuations
[DF = DAt = =i ([p,v1@)] ) (DF — DAY(w) = DoS ()

DG, t) = ~i([p@,wi()] ) P @)= @) +1)DoS)

_|_



Mean Field

Non-equilibrium generalisation of Gross-Pitaevskii in BEC and gap equation in
BCS regimes (note: now it is complex)

o, V2 |
(zat + o= V() - m) v, ) = x[p(r, Ol (1)
model that can show lasing and condensation
Heys = prwg)zpp + Z [easg + Ga.pUpSa + h.c.}
P (e

Equilibrium phase diagram BCS-BEC crossover

40 — ‘

non-condensed




Mean Field

Non-equilibrium generalisation of Gross-Pitaevskii in BEC and gap equation in
BCS regimes (note: now it is complex)

v2
(zat + Y v - m) (1) = X[, D00 )

2m

model that can show lasing and condensation

Hyys = prw;_g% + Z [easg + goé,pprg{L + h.c.}
o) o

External drive

no trap V(r)=0 steady-state )(t) = e st

(10t — we —ir) Y = x (Y)Y

dv (Fo + Fpv 4+ (F, — Fo) (@ + €a — %MS)
XWs) = —g°y zt:/ (v = Ba)? + 771w + Ea)® + 7]

1
B = (ca = 5us)? + g0



Unifying Condensates and Lasers

Mean-field equations
dv (Fa+ Fp)v+ (Fp — Fa)(Iv + €a — %,UJS)
2 [(v — Ea)?2 +2l(v + Ea)? +72]

1
B& = (ca — Sps)? + 92|41

fts —we + Ik = —gzﬁy Z

excitons

[Szymanska et al., PRL 2006, PRB 2007; chapter, ICP (2012); Keeling et al., chapter, Springer (2010)]



Unifying Condensates and Lasers

Mean-field equations

5 dv (Fo — Fa)(ivy )

ik =—g% ) 2 [(v — Ea)?2 +72][(v + Ea)? +72]

excitons 1
B = (ca = Sns)* + g70?

<> Large temperature T: laser limit, only imaginary part, gain balances loss

Fr, — F 2

2 b a g .

¢ = —Qg°~ 2 xlnversion
= Y B o

excitons

[Szymanska et al., PRL 2006, PRB 2007; chapter, ICP (2012); Keeling et al., chapter, Springer (2010)]



Unifying Condensates and Lasers

Mean-field equations
dv (Fa+ Fp)v +

2
Hs — We o —g Y Z 5 5 5 >
excitons 2 [(V o Ea) +7 ][(V T Ea) +1’7 ]
B = (ca = Sns)* + g70?

<> Large temperature T: laser limit, only imaginary part, gain balances loss

Fp — F 2
A2 b—Fa g -
k= —0gy E IE2 142 — > x Inversion

excitons

< Equilibrium limit  x,~ — 0 known gap equation

2 E
We — s = Z %tanh (1820>

excitons @

[Szymanska et al., PRL 2006, PRB 2007; chapter, ICP (2012); Keeling et al., chapter, Springer (2010)]



Low density limit — complex GPE

Mean-field equation

2
(z‘é)t v - ) o = x[vlv

At low density the nonlinear, complex susceptibility can be simplified:
Complex Gross-Pitaevskii equation

v2

- 2m

iOph = [ + V() + U+ i (verr — 5 — r|¢2)] ¥

Rich phenomenology:

drag v>v, little drag v<v,

(c)
C .
0 20 -20 0 20 Nature Physics, 2010
X(m) X(um)
Vortex lattices Flow via obstacles Persistent currents and vortices in OPO
[Keeling et al., PRL 2008] [Carusotto et al., PRL 2006] [D. Sanvitto et al., Nature Phys. 2010

F. M. Marchetti et al., PRL 2010
M. H. Szymanska et al, PRL 2010]



Fluctuations: Phase Transition

L= <¢sz> = n(w)DoS(w)

Non-equilibrium BEC

[DF]~1 = A(w) +iB(w) T ———
2B(w) g 0 S
DoS(w) = g
B(w)?2 4+ A(w)? s
() C(w) g I
nliw) — =
4B(w) -
g 2l [— Zero of Re
L | |[— Zero of Im

