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Microcavity Polaritons
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Non-equilibrium system

In—plane momentum
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Non-equilibrium

system

0

E e .

In—plane momentupm o

| \/\/\'p i Cavity
‘ Lifetime Thermalisation ‘
Atoms 10s 10ms
Excitons? 50ns 0.2ns
Polaritons 5ps 0.5ps
100ns(?)

Magnons? | 1us(??)
?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
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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
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[Kasprzak, et al., Nature, 2006]
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Overview

@ Introduction to microcavity polaritons
@ Polariton Experiments

e Microscopic model for non-equilibrium polaritons
@ Disorder-localised exciton model
@ Coupling to multiple baths
@ Mean field theory

© Macroscopic phenomenology
@ Gross Pitaevskii equation in an harmonic trap

@ Fluctuations and correlations
@ Condensed spectrum
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Excitons in a disorderd Quantum well

Exciton states in disorder:

[_;% + V(R)} ®.(R) = ea®(R)
myx

=0 Quantum Wells

V(R) smoothed by exciton Bohr radius

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

Exciton states in disorder:

[_ZVQX + V(R )} ®o(R) = £0®a(R)

=0 Quantum Wells

V(R) smoothed by exciton Bohr radius
Want: Energies €, Oscillator strengths: g, p o< 915(0)
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[0gpeol” [avD. urits]

&eE [meV]

[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) —

Energy

e Propagating (2D) photons

@ Exciton—photon coupling g.

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.
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Non-equilibrium model: baths

System Bulk photon modes

Pumping Bath

-

— .
> = -

H = Hsys + Hsys,bath + Hbath

Jonathan Keeling Nonequilibrium quantum condensates EasyMeeting 10 / 20



Non-equilibrium model: baths

System Bulk photon modes

Pumping Bath

H= Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay »

ot~ S VrW + 5 (a1 + 618,) + He

p,E avﬁ
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Non-equilibrium model: baths

System Bulk photon modes

Pumping Bath

-

- —

vy

H= Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay »

ot~ S VrW + 5 (a1 + 618,) + He

p,E avﬁ

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

Look for mean-field solution, #(r, t) = vpe~"#st. Gap equation:

(s — wo + i) o = P = x(vo, ps)o
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Non-equilibrium theory; mean-field

Look for mean-field solution, #(r, t) = vpe~"#st. Gap equation:

(s — wo + i) o = P = x(vo, ps)o

Susceptibility: E2 = ¢2 + g2\/4/)0\2 , Fap(v) = Flv F (3ps — ps)]
_ +Fbv+(Fb—F)(iV+6a—%us)
x(vo, ps) = g%y Z / E.)2 4+ 2[(v + E.)2 + 7]

excitons

o
=
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Limits of gap equation

Gap equation:

N +Fby+(Fb—F>(w+ea—;ﬂs>
e & [0 = EP + 7200 + EaP 7]

excitons

Jonathan Keeling Nonequilibrium quantum condensates EasyMeeting 12 /20



Limits of gap equation

Gap equation:

— dv (Fo— F2)(in )
w8 3 [ A B

excitons

@ Laser Limit Imaginary part: Gain vs Loss.
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Limits of gap equation

Gap equation:

(s — wo + ik) 1 = x (¥, ps)

@ Local density limit:
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Limits of gap equation

Gap equation:
(1s —wo + 1K) Y = x(¥, us)¥

@ Local density limit: Gross-Pitaevskii equation

12?2
 2m

(m0c+— vy = 5| ) 0t0) = 0wt )t

Nonlinear, complex susceptibility x(i(r, t))
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Limits of gap equation

Gap equation:
(1s —wo + 1K) Y = x(¥, us)¥

@ Local density limit: Gross-Pitaevskii equation

(mat i [vm - Wz]) 9(r) = X (r, 0)(r, 1)

2m
Nonlinear, complex susceptibility x[E(«(r,t))] , EZ = € + g2|1bo|?

