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?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 polariton condensate timescales
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‘ Lifetime Thermalisation Linewidth Temperature
Atoms 10s 10ms 25x 107 BmeV 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(?) 2.5 x107®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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Overview

@ Microscopic non-equilibrium model
@ Fluctuations and stability of normal state
@ Fluctuations in a finite size non-equilibrium condensate
@ Superfluidity

@ Polariton spin degree of freedom
@ Equilibrium phase diagram
@ Non-equilibrium spinor condensate
@ Uniform system: stability and dispersion
@ Harmonic trapped system
@ Spectrum of vortex lattice
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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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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
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Pumping Bath
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Bulk photon modes
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H = Hsys + Hsys,bath + Hbath
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Non-equilibrium model: baths

Bulk photon modes

Pumping Bath

H = Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay «

ot~ S VW + 57 (a1 + 618,) + He

p,E avﬁ
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Bulk photon modes
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Bath correlations, (WTW), (ATA), (BTB) fixed:
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Non-equilibrium model: baths

Pumping Bath

-

Bulk photon modes

o -

vy

H = Hsys + Hsys,bath + Hbath

Schematically: pump ~, decay «

ot~ S VW + 57 (a1 + 618,) + He

P,k

a?ﬁ

Bath correlations, (WTW), (ATA), (BTB) fixed:
WV bath is empty. Pumping bath thermal, ug, T:
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Fluctuations — Stability, Luminescence, Absorption

DR = it — t'] <[¢,¢T} >
Green’s functions: -

o s,
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DR — D* = —i<[w,w} >
Green's functions: -
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Fluctuations — Stability, Luminescence, Absorption

Green's functions: pr-pi= i < [wﬂﬁq >
DK::-—i<[w,¢q+> = (2n(w) + 1)(DR — DA)
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Fluctuations — Stability, Luminescence, Absorption

DR - DA = —f<[w,¢ﬁ} >
Green's functions: -

DK — —i<[1/},¢TL> = (2n(w) + 1)(DR — DA)
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Linewidth, inverse Green's function and gap equation

Intensity (a.u.)
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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:
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System inversion, N

Energy of zero
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Jonathan Keeling Nonequilibrium quantum condensates EPFL 8 /31



Fluctuations above transition

When condensed
—Sound mode._—

Det [DR(W, k)} Y

momentum

frequency

Poles:

w* = clk|

[Szymaniska, PRL '06; Wouters, PRB '06]
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Fluctuations above transition

When condensed

—Real .
—Imaginary

-1
Det [DR (w, k)} = (w+in)2+77—c2K>2

momentum

frequency

Poles:

w* = —inE+/c2k? —n?

[Szymaniska, PRL '06; Wouters, PRB '06]
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Fluctuations above transition

When condensed
—Redl
—Imaginary

-1
Det [DR (w, k)} = (w+in)2+77—c2K>2

momentum

frequency

Poles:

w* = —inE+/c2k? —n?

Correlations (in 2D): {¢T(r, t)¥(r,0)) = |1o|? exp [~ Dy (t, ¥, )]

[Szymaniska, PRL '06; Wouters, PRB '06]
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Fluctuations above transition

When condensed
—Redl
—Imaginary

-1

Det [DR (w, k)} = (w+in)2+77—c2K>2

Poles: : : momentum
w* = —inE+/c2k? —n?

Correlations (in 2D): {¢T(r, t)¥(r,0)) = |1o|? exp [~ Dy (t, ¥, )]

" P | (79 r—oo,t0
<1/) ( ,t)¢(0,0)> >~ |¢0|Qe p [ U{éln(czt/ngz) r~0t— OO]

frequency

[Szymaniska, PRL '06; Wouters, PRB '06]
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Finite size effects: Single mode vs many mode

(w!(r, ), 0)) = ol exp [~Dis(t:7,¥)]
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Finite size effects: Single mode vs many mode

(w!(r, ), 0)) = ol exp [~Dis(t:7,¥)]

