Lasing and superradiant phases of the driven dissipative Dicke
model.
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Dicke model and Dicke-Hepp-Lieb transition

[Hepp, Lieb, Ann. Phys. '73]



Dicke model and Dicke-Hepp-Lieb transition
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Dicke model and Dicke-Hepp-Lieb transition

Q,QQQ’Q’Q

H=wala+) %o—g +9(a+a) (o} +0,)
— wala+wpS? +g(a+a) (St +87)
@ Coherent state: |W) — &' +157|Q)
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Dicke model and Dicke-Hepp-Lieb transition

Q,QQQ,Q,Q o

H=wa'a+ ; %aj +9(a+a) (o} +0,)
—wa'la+weS?+9g(a+ah) (ST +S5)

@ Coherent state: |W) — &' +157|Q)
@ Small g, minat \,n =0

Non-zero cavity field if: 4Ng? > wwy ]

[Hepp, Lieb, Ann. Phys. '73]
Jonathan Keeling Lasing and superradiant phases PCS, 2017



Dicke model and Dicke-Hepp-Lieb transition

@ @ Q9 Q@ @

@ @ @ ¢ e
H=wala+) %aj +9(a+a) (o} +0,)
= wala+wpS? +g(a+aM)(ST+57) S y SR
@ Coherent state: |W) — e*@'+157|Q) 0
0

@ Smallg,minat \,n =0 N

Non-zero cavity field if: 4Ng? > wwy ]

[Hepp, Lieb, Ann. Phys. '73]
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“Textbook” Laser: Maxwell Bloch equations
—waTa+Z D52 +g(aa + 3o
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“Textbook” Laser: Maxwell Bloch equations
— wat3 had 4 S0t + afo
H=wa a+za: 20a+g(ao—a +aaa)

Maxwell-Bloch eqgns: oo = (&) , P = —i{c™), N = 2(c?)
Orov = —lwor — ga +>,9P.

6,P = —inPa — "YtPa + gOéNa
OtNo = v(No — No) — 2g(a” Py + Ppa)
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“Textbook” Laser: Maxwell Bloch equations
H=waa+ za: %Uﬁ +9 (210; + éTa;)

Maxwell-Bloch eqgns: oo = (&) , P = —i{c™), N = 2(c?)
Orov = —lwor — ga +>,9P.

6,P = —inPa — "YtPa + gOéNa
OtNo = v(No — No) — 2g(a” Py + Ppa)

Ny =

hyi?

z > ] |Oé|2 >0 if 2N0g2 > Ytk

7S
Pump: N,
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“Textbook” Laser: Maxwell Bloch equations
H=waa+ za: %Uﬁ +9 (210; + éTa;)

Maxwell-Bloch eqgns: oo = (&) , P = —i{c™), N = 2(c?)
Orov = —lwor — ga +>,9P.

6,P = —inPa — "YtPa + gOéNa
OtNo = v(No — No) — 2g(a” Py + Ppa)

Ny =

hyi?

z > ] |Oé|2 >0 if 2N0g2 > Ytk
@ Requires inversion

7S
Pump: N,
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“Textbook” Laser: Semiclassical equations
@ Semiclassical laser theory n = (&'4)

2g%(n+1)
on = yN, — KN
O+ 4gg(n 1) "

[Haken, RMP, 1975]
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“Textbook” Laser: Semiclassical equations
@ Semiclassical laser theory n = (&'4)

2g%(n+1)
on = yN, — KN
O+ 4gg(n 1) "

» MF Transition at Ng29?/7; = «

[Haken, RMP, 1975]
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“Textbook” Laser: Semiclassical equations
@ Semiclassical laser theory n = (&'4)

2g%(n+1)
on = yN, — KN
O+ 4gg(n 1) "

» MF Transition at Ng29?/7; = «
» No symmetry breaking

[Haken, RMP, 1975]
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“Textbook” Laser: Semiclassical equations
@ Semiclassical laser theory n = (&'4)

2g%(n+1)
on = yN, — KN
Ot aggn 1) "

» MF Transition at Ng29?/7; = «
» No symmetry breaking

@ Spontaneous emission: finite “size” corrections

B =~ 4G /v

[Haken, RMP, 1975]
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“Textbook” Laser: Semiclassical equations
@ Semiclassical laser theory n = (&'4)

