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Coupling many atoms to light

Old question: What happens to radiation when many atoms interact
“collectively” with light.
Superradiance — dynamical and steady state.
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Coupling many atoms to light

Old question: What happens to radiation when many atoms interact
“collectively” with light.

Superradiance — dynamical and steady state.
New relevance

@ Superconducting qubits &1

@ Quantum dots “

@ Nitrogen-vacancies in diamond DTY
L /}\

@ Ultra-cold atoms ”’ﬁ E\'m
m ann

@ Rydberg atoms
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Dicke effect: Enhanced emission

PHYSICAL REVIEW VOLUME 93, NUMBER 1 JANUARY 1, 1954

Coherence in Spontaneous Radiation Processes

R. H. Dicke
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
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R. H. Dicke
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Collective decay: a -~ 2 (S8 p— S pST +pSTST]
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Dicke effect: Enhanced emission

PHYSICAL REVIEW VOLUME 93, NUMBER 1

Coherence in Spontaneous Radiation Processes

R. H. Dicke

Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

JANUARY 1, 1954

TG 2 g Hum o (uls e He)
K,i

Ifri—r] <A use) ;S —>S dp
Collective decay: dt

N/2
If 5% — | S| = N/2 initially:
v4 2
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-d(S”Y/dt

I

0

Problem: dipole interactions dephase. [Friedberg et al, Phys. Lett. 1972]
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Collective radiation with a cavity: Dynamics

STAGT A

Hu=Y <¢Tsi— + ¢sl.+> Single cavity mode: oscillations

1

[Bonifacio and Preparata PRA °70; JK PRA *09]
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Collective radiation with a cavity: Dynamics

Hm=>_ (v'S; +vS])

1600 |
1400
1200 |
1000 |
800 |
600 |
400 -
200 |

(o)l

0

T=2In(\N)/

1/

0

01 02 03 04 05 06 07 08
Time

STAGT A

Single cavity mode: oscillations
If S = |S| = N/2 initially:

[Bonifacio and Preparata PRA °70; JK PRA *09]
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Collective radiation with a cavity: Dynamics

STAGT A

Ho=>" <¢T3i— n ¢3f> Single cavity mode: oscillations
i If S = |S| = N/2 initially:
1600 T=2in(JN;/ N ] 1600 ‘ N:éooo ‘ ‘
1400 | 1400 |
1200 | 1200 |
o 1000 o 1000 H
g s S s
600 T | 600 |
400 T 1 400
200 - 1/ 1 200
0 ‘ A ‘ 0
0 01 02 03 04 05 06 07 08 0 1 2 3 4 5
Time Time

[Bonifacio and Preparata PRA °70; JK PRA *09]

Jonathan Keeling Non-egbm. phases of matter-light systems Oxford, May 2012 4/33



Dicke model: Equilibrium superradiance transition

T AT A

H=wyly +weS?+g (wTS* + ws+).

[Hepp, Lieb, Ann. Phys. '73]
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Dicke model: Equilibrium superradiance transition

T AT A

H=wyly +weS?+g (wTS* + ws+).

@ Coherent state: |V) — e'+157|Q)

[Hepp, Lieb, Ann. Phys. '73]
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Dicke model: Equilibrium superradiance transition

T AT A

H=wyly +weS?+g (WS* + ws+).
@ Coherent state: |V) — e'+157|Q)
@ Small g, minat \,n =0

0

Spontaneous polarisation if: Ng2 > wa | 0 &N

[Hepp, Lieb, Ann. Phys. '73]
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No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > wwy J

[Rzazewski et al PRL '75]
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No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > wwy J

No go theorem:.  Minimal coupling (p — eA)?/2m

2

A
~Y ZAp = gluls +ush), o & NG+ v

[Rzazewski et al PRL '75]
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No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > wwy J

No go theorem:.  Minimal coupling (p — eA)?/2m
-3 Z2A-p & gws +uS) ZA—2 & N¢(w + 'y
— m : ’ —~ 2m

For large N, w — w + 2N(. (RWA)

[Rzazewski et al PRL '75]
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No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > wwy J