Dyy(t,r,r') from sum of phase modes. Study ct > r limit:

e [ do lpu(n)P(L - e
D¢¢ t r, r Z 5

2
27TIer”? +n? = (2

iwt)

Jonathan Keeling Nonequilibrium quantum condensates EPFL

10 /31



Finite size effects: Single mode vs many mode

(w!(r, ), 0)) = ol exp [~Dis(t:7,¥)]

Dyy(t,r,r') from sum of phase modes. Study ct > r limit:

e [ do lpu(n)P(L - e
D¢¢(t r, r Z 5

2
27T|w+m +n? = (2

iwt)

Emax
‘HM_L D¢¢ ~ 1+|n( max f/ﬁ)

Energy T

A<<\/7]/t<<Emax ‘ ‘ ‘
< A=

Jonathan Keeling Nonequilibrium quantum condensates EPFL 10 / 31



Finite size effects: Single mode vs many mode

(w!(r, ), 0)) = ol exp [~Dis(t:7,¥)]

Dyy(t,r,r') from sum of phase modes. Study ct > r limit:
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Asking about non-equilibrium superfluidity

Superfluidity:

J=pv=VIRVV = |V|°V¢
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Superfluidity:
J=pv=VIRVV = |V|°V¢

xijj(w = 0,9 — 0) = ([Ji(a), Ji(—a)])

qiq; qiqj
=x"(q) <5J - q;) +x'(q) 2

. ¥i(9,0) %o ¥ (a,0)1b0
Superfluid part, Axji(q) = ~~rn——o
Ps X IimO(XL —x"). G(w=0.q)
q—

Ji(q) = (Wvi(q))
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Asking about non-equilibrium superfluidity

Superfluidity:

J=pv=Vvlirve =

B e

xijj(w = 0,9 — 0) = ([Ji(a), Ji(—a)])

Superfluid part,
ps o lim (x* = xT).
q—0

Ji(q) = (Wvi(q))

Static ps survies

Jonathan Keeling

qiq; qiqj
=x"(q) <5J - q;) +x'(q) 2

7i(a,0)1b0 75(a,0)to

=7i(q)Gr(w = 0,9)v;(q) + ...
qi(---)q
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Overview

@ Polariton spin degree of freedom
@ Equilibrium phase diagram
@ Non-equilibrium spinor condensate
@ Uniform system: stability and dispersion
@ Harmonic trapped system
@ Spectrum of vortex lattice
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Polariton spin degree of freedom

o Left- and Right-circular polarised states.
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Polariton spin degree of freedom

o Left- and Right-circular polarised states.

@ For weakly-interacting dilute Bose gas model:
|V\IJL|2 |vay
2m 2m
— 20 [V, P [WRP + 5 (\w ~[wgl?)

H =

% (il 4 wsP)”

@ Tendency to biexciton formation — U;. Magnetic field: A
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Polariton spin degree of freedom

o Left- and Right-circular polarised states.
@ For weakly-interacting dilute Bose gas model:
v, |2 LI
2m 2m

203 W, Wel? +*(w frw)

. 2
o (WWg+ He) + & (Vv +He)

Tendency to biexciton formation — U;. Magnetic field: A

J»> Circular Symmetry — D,y — two equivalent axes.
5 Dy — Gy — inequivalent axes.
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Equilibrium phase diagrams J; = J/, =0

H = Holun] + Holte] + (Uo — 200 Plwl + 5 (Wi — v

0.6

0.5
0.4

Tc/Tdeg: mkgT/ng

0.1
0

03 H

0.2 H

i ! ! ! i !

-0.04 -0.03 -0.02 -0.010 0 0.01 0.02 0.03 0.04

AlKgT gog= MA/NG

[Rubo et al Phys. Lett. A '06; Keeling, Phys. Rev. B '08]
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Mathematical outline

Two approaches:

@ For (Uy —2U1) = 0 use one-component equation of state:

o (£55) o (52)
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Mathematical outline

Two approaches:

@ For (Uy —2U1) = 0 use one-component equation of state:

o (£55) o (52)

» Critical at p/T = xc,f — fo: T = no/[fe + f (xc + 22)]
o General U;: HFBP
» Calculate protal, Pnormal — superfluid tensor («, 8 € L, R).

