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Caviy Quantum Wells
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Microcavity Polaritons

[Pekar, JETP(1958)]
[Hopfield, Phys. Rev.(1958)]
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Microcavity Polaritons

Tavity

Cavity photons:

Quantum Wells
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Microcavity Polaritons

Momentum

Caviy Quantum Wells

Cavity photons:

~ wo + k2/2m*

m* ~ 10"*m,

Wy = \/wg + c2k?

[Pekar, JETP(1958)]
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Non-equilibrium system
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Non-equilibrium system

Photon™

Exciton

In—plane momentum

I

‘ Lifetime Thermalisation ‘

Atoms 10s 10ms
Excitons? 50ns 0.2ns
Polaritons 5ps 0.5ps

Magnons® | 1us(??) 100ns(?)

?Coupled quantum wells. [Hammack et al PRB 76 193308 (2007)]
®Yttrium Iron Garnett. [Demokritov et al, Nature 443 430 (2007)]
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Non-equilibrium system

Photon™

Exciton

In—plane momentum

I

| Lifetime  Thermalisation | Linewidth Temperature
Atoms 10s 10ms 25x107BmeV  1078K 10 °"meV
Excitons? 50ns 0.2ns 5 x 107°meV 1K 0.1meV
Polaritons 5ps 0.5ps 0.5meV 20K 2meV

Magnons® | 1us(??) 100ns(?) 25x107%meV 300K  30meV

?Coupled quantum wells. [Hammack et al PRB 76 193308 (2007)]
®Yttrium Iron Garnett. [Demokritov et al, Nature 443 430 (2007)]
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Non-equilibrium system

0
.'_"5 _____ Exciton ___, 1
y In—plane momentum Cavity
| Lifetime  Thermalisation | Linewidth Temperature
Atoms 10s 10ms 25x107BmeV 108K 10 meV
Excitons? 50ns 0.2ns 5 x 10°meV 1K 0.1meV
Polaritons 5ps 0.5ps 0.5meV 20K 2meV
Magnons® | 1us(??) 100ns(?) 25x107%meV 300K  30meV

?Coupled quantum wells. [Hammack et al PRB 76 193308 (2007)]
®Yttrium Iron Garnett. [Demokritov et al, Nature 443 430 (2007)]
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Polariton experiments: Momentum /Energy distribution
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[Kasprzak, et al., Nature, 2006]
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Polariton experiments: Coherence

Basic idea: Sarmple kS
=3
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Coherence map:
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[Kasprzak, et al., Nature, 2006]
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Other polariton condensation experiments

@ Stress traps for polaritons 108
[Balili et al Science 316 1007 (2007)] 2 1608

k=]

@ Temporal coherence and line narrowing 2 teot
[Love et al Phys. Rev. Lett. 101 067404 1608
(2008)] o 1508
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Other polariton condensation experiments

@ Quantised vortices in disorder potential
[Lagoudakis et al Nature Phys. 4, 706 (2008)]

@ Changes to excitation spectrum
[Utsunomiya et al Nature Phys. 4 700 (2008)]

@ Soliton propagation
[Amo et al Nature 457 291 (2009)]

@ Driven superfluidity
[Amo et al Nature Phys. (2009)

BEdEEEE
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Overview

@ Introduction to microcavity polaritons

© Microscopic Hamiltonian & equilibrium results
@ Disorder-localised exciton model
@ Equilibrium mean-field theory

© Including pumping and decay and mean-field theory
@ Limits of mean-field theory

@ Fluctuations
@ Stability of normal state — lasing vs condensation
@ Condensed spectrum

© Conclusions
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Excitons in a disorderd Quantum well

Exciton states in disorder:

[;% + V(R)} ®4(R) = c4P4(R)
my

|

Quantum Wells

V(R) smoothed by exciton Bohr radius

[Marchetti et al. PRL 96 066405 (2006); PRB 76 115326 (2007)]
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Excitons in a disorderd Quantum well

Exciton states in disorder:

[;% + V(R)} ®4(R) = c4P4(R)
my

L — Quanum well

N

V(R) smoothed by exciton Bohr radius

Want: Energies ¢, Oscillator strengths:  gq p o ¥15(0)Pq p

[Marchetti et al. PRL 96 066405 (2006); PRB 76 115326 (2007)]
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Excitons in a disorderd Quantum well