No go theorem:.  Minimal coupling (p — eA)?/2m
-3 Z2A-p & gws +uS) ZA—2 & N¢(w + 'y
— m : ’ —~ 2m

For large N, w — w + 2N(. (RWA)
Need Ng? > wo(w +2NC). |

[Rzazewski et al PRL '75]
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No go theorem and transition

AT A

Spontaneous polarisation if: Ng? > wwy |

No go theorem:.  Minimal coupling (p — eA)?/2m
e _
“2_ AP e glST +usY), Z— & NG(w +9T)?
]

For large N, w — w + 2N(. (RWA)
Need Ng? > wo(w +2NC). |

But Thomas-Reiche-Kuhn sum rule states: g2/wy < 2¢. No transition
[Rzazewski et al PRL '75]
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation

Ferroelectric transition in D - r gauge.
[JK JPCM '07 ]
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation

Ferroelectric transition in D - r gauge.
[JK JPCM '07 ]

@ Circuit QED [Nataf and Ciuti, Nat. Comm. ’10; Viehmann et al. PRL "11]
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation

Ferroelectric transition in D - r gauge.
[JK JPCM '07 ]

@ Circuit QED [Nataf and Ciuti, Nat. Comm. ’10; Viehmann et al. PRL "11]

@ Grand canonical ensemble:
» If H— H— p(S? +4T), need only:
N > (w — p)(wo — 1)
» Incoherent pumping — polariton
condensation.
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Dicke phase transition: ways out

Problem: g2 /wq < 2¢ for intrinsic parameters. Solutions:

@ Interpretation

Ferroelectric transition in D - r gauge.
[JK JPCM '07 ]

@ Circuit QED [Nataf and Ciuti, Nat. Comm. ’10; Viehmann et al. PRL "11]

@ Grand canonical ensemble:
» If H— H— p(S? +4T), need only:
N > (w — p)(wo — 1)
» Incoherent pumping — polariton
condensation.

@ Dissociate g, wy, o
e.g. Raman scheme: wy < w. N
[Dimer et al. PRA *07; Baumann et al. Nature '/ﬁ - %\d pump
’10. Also, Black et al. PRL '03 ] = eump
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Outline

0 Introduction: Dicke model and superradiance

e Dynamics of generalized Dicke model
@ Summary of experiment and classical dynamcs
@ Fixed points and dynamical phases
@ Timescales and consequences for experiment
@ Persistent oscillating phases

e Non-equilibrium states of Jaynes-Cummings-Hubbard Model
@ Relating equilibrium JCHM & Dicke model
@ Coherently pumped JCHM
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Reminder of cold-atom extended Dicke model

i g

2 Level system, | 1), | 1):
b V(x,z) =1 .
1 \U(X, Z) _ Z elk(ax+cr’z)

o0/ =%+

H = wiply) + wpS?

[Baumann et al Nature ’10 ]
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Reminder of cold-atom extended Dicke model

i g

2 Level system, | 1), | 1):
b V(x,z) =1 .
1 \U(X, Z) _ Z elk(ax+cr’z)

o0/ =%+

H = wipTp +woS? + gy + 1) (S~ + ST)

[Baumann et al Nature ’10 ]
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Reminder of cold-atom extended Dicke model

JRE%

ﬁPump
2 Level system, | Py )
I W(x,z) =1 .
A \U(X, Z) — Z e/k(ax+cr’z)
o0/ =%+
%

Feedback: U

We — Wa

H = wipTp +woS? + g(vp + 1) (S~ + ST+ US4 1.

[Baumann et al Nature ’10 ]
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Reminder of cold-atom extended Dicke model

“ﬁ%

ﬁPump
2 Level system, | Py )
I W(x,z) =1 .
A \U(X,Z) — Z e/k(ax+cr’z)
o0/ =%+
%

Feedback: U
We — Wa
H = wipTp +woS? + g(vp + 1) (S~ + ST+ US4 1.
Orp = —i[H, pl—r(1p — 2ppyt + pyp1y)

wo ~ kHz < w, k, gv/N ~ MHz. [Baumann et al Nature 10 |
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Reminder of cold-atom extended Dicke model

2 Level system, | ), | 1):

[ Pump lattice depth (E;)