A(wp)= 0 w; normal modes o
) -0.6 -0.5 -0.4 -0.3
B(,ueﬂ-"): 0 n(,uefr) diverges Bath chemical potential, pL,/g

The same as in equilibrium: distribution far from thermal but it diverges at /1o ff

No need for BE distribution for BEC

[Szymanska et al., PRL 2006, PRB 2007; chapter, ICP (2012); Keeling et al., chapter, Springer (2010)]



Laser Limit
Maxwell-Bloch equations P = —in(S™), N = n(S%)

O = (—iwe — k)Y + gP
OtP = (—2ie — 2v)P + gy N
ON = 27(Ng — N) — 2g(¢"P + P™)

Green’s function
o L //
Y = iDF(w) Fe ! -7
e \ //
N /
kS [
h 3 \
thus S \
LS / \\
D=1 =4 B(w) = : oS
[ ] (w) + ¢ 2(&)) Zero of Re o
) g NO ZeroofIm — — -
W — We + IR + . | 2 2
w — 2€ + 12y -(2vlg)”  (2yw/g)

System inversion, N

[Keeling et al., chapter Springer (2010); Szymanska et al., chapter ICP (2012)]



Unifying Condensates and Lasers

(a) WIDBG (b) Egbm. polariton
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[Szymanska et al., chapter ICP (2012)]



Collective modes

Collective modes A

when condensed

Det[D_lw ]=w2—622 g
R ( ’p) p %0 momenturi’
poles
w* = c|p|

— sound mode|




Collective modes

Collective modes

when condensed
Det [D

poles
w' = —ix £+ \/ —x?

Landau criterion? Superfluidity?
w(P)
p

Ve = minp

[Keeling et al, Nature 2009]

7' (w,p)| = (wtiz)? 427

2

cp

Table 1| Superfluidity checklist

Landau  Metastable Two-fluid Local -
Quantized  gritical  persistent  hydro-  thermal oo
VOrticeS  velocity flow dynamics equilibrium ~ "2V€*

Superfluid “He/cold atom
Bose-Einstein condensate ‘/ ‘/ ‘/ ’/ ’/ ‘/
Non-interacting
Bose-Einstein condensate ‘/ X X X \/ X
Classical irrotational fluid X v X v -/ !/
Incoherently pumped
polariton condensates ’/ X ? ? X ?
Parametrically pumped
polariton condensates ? ‘/ ? ? X ‘/

/

2

energy or decay rate
<

momenturi

- Real part (energy)
— - Imaginary part (decay rate)

[Szymanska et al., PRL 2006, PRB 2007]

Quasi Long Range Order?
P ®$%

°0 0. O
(©X6)
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o QO



Quasi-Long Range QOrder

2D equilibrium superfluid below the BKT transition

n(r) = we) x (Z)
. kaT 1
= 27rh2n5< 1




Spatial coherence in a finite 2D gas

g1(r,—r; At = 0)

Interacting, no trap

Trap, no interactions

AN ~. o |
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I é-\ l
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Distance Distance

[Keeling et al., Semicond. Sci. Technol. 2007]



First Experiments

g1(r,—r; At = 0)
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Fringe Visibility (%) Fringe Visibility (%)

Contrast: up to 5% - below threshold, up to 45% - above



Decay of coherence in general

<> Fluctuations: amplitude to second, phase to all orders

g1(r,1',8) = (U7 (r, )% (x',0)) = [o[* exp |~ D, (¢, x, 1)
D< =D¥ — DR 4+ DA

<> Translationally invariant 2D system

g1(r,t) |¢O|Qexp{1 — Jo(kr)] f(k, t)}
109 = f(a/2m{D5,

<> Decay of coherence depends on

» Dimensionality
» Form of the excitation spectra (via D)

» Occupation of excitations (via DX)



Non-equilibrium polaritons

Environment

BRAGG MIRROR
BRAéG MIRROR
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Environment

. : : —Real
<> Dimensionality: 2D .. —Imaginary
a
)
<> Modes: diffusive % \ momentum
=
<> Occupation: non-thermal -

In(r/rg) r — 00,t ~0

<2[)T(r,t)w(0,0)> ~ |1 |? exp [—ap {

s In(c?t/vorrg) T~ 0,t — 0

a,(pump, decay, density)
[Szymanska et al., PRL 2006; PRB 2007]



Experimental observation of power law decay

y (um)

1 1 1
0 100 200 300 400
Pumping power (mW)