Exciton states in disorder:

2mx

L — Quanum well

N

[ Vi | V(R)} o (R) = £aPa(R)

V(R) smoothed by exciton Bohr radius

Want: Energies ¢, Oscillator strengths:  gq p o ¥15(0)Pq p

(0peol” [arb. uniits]

[Marchetti et al. PRL 96 066405 (2006); PRB 76 115326 (2007)]
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Polariton system model

Polariton model

@ Disorder-localised excitons

@ Treat disorder sites as
two-level (exciton/no-exciton)

e Propagating (2D) photons

@ Exciton—photon coupling g.

Energy

Position
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Polariton system model

Polariton model

@ Disorder-localised excitons

@ Treat disorder sites as
two-level (exciton/no-exciton)

e Propagating (2D) photons
@ Exciton—photon coupling g.

Energy

Position

1
Hes =S  withithy + [Ea (b&ba - aLaa) + kbl a, + H.c.]
Yy ; kqbkwk % mg ,k¢k

System

avily mode
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Equilibrium: Mean-field theory

Hsys = Zwkwlwk + Z [ea (bgba — a};aa) + gL\/’kakbLaa + H.c.
k a

2 .
|ga’ﬁ0| [arb. units]
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Equilibrium: Mean-field theory

Hsys = Zwkwk¢k+z [ea< b, — ala, ) fjl‘w bl a, +H.c.

Mean-field theory:
Self-consistent polarisation and field

. Vv? 1
/at‘i‘wo—% w:ﬁzgaPa

2 .
|gw0| [arb. units]

B 0
&E [meV]
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Equilibrium: Mean-field theory

Hsys = Zwkwk¢k+z [ea< b, — ala, ) fjl‘w bl a, +H.c.

Mean-field theory:
Self-consistent polarisation and field

|:—/L+W0 ]¢=\/1Z2a:ga<aiba>

2 .
|gw0| [arb. units]

B 0
&E [meV]
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Equilibrium: Mean-field theory

sys E wkwkwk § |:€a ( o Po aLa ) akw bJr 0da T H.c.
\F
Mean-field theory:

Self-consistent polarisation and field

[—wwo ]w— fzgagw tanh (9E,)

2 - :

2 .
|ga’ﬁ0| [arb. units]
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Equilibrium: Mean-field theory

Hsys = Zwkwkwk + Z [ea (bgba — aLaa) f;ikw bt y,dq + H.c.

Mean-field theory:
Self-consistent polarisation and field

2 .
|ga’ﬁ0| [arb. units]

{—,u—i—wo ]w:\}ﬁza:ga?gbtanh(ﬂﬂy)

Density

p=IvP+ AZ[—

% tanh(BE, )]
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Equilibrium: Mean-field theory

Hsys = Zwkwkwk+z [ea< b, — ala, ) f;ikw bl a, +H.c.

Mean-field theory:

Self-consistent polarisation and field -
1 8y Né
{—,u—i—wo ]w_\/ﬁza:ga2Eatanh(ﬂEﬁ) 3
2 - :
E(% _ <6Q 2 [L> + g§/¢2 B h ELEX‘[meV] o
Density
p=IvP+4 Z [ - tanh(ﬁE )] C

.
1x10° 2x10°
nfem?]
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Equilibrium: Mean-field theory

Hsys = Zwkwkwk+z [ea< b, — ala, ) f;ikw bl a, +H.c.

Mean-field theory:
Self-consistent polarisation and field

1 gat) E
{—HWO } o= TS ) &
2 -
E(% _ <6Q 2 [L> + g§/¢2 B h ELEX‘[meV]
Density i I ]
p=IvP+4 Z [ - tanh(ﬁE )] ] ‘g |
nfem?
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Overview

© Including pumping and decay and mean-field theory
@ Limits of mean-field theory
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Non-equilibrium model: baths

System Bulk photon modes
Pumping Bath K \ W
et VAVAVA
- = = - Cavity mode

H= Hsys + Hsys,bath + Hbath
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Non-equilibrium model: baths

Pumping Bath

> =

System

Bulk photon modes

Cavity mode

Schematically: pump ~, decay x

NAVAVA RS

H= Hsys + Hsys,bath + Hbath

Hys ot = 3 VW + 3 /7 (alAg + b1Bs) + Hee
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Non-equilibrium model: baths

System Bulk photon modes

Cavity mode \/V\/\

Pumping Bath

= = y

— .

H= Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay x

Hiys,path = Z ﬁm‘“’i + Z val <QLA5 + bj,ﬁg) +H.c
p.k a,B

Bath correlations, (WTW), (ATA), (BTB) fixed:
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Non-equilibrium model: baths

System Bulk photon modes

Cavity mode \/V\/\

Pumping Bath

= = y

— .

H= Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay x

Hiys,path = Z ﬁm‘“’i + Z val <QLA5 + bj,ﬁg) +H.c
p.k a,B

Bath correlations, (WTW), (ATA), (BTB) fixed:
W bath is empty. Pumping bath thermal, pg, T:
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Non-equilibrium mean-field theory

System Bulk photon modes

Pumping Bath K \/\/\/\
=~ - ~ Excitons Cavity mode \/\/\/\

vy

o Look for mean-field solution, (3(r,t)) = yoe~"Hst.
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Non-equilibrium mean-field theory

System Bulk photon modes

Cavity mode \/\/\/\

Pumping Bath

o Look for mean-field solution, (¢(r, t)) = e~ Hst.
e Must satisfy EOM: (i0:) = ([¢, H])

psto(t) = woro(t) + D ial ()b (1)+ D _ Gpo(W(t))
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Non-equilibrium mean-field theory

System Bulk photon modes

Cavity mode \/\/\/\

Pumping Bath

-
vy

-~ - =

o Look for mean-field solution, (¢(r, t)) = e~ Hst.
e Must satisfy EOM: (i0:) = ([¢, H])

psto(t) = woro(t) + D ial ()b (1)+ D _ Gpo(W(t))

@ Coupled to Markovian decay bath.

3 GoolWp(t)) = —i/ di’ " Coe By () = —indo(t)
p p
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Non-equilibrium mean-field theory

System Bulk photon modes
- VAN

Pumping Bath

-
vy

-~ - =

o Look for mean-field solution, (¢(r, t)) = e~ Hst.
e Must satisfy EOM: (i0:) = ([¢, H])

pstho(t) = worbo(t Zg, — ikto(t)

@ Coupled to Markovian decay bath.

3 GoolWp(t)) = —i/ di’ " Coe By () = —indo(t)
p p
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Non-equilibrium mean-field theory

System Bulk photon modes
- VAN

Pumping Bath

-
vy

- Y

Look for mean-field solution, (¢)(r, t)) = 1pe Hst.
Must satisfy EOM: (id¢)) = ([, H])

pstho(t) = worbo(t Zg, — ikto(t)

Coupled to Markovian decay bath.
t
: —iwS(t—t' .
> GpolWp(t)) = _’/ dt’ 2o P ) yg(t) = —inyo(t)
p p

dv
% gb_(y)v

1

Fermion (TLS) polarisation: (a!(t)b;(t)) = ;/
including coherent v (t) and bath.
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Non-equilibrium mean-field theory

System Bulk photon modes

Pumping Bath

-
vy

- Y

Look for mean-field solution, (¢)(r, t)) = 1pe Hst.
Must satisfy EOM: (id¢)) = ([, H])

psio(t) = wotbo(t) + X (%o, t1s)tho — ikto(t)

Coupled to Markovian decay bath.

3 GoolWp(t)) = —i/ di’ " Coe By () = —indo(t)
p p

dv
% gb_(y)v

[t}

1

Fermion (TLS) polarisation: (a!(t)b;(t)) = ;/
including coherent v (t) and bath.
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Non-equilibrium mean-field theory

Gap equation:
(s — wo + ik) o = x (%o, f1s) o

Susceptibility:

_ +Fb V+(Fb*F)(iv+eaflus)
X (%o, ps) ——g’Y Z / E.)? +?)[(v + Ea)? +,y§]

excitons
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Non-equilibrium mean-field theory