RO i = Ul*0
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Limits of gap equation

Gap equation:
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Limits of gap equation

Gap equation:

(s — wo + ik) 1 = x (¥, ps)

@ Local density limit: Gross-Pitaevskii equation

h2V2
(ih&t + ik — [V(r) - D Y(r) = x((r, t))y(r, t)
Nonlinear, complex susceptibility x[E(«(r,t))] , EZ = € + g2|1bo|?
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Gross-Pitaevskii equation: Harmonic trap

2V2 mw? ,
T Trz + U + i (et — 5 — T|Y?) | ¥

EERE

[Keeling & Berloff, PRL, '08]
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Gross-Pitaevskii equation: Harmonic trap
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[Keeling & Berloff, PRL, '08]
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Stability of Thomas-Fermi solution

EERR

1 1
EathrV-(pV) = ﬁ(%et —Tp)p
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Stability of Thomas-Fermi solution

High m modes: épp.m ~ emirm

L4141

Unstable growth

1 1
EathrV-(pV) = %(’Yhet —Tp)p
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Stability of Thomas-Fermi solution

High m modes: épp.m ~ emirm

SRR

Stabilised

1 1
E6tp—i—V-(pv) = ﬁ(’ynet@(R—r)—rP)P
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Stability of Thomas-Fermi solution

High m modes: épp.m ~ emirm

1 1
E6tp—i—V-(pv) = ﬁ(’ynet@(R—r)—rP)P
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Time evolution:

[Keeling & Berloff, PRL, '08]
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Overview

@ Fluctuations and correlations
@ Condensed spectrum
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Fluctuations above transition

When condensed

Det [G5'(w, k)] = w? — c?k?

Poles: momentum

w* = c|k| — Sound mode ™

frequency

[Szymariska et al., PRL '06; PRB '07]
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Fluctuations above transition

When condensed

Det [Gr(w, k)] = (wtix)?+x2—c2k2 2
o
Poles: é momentum
w* = —ix+ 1 c%k? — x2 —Real (energy)
—Imaginary (decay rate)

[Szymariska et al., PRL '06; PRB '07]
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o
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—Imaginary (decay rate)

Correlations (in 2D): (¢ (r, £)1(0, r')) == |1bo|? exp [~ Dy (t, r, r')]

T B ) - In(r/€) r—oo,t~0
<1/1 (r, t)¢(0’0> =~ |to|” exp ! n {% In(c®t/x€2) re~ t — o0

—_

[Szymariska et al., PRL '06; PRB '07]
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Finite size effects: Single mode vs many mode

(01(r, )00, 7)) = [l exp [~ Dot . 7))
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Finite size effects: Single mode vs many mode

(67(r,£6(0, 7)) = [tbol? exp [~ Dyt 1, ")
Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
iwt)

L en(r)P(1 —e
D¢¢ t r, r Z/ (nA)2’2

2T |(w + ix)2 + x2 —
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Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
iwt)

L en(r)P(1 —e
D¢¢ t r, r Z/ (nA)2’2

2T |(w + ix)2 + x2 —

\X/I IEmax

HHHHHH Dy ~ 1+ In(Emaxr/t/X)

[ p— Energy

A< \/x/t < Epax UL
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Finite size effects: Single mode vs many mode

(67(r,£6(0, 7)) = [tbol? exp [~ Dyt 1, ")
Dyy(t, r,r') from sum of phase modes. Study ct > r limit:
/wt)

S [en(r)|*(1 —
D¢¢ t r, r Z/ ~ (nA)2’2

27 |(w + ix)? + x2

\X/I IEmax
A< \/x/t < Emax L H‘\ [ \ LU Dyg ~ 1+ In(Emax/t/x)
A< Energy
\X/Il Emax

VX[t <€ A < Emax \‘

LLLLIIELLL - Do ~ (B ) (57)
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Conclusions

Localised two-level system model
Mean-field and fluctuations

.