2
e = ~No 2g°(n+1)

Yyt +493(n+1)

» MF Transition at Ng29?/7; = «
» No symmetry breaking

@ Spontaneous emission: finite “size” corrections

1 | No No No
258 | Ng HE\/(M”) +45ﬁc
B~ 492 /vyt

[Haken, RMP, 1975]
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p=10"* ——
B=10"
p=10? ——
=10 ——

Pump: N,
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Raman driven Dicke model [pimer et al. PRA 07 ]

H = wyS?
@ 2 Level system, | Il),| 1)

%) Q)
0
2 level'system
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Raman driven Dicke model [pimer et al. PRA 07 ]

H=wyS*+g(a+ éT)(S_ + S+)
@ 2 Level system, | Il),| 1)
9of2

@ Coupling g = N

%) Q)
0
2 level'system
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Raman driven Dicke model [pimer et al. PRA 07 ]

H=woS" +g(a+ah)(S +8") +wala
@ 2 Level system, | Il),| 1)

@ Coupling g = %

@ Rotating frame of pump, w = weavity — Wpump

T~
2 level'system

Jonathan Keeling Lasing and superradiant phases PCS, 2017



Raman driven Dicke model [pimer et al. PRA 07 ]

H=woS" +g(a+ah)(S +8") +wala
@ 2 Level system, | Il),| 1)

@ Coupling g = %

@ Rotating frame of pump, w = weavity — Wpump

T~
2 level'system

@ Imbalanced case (internal states):
H=wS" +g(aS" +4&'S7) +¢'(aS™ +a's") N
+wd'a

908 , ,  9ofla

@ Imbalance: g = =
balance: g 21, 21,

*D QY
0
2 level'system
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Raman driven Dicke model [pimer et al. PRA 07 ]

H=woS" +g(a+ah)(S +8") +wala
@ 2 Level system, | Il),| 1)

@ Coupling g = %

@ Rotating frame of pump, w = weavity — Wpump

% Q)
0
2 level'system

@ Imbalanced case (internal states):
H=wS" +g(aS" +4&'S7) +¢'(aS™ +a's") N
+wala+ Uatas?

908 , ,  90fla
oA, 21,
2 2
9% 9%
o7,  2A,
PCS, 2017

@ Imbalance: g =

*D QY
0
2 level'system

@ New “feedback” term U =




Open Dicke model theory

@ Momentum degrees of freedom: -
¥ = 1y + 1y cos(kx) cos(kz) " - «
| AR Ve
o Effective 2LS (v, ¢y) _—.
ot = wdla + > 207 + gero(a+ &l) + UoZa'a i
n 2 =3 Pump

@ Extra “feedback” term U, cavity loss

Jonathan Keeling Lasing and superradiant phases PCS, 2017 6



Open Dicke model theory

@ Momentum degrees of freedom: =
1 = ¢y + 1py cos(kx) cos(kz) K === K
o Effective 2LS (vy, 1) 44 ’

AL :
Het = wa'a + E 0% + geion(8+ &) + UoZa'a . ,I/\I.
Pump

@ Extra “feedback” term U, cavity loss
@ Single mode — mean-field EOM, a = (&), S =, 0n/2.
S~ = —i(wo+U|af?)S™ + 2igesi(r + a*) S?
§% = igesi(a + a")(S™ — SY)
— [k + i(w+US?)] a — ige(S™ + ST)

Jonathan Keeling Lasing and superradiant phases PCS, 2017



Classical dynamics

© (MHz)

Jonathan Keeling

Changing U:
Uu=~0
40 UN=0
200 4 SR
0 >7
20 M SR
-40
1 15
VN (MHz)
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Classical dynamics

© (MHz)

1
VN (MHz)

Jonathan Keeling

Changing U:
U<0
40 ‘ UN=-40
4 / SRA
20
o [U+n @j SRB
20T \ SRA
-40
0 0.5 1.5

Lasing and superradiant phases
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Classical dynamics

\\
Changing U: o
Uos %0
We — Wa
Uu=>~o0 1’ _
2 Level System
40 / UN=40
% l’ M SRA
S o
3
20
) ST SRA
\
0 0.5 1 15
2N (MHz)
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Classical dynamics