Xa.5(9) = (Jia(@)Jia(—a)) = x5(a) (5 - qq(?) () 12
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> Include self energy due to non-condensate — beyond Bogoliubov.
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Mathematical outline

Two approaches:

@ For (Uy —2U1) = 0 use one-component equation of state:

o (£55) o (52)

» Critical at p/T = xc,f — fo: T = no/[fe + f (xc + 22)]
o General U;: HFBP
» Calculate protal, Pnormal — superfluid tensor («, 8 € L, R).

Xa.5(9) = (Jia(@)Jia(—a)) = x5(a) (5 - qq(?) () 12

> Include self energy due to non-condensate — beyond Bogoliubov.

e Compare approaches at (Up —2U;) =0
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2A
Graphical implementation of T = ng/ [fc +f (XC + 7)]

4

Bogoliubov
| |—— Monte Carlo
.- - HFP

2002 0 002 004 006
X=/T
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2A
Graphical implementation of T = ng/ [fc +f (XC + 7)]

Bogoliubov
. |—— Monte Carlo
.- HFP
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Graphical implementation of T = ng/ [fc +f (

. |—— Monte Carlo
.- - HFP

Bogoliubov

04

T/ n,

0.2

Jonathan Keeling
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Equilibrium phase diagrams

J=h=0

o
o

o o
o))

o
w

o
N}
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o
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0 I < I I I i I
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
AlkgT geg= MA/NG

Circular — Eliptical transitions.
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Equilibrium phase diagrams

h=h,=0 5 =0,k#0.
o Phase locking J> cos(2(0, — 6Rr)).
_ 05
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H, 04 o
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iy 03 [lup=05U, 1 g polarised
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= 5 s
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r : . |
0 | s | | | ) | r |
-0.04 -003 002 -001 0 001 0.02 003 004 -
kg = M Magnetic field, A

. . . Separate Ising /XY transitions.
Circular — Eliptical transitions. P g/

Jonathan Keeling Nonequilibrium quantum condensates EPFL 17 / 31



Equilibrium phase diagrams
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Phase locking J> cos(2(0, — 6Rr)).
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Overview

@ Polariton spin degree of freedom

@ Non-equilibrium spinor condensate
@ Uniform system: stability and dispersion
@ Harmonic trapped system
@ Spectrum of vortex lattice
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Non-equilibrium spinor system
Spinor Gross-Pitaevskii equation:

) Vv? A
T V(r)+ -+ UolthL|? + (Uo — 2U1)|yr[?

+ i (yesr(pg) — & — L) | Yo + hr
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@ J; — interconversion. How does this interact with currents.
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@ J; — interconversion. How does this interact with currents.
e Two-mode case (neglect spatial variation): [Wouters PRB '08]
@ To recap results write ¢, g = ,/vaRe’wi@p), pLrR=R=*Ez

> Vet 2 2 5 iz COS(Q)
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Two-mode system summary

-3 Jnet  p2 2
R=20p (RI= - R2 - 22)
: J1z cos(0)
6= A — 4Uz 422250
! JR2 — 2
z =2(Ynet — 2I'R)z — 2J1\/ R% — z%5sin(6)
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Two-mode system summary

R =20, (Rﬂpet .y )

0= —A—4U12

2 =2(net — 2TR)z — 21V/R2 — " sin(0)

Josephson regime J; <« U1R & z < R.
R= 'Ynet/r

é =—-A—- 4-U12,
z = —27petz — 2J1 Ry sin(0)

Damped, driven pendulum

0 + 27netd = 8U1J1 Ry sin(6) — 2ynet A

[e.g. Strogatz, Nonlinear dynamics and chaos]

0 ’
Yret A

(Cartoon)
<
g Stable limit cycle
=
Bistable
Stable fixed point

1 .‘5 Yret
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Two-mode model bistability

(Cartoon:)