Pumping Bath

e
Bath Temperature
b
ki
o &

Modification to Thomas-Fermi profile .
Spontaneous rotating vortex lattice

Change to spectrum and correlations
Phase modes and finite size

HomogenacusLPlinaviah

&
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Extra slides

© Polariton Experiments

© Equilibrium results
@ Fluctuations and optical spectra
@ Fluctuation corrections to phase boundary

@ Vortices
@ Observation

© Superfluidity
© Zero temperature Keldysh boundaries

@ Non-equilibrium Fluctuations
@ Instability of normal state
@ Self phase modulation
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Other polariton condensation experiments

Old measurements of (N(t)N(t+ 7))
[Deng et al PNAS 100 15318 (2003)]

Stress traps for polaritons
[Balili et al Science 316 1007 (2007)]

@ Temporal coherence and line narrowing
[Love et al Phys. Rev. Lett. 101 067404 (2008)]

@ 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)]
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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]

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

. 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

, V2 1 ;
{/& + wo — Qm] Y= ﬁ Zgoz<3aba>

2 .
|gw0| [arb. units]

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

sys § wkwk¢k § |:€a ( o Po aLa ) ak¢ bJr 0da T H.c.
\F
Mean-field theory:

Self-consistent polarisation and field -
: gw &
i0y + wg — w = E TR tanh (BE.) =
\F E
&\ 2 S
Eaz - <2a> + g§¢27 €q =€ — [ ek mev]

Jonathan Keeling Nonequilibrium quantum condensates

EasyMeeting 23 /39



Equilibrium: Mean-field theory

sys § wkwk¢k § |:€a ( o Po aLa ) ak¢ bJr 0da T H.c.
\F
Mean-field theory:

Self-consistent polarisation and field -
_ gw b (GE &
— 1+ wo w \/» Z goz tan (5 ) T
&\ e
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Equilibrium: Mean-field theory

Hsys = Zwkwkwk + Z [ea (bgba — a};aa) fjl‘w bt y,dq + H.c.

Mean-field theory:
Self-consistent polarisation and field

|:_:U’+WO :|w: ! Z:gozM

—t

[«5)
5

>

—~

Q@

Qn'l

~
2

|gw0| [arb. units]

Density

p=1v"+ 4 Z [ - —tanh(ﬂE )]
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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

1 8oy §
- - =Y tanh (GE,)
|: /“’_WO :| w \/Z o ga2EC¥ o (ﬂ 01) Qé-
~ N2 -
€ E - -
Ea2 — (;) + g§¢27 ’éa =€y — [ s-EX‘[meV]
Density

p=1v"+ 4 Z [ - —tanh(ﬂE )]

.
1x10°
nfem?
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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

1 - £
- = =3 g5 tanh (BE) =
|: /“’_WO :| w \/Z o ga2EC¥ o (ﬂ 01) Qé-
- 2 B
€ ~ syt
Ea2 = ( 2a> + g§¢27 €a = € — U E-E*‘[me\/]

Density

p=1v"+ 4 Z [ - —tanh(ﬂE )]

1x10° 2x10°
nfem?]
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Equilibrium: Fluctuations about mean-field

Fluctuations v — % + §%; correction to action
T

o )
o (88 ) ()

v,p,q
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Equilibrium: Fluctuations about mean-field

Fluctuations v — % + §%; correction to action

S— 50+Z<£Z’*p> l(y)<5‘i;ﬁ_qq>

v,p,q

» . . W) xPw)
gpq (V) = (wp + II/)]l(qu + Zgapgaq X ( ) y

Jonathan Keeling Nonequilibrium quantum condensates EasyMeeting 24 / 39



Equilibrium: Fluctuations about mean-field

Fluctuations v — % + §%; correction to action

S— 50+Z<£Z’*p> l(y)<5‘i;ﬁ_qq>

v,p,q
Gpq (V) = (wp + V) 10pq + Y _ 8ip8ag ( i‘)‘
Ie «

@ Optical response:
Treat p # q perturbatively [D. M. Whittaker PRL 80 4791]

» Spectral weight W (v, p) = 2% [Gi(iv)]
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Equilibrium: Fluctuations about mean-field