-3
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[Roumpos et al, PNAS 2012]



The simplest model
gi(r,r',t) = (VT (r, t)v(r',0)) ~ |U0|2exp[ D< st )]

D< =D¥ — D% + D4

<> Polariton complex Gross-Pitaevskii equation with pump and decay
. 2 :
z@th |:—2v—m—|‘U|¢|2‘|‘7/(/7net —FWP)} w

<> The spectra
DE _ 1 ( A+ €p +w A+ et — A Ve )
w? + 2iveiw — &2 —[b = 1Vnet f+ € — W — Pnet
exr = k2/2m

& = Ver(er + 2u)

<> Phase-phase component

iDys = (1 — 1)0( B >

ns = |¢o]



The simplest model
gi(r,r',t) = (VT (r, t)v(r',0)) ~ |U0|2exp[ D< st )]

D< =D¥ — D% + D4

<> Polariton complex Gross-Pitaevskii equation with pump and decay
. 2 . :
10 = [—QV—m +UlY|? +1 (%et — F|w|2)] Y + noise

<~ The spectra
DR — 1 ( W+ €+ w4 16t — 1+ UYnet )
w? + 2iveiw — &2 —[b = 1Vnet f+ € — W — Pnet
exr = k2/2m

& = Ver(er + 2u)

<> Phase-phase component <> Occupation

iDgg = gz (1 = 1)17( _1 ) D* = —pF[D~1% D4

— R A
ng = |tbo| = 2n+ 1)(D" - D)



Exponent in a non-equilibrium 2D gas

—ayp
gi1\7r) o —
Jl( ) ( O)

mkg'l’

<> Equilibrium closed system ap = ——5—
2mh°ng

]
4

<> Non-equilibrium driven system (diffusive modes)

. mkgl
» thermalised ap = —5—
2mh ng

> non-thermalised @, o< PFrPb22e

<> Experiment a, ~ 1.2

<> Decay of spatial coherence measure of distribution

<> BKT order more robust then in equilibrium

100 200 300
Pumping power (mW)

Faster decay possible before vortices proliferate

400



Polariton Superfluids

SUPERFLUID CHECKLIST
Spontaneous Landau frictionless quantised metastable
symm. breaking | criterion flow . vortices | persistent flow
He/cold atoms BEC v v i v 7 v
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QW Free carrier
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Polariton Superfluids

SUPERFLUID CHECKLIST
Spontaneous Landau frictionless quantised metastable
symm. breaking | criterion flow vortices ' persistent flow

“He/cold atoms BEC v v v v v
polariton condensates v * 5 v 5

(incoherent pump) i ' '
polariton condensates v o v v v

(parametric pump)
polariton condensates x v v % 2

(coherent pump) '

0.2
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3 04
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[Carussotto et al, PRL 2007]




Polariton Superfluids

SUPERFLUID CHECKLIST
Spontaneous Landau frictionless quantised metastable
symm. breaking | criterion flow . vortices | persistent flow

“He/cold atoms BEC v v v I A v
polariton condensates v S 5 iy =

(incoherent pump) | ' E '
polariton condensates v . v : v : v

(parametric pump) ! E
polariton condensates x v v % 2

(coherent pump) i i ;

§ BROTON § ~ 'OU /o] 1.6715 % '
DEC /\/\ "\,,, / g < ~ State ¥ \“ UPB
g . g~ ‘
Py o
Mp B 1.6725 " noton’y . ]
> Exciton
[ I R e
o 1673 il
- - - = E
' \/ e " 16735
>\ I » 8735}
: LP | 2 LEE
= ] ) = 1.674 (@)
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Frictionless Flow?

F=— r)|°V[V(r)]d®z
flw()ld*" [ 1e@P 9 )

10 = [—% + U2 + i (Yot — FIW)} b

drag v>v, little drag v<v,

0s 20 Crossover: -
o (a) (c) for v<vc excitations
06 = / local to defect and
" E o O . .
T 04 = decaying
-10
0.2 20
-20 0 20 -20 0 20

X(um) x(um)
[Wouters & Carussotto, PRL (2010)]

o [PX) = wx —ikx + gxlvx[?  Qg/2 Vvx n 0
¢ QPC QR/Q wC_i’{'C’ "ﬁbC Fp

Fp(r,t) = Fp(r)el(kor=wpt)