Gap equation:
(s — wo + ik) o = x (%o, f1s) o

Susceptibility: E2 = (e, — 5/15)? +g2\1/)0\2

B +Fbv+(Fb—F)(i’y+€a*lMS)
X(o, 1) = —8%7 Y / EL7 + Al + B 477

excitons
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Non-equilibrium mean-field theory

Gap equation:
(s — wo + ik) o = x (%o, f1s) o

Susceptibility: E2 = (e, — %us)z + g2Yol? ) Fap(v) = Flv ¥ 3(us — ps)]

B +Fbv+(Fb—F)(i’y+6a*lMS)
X(o, 1) = —8%7 Y / ELP + Al + B 477

excitons

Jonathan Keeling Comparing polariton condensation and lasing Loughborough 16 / 28



Non-equilibrium mean-field theory

Gap equation:
(s — wo + ik) o = x (%o, f1s) o

Susceptibility: E2 = (e, — 5/15)? +g2\1/)0\2 , Fap(v) = Flv ¥ 3(us — p18)]
B +FbV+(Fb*F)(i'Y+€a*%MS)
x(vo, ps) = g%y Z / E.)2 4+ 2[(v + E. )2 + 7]

excitons

o
=

Bath Temperature
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Limits of gap equation
Gap equation:

—wo+ik=—g° Z /dV(F3+Fb)V+(Fb—Fa)(i’7+Ea—%,us)
s —wWo =—g 21 [(v — Eo)2 +42[(v + Ex)? + 77]

excitons
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Limits of gap equation

Gap equation:

o dv (Fo — Fa)(in )
=8 D | o BP0+ B

excitons

@ Laser limit: Gain vs Loss.
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Limits of gap equation

Gap equation:

B dv (Fb - Fa)(i'Y )
n=g ) / o (V= E2 + (v + Ea)2 + 7]

excitons

o Laser limit: Gain vs Loss. If Fp(w) — Fa(w) — —2Np

=g D 3 2(E, 2+7

excitons
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Limits of gap equation

Gap equation:

B dv (Fb - Fa)(i'Y )
n=g ) / o (V= E2 + (v + Ea)2 + 7]

excitons

o Laser limit: Gain vs Loss. If Fp(w) — Fa(w) — —2Np

2
k= g%y Z (E2 +7 = g’y X Inversion

excitons
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Limits of gap equation

Gap equation:

H:—gz’y Z /ZTVr (Fb — Fa)(ivy

excitons

o Laser limit: Gain vs Loss. If Fp(w) — Fa(w) — —2Np
g2
= = | i
K= g2y g (E2 +7 =% X Inversion

excitons

@ Equilibrium limit: finite T set by pumping, need Kk < 7.
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Limits of gap equation

Gap equation:

H:—gz’y Z /ZTVr (Fb — Fa)(ivy

excitons

o Laser limit: Gain vs Loss. If Fp(w) — Fa(w) — —2Np

2

k= g%y Z (E2 +7 = g’y X Inversion

excitons

@ Equilibrium limit: finite T set by pumping, need Kk < 7.
Require: F,(w) = Fp(w) so us = pup
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Limits of gap equation

Gap equation:

+Fb)V+
pe—wo I =—gy Y /

excitons

e Laser limit: Gain vs Loss. If Fp(w) — Fa(w) — —2Np

2

k= g%y Z (E2 +7 = g’y X Inversion

excitons

@ Equilibrium limit: finite T set by pumping, need Kk < 7.
Require: F,(w) = Fp(w) so us = pup
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Limits of gap equation

Gap equation:

+Fb)V+
pe—wo I =—gy Y /

excitons

e Laser limit: Gain vs Loss. If Fp(w) — Fa(w) — —2Np

2

k= g%y Z (E2 +7 = g’y X Inversion

excitons

@ Equilibrium limit: finite T set by pumping, need Kk < 7.
Require: F,(w) = Fp(w) so us = pup
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Overview

@ Fluctuations
@ Stability of normal state — lasing vs condensation
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Fluctuations: Photon Green's function

DRA = Fig[+(t — t')] < [%W} _>

o s

Keldysh approach:
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Fluctuations: Photon Green's function

DR — DA = —i< ! >
Keldysh approach: [T/) v }—

o~
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Fluctuations: Photon Green's function