Fluctuations v — % + §%; correction to action

st \ T 5
oo (88 ) s )

v,p,q
g_l(u):(w + iv)1opq + - (XO‘
P ’ a Z PP R0 )

@ Optical response:
Treat p # q perturbatively [D. M. Whittaker PRL 80 4791]

» Spectral weight W (v, p) = 2% [Gi(iv)]
» Emission Pemit(v, p) = ng(v)W(v,p)
» Absorption Pabsorb(vsp) = (14 ng(v))W(v,p)
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Equilibrium: Fluctuations about mean-field

Fluctuations v — % + §%; correction to action

st \ T 5
oo (88 ) s )

v,p,q
Gpq (V) = (wp + V) 10pq + Y _ 8ip8ag ( i‘)‘
a «

@ Optical response:
Treat p # q perturbatively [D. M. Whittaker PRL 80 4791]

» Spectral weight W (v, p) = 2% [Gi(iv)]

» Emission Pemit(v, p) = ng(v)W(v,p)

» Absorption Pabsorb(v,p) = (14 ng(v))W(v,p)
» Rayleigh scattering  lp£q(v) = |Gaa(iv)]?
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Fluctuations and optical spectra

Non-Condensed Condensed

Spectral Weight

o
o
T
1

2 (w-W/Qg
s
o O

N
o
T
I
T

I

Rayleigh intensity

o
o
T
1
I

< |

o
o

00 01 02 03 00 01 02 03

ol ay [PRB 76 115326 (2007)]

@ Phase sensitive Rayleigh — “negative energy” Bogoliubov modes.
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Exciton disorder and polariton density of states

(@

/

(o)

[I— Absorption 4 |

Gain

[© r
Absorption 4 |

—

Gain
.

‘ :
0 0.1 0.2 0.3
[pl &

Jonathan Keeling

QP DosS [arbitrary units]

Nonequilibrium quantum condensates

@ “Dark” exciton states left at
exciton energy.

@ Dark states not truly dark, but
weak coupling.

@ No gap in condensate due to
weak coupling tail.
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Disorder localised states

|ng0|2 [arb. units]

lgg,l” [arb. units]

DoS(e)

AT A,
'&%\F‘,m..wm T,

1 0
e-E [meV]

p=6.3x10"cm"

;.. DoS(e)

0
e-E [meV]

Jonathan Keeling

- E, [mev]

B[ degrees]

0 5060 7

e=p?/2m —
gAep)

Nonequilibrium quantum condensates
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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

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

p—po+ » (5¢Tow)
q

In 2D system: modified critical condition:

2m
Ps = P — Pnormal = #? ke T

2

20

30

10

non-condensed

condensed

Jonathan Keeling
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

.I.
p— po+ § (d9T01))
q 3
o}
: . . o
In 2D system: modified critical condition:
3 3
2m?
ps:p*pnormalz# n ke T
40 T T
non-condensed
30 condensed |
0 201, |
10 5
0 it i
0 1x10° 2x10°
n[cm?
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Fluctuation corrections to density

.I.
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In 2D system: modified critical condition:
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Fluctuation corrections to phase boundary

Fluctuation corrections to density

p—po+ » (5¢Tow)
q
In 2D system: modified critical condition:

Ps = P — Pnormal = #? ke T

Energy

40 T
non-condensed
30 condensed |
020}, B
/
K
10F i
J 4
0 it 1
0 1x10° 2x10°
n[cm?
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Blueshfit and experimental phase boundary

Blueshift:
10
_ Clean limit:
3 o1 §§ o T 0ELp ~ Ryxaxn + Qraxn
. 0'01/35/ Here: Qrag — Qr&2
0.001 =5.3meV, Blen=17K [PRB 77 235313]
10’ 1¢° 10° 104
n[cm’z]
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Blueshfit and experimental phase boundary
Blueshift:
" l T Clean limit:

s
(5} x -
£ e 2 2
3 o1 23 T 0ELp ~ Ryxaxn + Qraxn
g £g
w o<

0.01 =

Here: QRaf( — QR§2

0.001 =53meY, BTer=17K [PRB 77 235313]
10 10 10° 101
n [cm’z]