< |

g Stable limit cycle

> 1

.................. Fremmos
Bistable A,
1
1
' Stable fixed point
: I
15 Ynet
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Two-mode model bistability

(Cartoon:)
< |
g Stable limit cycle
> 1
Bistable A,
E Stable fixed point
' \
15 Yrnet
(Actual:)
Ng

J Synchronised /.---*"

Desynchronised
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Two-mode model bistability

(Cartoon:)
< ! 4 f n=661 [ n=681 [ A=7.0]
g Stable limit cycle
>
.................. L 0F i /\ \/\
Bistable A, 4 x x x
 Stable fixed point : : :
: <4 n=7.21 | N=7.41 | N=7.6
1 £
yne‘ g 0 \/\ \/‘\ /\
©
(Actual:) %_47 x | | 4 |
2 & 4 + A=7.87 | A=8.01 A=8.24
Q.
3 | Synchronised 0 ,\/\, ,\/\, ,\/\,
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
4 b X 4 L 1 L x B
Desynchronised B
0 0 T 2n0 T 2n0 1 2n
0 5 10 15
A, 0
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Stability & dispersion at A < A,

Consider: ¥, — e !Ht (d}g + uae—’k""i‘(—lw—l@)t + V;elk-r—i-(:w—n)t)

First kK = 0 fluctuations. Four normal modes:

5
30
-5
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First kK = 0 fluctuations. Four normal modes:

NS N
NG

-5

0 w4 w2 34 0 14 W2 34 T
0 0

@ Global phase:
w—1ik=0

@ Global density:
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Stability & dispersion at A < A,

Consider: ¥, — e !Ht (d}g + uae—’k""i‘(—lw—l@)t + V;elk-r—i-(:w—n)t)

First kK = 0 fluctuations. Four normal modes:

1 15

5 //
1 10
30 \\Msx

0 w4 w2 34 0 14 W2 34 T
0 0

@ Global phase: 0 + 2Ynetl = 8UnJo Ro Sin(0) — 2yner A
w—Iik=0

@ Global density:
W — K >~ —2iVnet

@ Relative phase/density
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Stability & dispersion at A < A,

Consider: ¥, — e !Ht (d}g + uae—’k""i‘(—lw—l@)t + V;elk-r—i-(:w—n)t)

First kK = 0 fluctuations. Four normal modes:

; e
N

30 > 15 x
0
-5 | | | | |5
0 ™4 T2 3W4 TO T4 T2 3WA T
6 6
@ Global phase: 0 + 27nett) = 8UaJuRo sin(0) — 29net A
w—ik=0 Near steady state

o Global density: 6+ 27t + Q26 = 0
W — K~ —2iYnet P

L . >
@ Relative phase/density W= ik~ —iYnet /m

Stable if Qf, = —8U,JoRocos() >0
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Stability & dispersion: finite k

Consider: 1, — et (1/)2 + ugekrH(iwmr)t | v;eik'r+(iW—m)t)

5
30
-5

-

N

T

Soe—]

—

0 14 w2 34 mO0 T4 W2 34 T

6

]

If Q2 = Ynet, finite k —
degenerate perturbation theory
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Stability & dispersion: finite k

Consider: 1, — et (1/)2 + ugekrH(iwmr)t | v;eik'r+(iW—m)t)

0=518 { 15

5 //— \\ 12 °
1 10

5 =2 .°|
1-5 30

0 14 w2 34 mO0 T4 W2 34 T 5L
0 Cl

0=3m4 { 15

' " e=7m8 | 15
If Qf, = Ynet, finite k —

degenerate perturbation theory

208

[
o

20 05 1 15 2

=~ P
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Overview

@ Polariton spin degree of freedom

@ Non-equilibrium spinor condensate
@ Uniform system: stability and dispersion
@ Harmonic trapped system
@ Spectrum of vortex lattice
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Trapped spinor system

2
r i p<r
V(r):mw2§> ’Ynet(r):Jle(ro—r). 10 0 TF
1.
Plot uy g = ¢4 =60 vs A. wd
b 2 8
7 +HL
6 —x— Mg
5