DR — DA = —i< ! >
Keldysh approach: [T/) v }—

DK — —i<[¢,¢*} > = (2n(w) + 1)(DR — DA)

+
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Fluctuations: Photon Green's function

DR — DA = —i< ! >
Keldysh approach: [T/) v }—

DK — —i<[¢,¢*} > = (2n(w) + 1)(DR — DA)

+

b b

a

To find D, use D71 = Dyt — %, — Ty Sury =
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Fluctuations: Photon Green's function

DR — DA = —i< ! >
Keldysh approach: [T/) v }—

DK — —i<[¢,¢*} > = (2n(w) + 1)(DR — DA)

+

b b

a

To find D, use D71 = Dyt — %, — Ty Sury =

o 0 Alw) — iBw) \ "
b _<A(w)+i8(w) iC(w) )

Jonathan Keeling Comparing polariton condensation and lasing Loughborough 19 / 28



Fluctuations: Photon Green's function

DR — DA = —i< ! >
Keldysh approach: [T/) v }—

DK — —i<[¢,¢*} > = (2n(w) + 1)(DR — DA)

+

b b

a

To find D, use D71 = Dyt — %, — Ty Sury =

o 0 Alw) — iBw) \ "
b _<A(w)+i8(w) iC(w) )

—iC(w)
B(w)? 4+ A(w)?

2B(w)

K _ i S A
D™= B()? + A(w)?

i(DR — D*) =
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Fluctuations — Stability, Luminescence, Absorption

DK — —i<[¢,¢TL> = (2n(w) + 1)(DR — DA)

- B(w)? + A(w)?
: 2B(w)
DR DAY= 2%
4 )= BloP + AWy
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Fluctuations — Stability, Luminescence, Absorption

Jonathan Keeling

DK — —i<[¢,¢TL> = (2n(w) + 1)(DR — DA)

—iC(w)

T B(w)? + A(w)?

2B(w)

T Bw)2 + Aw)?

Comparing polariton condensation and lasing

Intensity (a.u.)

5 1 05 0 05 1
L — AW
l, -
1 | n 1 n \l n 1 n | 1
3 T T T T T —— T
‘— Density of states, 2 Im[DR]‘ ]
2, -
1,
L | | L
951 0 05 1

05
Energy (units of g)
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Fluctuations — Stability, Luminescence, Absorption

DK — —i<[¢,¢TL> = (2n(w) + 1)(DR — DA)

4 C)
D = B(w)? + A(w)?
I(DR DA) 28((.0)

" B(w)? + Alw)?

Intensity (a.u.)

05 0 05 I
Energy (units of g)

1
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Fluctuations

DX =

i(DR — DA) =

Jonathan Keeling

— Stability, Luminescence, Absorption

DK — —i<[¢,¢TL> = (2n(w) + 1)(DR — DA)

o 45 1 05 0 05 1
_2IC(W) 2 7—A((,0) T T T T ]
) _B
B(w)? + A(w) i 1
2B(w) i 5
B(w)? + A(w)? O . DN
—~ I — Density of states, 2 Im[DR] ]
g 2 — Occupation, n(w) i
>
0}
§ 1
e |
951 0 05

-0.5
Energy (units of g)
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Fluctuations — Stability, Luminescence, Absorption

DK — —i<[¢,¢TL> = (2n(w) + 1)(DR — DA)

o 15 1 05 0 05 1
DK — % =A@ ]
. D/
2B(w f ]
i(DR - DA) = 0 =
B(w)? + A(w)? D T N
— — Density of stata,ZIm[DR] ]
g oL — Occupation, n(w) i
1 % I
[DR(w)} = (w —&k) + iow — pesr) 51
951 0 05

-0.5
Energy (units of g)
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Fluctuations — Stability, Luminescence, Absorption

DK — —i<[¢,¢TL> = (2n(w) + 1)(DR — DA)

- 45 1 05 0 05 1
. L |
B(M;BJ(F %)\(w) 1 C(w)/<\<
w I ]
i(DR - DA) = 0 =
B(w)? + A(w)? T =l
— — Density of stata,ZIm[DR] ]
g oL — Occupation, n(w) i
1 :; I
[DR(w)} = (w —&k) + iow — pesr) g 1t
. 1 _ 3 - [ ‘
w— (& + iopem)(1 — ia) 951 0 05

> 05 0
1+« Energy (units of g)
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Linewidth, inverse Green's function and gap equation

Intensity (a.u.)