%
Changing U: )
Uos %0
We — Wga
2_LeveISystem
1200
40 -
/ UN=40 1000 | o}
l’ SRA
20 \¥ 800 |
S o a
es) . . S 600
= 0 Persistent Oscillations 2z
3 400
-20
X SRA 200 - e~
-40 \ 0 w . . i
0 0.5 1 1.5 0 2 4 6 g8 10 12 14 16 18
2N (MHz) £ (ms)
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@ Introduction: Open Dicke model reminder
@ Dicke superradiance vs lasing
@ Driven Dicke model

9 Behaviour with dephasing
@ Mean field theory problem
@ Exact solution and cumulant expansion

e Lasing vs superradiance: competition
@ Basic phase diagram
@ Signatures of states
@ Blue detuned pump

Jonathan Keeling Lasing and superradiant phases PCS, 2017 8



e Behaviour with dephasing
@ Mean field theory problem

@ Exact solution and cumulant expansion

o =l = = = vHaAQ
Jonathan Keeling Lasing and superradiant phases



Individual dephasing

(
J

%
R

%\
g
g
g
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Individual dephasing

R

Jonathan Keeling
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Individual dephasing

R

@ Extra loss terms

Orp = —i[H, p] + kL[A] + ) T Llo ]+ TL[07]

LIX] = XpXT — (XTXp + pXiX)/2
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Individual dephasing

R

@ Extra loss terms

Orp = —i[H, p] + kL[A] + ) T Llo ]+ TL[07]

LIX] = XpXT — (XTXp + pXiX)/2

@ I, I, break S conservation.

Jonathan Keeling Lasing and superradiant phases PCS, 2017



MFT/Maxwell-Bloch: limiting cases
Denote: a = (&) ,s' = (o).
O = —iwa — igNS* — K /2

018" = —2wps” — 2(F¢ + F¢/4)sx
08 = 2wps* —2g(a+a*)s® —2(Ty+ T /4)s”
0¢s? = 2g(a+a*)s¥ =T (s* +1)

@ Normal state: a = s¥ =s¥ =0, OKif [ (s* +1) = 0.
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MFT/Maxwell-Bloch: limiting cases
Denote: a = (&) ,s' = (o).
O = —iwa — igNS* — K /2

018" = —2wps” — 2(F¢ + F¢/4)sx
08 = 2wps* —2g(a+a*)s® —2(Ty+ T /4)s”
0¢s? = 2g(a+a*)s¥ =T (s* +1)

@ Normal state: a = s¥ =s¥ =0, OKif [ (s* +1) = 0.
@ IfI') =Ty =0: 8 =0. Normal transition
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MFT/Maxwell-Bloch: limiting cases
Denote: a = (&) ,s' = (o).
O = —iwa — igNS* — K /2

018" = —2wps” — 2(F¢ + r¢/4)SX
08 = 2wps* —2g(a+a*)s® —2(Ty+ T /4)s”
0¢s? = 2g(a+a*)s¥ =T (s* +1)

@ Normal state: a = s¥ =s¥ =0, OKif [ (s* +1) = 0.
@ IfI') =Ty =0: 8 =0. Normal transition
@ If Iy # 0, transition at:

s? w wo

22N> =1 <w2+<m/2)2) <w§+(r¢+r¢/4>2

Jonathan Keeling Lasing and superradiant phases
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MFT/Maxwell-Bloch: limiting cases
Denote: a = (&), s' = (o).
O = —iwa — igNS* — K /2

018" = —2wps” — 2(F¢ + r¢/4)SX
08 = 2wps* —2g(a+a*)s® —2(Ty+ T /4)s”

0¢s? = 2g(a+a*)s¥ =T (s* +1)

@ Normal state: a = s¥ =s¥ =0, OKif [ (s* +1) = 0.
@ IfI') =Ty =0: 8 =0. Normal transition
@ If Iy # 0, transition at:

22N> =1 <w2+(m/2)2) <w§+(r¢+r¢/4)2

s? w wo

@ Ifr, =0,y # 0 no SR state:
» Normal state any s?
» s — 0 stable for all g

Jonathan Keeling Lasing and superradiant phases

PCS, 2017
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Exact solution

Wigner function W(a = x + ip),

[Kirton & JK, PRL’17]