Phase diagram: CdTe:
40 T I T

T IR l T R
| - 3=5.5meV| =
/ non-condensed 20, ey U P
! 6=5.3meV|
o/ 1 ) ) =K | STemeV, T, ~12K]
; = ‘cond‘e‘snsed St 0
7 o e
= 1,7 - X2 A 1 20
xmzojl i 4 = § ) : :
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Instability of Thomas-Fermi: details
V= /pe v="=Lve

1
5&/) + V- (pv) = (Ynet — Tp)p

mw2

2

Oev + V(Up+ 02 4 g\vﬁ) =0
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Instability of Thomas-Fermi: details
V= /pe v="=Lve

1
5&/) + V- (pv) = (Ynet — Tp)p

mw2

2

Oev + V(Up+ 02 4 g\vﬁ) =0

Consider p — p+ dp,v — v + dv.
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Instability of Thomas-Fermi: details

V= /pe v="=Lve If Ynet, I' — 0, can find normal
modes in 2D trap:

1 __ _imf iwn,mt
500+ V- (pv) = (et = Tp)p Opnm(r,0,) = €™ hnm(r)e
2 Wnm = w2y/m(1 4 2n) + 2n(n+ 1)
mws 5,  m, o '

PP =0

owv + V(Up + 3

Consider p — p+ dp,v — v + dv.
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Instability of Thomas-Fermi: details

V= /pe v="=Lve If Vnet, I' — 0, can find normal
modes in 2D trap:

1 __ _imf iwn,mt
Eatp + V- (pv) = (et — Tp)p Opnm(r.0,t) = €™ hnm(r)e

2 m Wn,m :w2\/m(1+2n)+2n(n+1)
2+ DvR) =0

mw

owv + V(Up + 3

Consider p — p+ dp,v — v + dv.
Add weak pumping/decay:

m(1 4+ 2n) +2n(n + 1)—m?

Wn,n = Wn,m + I Ynet 2m(1 T 2”) T 4”(” T 1) T m2

Instability
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Why vortices

Density profile
Thomas-Fermi in flattened trap ———

15
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Why vortices

Density profile
Thomas-Fermi in flattened trap ———

-5 0 5 15
Cross Section

Rotating solution: i0:¢) = (1 — 2QL, )¢
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Why vortices

£ Density profile
20 Thomas-Fermi in flattened trap ———
15
2
‘@
% 10
[a]
5
915 -10 10 15

-5 0 5
Cross Section

Rotating solution: i0:¢) = (1 — 2QL, )¢

Velplv=Qxr)] = (me®(R—r)—Tp)p,
h2V2,/p
2m\/p

,u,:g\v—ﬂxrf+gr2(w2—92)+Up—
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Why vortices

£ Density profile
20 Thomas-Fermi in flattened trap ———
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Cross Section

Rotating solution: i0:¢) = (1 — 2QL, )¢
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o )+ Up 2m\/p

v=Qxr,
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Why vortices

£ Density profile
20 Thomas-Fermi in flattened trap ———
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[a]
5
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Cross Section

Rotating solution: i0:¢) = (1 — 2QL, )¢

R2v2,/p
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Why vortices

£ Density profile
20 Thomas-Fermi in flattened trap ———
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Cross Section

Rotating solution: i0:¢) = (1 — 2QL, )¢

h2v?2
. LUy TR
2m\/p

v=Qxr, Q=w, p="QR-r)

r

Jonathan Keeling Nonequilibrium quantum condensates EasyMeeting

31/ 39



Why vortices

£ Density profile
20 Thomas-Fermi in flattened trap ———
15
2
‘@
% 10
[a]
5
915 -10 10 15

-5 0 5
Cross Section

Rotating solution: i0:¢) = (1 — 2QL, )¢

h2V2
p= —i—Up—J
2m\/p
v=Qxr R—w o= eR-r)- L
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Why vortices: chemical potential vs size