-1.5 -1 -0.5 0 0.5 1
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0
1 | n 1 n 1 | n 1 n | 1 n
3 T T L T A T
— Density of states, 2 Im[DR] ]
oL — Occupation, n(w)
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[DR]~! for a laser

gf ” o) = —iwyy — Kkip + gP
A 0P = —2ieP —2vP + gyN

9N = 2y(No — N) = 2g("P + P™¢)

Maxwell-Bloch equations:
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[DR]~! for a laser

gf ” o) = —iwyy — Kkip + gP
A 0P = —2ieP —2vP + gyN

9N = 2y(No — N) = 2g("P + P™¢)

Maxwell-Bloch equations:

g2No

-1
DRW)| = w-wptint —E "2
{ () “ wk—i_”ﬁ_w —2e+ 12y

—— B(w) — B(w)

® 4
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A 0P = —2ieP —2vP + gyN

9N = 2y(No — N) = 2g("P + P™¢)

Maxwell-Bloch equations:

-1 2\ ]
[DR(w)} = w—wk—i-i/ﬁ-& g -7
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/
B .
— — Zeroof Im
— )4/— &) -@vig (2yKig)
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Energy of zero
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Gain/loss rate B(w) for non-equilibrium polaritons

— B(w)
1 Clw)
0
A =t
T
— — Densty of sata 2 Im[D ]
E o — Occupation, n(w)
2
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E
s

T 05 0 _ 05
Energy (units of g)
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Gain/loss rate B(w) for non-equilibrium polaritons

1 73% 1
= ” Aw)+iBlw)=w—wk+ ik — b Z
E P — Occupation, n(w)
s [Fa(€) = Fale = w)]

I R If T>>~: Bw)=r+g%yn

(w — 2€)? + 472
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Gain/loss rate B(w) for non-equilibrium polaritons

1 73% 1
= ” Aw)+iBlw)=w—wk+ ik — b Z
E P — Occupation, n(w)
s [Fa(€) = Fale = w)]

I R If T>>~: Bw)=r+g%yn

(w — 2€)? + 472

For T >> g, replace n[Fg(e) — Fa(e — w)] — —No. Maxwell-Bloch

Jonathan Keeling Comparing polariton condensation and lasing Loughborough 23 /28



Overview

@ Fluctuations

@ Condensed spectrum

Jonathan Keeling Comparing polariton condensation and lasing Loughborough 24 /28



Condensed spectrum: Hugenholtz-Pines

Anomolous Green's function — 4 x 4 Photon Greens' function.
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Condensed spectrum: Hugenholtz-Pines

Anomolous Green's function — 4 x 4 Photon Greens' function.

|:DR(w’ k)i| -1 . < w — (:)k + ik — Z’l/ﬂl/) ~—Z¢T,¢T . >
Yty

— ZWT —w— W — Ik —

. . b b a b
with Ypty = )\"EL—O’E’V , Dyptyt = «4;@3’»
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Condensed spectrum: Hugenholtz-Pines

Anomolous Green's function — 4 x 4 Photon Greens' function.

-1 W— @+ ik — Lt -
R R k Py Yiyt
[D (w, k)} ( _ ZTW _w_a)k_,',ﬁ_zzw >

. . b b a b
with Ypty = )\"EL—O’E’V , Dyptyt = «4;@3’»

Gapless spectrum as mean-field condition implies Det[DR(O,O)]_1 =0.
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Fluctuations above transition

When condensed
—Sound mode_—

Det [DR(W, k)} T2

momentum

frequency

Poles:

wi = clk|
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Fluctuations above transition

When condensed
—Red
— Imaginary

—1
Det [DR (w, k)} = (wix)?+x%— K>

momentum

frequency

Poles:

wp = —ix £/ c?k? — x2
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Fluctuations above transition