Pump-cavity detuning (MHz)

I W(x,z) =1 '
A \U(X, Z) — Z e/k(ax+cr’z)
o,0'=+t
g2
Feedback: U o« —22
We — Wa

H = wipTp +woS? + g(vp + 1) (S~ + ST+ US4 1.
Op = —i[H, p)—r (1 Thp — 2¢pyT + pypTe)

wo ~ kHz < w, k, gV'N ~ MHz. [Baumann et al Nature 10 ]
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Classical dynamics of the extended Dicke model
Open dynamical system:

H = wiplh + woS? + g(v + 1) (S™ 4+ SH)+US, 414,
Oip = —i[H, pl—r(¥Tpp — 29ppypt + pipTep)
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Classical dynamics of the extended Dicke model
Open dynamical system:
H = wiplp +woS? + g(v + 1) (S~ + ST)+US 1.
Orp = —i[H, pl—k(¥Top — 2p0" + pyTy)

Classical EOM S~ = —i(wo+U[[?)S™ + 2ig(s + %) S?
(IS[=N/2>1) S =ig(y +v¢*)(S™ — ST)
1/'1 = — [k + i(w+US*)]y — ig(S™ + S+)
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Classical dynamics of the extended Dicke model
Open dynamical system:
H = wip™p 4+ woS? + g(v + 1) (S~ + ST)+US, 0Ty
Orp = —i[H, pl—r(0Tp — 2¢pP" + pyTo)

Classical EOM 8™ = —i(wot Uv?)S™ + 2ig(sh + ¢*) S*
(S| = N/2 > 1) &% = ig(v +4*)(S™ — S*)
1/} = — [k + i(w+US*)]y — ig(S™ + S*)

@ Neglects quantum fluctuations — restore via Wigner distributed
initial conditions.
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Classical dynamics of the extended Dicke model
Open dynamical system:

H = wiplh + woS? + g(v + 1) (S™ 4+ SH)+US, 414,
Orp = —i[H, pl—r(p — 2pyt + pypiy)

Classical EOM S~ = —i(wotUy[)S™ + 2ig(y + ¢*)S*
(IS[=N/2>1) 8 =ig(y +¢*)(S™ - S")
Y = — [k + i(wtUS?)] ¢ —ig(S™ + ST)
@ Neglects quantum fluctuations — restore via Wigner distributed
initial conditions.

@ Linearisation about fixed point:

» Recover Retarded Green’s function (spectrum)
» Cannot recover occupations
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Fixed points (steady states)

0 = i(wo+U|y|?)S™ + 2ig(h + p*)S?
0=ig(y+¢*)(S™ - 8")
0=—[r+ i(w+US?)]v —ig(S~ + S*)

Jonathan Keeling Non-egbm. phases of matter-light systems Oxford, May 2012 12/33



Fixed points (steady states)

e =0,S=(0,0,£N/2)
0 = i(wo+U|1[?)S™ + 2ig(vy + 1*)S? always a solution.
0=ig(y+v¢*)(S™ - 8%)
0=—[r+ i(w+US?)]v —ig(S~ + S*)
o

Small g: 1, | only.
(w =30MHz, UN = —40MHz)
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Fixed points (steady states)

@y =0,S=(0,0+N/2)

0 = i(wo+U|1[?)S™ + 2ig(vy + 1*)S? always a solution.
0=ig(y +¢*)(S —SM) @ Ifg>gc ¢ # 0too
_ - b — i G— o GF A S =-8[S]=0
0=—[s+i(w+US?)] ¥ — ig(S™ + S¥) B 9 = RY] = 0
(0] (0]
L ]
[ X
Small g: 1, § only. Larger g: SR too.

