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Collective emission

Dicke effect: Enhancgd emission
Hin=_ g (VLS7e™™" + H.e)
k,i

=

[Dicke, Phys. Rev. 1954]
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Collective emission

Dicke effect: Enhancgd emission
Hin=_ g (VLS7e™™" + H.e)
k,i

=

o If [ri—rj] <\ use) ;S;i—S

[Dicke, Phys. Rev. 1954]
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Collective emission

Dicke effect: Enhancgd emission
Hint = 8k <’¢1£5i_e_'k'r" + H.c.>
k,i

= =

o If [ri—rj] <\ use) ;S;i—S
o Emission: / oc 3, |(F|i}S~|i)[2

N (N
e For: |S|:N/2,Sz:Mgetlo<§(——|—1)—M(M—l)

2
For [M| < N/2, rate o< N2,
[Dicke, Phys. Rev. 1954]

Jonathan Keeling Collective dynamics October 2010 3/23



Dicke effect and superradiance without a cavity

Fii=_ & (VLS7e™™" + H.c) M
k,i

[Dicke, Phys. Rev. 1954]
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Dicke effect and superradiance without a cavity

Fii=_ & (VLS7e™™" + H.c) M
k,i

If |ri —vj| < A use ) ;S; —S. Many modes v, — integrate out:

dp_r+_ — c+ +c—
i 2[55;) S7pS —i—pSS]

[Dicke, Phys. Rev. 1954]
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Dicke effect and superradiance without a cavity

Fii=_ & (VLS7e™™" + H.c) M
k,i

If |ri —vj| < A use ) ;S; —S. Many modes v, — integrate out:
% = —g [5+5_p — S pSt+ p5+5_]
z 2
If S7 = |S| = N/2 initially: /| rdBh TN e [FN }

dt 4 2

N/2 j N
-N/2 L

) tp

™
~
[\S)

(s
=

-I'd(S*)/dt

I

[Dicke, Phys. Rev. 1954]
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Dicke effect and superradiance without a cavity

Fii=_ & (VLS7e™™" + H.c) M
k,i

If |ri —vj| < A use ) ;S; —S. Many modes v, — integrate out:
dp r

w3 [5+5_p — S pST + p5+5_]
s el N d<SZ> FN2 5 FN
If S = |S| = N/2 initially: | o< —T p” e ech 2

™
~
[\S)

N/2 j N
-N/2 L

) tp

(s
=

-I'd(S*)/dt

I

[Dicke, Phys. Rev. 1954]
Problem: dipole-dipole interactions dephase.
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Collective radiation with a cavity: Dynamics

STANT A

Hint:Z (@DTSI* + 1/;5i+) Single cavity mode: oscillations

i

[Bonifacio and Preparata PRA 1970; JK PRA 2009]
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Collective radiation with a cavity: Dynamics

STANT A

Hint:Z (@Tslf + 1/;5i+) Single cavity mode: oscillations
i If 7 = |S| = N/2 initially:

T=2In(/N)/
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[Bonifacio and Preparata PRA 1970; JK PRA 2009]
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Collective radiation with a cavity: Dynamics

Hw=3" (0157 + 05}

]
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STANT A

Single cavity mode: oscillations

If 57 = |S| = N/2 initially:
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[Bonifacio and Preparata PRA 1970; JK PRA 2009]
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With a cavity: Superradiance phase transition

TAGT A

With detuning: H = woS? + wypiy) + g <1/1T5_ + ¢5+>

[Hepp, Lieb, Ann. Phys. 1973]
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With a cavity: Superradiance phase transition

TAGT A

With detuning: H = woS? + wypiy) + g <1/1T5_ + ¢5+>
Mean-field wf: |W) — &M +157|Q)

Spontaneous polarisation if: Ng2 > wuwg J
[Hepp, Lieb, Ann. Phys. 1973]
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With a cavity: Superradiance phase transition

TAGT A

With detuning: H = woS? + wypiy) + g <1/1T5_ + ¢5+>
Mean-field wf: |W) — &M +157|Q)

Spontaneous polarisation if: Ng2 > wuwg J

[Hepp, Lieb, Ann. Phys. 1973]

Problem: never occurs.  Minimal coupling (p — eA)?/2m

[Rzazewski et al Phys. Rev. Lett 1975]
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With a cavity: Superradiance phase transition

TAGT A

With detuning: H = woS? + wypiy) + g <1/1T5_ + ¢5+>
Mean-field wf: |W) — &M +157|Q)

Spontaneous polarisation if: Ng2 > wuwg J

[Hepp, Lieb, Ann. Phys. 1973]

Problem: never occurs.  Minimal coupling (p — eA)?/2m

_Z%A'Pi & g'sT +ySst),

[Rzazewski et al Phys. Rev. Lett 1975]
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With a cavity: Superradiance phase transition

