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Non-equilibrium features in experiment
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2 2. Flow from pumping spot
¥ (k)| 7'5 [P (=k)J*: [Wertz et al. Nat. Phys. (2010)]
Broken time-reversal symmetry.
[Krizhanovskii et al. PRB (2009)]
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Strong coupling in experiment

[Bajoni et al. PRL 2008]
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0 Microscopic model: lasing vs condensation
@ Model: localised excitons, propagating photons
@ Simple laser: Maxwell-Bloch
@ Non-equilibrium polaritons: coherence and strong coupling

e Coherence of polariton condensate
@ Condensed spectrum
@ Power law decay of coherence
@ Finite size and Schawlow-Townes

Most results in review:arXiv:1001.3338
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Polariton system model

Quantum Wells

@ Disorder-localised excitons

le, ol [arb. units]
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Polariton system model

Energy

ﬁﬁ‘” Quantum Wells

@ Disorder-localised excitons

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

Position

le, ol [arb. units]
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Polariton system model

Energy

ﬁﬁ‘” Quantum Wells

@ Disorder-localised excitons

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

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

le, ol [arb. units]

Jonathan Keeling Condensation, lasing and superradiance Telluride, July 2011 5/23



Polariton system model

@ Disorder-localised excitons

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

@ Propagating (2D) photons
@ Exciton—photon coupling g.
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Equilibrium: Mean-field theory

Self-consistent polarisation and field

(i — wo) v = Z o -
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Equilibrium: Mean-field theory

Self-consistent polarisation and field

( _ R A/ 2_ [(€a—H 2 o2
powo)i == CEop-tanh (B, B = (=5 ) +alvl
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Equilibrium: Mean-field theory

Self-consistent polarisation and field

( _ _ Ga gozw 2 u 2 2,12
H—wo) = Zsz tanh (BE.),  Eu® = ("5 ) +6aIv|

Phase diagram:

non-condensed

condensed
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Equilibrium: Mean-field theory

Self-consistent polarisation and field
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Simple Laser: Maxwell Bloch equations

%szgf +H.c.

VA
Maxwell-Bloch egns: P = —i(S7), N = 2(§%)
3t¢ = —iw0¢ — K+ Za gozPoz
0tPy = —2ieq Py — 2vP + gu N,
atNoz = 2’7(N0 - NO&) - Zga(¢*Pa + P2¢)

H=woplp + > eaSE+
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Simple Laser: Maxwell Bloch equations

H=woplp + > eaSE+ %Qf)s&’— + H.c.

F/X,g I'N,
&) —
Maxwell-Bloch egns: P = —i(S7), N = 2(§%) gf K
oY = —lwo — kY + 3, GaPa
0tP, = —2ieq Py, — 29P + ga¥ N,
atNa = 2’7(N0 - NO&) - Zga(¢*Pa + P2¢)
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Simple Laser: Maxwell Bloch equations
H = wout W57+ Fek st L He,

wow+2aje At RS T He FI% N,

) &

Maxwell-Bloch egns: P = —i(S7), N = 2(§%) gf K|y

O = —lwotp — K + Za 9aPu
0Py = —2ieq Py — 2vP + 9oty N,
atNa = 2’7(N0 - NO&) - Zga(¢*Pa + P;iﬂ)
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Simple Laser: Maxwell Bloch equations
H = wout W82+ 2Kyt L He

wow+2aje At RS T He r,%g N,
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Maxwell-Bloch Equations: Retarded Green’s function
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Response to perturbation

@ Absorption = —23[D(w)]
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Maxwell-Bloch Equations: Retarded Green’s function
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Onp = —iwoh — K + 32, Ga P
@ Introduce D (w): OtPy = —2ieq Py — 29P + gatv N,
Response to perturbation 9\, = 2(Ny — N,) — 29a(v* Pa + PEth)

@ Absorption = —23[D(w)]
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Maxwell-Bloch Equations: Retarded Green’s function
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Maxwell-Bloch Equations: Retarded Green’s function
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Maxwell-Bloch Equations: Retarded Green’s function
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Maxwell-Bloch Equations: Retarded Green’s function
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Evolution of poles with Inversion
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Evolution of poles with Inversion
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@ Microscopic model: lasing vs condensation

@ Non-equilibrium polaritons: coherence and strong coupling
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Non-equilibrium description: baths

System Bulk photon modes

Pumping Bath K \ \/\/\/\
= == Excitons . \/\M

-~

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

System Bulk photon modes

K \
NVAVA A

Pumping Bath

-~

>~ = -

H = Hsys + Hsys path + Hbath

Schematically: pump ~, decay ~

Hsyspatn = > VitxWh+ Y v/7 (ahAs + bLBy) + Hec.

p?k a?B
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Non-equilibrium description: baths