When condensed
-1 _IRn?al inar
Det [DR (w, k)} = (i —cA? 2|5 AL
Pol §' : \_\ momentum
oles: “—
wp = —ix £/ c?k? — x2

Correlations (in 2D): (¢T(r, t)¥(0, r')) = [ho|* exp [~ Dgy(t, r, )]
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Fluctuations above transition

When condensed
—Red
— Imaginary

: ‘: momentum

Correlations (in 2D): (¢T(r, t)¥(0, r')) = [ho|* exp [~ Dgy(t, r, )]

—1
Det [DR (w, k)} = (wix)?+x%— K>

frequency

Poles:

wp = —ix £/ c?k? — x2

Tr B 2o | n(r/&) r—oo,t~0
<¢(,t)w(0,0>—|¢0| ep[ n{él (?t/x€?) re~,t— oo ]
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Finite size effects: Single mode vs many mode

(01(r, (0. 7)) = ol exp [~ Dot . 7))
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Finite size effects: Single mode vs many mode

(61(r, )00, ') = o exp [~ Dyt 7, 1")]
Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
/wt)

S [en(r)I?(1 —
D¢¢ t r, r Z/ - (nA)2’2

27 |(w + ix)? + x2
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Finite size effects: Single mode vs many mode

(61(r, )00, ') = o exp [~ Dyt 7, 1")]
Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
/wt)

S [en(r)I?(1 —
D¢¢ t r, r Z/ - (nA)2’2

27 |(w + ix)? + x2

Vxit 'Enmax

LLLLLELLL, Dgp ~ 1+ In(Emaxy/t/x)

[ ——~p—<— | Energy

A< /3]t < Emae UL
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Finite size effects: Single mode vs many mode

(61(r, )00, ') = o exp [~ Dyt 7, 1")]
Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
/wt)

S [en(r)I?(1 —
D¢¢ t r, r Z/ - (nA)2’2

27 |(w + ix)? + x2

X/t 'E e
A< \/x/t < Emax [ \‘\ LLLTELLLL Dgg ~ 14 In(Emaxy/t/x)
——pN-= \ Energy
X/t 'Ennx

VX[t << AL Emax |

LWL e~ (5) ()
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Conclusions

o Effects of pumping on mean-field theory

System

Pumping Bath

Bulk photon modes

Instability of normal state

Translating: condensation « lasing

Change to spectrum and correlations

Phase modes and finite size

Bath Temperature

freqqmw
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1 Emax
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——A= Energy
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Extra slides

@ Strong coupling evidence
@ Equilibrium results

© Mean-field Keldysh theory
© Non-condensed fluctuations

@ Condensate lineshape

@ Superfluidity
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Polariton experiments: Strong coupling
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Polariton experiments: Strong coupling

100 4

- =3
L

Ground-state occupancy

L=
L
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[Kasprzak, et al., Nature, 2006]

1 0.1 1

Density of power (kW cm-2)

Strong coupling via:

@ Small blueshift compared to Qg
@ Polaritonic dispersion, m > mppot
@ Separate photon threshold
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

p—po+ » (5¢Tow)
q

In 2D system: modified critical condition:

2m?
Ps = P — Pnormal = #? ke T
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Fluctuation corrections to phase boundary

Fluctuation corrections to density
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Fluctuation corrections to phase boundary

Fluctuation corrections to density
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Fluctuation corrections to phase boundary

Fluctuation corrections to density
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Blueshfit and experimental phase boundary

Blueshift:
10
_ Clean limit:
3 o1 §§ o T 0ELp ~ Ryxaxn + Qraxn
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10’ 1¢° 10° 104
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Blueshfit and experimental phase boundary
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Zero temperature phase diagram
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Zero temperature phase diagram
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Occupation function at T > v

Same approximation as used for B(w) yields:

r(2ny(w) +1) + ") (1 — Fe(e)Fale —w))
2ny(w) +1= (w —2€)% + 42

ng? '
p s 25)21 472 (Fe(9) = Fa(e =)
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Occupation function at T > v

Same approximation as used for B(w) yields:

n 2
2ny(w)+1= semlw) +1) + (w— 25—)27+ 472(1 — Fg(€)Fa(e — w))
w — i |
K + = 25)21 o (Fg(€) — Fa(e — w))
2ny +1

2ny+leq (g(w - MB))
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Occupation function at T > v

Same approximation as used for B(w) yields:

ng*y
HQW@O+U+Kw_ky+¢ﬁﬂ—Fﬂ@&&_w»
Fa(e) — Fale —

A * (w—2€)2+ 472( B(€) = Fa(e —w))

35 Lorenzian weighting ------
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2 [ N
15 iR
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2ny+leq (g(w - MB))
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Relating finite-size spectrum to self phase modulation

Single mode spectrum:

dw  [ea(r)P(1 —e™")
27 |(w + ix)2 + x2 — (nA)2?