TAGT A

With detuning: H = woS? + wypiy) + g <1/1T5_ + ¢5+>
Mean-field wf: |W) — &M +157|Q)

Spontaneous polarisation if: Ng2 > wuwg J

[Hepp, Lieb, Ann. Phys. 1973]

Problem: never occurs.  Minimal coupling (p — eA)?/2m

A2
—Y A e gWiSTHuSY), Yoo e N +ul)

[Rzazewski et al Phys. Rev. Lett 1975]
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With a cavity: Superradiance phase transition

TAGT A

With detuning: H = woS® + wib'v + g (1/;*5— + ¢S+>
Mean-field wf: |W) — &M +157|Q)
Spontaneous polarisation if: Ng2 > wuwg J

[Hepp, Lieb, Ann. Phys. 1973]

Problem: never occurs.  Minimal coupling (p — eA)?/2m

A2
—Y A e gWiSTHuSY), Yoo e N +ul)

For large N, w — w + 4NC. Need Ng2 > wo(w + 4N().
But g2/wy < 4¢. No transition [Rzazewski et al Phys. Rev. Lett 1975]
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Dicke phase transition: ways out

Problem: g2/wq < 4( for intrinsic parameters.
Solutions:

o = = = = Dae
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Dicke phase transition: ways out

Problem: g?/wy < 4 for intrinsic parameters.
Solutions:

@ Non-solution Ferroelectric
transition in D - r gauge.
[JK JPCM 2007 |
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Dicke phase transition: ways out

Problem: g?/wy < 4 for intrinsic parameters.
Solutions: "

non-condensed

@ Non-solution Ferroelectric
transition in D - r gauge.
[JK JPCM 2007 ]
@ Grand canonical ensemble:
» If H— H— (5% + 1), need only:
g°N > (w — p)(wo — )
» Incoherent pumping — polaritons. 0 ‘ 1x10° ‘ 2:10°
[JK Semicond. Sci. Technol. 2007] nlem
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Dicke phase transition: ways out

Problem: g?/wy < 4 for intrinsic parameters.
Solutions: o

non-condensed

@ Non-solution Ferroelectric
transition in D - r gauge.
[JK JPCM 2007 |

@ Grand canonical ensemble:
> If H— H— u(S%+ 1), need only: 1

g°N > (w— p)(wo — ) ’

> Incoherent pumping — polaritons. % ‘ 10° ‘ 210°
[JK Semicond. Sci. Technol. 2007] — " S
e Dissociate g,wp, e.g. Raman N
Scheme: wy <€ w. ’ Pump
[Dimer et al PRA 2007; Baumann et al 'I/\f
Pump

Nature 2010 ]
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Overview

© Review Dicke model and superradiance

© Dynamics of extended Dicke model
@ Fixed points and phase diagram
@ Dynamics and critical slowing down
@ Regions without fixed points

© Other ways to Dicke superradiance

@ Conclusions
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Overview

© Dynamics of extended Dicke model
@ Fixed points and phase diagram
@ Dynamics and critical slowing down
@ Regions without fixed points
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Extended Dicke model [Baumann et al. Nature 2010]
—— —— ——— 2 Level system, | {|),| M):

I ks, kz) =10,0),
ke, kz) = | £ k, £k),
wo = 2Wrecoil

ﬁPump

H = wipTp + wpS?

N atoms: [S| = N/2
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Extended Dicke model [Baumann et al. Nature 2010]
—— —— ——— 2 Level system, | {|),| M):

I kg, kz) =10,0),
ke, kz) = | £ k, £k),
wo = 2Wrecoil

ﬁPump

H=wi ) +wpS? + g(pTS™ +¢S+) + g' (¢St +4S7)

N atoms: [S| = N/2
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Extended Dicke model [Baumann et al. Nature 2010]
—— —— ——— 2 Level system, | {|),| M):

I kg, kz) =10,0),
ke, kz) = | £ k, £k),
wo = 2Wrecoil

Pum ‘ 2
ﬁ ue Feedback: U oc — 59

We — W,

H=wiTp +woS? + g(pTS™ +¢S+) + g' (0TSt + pS™)+US, v 1.

N atoms: [S| = N/2
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Extended Dicke model [Baumann et al. Nature 2010]
—— —— ——— 2 Level system, | {|),| M):

I kg, kz) =10,0),
ke, kz) = | £ k, £k),
wo = 2Wrecoil

r\rPump ‘ gg

Feedback: U «
We — W3

H=wiTp +woS? + g(pTS™ +¢S+) + g' (0TSt + pS™)+US, v 1.
N atoms: [S| = N/2
S™ = —i(wo+ U p)S™ + 2i(gyp + g'ypT)S?