=] F = = = DAl
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Exact solution

Wigner function W(a = x + ip),
@ Finite N: no symmetry breaking
» Superradiance: bimodal state

[Kirton & JK, PRL’17]
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Exact solution

Wigner function W(a = x + ip),
N=30,9> gc @ Finite N: no symmetry breaking
» Superradiance: bimodal state

@k by r, T}

. -

0

| -

-4
p—s

d @k Ty @k, I, Ty

6 -4 -2 0 2 4 axfefafz 0 2 4 6
[Kirton & JK, PRL *17]
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Exact solution

Wigner function W(a = x + ip),
N=30,9> gc @ Finite N: no symmetry breaking
» Superradiance: bimodal state

@k (b)r, T}
: - -
0
2 .- -
-4
p—s
d @k Ty @k, I, Ty

6 -4 -2 0 2 4 axfefafz 0 2 4 6
[Kirton & JK, PRL *17]
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Exact solution

Wigner function W(a = x + ip),

N=30,9> gc @ Finite N: no symmetry breaking
» Superradiance: bimodal state
| @n ®)r, Iy @ I, only unimodal
2 - -
|- @
P,
4 (c) K, Fd) (d) K, Fla F¢

6 -4 -2 0 2 4 axfefafz 0 2 4 6
[Kirton & JK, PRL *17]
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Exact solution

Wigner function W(a = x + ip),
N = 307 9>gc

@~ (byr, T}

2 - -
0

2| - .

-4
p—s

L@k, Ty (@, Ty, Ty

4 - -

6 -4 -2 0 2 4 exfefafz 0 2 4
[Kirton & JK, PRL *17]

6

@ Finite N: no symmetry breaking
» Superradiance: bimodal state

@ [, only unimodal
@ Suggestive, inconclusive:

Jonathan Keeling Lasing and superradiant phases PCS, 2017



Asymptotic behaviour

@ Proof of transition: Finite size scaling
» Superradiant: (414) o« N
» Normal: (478) o VN

[m] = - =

Jonathan Keeling Lasing and superradiant phases
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Asymptotic behaviour

@ Proof of transition: Finite size scaling
» Superradiant: (414) o« N

» Normal: (478) o VN

Jonathan Keeling Lasing and superradiant phases

o X XX XXX
ooooﬂ“‘— *

.\ °e , l.{/, F¢
101 102
N
PCS, 2017



Asymptotic behaviour

0.6
sescsemmm © & X XX X XX
05l ¢ e oo
@ Proof of transition: Finite size scaling ~oafe *,
/ L]
» Superradiant: (414) o« N S e — . k, I'}
» Normal: (478) o VN SR
~— °
@ Very suggestive — large N? 02| .. ]
| -...o'\..ﬁ.j’ F\L, F(ﬁ-
.\ °e , /.{/, F¢)
1ot 102
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Asymptotic behaviour

0.6
cccssemmn o o X XX X XX
o5 e e ee°®
@ Proof of transition: Finite size scaling TSosfe o,
» Superradiant: (414) o« N S ’ * e . K, I
» Normal: (478) o VN SR
~— °
@ Very suggestive — large N? 02| .. ]
| -...o“\..[ﬁi’ F\L, F(ﬁ-
.\ °e o /5\'/, F¢)
101 102
N

@ Cumulant expansion: (&'a), (2&), (o%), (&0*Y), (0a”o},).
» Respects symmetry: cf Laser rate equations

Jonathan Keeling Lasing and superradiant phases PCS, 2017



Asymptotic behaviour

0.6 4
K
___W_
Z 05L ¢ e PO i
@ Proof of transition: Finite size scaling TSosfe 0, ]
» Superradiant: (414) o« N 3 DT e . K, I
» Normal: (478) o VN S : 1
, ~ w2

@ Very suggestive — large N? 02 N ]
K, FJ,, F¢

0.1
K, F¢

161 102
N

@ Cumulant expansion: (&'a), (2&), (o%), (&0*Y), (0a”o},).
» Respects symmetry: cf Laser rate equations
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Cumulant expansion

@ Cumulant expansion:
» Verified at N ~ 30
» Preserves symmetry: (¢*) = (¢¥) = (&) = 0.