U
Thomas-Fermi : ju < R?>  Vortex : = ?net
KL
35 ]
cTTT unstable
30 . i
r 1 ,¢ ]
o5 L / 1
[ 1 }

2 W 7
T 1, 7% _ 46 17 28 4 83 75 |

10F 1

50 ]

O: I I I I ]
0 2 4 6 8 10 R
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Observing vortices: fringe pattern

Sample
Beam
l Splmer: <—|>
: Tunable
ccd ey
Retroreflector
Jonathan Keeling Nonequilibrium quantum condensates
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Observing vortices: fringe pattern

t=45
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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
ps X olliLnO(XL —XT). Glw i07q)
Ji(q) = (¥1yi(a)) = i(q)9r(w = 0,@)yj(q) + - -

Jonathan Keeling Nonequilibrium quantum condensates EasyMeeting 34 /39



Superfluidity

Superfluidity:
J=pv=VIRvV = |V|°V¢

xij(w = 0,9 — 0) = (Ji(q)J;(a))

qiq; qiq;
= x1(q) <5J - q;) +x1(q) 7

¥i(q,0)tbo 7v5(9,0)2b0

Superfluid part, AXU(q) = ~"ANnN———— o
ps X olliLnO(XL - XT): Glw iOvQ)
Ha) = (hila)) “ gL

il---)q;

(w+ ix)? + x2 — cq?
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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)
Static ps survies - qi(--)g —
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Zero temperature phase diagram
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Zero temperature phase diagram
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Zero temperature phase diagram
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Fluctuations — Stability, Luminescence, Absorption
Gra= F iol(e — ] [v1.0] )

G = —i<[wT,wL>

Keldysh approach:
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Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ A I<[w ’w}—>

G = —i<[wT,wL>
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Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ A I<[w ’w}—>

=~ {[4.6] ) = (@nle) + 1)(Gr - G

Jonathan Keeling Nonequilibrium quantum condensates EasyMeeting 36 / 39



Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ A I<[w ’w}—>

=~ {[4.6] ) = (@nle) + 1)(Gr - G

Jonathan Keeling Nonequilibrium quantum condensates EasyMeeting 36 / 39



Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ A I<[w ’w}—>

=~ {[4.6] ) = (@nle) + 1)(Gr - G

1
gK = - — gK —
Q RN (¢
1 1
Or —Ga = -
-1 -1
gr [Gr™ T
Jonathan Keeling Nonequilibrium quantum condensates
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Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ A I<[w ’w}—>

=~ {[4.6] ) = (@nle) + 1)(Gr - G

G — —Gr 7t
K Im[Gr ~1]? 4 Re[Gr 1]
-1
Or—Ga= 2Am{Gr ]

Im[Gr 1] + Re[Gr ]2
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Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ a I<[w ’w}—>

=~ {[4.6] ) = (@nle) + 1)(Gr - G

-1.5 1 -0.5 0 0.5 1

[ _RqG'Rl] T T T T T T T ]
it |
—G 7t 0
R R ! ‘_Spectral weight, (GR-GA)‘ |
_ 2Im[Gr '] S,
Or—Ga= 15 - 8
mGr P RelGr P 2
g
Gr'(w, k) = (v —w}) =
51— ‘ )

-0.5 0 0.5
Energy (units of g)
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Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: dr —Ga I<[w ’w}—>

=~ {[4.6] ) = (@nle) + 1)(Gr - G

-1.5 -1 -0.5 0 0.5 1

[—Racy T
l_lm%
—g;c_l 0
gK:lm[Q 12 4+ Re[Gr ]2 e
R2| e _1]R ~ | |— Spectrdl weight, (G- G,)| |
m =}
Or—Ga= 1 R 5 &2
Im[Gr ~*]? + Re[Gr 7] 2z
o 1
Gl(w, k) = (v — w}) + ia E |
51— ‘ )

-0.5 0 0.5
Energy (units of g)
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Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ a I<[w 7w}—>