S% = —ig(¥St —IST) +ig' (WS~ —iST)
b= — [k +i(wtUS*)] ¢ — igS™ — ig'ST

Add decay:
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Extended Dicke model [Baumann et al. Nature 2010]
—— —— ——— 2 Level system, | {|),| M):

-f‘ﬁ E\‘ b Jks kz) =10,0),
o ke kz) = | & k, £k),
wo = 2Wrecoil
(\rPump ‘ gg

We — W,

Feedback: U «

H=wiTp +woS? + g(pTS™ +¢S+) + g' (0TSt + pS™)+US, v 1.
N atoms: [S| = N/2

S™ = —i(wo+ U p)S™ + 2i(gyp + g'ypT)S?
§% = —ig(yST —9IST) +ig'(vS™ —¥TST)
b= — [k +i(wtUS*)] ¢ — igS™ — ig'ST

NB. w, k, gV'N ~ MHz, wy ~ kHz. Much slower decay.
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Fixed points at U =0

H=wp™p +woS? + g(’S™ +¢ST) + g’ (TSt +9S7)

e 57 =+4N/2 ¢ = 0 always present
e ) £0if g, g large.

Fixed points S,z/} =0.
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Fixed points at U =0
H=wp™p +woS? + g(TS™ + ST+ &' (¢St +¢S7)

e 57 =+4N/2 ¢ = 0 always present

Fixed points S,z[} =0.
e ) £0if g, g large.
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Fixed points at U =0

H=wp™p +woS? + g(TS™ + ST+ &' (¢St +¢S7)

Fixed points S,z[} =0.

e 57 =+4N/2 ¢ = 0 always present

e ) £0if g, g large.
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Boundaries U =0
k#0
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Boundaries U =0
k#0

g (w—+ wp)? + K?
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g (w—wp)? + K2
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Boundaries U =0

k#0 k=0:
/ 2 2
g (w+wo)? + K N2
e ¥ v w —N(g +g')" = wwo
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20 20
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15} 1 15}
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z z
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Slow dynamics near critical g’/g
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w, K, gV N ~ MHz, wg ~ kHz. Much slower decay.
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Slow dynamics near critical g’/g
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e Treating wo/k perturbatively, linear stability gives Im(v) =
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Slow dynamics near critical g’/g

20 05 3
)
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g () S
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w, k,8VN ~ MHz, wy ~ kHz. Much slower decay.
2
) ) . . ) KW
e Treating wo/k perturbatively, linear stability gives Im(v) = —m
K w

e For large x/wp, adiabatically eliminate v:
0:S={S,H} TS x (Sx2), H=wpS;—ASI—NA_S’

N = 225(g+g)? T = ﬁ(g/2 -g%)
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Finite U phase diagram, g = g’

H = wilyp + woS* + g + ) (ST + S7) + US4Ty

o = E E = DA
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Finite U phase diagram, g = g’

H = wilyp + woS* + g + ) (ST + S7) + US4Ty

gVN (MHz)

15 ¢ SR
— SR+ SR
r1o0
2
< SR+0) .\
= 34 Limit Cycle
05§ ™ 1
ISR+ i
+O
00 % / " . .
-80  -60 40  -20 0 20 40 60 80
UN (MHz)
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Explaining finite U phase diagram

15 SR
—_ SR+ SR
P10
<
% SR+ Limit Cycle

05 F 1

ISR+ o
+O
00 \ { f { .
-80 60 -40 -20 0 20 40 60 80
UN (MHz)

1 vv | instability:

101

/ 1
S o0
g 0995 Z

0.99
-80 -60 -40 -20 O 20 40 60 80

UN (MHz)

oq
glg

Jonathan Keeling Collective dynamics October 2010 15 / 23



Explaining finite U phase diagram

1 vv | instability:

101

15 SR

1.005 3
SR+ SR
10 - 1 ’
1

g
(=]
=) g =
% = )
SR+ Limit Cycle g
05 F | 0.995 Z
ISR+ 7
0.99
&0 -80 -60 -40 20 0 20 40 60 80
00 ‘ ‘ ‘ ‘ ‘
80 60 -40 20 0 20 40 60 80 UN (MH2)
UN (MH2)

If g = g/, analytic 1 # 0 solution. 9,57 = ig(¢) +T)(S~ — ST)
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Explaining finite U phase diagram

1 vv | instability:

15¢ SR 1 101
1.005 3
"‘710 SR+ SR
T 10 1
/ o
= g S 1
% = )
SR+ Limit Cycle g
05 F | 0.995 Z
ISR+ 7
0.99
&0 -80 -60 -40 20 0 20 40 60 80
00 ‘ ‘ ‘ ‘ ‘
80 60 -40 20 0 20 40 60 80 UN (MH2)
UN (MH2)

If g = g/, analytic 1 # 0 solution. 9,57 = ig(¢) +T)(S~ — ST)
o If |UN| < 2w: ST = S
S -4 \/ £2(4? — UPNZ) — Uion?