System Bulk photon modes

K \
NVAVA A

Pumping Bath

~

>~ = -

H = Hsys + Hsys path + Hbath

Schematically: pump ~, decay ~

Hsyspatn = > VitxWh+ Y v/7 (ahAs + bLBy) + Hec.

p7k OC,B
Bath correlations, (ViW), (ATA), (BfB) fixed:
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Non-equilibrium description: baths

System Bulk photon modes

K \
NVAVA A

Pumping Bath

~

>~ = -

H = Hsys + Hsys path + Hbath
Schematically: pump ~, decay ~
Hsys bath = Z \/Ewk\u;r, + Z Nal (aLAB + nyBﬁ) + H.c.
p k Oé,B

Bath correlations, (ViW), (ATA), (BfB) fixed: n F @
V bath is empty. Pumping bath thermal, xg, Tg: :

g ™
—y/2 0 /2
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Non-equilibrium mean-field theory

Look for mean-field solution, 4 (r, t) = ype~"#s!. Gap equation:

(s — wo + K)o = x(o, ps)ho
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Non-equilibrium mean-field theory

Look for mean-field solution, 4 (r, t) = ype~"#s!. Gap equation:

(s — wo + K)o = x(o, ps)ho

Susceptibility x = x(o, us, g, Tp,7)
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Non-equilibrium mean-field theory

Look for mean-field solution, 4 (r, t) = ype~"#s!. Gap equation:
(s — wo + iK) Yo = X (o, ps)to

Susceptibility x = x(o, us, g, Tp,7)
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Density n/n,
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Luminescence spectrum and Green’s functions

— 23[DR(w)] = DoS(w)

[Dﬂ(w)} T AWw) + iB(w)

DoS(w) =
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Luminescence spectrum and Green’s functions

— 23[DR(w)] = DoS(w) iDK(w) = (2n(w) + 1)DoS(w)

[Dﬂ(w)} T AWw) + iB(w)

DoS(w) =
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Luminescence spectrum and Green’s functions

— 23[DR(w)] = DoS(w) iDK(w) = (2n(w) + 1)DoS(w)

[Dﬂ(w)} T AWw) + iB(w)
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Luminescence spectrum and Green’s functions

— 23[DR(w)] = DoS(w) iDK(w) = (2n(w) + 1)DoS(w)
—1 -1.5 -1 0.5 0 0.5 1
[Dﬂ(w)} — A(w) + iB(w) e
2B(w 07
PoS(W) = g )245/2(@2 =
M-Olr.s 1 0 05 1

-0.5
Energy (units of g)
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Luminescence spectrum and Green’s functions

— 23[DR(w)] = DoS(w) iDK(w) = (2n(w) + 1)DoS(w)

[Dﬂ(w)} T A(w) + iB(w)

_ 2Bw) o
DoS(w) = B+ A2 )
3,

g 17

05 0 05 1
Energy (units of g)

o

5 a1
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Luminescence spectrum and Green’s functions

— 23[DR(w)] = DoS(w) iDK(w) = (2n(w) + 1)DoS(w)

05 0 05 1
Energy (units of g)
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2B(w 07
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Luminescence spectrum and Green’s functions

— 23[DR(w)] = DoS(w) iDK(w) = (2n(w) + 1)DoS(w)
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Stability and evolution with pumping
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Stability and evolution with pumping
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Stability and evolution with pumping
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Stability and evolution with pumping
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Strong coupling and lasing — low temperature
phenomenon

! Eqbm. polériton ‘ || Non-eqbrri. polariton ‘ | | Laser ‘ - -
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o \
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2 condensed conde‘nsed condensed N conde‘nsed condensed condensed]
2 -1 0 2 -1 0 -1 0 1
u/g up/g Inversion, N,
. . — Al
@ Laser: Uniformly invert TLS = B«»)%\<
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Strong coupling and lasing — low temperature
phenomenon
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Strong coupling and lasing — low temperature
phenomenon

! Eqbm. pofariton ‘ || Non-eqbrﬁ. polariton ‘ | | Laser ‘ P -7
£ — N\ ﬁ \ s
0 Ropgg — — & / P <
2 -7 —// /
3 -~ N
-1 = | 1 ~ i
- { S
7 \ ~
/ngn— non- AN non-
2 L L
condensed conde‘nsed condensed N conde‘nsed condensed condensed]|
-2 -1 0 -2 -1 0 -1 0 1
we up/g Inversion, N,
. . — A(w)
@ Laser: Uniformly invert TLS |=3Bw ]
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e Coherence of polariton condensate
@ Condensed spectrum
@ Power law decay of coherence
@ Finite size and Schawlow-Townes
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Spectrum above transition