(w = 30MHz, UN = —40MHz)
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Steady state phase diagram

0 = i(wo+U|¢[2)S™ + 2ig(y) + 1*)S?
0=1ig(¢ +¢*)(S™ —S7)
0=—[k+i(wtrUS?)]w—ig(S™ + ST)

See also Domokos and Ritsch PRL ‘02, Domokos et al. PRL ’10
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Steady state phase diagram

0 = i(wo+U|¢[2)S™ + 2ig(y) + 1*)S?
0=1ig(¢ +¢*)(S™ —S7)
0=—[k+i(wtrUS?)]w—ig(S™ + ST)

40 , NSO U, i SR(A)O Sy =0
20 A / SR
g 0 —_— ?
s X | ’ -
20 \ SR
40 :
0 0.5 1 1.5
2N (MHz)

See also Domokos and Ritsch PRL ‘02, Domokos et al. PRL ’10
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Steady state phase diagram

0 = i(wo+U|¢[2)S™ + 2ig(y) + 1*)S?

0=1ig(y+4")(S” —ST)

0= — [k + i(w+US?)] ¢ — ig(S~ + S*)

40 UN=-10 Y o

20t 4 SRAA SRA
:,N\ /SRA
S of W SRB =
3

20 F T SRA b+

. - [ )

SRAYU
-40
0 1 1.5
2N (MHz)

See also Domokos and Ritsch PRL ‘02, Domokos et al. PRL ’10
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Steady state phase diagram

0 = i(wo+U|¢[2)S™ + 2ig(y) + 1*)S?
= ig(v +¢*) (8™ - 8")
— [k + i(w+US?)] ¢ — ig(S~ + ST)

40 T U, i SR(A)O Sy =0
20 ¢ / SRA
£, C SRB . §
° 41 SR(B): ¢/ =0
-20 \ SRA ) x
-40
0 1.5
2N (MHz) . S

See also Domokos and Ritsch PRL ‘02, Domokos et al. PRL ’10
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Steady state phase diagram

0 = i(wo+U|¢[2)S™ + 2ig(y) + 1*)S?
0=1ig(¢ +¢*)(S™ —S7)
0=—[k+i(wtrUS?)]w—ig(S™ + ST)

‘ SR(A): S, =0
0 SRA+T UN=-40 b ( l Y
U SRA
20
< SRB+T .
S o Uen [ SRB e .
s SRB+1 U+1 SR(B): ¢/ =0
2007 SRA : L
SRA+!
-40 ‘
0 0.5 1 1.5
2N (MHz) . S

See also Domokos and Ritsch PRL ‘02, Domokos et al. PRL ’10
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Comparison to experiment

Pump lattice depth (E;)

0
J 10 ¢ =
s
g 220 ?;
g 30 :
40 :
0 0.5 1 1.3 2 25 oum power ()
¢ N (MHz)*
UN = —10MHz ,
Adapted from: [Bhaseen et al. PRA ’12] [Baumann et al Nature "10 ]
5 for
w=we—wp+ =UN UN=--——3
c P2 ’ 4(wa — we)
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9 Dynamics of generalized Dicke model

@ Timescales and consequences for experiment
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Dynamics: Evolution from normal state

Gray: S = (VN,VN,-N/2)

Black: Wigner distribution of S, ¢ ,
0 ‘ ‘ ‘
40 ‘ o) UN=-40 0 20 40 ) 60 80
. A t (ms
4 SRA (
20 .
(i) I
=
S o SRB
< ﬁ
200 \(iii) SRA ‘ ‘
. 0.1 0.2 0.3 0.4
40 \ t (ms)
0 05 1 15 ‘
2N (MHz) 0
40155 151 |
Oscillations: ~ 0.1ms
Decay: 20ms, 0.1ms, 20ms
0 ‘
0 100 200
© t (ms)
Oxford, May 2012 16/33
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Asymptotic state: Evolution from normal state

(Near to experimental UN = —13MHz).

All stable attractors:

40 UN=-10

200 4 SRA
g ob Ual =" SRB
3

20 [ \ SRA

0 0 0.5 1.5

Jonathan Keeling

1
VN (MHz)

Non-egbm. phases of matter-light systems

Oxford, May 2012
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Asymptotic state: Evolution from normal state

(Near to experimental UN = —13MHz).
Starting from |

All stable attractors:

40

UN=-10

200 4 SRA
=

S o Ul — SRB
g

2 F oM SRA

-40
0 0.5 1 15
VN (MHz)

40

Asymptotic stagc’
/

Jonathan Keeling

Non-egbm. phases of matter-light systems

4 SRA
/
;
U II
/ e,
N SRB
L____ B ER
Y
N
\\
ll k. SRA
\\
Ay
\
0 0.5 1 15
2N (MHz)

Oxford, May 2012
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Timescales for dynamics: What are they?