[m] = = =

Jonathan Keeling Lasing and superradiant phases
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Cumulant expansion

@ Cumulant expansion:
» Verified at N ~ 30
» Preserves symmetry: (o) = (¢¥) = (a) = 0.
» Connect to finite 5 ~ 1/N laser

Jonathan Keeling Lasing and superradiant phases PCS, 2017 14



Cumulant expansion

@ Cumulant expansion:
» Verified at N ~ 30
» Preserves symmetry: (o) = (¢¥) = (a) = 0.
» Connect to finite 8 ~ 1/N laser
@ Efficient method: g dependence
0.6

0.5
Z 0.4
~—
/6\ 0.3
-
Sz

0.1

0.0

0.2 0.4 0.6 0.8 1.0 1.2
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e Lasing vs superradiance: competition
@ Basic phase diagram
@ Signatures of states
@ Blue detuned pump

=} = PENE
Jonathan Keeling Lasing and superradiant phases



Raman driven Dicke model

@ Imbalanced Hamiltonian, from above:

H=wS?+9g(aSt + 23S ) +g'(aS +2afst) ‘
+wala+ Uatas?

9082 4g = oS24 [ ]

T =ran
2/ 20, 2 level'system

g
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Raman driven Dicke model
@ Imbalanced Hamiltonian, from above:

H=wyS?+9(aS* +4a'S7)+g'(aS™ +4a'sh)
+wd'a+ Ua'as?

9082p ;902 ¥
o = = —
g 2Ap 7 2N, 2 level

0
system

@ Non-cavity Raman processes — pumping and loss
Orp = —i[H, p] + vL[A] + > T | Lo ] + T L[05] + Loy ],
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Raman driven Dicke model
@ Imbalanced Hamiltonian, from above:

H=wyS?+9(aS* +4a'S7)+g'(aS™ +4a'sh)
+wd'a+ Ua'as?

9082 g = oS24 [ ]

@ g= = — 0
2/ 20, 2 level'system

@ Non-cavity Raman processes — pumping and loss
Orp = —i[H, p] + vL[A] + > T | Lo ] + T L[05] + Loy ],

@ Interpolate between:
» g’ =0, “textbook” laser
» I+ =0, lossy superradiance

Jonathan Keeling Lasing and superradiant phases PCS, 2017 16



Lasing and superradiance phase diagram

@ Cumulant calculation. (Fr =T+ 1)

o= Laser

0.2 0.4 0.6 0.8 1.0

I'+/Tr

[m] = = =

Jonathan Keeling Lasing and superradiant phases
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Lasing and superradiance phase diagram

@ Cumulant calculation. (Fr =T+ 1)

5
. (ata)/N
>

~3

=
2
! Las
0 0.2 0.4 0.6 0.8 1.0

I'+/Tr

Jonathan Keeling

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
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Lasing and superradiance phase diagram

@ Cumulant calculation. (Fr =T+ 1)

5
. (ata)/N
>

~3

=
2
! Las
0 0.2 0.4 0.6 0.8 1.0

I'+/Tr

Jonathan Keeling

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Lasing and superradiant phases

1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
—0.6
-0.8



Lasing and superradiance phase diagram

@ Cumulant calculation. (Fr =T+ 1)
@ Mean field stability phase-diagram — # unstable modes

0.45 5
0.40

0.35 4
030 o
025 3
020
0.15

0.10 1
0.05

0.00 0
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e Lasing vs superradiance: competition

@ Signatures of states

= = = = = Dae
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Signatures of states: Photon number distribution

@ Can SR/Lasing be distinguished by photons?

15.0 0.50!
. 12.5
(a) Lasing ‘ 100 0.20f
0.0 0.2 0.4 0.6 0.8 1.0 cos 0.10
FT/FT o 0.05
.5 0.02f
0.0 0.01

02 (M \)b 08 1.0
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Signatures of states: Photon number distribution

@ Can SR/Lasing be distinguished by photons?