0 2 4 6 8 10 12
A
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Trapped spinor system

2
r 11 n<rrr
V(r)= mw2§, Tnet(r) = 1O(ro—r). 4
S
Plot ui g = b+ ~0 vs A. o
’ 2 8
0=—-A—4U;z=0 o
6f|
5
12t rg >~ r7f o 0 2 4 6 8 10 12
) e o A
R o %
—o—H
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Extended model bistability

11
10

g o N 00 ©

—*— Stepwise — * — Reset

4 5 6 7 8 9 10
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Extended model bistability

11
10
9
H g
7
6
5 | —*— Stepwise — * — Reset
4 5 6 7 8 9 10
Uniform: Harmonic trap:
25 2 +
4
7
2 ,‘2,0\‘21 . 4 ,Z‘,O\Q'
& 1.5 [ Synchronised — # ;&°
15 2. s 2
| synchronised N J A
J ynehronise 1 A& Desynchronised
l Z
) 05 —©— Stepwise
0.5 Desynchronised :
— + — Reset
00 2 4 6 8 10 12 14 16 0
0 2 4 6 8 10 12 14 16
AC
A
Jonathan Keeling Nonequilibrium quantum condensates EPFL

26 / 31



Trapped spinor system — phase portraits

1 af 0=661 | 0=6.81 | =70
10 0

T | I N K \
8 a4l X i X 10 X |
. . L

+ L T T T

6 4 [ n=721 [ A=7.4] [ N=T7.6
5

0 2 4 6 8 1012
A

z[Ode/dt+A
o

Examine phase portrait 9;0 vs 0 i ‘ ‘ :

4t n=781 | A=8.0-1 £=8.2]

a4 L & 1L x 1L |

0 T 2n 0 T 2n 0 T 2n
]
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Trapped spinor system — phase portraits

——H
3 =2 T [ T Z 3 A
T I is 2

0 2 4 6 8 1012
A

J]. - 11

11 E A =64
10 2 -
) O .

8 \5’_\0/ 4

7

6 ;

5

Examine phase portrait 9;0 vs 0
@ Retrograde motion

o Limit cycle winding
#=0,1,2
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Trapped spinor system — phase portraits

h =1,
11 : A =64
10 2 -
w o . 2
8 \ ; )
7 m _ \5’_\0/
5 +9 " Lo ) |
5
0 2 46 8 1012 ]
A
Examine phase portrait 9;0 vs 8 £ =1
. A =65
@ Retrograde motion :
o Limit cycle winding e
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Trapped spinor system — phase portraits

S =1,
” : A =64
10 oq
T . 1
8 ) A
N —eo—n \5’_\»/
6 +HR - - - 0 ' R K 7‘J 15 Z
5
02 46 81012 ]
A
Examine phase portrait 9;0 vs 0 £ il =1
@ Retrograde motion ! =05
@ Limit cycle winding G w s
#=0,1,2
o Chaos (large J1,A) S 2
A =10.0
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Vortex lattices, desynchronisation and spectrum
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Vortex lattices, desynchronisation and spectrum

@ Non-steady condensate
— non-trivial spectrum

@ Presence/absence of
central vortex clear.
h2k2
@ NB w ~2—— due to
iy 2m.
virial theorem in
harmonic trap.
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Conclusions

Instability of normal state
Translating: condensation < lasing

Energy of e uitsof )

@ Spontaneous rotating vortex lattice

@ Spinor phase transitions . T
A
@ Density profile and spectrum . N s H
0 WA T2 304 O WA T2 34 T W
] ] -
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Extra slides

© Mean-field Keldysh theory

@ Spinor TLS

© Fluctuations of non-equilibrium condensate
@ Vortex lattice in an harmonic trap

e [ VS pump spot size

© Observation vortex lattices
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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 Imaginary part: 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

@ Laser Limit Imaginary part: Gain vs Loss. If Fp(w) — Fa(w) — —2Ng

K=E D 3 2(E, 2+7
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k= g%y Z (E2 +7 = g’y X Inversion

excitons

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

Gap equation:

Cw _ Z/ ‘|‘Fb)’/+
ps—wo =g 21 (v — B2+ 2][(v + Ea)2 + 2]

excitons

@ Laser Limit Imaginary part: Gain vs Loss. If Fp(w) — Fa(w) — —2Ng

2

k= g%y Z (E2 +7 = g’y X Inversion

excitons
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@ Laser Limit Imaginary part: Gain vs Loss. If Fp(w) — Fa(w) — —2Ng

2

k= g%y Z (E2 +7 = g’y X Inversion

excitons

@ Equilibrium limit: finite T set by pumping, need Kk < 7.
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Spin in terms of twefour-level systems

To include spin, replace 2 level system with 4 levels: |0), |L), |R|), |LR)

[Marchetti et al PRB, '08]
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po_| &Yl ea—A-p 0 g,
“ gk 0 Ea+ A —p &g
0 gY; gVk 2(eq — 1) — Exx

@ Bi-exciton binding Exx <« U;
@ Mean-field: find polarisation
given Y, PR.
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Spin in terms of twefour-level systems

To include spin, replace 2 level system with 4 levels: |0), |L), |R|), |LR)

0 gd’L gq/)R 0
po_| &Yl ea—A-p 0 g,
“ gk 0 Ea+ A —p &g
0 gY; gVk 2(eq — 1) — Exx

@ Bi-exciton binding Exx <« U; ]
. . . %
@ Mean-field: find polarisation = - ]
. ——Nobinding |s- B

given 1, YR. 10F |- E,, =4meV 7 1

s E,y = 8meV ;“ ‘ ]

@ Exx has weak effect on T, | I
% 5x10° 1x10™ 2x10"° 2x10"°

nfcm’]

[Marchetti et al PRB, '08]

Jonathan Keeling Nonequilibrium quantum condensates EPFL 34 / 44



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, arXiv:0811.4333]
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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, arXiv:0811.4333]

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
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© Mean-field Keldysh theory

@ Spinor TLS

© Fluctuations of non-equilibrium condensate
@ Vortex lattice in an harmonic trap

e [t VS pump spot size

© Observation vortex lattices
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Gross-Pitaevskii equation: Harmonic trap

. vz mw? .
i0p) = |:—2m+;}I’2+U|1/J’2-‘r-l(’}’eff—l<&—r|w|2) 1)

EERE
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Gross-Pitaevskii equation: Harmonic trap

. V2 mw? .
i0p) = [—2m + ?r2 + U|1/1]2 + i (’Yeff —K— F|¢|2)} 1)

EERE

30 Density

25

20
15
10
TN
0

0 2 4 6 s Radius
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Time evolution:
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Instability of Thomas-Fermi: details

RRRR

1
50t + V- (pv) = (et — Tp)p

mw2

owv+ V(Up + >

P+ ) =0
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Instability of Thomas-Fermi: details

RRRR

1
50t + V- (pv) = (et — Tp)p

mw2

2

Ov + V(Up + r2+g\v\2)20

Normal modes for vpet, [ — O:

Spnm(r.0,t) = e"meh,hm(r)e"“’"v'"t

Wnm = w2y/m(142n) +2n(n + 1)
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Normal modes for vpet, [ — O:
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Instability of Thomas-Fermi: details

RARR

Unstable growth

1
50t + V- (pv) = (et — Tp)p

mw2

owv+ V(Up + >

P+ Zlv?) =0

Normal modes for vpet, [ — O:
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Wnm = w2y/m(1+2n) +2n(n+ 1)

Add weak pumping/decay:
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Instability of Thomas-Fermi: details

SRR

1
5060+ - (0v) = (et — Tp)p Stabilised

2

mw

owv+ V(Up + >

P+ Zlv?) =0

Normal modes for vpet, [ — O:
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Why vortices
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Why vortices: chemical potential vs size
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Observing vortices: fringe pattern
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Observing vortices: fringe pattern
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Singularity at critical A
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