10s
Initial growth time
1s
20
4 . 3 100ms
0 Asymptotic sta;rf g 10 —~
/ £ = 10ms
2 A SRA 102 s 0 One unstable direction
// 3 1ms
g U Y
?, o l\:};;::—— SRB 101‘\._ -20 100us
8 -\\ z 10ps
220 \\ H 100 40
T N SRA 0 0.5 1 15
w0 \ . VN (MHz)
- =100
0 0.5 1 1.5
2N (MHz)

Growth Most unstable eigenvalues
nearS = (0,0,—N/2)

Jonathan Keeling Non-egbm. phases of matter-light systems Oxford, May 2012 18/33



Timescales for dynamics: What are they?

10s
Initial growth time
1s
40 - 10° 0 100ms
Asymptotic state B o
/ E 0 One unstable direction 10ms
102 5 1ms
§ 10, 20 100ps
3 3 1o
k10 -40 S
0 05 1 15
L VN (MHz)
- 10 10s
2N (MHz) Is
100ms
Growth Most unstable eigenvalues s Loms
=
nearS = (0,0,—N/2) H I
Decay Slowest stable eigenvalues 1001
near final state 10us

0 0.5 1 15
2N (MHz)
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Timescales for dynamics: Consequences for
experiment

40 Asymptotic sta;c’ 10
/
20 10
§ I3
0l 0%
E Es
20 0
1 10
-40 107"
0 0.5 1 1.5

2N (MHz)

=} = = = = DAl
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Timescales for dynamics: Consequences for
experiment

10°
107
10'
3
40 Asymptotic staté 10 o
/ 10
20 10°
_ m 10!
3 0.0 05 1.0 15 20 25
S o 10" & N (MHZ)
s |77 E
20 0
1 10
-40 10"
0 0.5 1 1.5
2N (MHz)
=] = = E == LA
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Timescales for dynamics: Consequences for
experiment

10°
| y 107
10!
3
40 Asymptotic staté 10 i o
/ p 10
20 10°
_ m - 10!
3 0.0 05 1.0 15 20 25
S o 10' & N (MHZ)
s [T Es
20 0
1 10
-40 10"
0 0.5 1 1.5
2N (MHz)
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Timescales for dynamics: Why so slow and varied?
Suppose co- and counter-rotating terms differ
B

Ay

Q,

H=.. . +9@'S  +¢SH)+d WSt +¢vS)+...

2 Level System
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Timescales for dynamics: Why so slow and varied?
Suppose co- and counter-rotating terms differ
B

Ay

Q,

H=.. . +9@'S  +¢SH)+d WSt +¢vS)+...

40

UN=-10
20 A SRA
R Y 5 SRB
e
20 b \ SRA
-40 :
0 0.5 1 1.5
2N (MHz)
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Timescales for dynamics: Why so slow and varied?
Suppose co- and counter-rotating terms differ
B

Ay

Q,

UN=-10

20 A SRA

R Y 5 SRB

e

20 b \ SRA
-40 :

0 0.5 1 1.5

2N (MHz)

Jonathan Keeling Non-egbm. phases of matter-light systems

® (MHz)

‘g=9g —g,

40

20

0

-20

-40

H=... +g@'S™+¢S") +d @St +¢S7)+...

20=9'+g
aN=1 S
i et NN\
—
g
001 0005 0 0005 0.0l

dg/g
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Timescales for dynamics: Why so slow and varied?