15.0

Ho.o1

0.2 0.4 0.6 0.8
+/Tr

(b) Crossover

0.50)

(a) Lasing

0.20|

0.0 0.2 0.4 0.6 0.8 1.0

[+/Tr

0.10|

0.05|

0.02f

Ho.o1
02 04 06 08 1.0

/T
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Signatures of states: Photon number distribution

@ Can SR/Lasing be distinguished by photons?

@ Coherent state — similar P(n)
5

(b) Crossover

(a) Lasing o
0.0 0.2 04 06 08 1.0

[+/Tr

0.2 0.4 0.6 0.8 1.0
+/I'r
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Signatures of states: Fluoresence spectrum

@ Fluoresence/emission — driven system

S() = /_ h <3ﬁ(t)é(0)> et dt

oo

[m] = - =

Jonathan Keeling Lasing and superradiant phases
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Signatures of states: Fluoresence spectrum

@ Fluoresence/emission — driven system

S() = / h <éT(t)é(0)> et dt

oo

(a) Lasing ——+
0.0 0.2 0.4 0.6 0.8 1.0

Ly/Tp

@ Laserpeakatv ~w

Jonathan Keeling Lasing and superradiant phases
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Signatures of states: Fluoresence spectrum

@ Fluoresence/emission — driven system ]
© . 10°
S(v) = / <éT(t)é(0)> et dt = \i\\
—00 10°
5 10

(a) Lasing ——+
0.0 0.2 0.4 0.6 0.8 1.0

Ly/Tp

@ Laserpeakatv ~w
@ SRpeakatv ~0
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Signatures of states: Fluoresence spectrum

@ Fluoresence/emission — driven system w]
S(v) = / <éT(t)é(O)> e at = ¥\\
o I

(a) Lasing ——+
0.0 0.2 0.4 0.6 0.8 1.0

Ly/Tp

@ Laserpeakatv ~w
@ SRpeakatv ~0
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Signatures of states: Fluoresence spectrum

@ Fluoresence/emission — driven system w]
sw)= [ (alwao)) e ot S
o oSN

(a) Lasing ——+
0.0 0.2 0.4 0.6 0.8 1.0

Ly/Tp

@ Laserpeakatv ~w
@ SRpeakatv ~0
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e Lasing vs superradiance: competition

@ Blue detuned pump

= = = = = Dae
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Blue detuned pumping photon

=] F = = = DAl
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Blue detuned pumping photon
g'=0.1g

00 02 04 06 08 10

I+/Tr

0.2025
0.1800
0.1575
0.1350
3 0 0.1125

0.0900
-1 0.0675
0.0450
0.0225
-3 ! LLo.0000

Jonathan Keeling Lasing and superradiant phases PCS, 2017 22



Blue detuned pumping photon
g'=0.1g
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Blue detuned pumping photon
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Blue detuned pumping photon
g=0.1g g=g
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@ Large '+ phase similar to inverted SR
@ Small '+ phase inverted laser
@ Speckle/noise — absence of steady state
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Chaotic dynamics
@ MF bifurcation diagram: Im(«) at Re(«) = 0,Re(&) > 0 (9’ = 2.39)

[m] = - =
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Chaotic dynamics
@ MF bifurcation diagram: Im(«) at Re(a)) = 0,Re(a) > 0 (¢’ = 2.39)
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Chaotic dynamics
@ MF bifurcation diagram: Im(«) at Re(a)) = 0,Re(a) > 0 (¢’ = 2.39)
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Chaotic dynamics
@ MF bifurcation diagram: Im(«) at Re(a)) = 0,Re(a) > 0 (¢’ = 2.39)
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Chaotic dynamics
@ MF bifurcation diagram: Im(«) at Re(a)) = 0,Re(a) > 0 (¢’ = 2.39)
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Chaotic dynamics
@ MF bifurcation diagram: Im(«) at Re(a)) = 0,Re(a) > 0 (¢’ = 2.39)
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Chaotic dynamics
@ MF bifurcation diagram: Im(«) at Re(a)) = 0,Re(a) > 0 (¢’ = 2.39)
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Summary

@ Open Dicke model, «, Ty, I, Exact numerics & cumulants

[Kirton & JK, PRL *17]
o Laser/chke crossover model

(ata)/N o
Losef] |00

T on o6 o8 1 — 3 I T I
Iy/Tr v v v

[Kirton & JK, arXiv:1710.06212 ]