Dyo(t,r,r) o /

Connection to Kubo Formula [Eastham and Whittaker, EPL 2009]

Jonathan Keeling Comparing polariton condensation and lasing Loughborough

36 / 37



Relating finite-size spectrum to self phase modulation

Single mode spectrum:

dw [n(r)|?(1 — &)
21 |(w + ix)? + x2J°

D¢¢(t, r, r) O(/

Connection to Kubo Formula [Eastham and Whittaker, EPL 2009]

Jonathan Keeling Comparing polariton condensation and lasing Loughborough

36 / 37



Relating finite-size spectrum to self phase modulation

Single mode spectrum:

dw [n(r)|?(1 — &)
21 |(w + ix)? + x2J°

D¢¢(t, r, r) O(/

Connection to Kubo Formula [Eastham and Whittaker, EPL 2009]

Imy

Rey

Jonathan Keeling Comparing polariton condensation and lasing Loughborough 36 / 37



Relating finite-size spectrum to self phase modulation

Single mode spectrum:
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Relating finite-size spectrum to self phase modulation

Single mode spectrum:

dw [n(r)|?(1 — &)
21 |(w + ix)? + x2J°

D¢¢(t, r, r) O(/

Connection to Kubo Formula [Eastham and Whittaker, EPL 2009]

Imy
O:0N = —TON + F(t), (F(t)F(t')) = Cé(t—t)
dw iw cu?
Q ; chcb(t):/%(l—e t)m
Re 2
- % [rt 1+ e*”]

Jonathan Keeling Comparing polariton condensation and lasing Loughborough 36 / 37



Superfluidity

Superfluidity:

J=pv=VIirvV = |V]2V¢
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Superfluidity

Superfluidity:

J=pv=VIRvV = |V|°V¢

xij(w = 0,9 — 0) = (Ji(q)J;(a))

qiq; qiq;
= x1(9) <5ij = q;) +x1(q) qzj
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Superfluidity

Superfluidity:
J=pv=VIRvV = |V|°V¢

xij(w = 0,9 — 0) = (Ji(q)J;(a))

qiq; qiq;
= x1(9) <5ij = q;) +x1(q) qzj

Superfluid part,
ps o< lim (xL — x7).
q—0
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Superfluidity

Superfluidity:
J=pv=VIRvV = |V|°V¢

xij(w = 0,9 — 0) = (Ji(q)J;(a))

qiq; qiq;
= x1(9) <5ij = q;) +x1(q) qzj

Superfluid part, Axji(q) = ~r~rne—— e

Ps X IimO(X/_ - XT)- G(w=0.q)
q—

Ji(q) = (Wvi(q)v)
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Superfluidity

Superfluidity:
J=pv=VIRvV = |V|°V¢

xij(w = 0,9 — 0) = (Ji(q)J;(a))

qiq; qiq;
= x1(q) <5J - q;) +x1(q) q;

¥i(q,0)tbo 7v5(9,0)2b0

SuperHUid part, AX'J(q) = ~"~NAANnNNe—— A
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Superfluidity

Superfluidity:
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Superfluidity

Superfluidity:
J=pv=VIRvV = |V|°V¢

xij(w = 0,9 — 0) = (Ji(q)J;(a))

qiq; qiq;
= x1(q) <5J - q;) +x1(q) q;

¥i(q,0)tbo 7v5(9,0)2b0

Superfluid part, Ayxji(q) = ~~rl——
ps X olliLnO(XL - XT): Gw=0.4)
=; Orp(w = 0, G)vy; + ...
J(a) = (i()e) )R (=0, dy(a)
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