When condensed
—Sound mode]—

—1
Det [DR(w, k)} T g
Q
. & momentum
With &, ~ ck &
Poles:
w* =&
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Spectrum above transition

When condensed

— ea|_
—Imaginary

1
Det [DR (w, k)} = (w+ivnet)®+1Pe—E2

momentum
Poles:
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Correlations in a 2D Gas

Correlations: + =

gi(r. ¥, 1) = (vH(r.u(r,0) )

Uncondensed

Condensed

1875 350 825 1500
Fringe Visibility (%)

0 1150 20 UM 60
Fringe Visibility (%)

[Szymanska et al. PRL '06; PRB '07]
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Correlations in a 2D Gas

Correlations: (in 2D)

gi(r. ¥, 1) = (vH(r.u(r,0) )
~ |1ho|? exp [—D;z)(r, v, t)]

e D< =DK - DR+ DA

[Szymanska et al. PRL '06; PRB '07]
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Correlations in a 2D Gas

Correlations: (in 2D) + =

gi(r. ¥, 1) = (vH(r.u(r,0) )
~ |1ho|? exp [—D@)(r, v, t)]

e D< =DK - DR+ DA
@ Generally, get: <¢T(r, t)¢(0,0)> ~

|1/1o|2 exp [—ap {In(r/ro) r— oo, t~ 0]

%|n(02t/’ynetf§) rﬁ,t—>OO
[Szymanska et al. PRL '06; PRB '07]
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Experimental observation of power-law decay

5 | M
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X (um) X (um)

G. Rompos, Y. Yamamoto et al. submitted
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Experimental observation of power-law decay
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G. Rompos, Y. Yamamoto et al. submitted
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Exponent in a non-equilibrium 2D gas

<¢T(r, 0)y(—r, 0)> = [4o|? exp [—D;d)(r, —r)} x exp [—apln (?)}

lim
r—o0 0

@ Experimentally, ap ~ 1.2
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Exponent in a non-equilibrium 2D gas

<¢T(r, 0)y(—r, 0)> = [4o|? exp [—D;d)(r, —r)} x exp [—apln (?)}

lim
r—oo 0
@ Experimentally, ap ~ 1.2

mkgT 1

@ In equilibrium a, = 1. < I (BKT transition)
™ s
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Exponent in a non-equilibrium 2D gas

2r
; _ 2
tim (41(r.0)0(-1,0)) = vl exp [~ D5, (r. )] x exp | ~apin (27
@ Experimentally, ap ~ 1.2
@ In equilibrium a, = % < % (BKT transition)
™ s

@ Non-equilibrium theory depends on thermalisation.
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Exponent in a non-equilibrium 2D gas

2r
; _ 2 <
tim (41(r.0)0(-1,0)) = vl exp [~ D5, (r. )] x exp | ~apin (27
@ Experimentally, ap ~ 1.2
@ In equilibrium a, = %’g; < % (BKT transition)
@ Non-equilibrium theory depends on thermalisation.
kaT

» Thermalised (yet diffusive modes) a, = Py
S
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Exponent in a non-equilibrium 2D gas

Jim (416.01.0) = ioPesp D560 e [y (2]

0

@ Experimentally, ap ~ 1.2

. kgT 1 "
@ In equilibrium a, = ;Tgns < I (BKT transition)
@ Non-equilibrium theory depends on thermalisation.
kaT

» Thermalised (yet diffusive modes) a, = 212
S

Pumping noise

» Non-thermalised, ap P
S
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@ Coherence of polariton condensate

@ Finite size and Schawlow-Townes

=] = = E = DA
Jonathan Keeling Condensation, lasing and superradiance



Finite size effects: Single mode vs many mode

(w(r 0y, 0)) = [P exp [~ D5, (1, ¥, )]

=} = = = = DAl
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Finite size effects: Single mode vs many mode

(w1(r, (¥, 0)) = [0l exp [~ D5, (r. ¥, 1)]
D5, (r, ¥, t) from sum of phase modes. Study ct > r limit:

Nmax

¢¢rrt)o<2/2w|(w

lon(r)2(1 — e1)
+/’Ynet) +'7net fn‘
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Finite size effects: Single mode vs many mode

(w(r 0y, 0)) = [P exp [~ D5, (1, ¥, )]

D5, (r, ¥, t) from sum of phase modes. Study ct > r limit:

Nmax

¢¢rrt)o<2/27r|(w

lon(r)2(1 — e1)
+/’Ynet) +'7net fn‘
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Finite size effects: Single mode vs many mode

(01(r, 00(F,0)) = [vol exp [~D3,(r, ¥ 1)

D5, (r, ¥, t) from sum of phase modes. Study ct > r limit:

Nmax 1
lon(r)[2(1 — e~1)
(r,r,t) /
SOTE b

/’Ynet) + ’Vnet fn‘
A¢ < \/%;et < Emax

D§¢ ~ 1 +In(Emax/ ﬁ)
Vnet Emaxé < 7C t
\/T < A < Emax LTJ_I_MELM“ANL D3 (2’Ynet> (2’7net>

(Recovers Schawlow-Townes laser linewidth)
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Summary

@ Non-equilibrium mean field theory of polaritons _

System

Bulk photon modes

IVAVAVA

Pumping Bath

@ Change to condensate spectrum and consequences
FTL

TN\ momentum Ef‘.‘ ?W o]

x(im) T m

frequency

Jonathan Keeling Condensation, lasing and superradiance Telluride, July 2011 23/23



=} = = A2 N Ge

Jonathan Keel Condensation, lasing and superradiance




Extra slides

© superfiuidity
@ Aspects of superfluidity
@ Current-current response function
@ Measuring superfluid density
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Aspects of superfluidity

Quantised Landau  Metastable Two-fluid Local Solitary
vortices critical persistent hydrody- thermal waves
velocity  flow namics  equilib-

rium

Superfluid “He/cold atom v v v v v v

Bose-Einstein condensate

Non-interactin
Bose-Einstein condensate

Classical irrotational fluid

%\ N\
VN X

v

v
Incoherently pumped ?
polariton condensates

R R EE

Lagoudakis et al. Nat. Phys. '08. Utsunomiya et al. Nat. Phys. '08. Amo et al. Nature
'09; Nat. Phys. ‘09
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve

2k + qi
@) = Vg g i

=} = = = = DAl
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve
2k + q;
(a) — o i+ 4qi
(@) = Vg
@ Response function:

H—H=> f(q)-Jdi(@) Jia)=x;(a)fa)
q
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve
2k + q;
(a) — o i+ 4qi
(@) = Vg
@ Response function:

H—H=> f(q)-Jdi(@) Jia)=x;(a)fa)
q

Ps4iqi  pN
xjj(w = 0,9 — 0) = ([Ji(a), J(—q)]) = - 6'72’ + i
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve
2k + q;
(a) — o i+ 4qi
@ Response function:

H—H=> f(q)-J;i@) Ji(q) = xz(a)f(q)
q

Xil = 0.0 0) = (@) J(-a)) = 2T+ O,

@ Vertex corrections essential for superfluid part.
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Non-equilibrium current response functions
@ Superfluid response exists because:

o — (I’L/JOCII)DR(q’ _0)<M)

2m 2m

[JK, arxiv:1106.0682]
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Non-equilibrium current response functions
@ Superfluid response exists because:

0Qi\ ~R iboQq;
ANS—P— - — — - J
(%) D7(a.=0) ("
@ Dfi(w = 0) x 1/g? despite pumping/decay — superfluid response
exists.

[UK, arXiv:1106.0682]
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Non-equilibrium current response functions
@ Superfluid response exists because:

0Qi\ ~R iboQq;
e = () Oa =0) ()
@ Dfi(w = 0) x 1/g? despite pumping/decay — superfluid response
exists.
@ Normal density:

dw R
= d T K A
pN—/d kék/ F[O'ZD O'Z(D +D )]

[JK, arxiv:1106.0682]
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Non-equilibrium current response functions
@ Superfluid response exists because:
1YoQi\ AR ioq;
ANS——0 - — _—
(%22) (.- 0) (2

@ DF(w = 0) x 1/g? despite pumping/decay — superfluid response
exists.

@ Normal density:

dw
_ d hahadt K R A
pN—/d kék/ Ir [O'ZD UZ(D +D )]

@ |s affected by pump/decay: 3 =00
Does not vanish at T — 0. Y =0.1
3 2rF _/‘{1'1et/p“20'5
E
&
0 !
o 1 2 3 4 5
T/n

[JK, arxiv:1106.0682]
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Measuring superfluid density

1. Effect rotating frame
Polariton polarization: (1, 1)) @

2 r2 g2ic
H = )\( Re-2i6  _ 42 )
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Measuring superfluid density

1. Effect rotating frame
Polariton polarization: (¢, ¢r))

2 r2 g2ic
H = )\( Re-2i6  _ 42 )

Ground state Berry phase:

~ [

QAgii = Mw X F =

]

Jonathan Keeling Condensation, lasing and superradiance
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Measuring superfluid density

1. Effect rotating frame

Polariton polarization: (¢, ¢r)) @
/2 r2g2id
H= )\< rRe-2i6  _y2 )
bf3
Ground state Berry phase: ( o
202
i
At =mMw xr=—-|1—- ——

QA w p FET .

2. Measure resulting current
Energy shift of normal state:
AE = (1/2)mv? = 0.08/m¢? ~ 0.1meV

Energy (meV)
P
&

3-2-10 1 2 3
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