Al
0.006 _ >
— ooos g J__ LP_O £ Also crossover:
E ool - L /\.13 despltg energy gfap
. L there is broadening
~000] B \/ G due to imaginary part
E LP| £
0.001} = aiaretaiableblaly 0
- LP g
0 - /\.1 =
[Cancellieri et al., PRB 2010] K [um’]




Frictionless Flow - Experiments

Above OPO threshold: TOPO pulse

Frictionless flow
(no scattering in momentum)

[Amo et al., Nature 2009]

Below OPO threshold: pump only state

<> Frictionless flow below critical flow velocity

<> Phase fixed by the pump thus no vortices

[Amo et al., Nature Phys 2009]



Metastable persistent flow - equilibrium

o =
0 O
i I

o
(o))
|

Gauss-Laguerre beam
rotating drive

o
-h
I

Probability
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R sy
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- Trapping time (s)

[Ryu et al. PRL 2007]

Equilibrium superfluids: a multiply connected
geometry essential for stability of the flow



Persistent flow after a "stirring” pulse?

G auss-La guerre pu IS e ( 2 P S) profile interference phase and currents .

02 s
Fo(r,t) = Fpp(r)e¥Me 207 gi(KsT—wst)  Zo

1
(%]

Steady-state persistent flow

S s

10 microns

[Sanvitto et al., Nature Phys. 2010; Marchetti et al., PRL 2010;
Szymanska et al. PRL 2010]




Y (um)

Y (um)

Metastable persistent flow: experiment

[Sanvitto et al., Nature Phys. 2010]



Vortices

Ground state is not flowless: spontaneous vortices

Incoherent pumping + trap OPO & no trap

t=56

pump

1314414

trap

[Keeling et al., PRL (2008)] [Marchetti et al., PRL 2010]

Ground state with a vortex
pined by disorder

decay -
AN\

[Lagoudakis et al. Wir]dsér savill Gardens
Nature Phys. 2008]




Vortex healing length in OPO

Only signal & idler carry a vortex

20p = s + ¥;

[Marchetti et al., PRL (2010)]

S _ p— T | T | T | | |
0 +1 1 & i — t=1.8ns/]
g - = probe |
© \

Independent on probe, but on OPO only i
_1/2 £
£ o< (megx/nsn;) E
>'<.\
e
Ea

signal m=-1 idler m=+1




Vortex healing length in OPO

Only signal & idler carry a vortex

2¢0p = ps + @;
0=+1-1

[Marchetti et al., PRL (2010)]

— T T T
iz i — t=1.8ns|]
= i rln‘ —— probe |
e A\
Independent on probe, but on OPO only =S 0.1 |
_1/2 £
§ o< (Mmegxy/nsni) &
.
2.6 KW/cm2\ >
%0

checked by weak continuous-
wave imprinting beam

Signal int. [a.u.]
[Krizhanovskii et al. PRL 2010]



Vortex anti-vortex pairs

<> Below BKT transition: bound vortex-antivortex pairs
<> Above BKT transition: pairs unbind, single vortices

<> Experiment: V-AV pairs generated by intensity fluctuations of
pump and inhomogeneous spot, finite lifetime

2 0 -2 10 5 0 -5 =10
x (um) x (um)

[Roumpos et al, Nature Physics 2010]

... hot exactly what we are looking for but maybe related



amplitude & currents

phase

Vortex anti-vortex pairs in polariton OPO

Probe with a finite momentum
(with respect to OPO signal)
triggers V-AV pairs

4 ps

Q
£
-

Multishot average shows V-AV pairs
in density & phase

Deterministic dynamics governed by
OPO steady state supercurrents

[Tosi at al, PRL 2011]



Conclusions

< Equilibirium, non-equilibirum condensation vs lasing

Ll (a) WIDBG ; ; 1 (b) Eqbm. polariton ‘ 11 (c) Non-egbm. polariton 1| (d) Laser /‘ 295445 |
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< Power law decay of correlations
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Conclusions

< Equilibirium, non-equilibirum condensation vs lasing

< Power law decay of correlations

(a) WIDBG (b) Eqbm. polariton ‘ (c) Non-egbm. polariton (d) Laser ‘ 295445
L 1L 4L % 1
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< Superfluid properties
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Finite Temperature and
Non-Equilibrium Dynamics