= ~i{[1:6] ) = (20(e) + 1)(G - G

-1.5 -1 -0.5 0 0.5 1

[—Recal ]
l_lmlej/<\«
| -iGY ]

—Gr 0 =
nglg_12 Rg—12 3 ‘l::l:l:
m[Gr~"]* + Re[Gr 7] ! — Spectral weight, (G - G,)| |
2lm[Gr Y] 3,0 — Distribution, (2n(c) + 1)
Or —Ga = 17 T; <
Im[Gr 2+ Re[Gr ' 2
g 1
Grl(w, k) = (w —wp) +icfw — perr)  E |
951 05 0 05 1
Energy (units of g)
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Fluctuations — Stability, Luminescence, Absorption

—Ga= — | 1
Keldysh approach: Uk~ a I<[w 7w}—>

= ~i{[1:6] ) = (20(e) + 1)(G - G

; 45 1 05 0 05 1
£ = (v'0) = 2 [Gk + (Gr — Ga) [ rac ]
l_lmlej/<\«
i -G |
_gK,il 0 | | | =
Gk = Im[Gr ]2 + Re[Gr 12 3 Ny
R 1 R P — Spectral weight, (G, - G,)| |
G G 2Im[Gr 7] 3,0 —Eistr_ibution, (2n(w) + 1)
- = ~ — Luminescence
koA Im[Gr ~1]? 4 Re[Gr ~1]2 el
o 1r
gﬁl(w, k) = (w — uJZ) + ioz(w — ,U,eff) =l
9"5 -1 | | |

-0.5 0 0.5
Energy (units of g)
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Linewidth, inverse Green's function and gap equation

1 — Im[Gg] i
| IGQ/<\Q
0
" 1 l n 1 n \l n 1 \l 1 n
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| — Spectral weight, (G, - G,)| |
(:‘;3 oL — Distribution, (2n(w) + 1)
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Linewidth, inverse Green's function and gap equation
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Linewidth, inverse Green's function and gap equation

Intensity (a.u.)

1

o

Energy of zero (units of g)
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0.6 -05 -6.4 03
Bath chemical potential, pi./g

| | | | | |
3 T — T T
— Spectral weight, (G, - G,)| | -
o — Distribution, (2n(w) + 1) —
l,
I <
L n | L §
Y51 o5 0 05 I 3
Energy (units of g) § 107
e . . . -
At transition, Gap Equation implies: 2
5]
-1 g
QR (w:us,kIO):O §10 B

Jonathan Keeling

T T T
K/g=0.02 [— y/g=0.3
— y/g=0.5

Nonequilibrium quantum condensates

5 08 -d._7 06 05 -04
Bath chemical potentia, p,/g

EasyMeeting

[
o,

[
S,

=0)

N

Integrated PL (p:

o

10°

37 /39



Instability compared to a laser

Weak coupling: Maxwell-Bloch equations

Oy = =Ky + gP
OtN =T (Ng — N) — g(v*P + ¢ P).
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Instability compared to a laser

Weak coupling: Maxwell-Bloch equations Correspond to energy
independent F p,
Oy = =Ky + gP
0P =—yP+gvN Grl=w+ir+ g =
OeN =T(No — N) — g(v* P + $P"). wEh

2N
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Instability compared to a laser

Weak coupling: Maxwell-Bloch equations Correspond to energy
independent F, p,
Oy = =Ky + gP
0P = —yP +gyN g;lzw—i—in—i-
OtN =T (Ng — N) — g(v*P + ¢ P).
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Relating finite-size spectrum to self phase modulation

Finite-size spectrum:

iwt)

S lon(r)P(1—e
D¢<f> i‘ r, r Z/ _(nA)Z‘z

2T |(w + ix)2 + x2

Connection to Kubo Formula [Eastham and Whittaker, arXiv:0811.4333]
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Relating finite-size spectrum to self phase modulation

Finite-size spectrum:
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Relating finite-size spectrum to self phase modulation

Finite-size spectrum:
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Relating finite-size spectrum to self phase modulation

Finite-size spectrum:
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