Suppose co- and counter-rotating terms differ

A Ay

UN=-10

20 A SRA
S o U e SRB
3

20 1 \ SRA

40 ‘

0 05 1 15
2N (MHz)

® (MHz)

40

20

0

-20

-40

’g=9 -9, 20=9+9g

H=...+9@'S +¢SH) + g ('St +457)+...

aN=1 S
et sNNNNNN

e

001 -0.005 0 0.005
dg/g

0.01

@ SR(A) near phase boundary at small 6g — Critical slowing down
@ SR(A), SR(B) continuously connect
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e Dynamics of generalized Dicke model

@ Persistent oscillating phases

=] = = E = DA
Jonathan Keeling Non-egbm. phases of matter-light systems



Regions without fixed points

4

Changing U: A Q

® (MHz)

40

20

-20 |

40

UN=-10
U SRA
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Regions without fixed points
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Persistent (optomechanical) oscillations

1200
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Persistent (optomechanical) oscillations
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Persistent (optomechanical) oscillations

1200
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Persistent (optomechanical) oscillations
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Persistent (optomechanical) oscillations
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Outline

e Non-equilibrium states of Jaynes-Cummings-Hubbard Model
@ Relating equilibrium JCHM & Dicke model
@ Coherently pumped JCHM
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Equilibrium: Dicke model with chemical potential

H—uN = (@ — p)it + (wo — 1) S% + g (8™ + ")

@ Transition at:
G°N > (w — p)(wo — p)
@ Reduce critical g

(L-w)/g
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|

[Eastham and Littlewood, PRB ’01]
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Equilibrium: Dicke model with chemical potential

H—uN = (@ — p)it + (wo — 1) S% + g (8™ + ")

unstable

@ Transition at:

G°N > (w — p)(wo — p)
@ Reduce critical g
@ Unstable if > w
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Equilibrium: Dicke model with chemical potential

H—uN = (@ — p)it + (wo — 1) S% + g (8™ + ")

unstable

(L-w)/g

U VR C SN SN Y

(0 - 0)/g

[Eastham and Littlewood, PRB ’01]

4 3 2 0

@ Transition at:

G*N > (w — p)(wo — p)

@ Reduce critical g
@ Unstable if > w
@ Inverted if > wo
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Jaynes-Cummings Hubbard model

IR T I ]

=——Z¢T¢I+Z—J + 9( ¢TO' +H.c.)
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Jaynes-Cummings Hubbard model
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Jaynes-Cummings Hubbard model
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Dicke vs JCHM
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Dicke vs JCHM
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@ k =0 mode of JCHM <+« Dicke photon mode

=} = = E == DAl

Jonathan Keeling Non-egbm. phases of matter-light systems



Dicke vs JCHM
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Dicke vs JCHM
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Coherently pumped JCHM

R

J A . 5
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|<a>|

Coherently pumped single cavity (sishop et al. Nat. Phys 09]

% H= %O’Z +9(Wio™ + H.c.)+f(zpe’“f’”mpt +H.c.)
Op = —i[H, p]- Lw[p] Lo- o]
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Coherently pumped single cavity (sishop et al. Nat. Phys 09]

% H= %O’Z +9(Wio™ + H.c.)+f(weiwf’“mpt +H.c.)
Op = —i[H, p]- Lw[ﬂ] Lo- o]

@ Anti-resonance in |(1))].
@ Effective 2LS:
|Empty) |1 polarlton>
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Coherently pumped single cavity (sishop et al. Nat. Phys 09]

% H= %O’Z +9(Wio™ + H.c.)+f(¢e’“ﬁumﬁt +H.c.)
Op = —i[H, p]- Lw[ﬂ] Lo- o]

@ Anti-resonance in |(1))].

@ Mollow triplet fluorescence
@ Effective 2LS: P

|[Empty), |1 polariton) § (b)
. T 210
7 g
g ?0.1
E
2 -10 -5 0 5 10
(w-wg)/2n [MHZ]
0 ! L ;
-1.05 - -0.95 [Lang et al. PRL '11]
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Coherently pumped dimer & array

Chose detuning a /la Dicke model
Single cavity Array

()
()

pump LP I

pump
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Coherently pumped dimer & array

Chose detuning a /a Dicke model
Single cavity Array

()
pump LP I ®

pump

Evolution of anti-resonance vs J.
0.2 .‘..\
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Coherently pumped dimer & array
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Coherently pumped dimer & array

Chose detuning a /a Dicke model
Single cavity Array
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Coherently pumped dimer & array

Chose detuning a /a Dicke model
Single cavity

|<a>|

-1.06 -1.04 -1.02 -1
mpump/g

Array

@ Bistability at intermediate J

» More/less localised states
» Connects to Dicke limit
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Photon blockade picture J < g

@ Polariton basis
@ Nonlinearity |e; — 2¢4| x g.