J/g
gl
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Exact solution

@ Nofixed S = 3, 0;: Dim[H] = 2N vs N

[Kirton & JK, PRL ’17]

=] F = = = DAl
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Exact solution

@ Nofixed S = 3, 0;: Dim[H] = 2N vs N

@ But: Permutation symmetry of p remains

[Kirton & JK, PRL ’17]
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Exact solution

@ Nofixed S = 3, 0;: Dim[H] = 2N vs N

@ But: Permutation symmetry of p remains
> Define R({<i}) = ({si}pl{s[}) < =sf+2sf

[Kirton & JK, PRL ’17]
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Exact solution

@ Nofixed S = 3, 0;: Dim[H] = 2N vs N

@ But: Permutation symmetry of p remains
> Define R({<i}) = ({si}pl{s[}) < =sf+2sf
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Exact solution

@ Nofixed S = 3, 0;: Dim[H] = 2N vs N
@ But: Permutation symmetry of p remains
> Define R({<i}) = ({si}pl{s[}) < =sf+2sf

» R(...sn..csm..)=R(...Sm...Sn...)
» Need only ordered listof 0 < ¢ < 4

[Kirton & JK, PRL ’17]
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Exact solution

@ Nofixed S = 3, 0;: Dim[H] = 2N vs N

@ But: Permutation symmetry of p remains
> Define R({<i}) = ({si}pl{s[}) < =sf+2sf

» R(...sn..csm..)=R(...Sm...Sn...)
» Need only ordered listof 0 < ¢ < 4

@ Evolve projected p: size N* x (Nphot,max)?-

[Kirton & JK, PRL ’17]
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Green’s function as common language
@ Green’s function: Response to weak perturbation

N R

2 v—wy+il
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Green’s function as common language
@ Green’s function: Response to weak perturbation
1 2N,
R -y — f #
[D (V)] v w+12+1/—wo+ir

» Normal modes
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Green’s function as common language
@ Green’s function: Response to weak perturbation

1 2N,
R -y — f #
[D (V)] -V w+12+1/—wo+ir

» Normal modes
» Linear stability
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Green’s function as common language
@ Green’s function: Response to weak perturbation

—1 K g2N0
D) v iy TN
[ ) v w+2+1/—w0—|—lr
» Normal modes
» Linear stability

Ground-state transition

)L Zero of Re

Y“

gc\/N
Coupling, 2N
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Green’s function as common language
@ Green’s function: Response to weak perturbation

—1 K g2N0
DA =v-— -t
[ (V)} v w+12+1/—w0—|—ir

» Normal modes
» Linear stability

Ground-state transition Laser

)L Zero of Re

7 7 0 / |
\ -1 I \\\-
P e
\ , Ll== Zero of Im
-ve? 2wl

gc\/N Inversion, Ny
Coupling, 2N
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Bosons beyond Dicke — single mode
So far W(r) = xo + x12c0s(gx) cos(qz) — S = x'ox.
Generally W(r) = >, xn€9"".

Pump lattice depth (E,)
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Bosons beyond Dicke — single mode
So far W(r) = xo + x12c0s(gx) cos(qz) — S = x'ox.
Generally W(r) = >, xn€9"".
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Bosons beyond Dicke — single mode
So far W(r) = xo + x12c0s(gx) cos(qz) — S = x'ox.
Generally W(r) = >, xn€9"".

iOrn = wr (|ny25n L= Vs n/(a))

/atO[ — w — EO Z XI’I n,Xn/ — /KJ Oé — T]EO ZXn n/Xn/
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Bosons beyond Dicke — single mode
So far W(r) = xo + x12c0s(gx) cos(qz) — S = x'ox.
Generally W(r) = >, xn€9"".

i0txn = wr (|n’25n n — Vh n’(a)) Xn
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Bosons beyond Dicke — single mode
So far W(r) = xo + x12c0s(gx) cos(qz) — S = x'ox.
Generally W(r) = >, xn€9"".
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. 1
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Bosons beyond Dicke — chaos

—10[8

Near resonance: irregular dynamics
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Bosons beyond Dicke — chaos
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