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Non-equilibrium Condensation: model and method

Model:  Hsys = > wpthftlp + D €a (bLba - aLaa) +> (ga,pwpbgaa + h.c.)
3 o ap

Environment

H= Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay

BRAGG MIRROR

Z

Environment

Hsys path = Z ﬁd’p\ul-i-z Vv (aLAk + b, Bk) +h.c.
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v
N
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Non-equilibrium Condensation: model and method

Non-equilibrium condensation in dissipative environment

Environment

BRAGG MIRROR

Z

Environment

v
N
N

Method:  Keldysh path integral techniques adopted for broken symmetry systems
with strong dissipation
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Mean-field equatil
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Saddle-point of non-equilibrium action: mean-field

Equilibrium BEC: described by Gross-Pitaevskii equation (mean-field equation for the
condensate)

o+ Yo () ) = U2y
t 2m

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

(i0; — we + ix) b = x (V)Y
For steady-state solution 1(r, t) = e~ /#st
Susceptibility:
(Fa+ Fo)v + (Fb — Fa)(iv + ca — $us)

dv (
X, ps) = —g% Z/ (v — Ex)?2 +2[(v + Ea)? + 2]

excitons

E3 = (ca — $ns)® + GPlu?
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Non-equilibrium condensation in dissipative environment

Limits of mean-field equations

Mean-field equations

dv (Fa+ Fo)v + (Fp — Fa)(iv + €a — Jus)
pemeetin=—0n 3 | G e A B
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Non-equilibrium condensation in dissipative environment

Limits of mean-field equations

Mean-field equations

ey [ (Fo — Fa)(in )

excitons [(v — Ex)2 +42][(v + Ea)? + 2]

@ Large temperature T:
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Mean-field equations

ik = —g?y av (Fp — Fa)(iv )
A ex%ns/ 2m (v — Ea)2 + ’\12][(1/ + Ea)2 + ’\/2]

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

Fy— F,
— P b—"a
F=0 D g

excitons

THE UNIVERSITY OF

WARWICK

Marzena Hanna Szymarnska Dissipative Systems and Non-Equilibrium BEC 6/11



Polariton mod:
an-field

Non-equilibrium condensation in dissipative environment

Limits of mean-field equations

Mean-field equations

= —g2y av (Fb — Fa)(iv )
A ex%ns/ 2m (v — Ea)2 + "12][(1/ + Ea)2 + "1'2]

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

F, — F. 2

2 b a g .
= —g°9 — =— xInversion
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Mean-field equations

" w g') Z /dV(Fa+Fb)V+
s — Wwe - 3 .
excitons (v — Ea)? +72)(v + Ea)? + 2]

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

Fp— F, 2

> b a g :

k= —g°y E 1 — 5 xInversion
excitons 4E; +4v 2y

@ Equilibrium limit s,y — 0:
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Mean-field equations

" w g') Z /dV(Fa+Fb)V+
s — Wwe - 3 .
excitons (v — Ea)? +72)(v + Ea)? + 2]

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

Fp— F, 2

> b a g :

k= —g°y E 1 — 5 xInversion
excitons 4E; +4v 2y

@ Equilibrium limit <, v — 0: well known gap equation

4

>

we — ps = Z —tanh (%) ."

excnons
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Limits of mean-field equations

Mean-field equation
(10 — we + ir) b = x(¥, ps)¥

@ Local density approximation:

2

o+ i = ( V() = 5 ) | 90) = xw(r. )t
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Limits of mean-field equations

Mean-field equation
(10 — we + ir) b = x(¥, ps)¥

@ Local density approximation:

VZ
0+ ir — <V(f) - 2m>} P(r) = x(¥(r, D)y(r, 1)

At low density the nonlinear, complex susceptibility can be simplified: Complex
Gross-Pitaevskii equation
2)} "

oy = —v2+V(r)+U|w|2+i<~ — k=T
) = om Yeff — K v
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Limits of mean-field equations

Mean-field equation
(10 — we + ir) b = x(¥, ps)¥

@ Local density approximation:

2

o+ i = ( V() = 5 ) | 90) = xw(r. )t

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

oy = —V—2+V(r)+U|w|2+i(~ — k=T
1Y = °m Veff K w

2)¢

Vortex lattices, Keeling & Berloff PRL 2008
Persistent currents and quantised vortices, D. Sanvitto, F. M. Marchetti, M. H. Szymariska et al, Nature Physics, July 2010
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Non-equilibrium condensation in dissipative environment

Fluctuations: phase transition

Gs=Gr—3Ga

Ok = —/<[¢TM¢J]
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=
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Keldysh approach:
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Keldysh approach:
£=(wty) = i(n(w) +1)ds

2Im[Gr 1]
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Fluctuations: phase transition

G5 =a—6a=—1{[v1,0] )

o= =i [v1.4] ) = @n) + )55

Keldysh approach:

L={ptp) =i 1
(i) = itn) + 1)3s Equilbrium BEC

n(w) = ng(w) i.e n(u) diverges

2Im[gR—1] 04
Ys = —1y2 —i2 '
Im[Gr ~']? + Re[Gr ™ '] -
% )
5]
a,
S 04 i
Re[0r '(wp)l=0 w; normal modes g
=
O 08f |
0 0‘.1

Density
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Keldysh approach:
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Fluctuations: phase transition

Gs=Gr—3Ga

Ok = —/<[¢TM¢J]