H= Z (%Tiz + ?7‘,-X>
i

|<a>|
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Photon blockade picture J < g

@ Polariton basis
0.2
@ Nonlinearity |e; — 2¢4| x g.

|<a>|
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Photon blockade picture J < g

@ Polariton basis

@ Nonlinearity |e; — 2¢4| x g.

|<a>|

0.1

H= Z (%Tiz + ?7‘,-X> —g ZT,- T
i (i)

-1.04
Opump/9
@ Decouple hopping:
T T gt
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...... LT Correlations
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Coherently pumped array: correlations & fluorescence

Correlations
@ g>: 0 — 1 crossover.
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Coherently pumped array: correlations & fluorescence
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Coherently pumped array: correlations & fluorescence
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Coherently pumped array: correlations & fluorescence
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Coherently pumped array: correlations & fluorescence
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Summary
@ Wide variety of dynamical phases

IOy S3" L SRA s L i P! kA
o H 2 o[l RB

wf SR

2T Exy

rt>a0

@ Slow dynamics for U < 0 & Persistent oscillations fo

e ‘ o
a0, o — il
z
40 ‘ i
o 1o 200 b ORI BN T

tms)

JK et al. PRL ’10, Bhaseen et al. PRA ’12

Nissen et al. PRL in press ’12
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° Ferroelectric transition

© Dicke vs JCHM

=] = = E = DA
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Ferroelectric transition
Atoms in Coulomb gauge

H = Zwkaﬁak + Z[Pi — eA("i)]2 + Veoul
i

=} = = = = DAl
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Ferroelectric transition
Atoms in Coulomb gauge

H = Zwkalak + Z[Pi — eA(ri)]2 + Veoul
i

Two-level systems — dipole-dipole coupling

H = woS? +wiplep + g(ST + S7) (¥ + ¢T) + NC(v + 912 —n(ST — S7)?

(nb g% ¢, noc 1/V).
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Ferroelectric transition
Atoms in Coulomb gauge

H = Zwkalak + Z[Pi — eA(ri)]2 + Veoul
i

Two-level systems — dipole-dipole coupling
H = woS +wily + g(S* + 87)(¢ +¢T) + N¢(¥ + ¢T)2 (ST — §7)?

(Nb g2, ¢, o 1/V). Ferroelectric polarisation if wo < 27N |
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Ferroelectric transition
Atoms in Coulomb gauge

H=> walak+ > o — AP + Voou
i
Two-level systems — dipole-dipole coupling
H = woS +wip+ g(ST+ 87) (0 + 91) + NC(¢ + 42— (ST — §7)?

(Nb g2, ¢, o 1/V). Ferroelectric polarisation if wo < 27N |
Gauge transform to dipole gauge D - r

H = woS? + wioly + g(St — 87) (v — 1)

“Dicke” transition at wy < Ng?/w = 2nN )

But, ¢ describes electric displacement
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Dicke vs JCHM, T £ 0

Apicke = —3
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@ Match improves as J — oo
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Dicke vs JCHM, T £ 0
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@ Match improves as J — oo
@ Finite bandwidth: fluctuations suppresses T.
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Dicke vs JCHM, T £ 0
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@ Match improves as J — oo

(p-w)/g

R R

@ Finite bandwidth: fluctuations suppresses T.
» Fluctuation mass m ~ 1/J, fluctuations suppress T, < p/m
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Dicke vs JCHM, T £ 0

Apicke = —3 Apjcke = —1.8
0o — 16 —— 7 2 N 0o =6 —— 7
1= =32 / 1 ! | unsiable =2 =32 /
J=4 Dicke ===~ / 0 .+ J=4 Dicke === /%
= 7/ NN 1 1 = %
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@ Match improves as J — oo

@ Finite bandwidth: fluctuations suppresses T.

» Fluctuation mass m ~ 1/J, fluctuations suppress T, < p/m
» Fluctuations can induce re-entrance [JK et al. PRB '05]
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