Il

!
o~
=
=
-

Keldysh approach:

L= <ww> — i(n(w) + 1)3s

o>
G 2im[Gr 1] 5 0 ]
s = =
Im[Gr ~"]2 + Re[gr ~']? S
=}
—Gc ™! g
n(w) = T T 5
g" Zero of R
E

Re[0r '(wp)l=0 wp; normal modes A ‘ ‘ ‘ ‘
} ] ; 06 05 04 03

IM[Gr ™ (teif)]= 0  n(ues) diverges Bath chemical potential, jL,/g
[Szymanska et al., PRL '06; PRB '07]
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Non-equilibrium condensation in dissipative environment

Fluctuations: phase transition

Gs=0r—G :—'< f >
Keldysh approach: s A A : [d} w]f

o= =i [v1.4] ) = @n) + )55
£=(vy) = i(n(w) +1)9s

>
g 2Im[Gr "] :
s= 2
Im[Gr ]2 + Re[Gr ~']2 g
—1 g
— o
n(w) = 4|g%12 5
miGr '] :
&3] — Zero of Im
Re[0r '(wp)l=0 wp; normal modes A ‘ , ‘ ‘
; ) ’ 06 05 0.4 03
IM[Gr ™ (teif)]= 0  n(ues) diverges Bath chemical potential, u,/g
[Szymanska et al., PRL '06; PRB '07]
At transition gap Equation is: WAIQALICK

Gr'(w=ps,p=0)=0
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Polariton mod field theory

field
onnection: -field equations to other limits

Non-equilibrium condensation in dissipative environment ; g
q P Phase transition and fluctuations

Superfluidity

Fluctuations: collective modes and decay of correlations

When condensed

Det [g,;1 (w, p)] = w? — c?p?

Poles: momentur

energy
(=]

w* = clp|

= sound mode

THE UNIVERSITY OF
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Superfluidity

Fluctuations: collective modes and decay of correlations

Non-equilibrium condensation in dissipative environment

When condensed
Det [g,;‘(w, p)] = (wtix)2+x2 — c2p? g
=
o
Poles: g v momenturri_
w* = —ix & 4/ c?p2—x2 5
&
Viloates Landau crtiterion! ©
= Real part (energy)
= .« Imaginary part (decay rate)
[Szymanska et al., PRL '06; PRB '07] WARWICK
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Fluctuations: collective modes and decay of correlations

Non-equilibrium condensation in dissipative environment

When condensed
Det [g,;‘(w, p)] = (wtix)2+x2 — c2p? g
Poles: g v momenturri_
w* = —ix 4+ ¢/ c2p%—x2 3
Q
. . . =
Viloates Landau crtiterion! ©
= Real part (energy)
= .« Imaginary part (decay rate)

Correlations (in 2D): (¥t (r, )3 (0, r')) ~ [9|? exp [~ Dye(t, 1, r')]
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sh field theory

-field equations to other limits
fluctuations

Non-equilibrium condensation in dissipative environment

Superfluidity

Fluctuations: collective modes and decay of correlations

When condensed

Det [g,;‘(w, p)] = (wtix)2+x2 — c2p?

w* = —ix 4+ ¢/ c2p%—x2

Viloates Landau crtiterion!

Poles:

<

momenturni

energy or decay rate

= Real part (energy)
= .« Imaginary part (decay rate)

Correlations (in 2D): (¥t (r, )3 (0, r')) ~ [9|? exp [~ Dye(t, 1, r')]

(vH(r,0(0,0)) =~ v exp [n {'”"/ Voo [T 0}

$In(c?t/x€3) r=~0,t— oo
n(pump,decay,density) and not n(T,density) as in equilibrium
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Non-equilibrium condensation in dissipative environment

Polariton superfluidity

NATURE|Vol 457[15 January 2009 NEWS & VIEWS

CONDENSED-MATTER PHYSICS

Going with the flow

Jonathan Keeling and Natalia G. Berloff

Observations of superfluid behaviour — flow without friction — of unusual
character in a condensed-matter system pave the way to investigations of
superfluidity insystems that are out of thermal equilibrium.

Table 1| Superfluidity checklist

: Landau  Metastable Two-fluid Local -
Qua:flzed critical persistent hydro- thermal Solitary
ROT R velocity flow dynamics  equilibrium (RS
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Conclusion

@ Unified description of condenstes (BEC and BCS) and lasers

@ Bose-Einstein distribution not special - BEC possible for any “bosonic” distribution
(i.e divergent at some frequency)
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Conclusion

@ Unified description of condenstes (BEC and BCS) and lasers

@ Bose-Einstein distribution not special - BEC possible for any “bosonic” distribution
(i.e divergent at some frequency)

@ However, dissipation and driving changes spectrum of excitations
different collective modes

affected correlations i.e spatial and temporal coherence
spontaneous vortices

]
]
]
e changed superfluid properties - still under experimental investigation

THE UNIVERSITY OF

WARWICK

Marzena Hanna Szymarnska Dissipative Systems and Non-Equilibrium BEC 1/11



Extra slides

THE UNIVERSITY OF

WARWICK

nna Szymarnska Dissipative Systems Non-Equilibrium BEC 12/12



	Outline
	Non-equilibrium condensation in dissipative environment
	Polariton model and Keldysh field theory
	Mean-field equations
	Connections of mean-field equations to other limits
	Phase transition and fluctuations
	Superfluidity