T U2(woU + 4g2)
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Explaining finite U phase diagram

1t vv | instability:

15 SR 1 101
-~ = 1005 3
gl'o I 1 / =)
< g > 1
- — — O+
%0-5 I SR+0 leltCycIei g 0995 \/ D \/
ISR+ g
0.99
O -80 -60 -40 -20 O 20 40 60 80
O'O-eo 0 40 20 0 2 40 6 & UN (MH2)
UN (MH2)
If g = g’, analytic ¥ # 0 solution. 9;5% = ig(v) + ¢1)(S™ — ST)
o If |UN| < 2w: ST = S o If UN < —2w Alternate SR
P g2(4w? — U2N?) — Uwor? solution
v U%(woU + 4g?)
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Explaining finite U phase diagram

1t vv | instability:

15 - SR 9 1.01
SR+ = 1.005 3
gl.o H 1 , .
< g > 1
- —_— — |
%0-5 I SR+0 leltCycIei g 0.995 \/ D \/
ISR+ o
0.99
o+O -80 -60 -40 -20 O 20 40 60 80
o w0 w0 2 o0 20 40 o o UN (MH2)
UN (MH2)
If g = g/, analytic 1 # 0 solution. 9,57 = ig(¢) +T)(S~ — ST)
o If |UN| < 2w: ST = S o If UN < —2w Alternate SR
2(4,,2 2 (2 2 solution
w g2 (4w? — U?N?) — Uwok
S,=—— &+ ;
z U \/ (ol + 427) ° hf UN > 2w No stable fixed
points
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Persistent optomechanical oscillations

. ) 8:S™ = —i(wo + UN2)S™ + 2ig(sh + 1) S?
3 e \/) o 057 = i(p+ 1) (S~ = 5T
= : o) = — [k +i(w+ USH)] v — ig(S™ +ST)

80 -60 40 20 0 20 40 60 8
UN (MHz)
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Persistent optomechanical oscillations

. ) 8:S™ = —i(wo + UN2)S™ + 2ig(sh + 1) S?
3 e \/) e 0:S% = i(yp + 1) (ST = ST)
= : o) = — [k +i(w+ USH)] v — ig(S™ +ST)

80 -60 40 20 0 20 40 60 8
UN (MHz)

Fix 57 = —w/U if Re(¢)) = 0.
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Persistent optomechanical oscillations

. ) 8:5~ = —i(wo + U[|?)S~
% SR+0 \/) Limit Cycle
= oo = — [ 1o ig(s™ +S")

UN (MHz)

Fix 57 = —w/U if Re(¢)) = 0.
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Persistent optomechanical oscillations

. ) 8:5~ = —i(wo + U[|?)S~
% SR+0 \/) Limit Cycle
E"LZD g 8t'lp:—[/€ ]w_lg(57+5+)

80 -60 40 20 0 20 40 60 8
UN (MHz)

Fix 57 = —w/U if Re(¢)) = 0.

Writing
) 2
S =re" r=y NT —(§7)?
Get:

0:0 = wo + U2
(0¢ + k)Y = —2igr cos(0)
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Persistent optomechanical oscillations

15 R

- SRH R

Y10

-
% SR+0 Limit Cycle

05

= : o) = — [
[+0
00

80 60 40 20 0 20 40 60 80
UN (MHz)

Fix S = —w/U if Re(y)) = 0.
Writing

, 2
S =re" r=y NT —(§7)?

Get:

0¢0 = wo + UJy[?
(0¢ + k)Y = —2igr cos(0)

0:S™ = —i(wo + U||?)S™

v —ig(S™+S%)

20 1
£ \/\/\/\
20 | \
05 S ——% —
_0.5 L
1100.0 1100.1 1100.2

t (ms)
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Comparison to experiment UN = —40MHz

Pump lattice depth (E)

0
S SR

e 10 ] z
S i £
-
€ | g

30 / ) N i

0.0 o, 20 pump o (0

gN
[JK et al PRL 2010 ] [Baumann et al Nature 2010 ]
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Overview

© Other ways to Dicke superradiance

o & = E = Dae
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Dicke phase transition: ways out

Problem: g?/wy < 4 for intrinsic parameters.
Solutions:

@ Non-solution Ferroelectric
transition in D - r gauge.
[JK JPCM 2007 |
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Ferroelectric transition

Atoms in Coulomb gauge

H= Zwkalak + Z[Pi — eA(r))? + Vieoul

o <& = E = Dac
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Ferroelectric transition

Atoms in Coulomb gauge

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

Two-level systems — dipole-dipole coupling

H = woS* +wiply + g(S* + S7)( + 1) + NC( + w1)2n(S+ — 57

(nb g2,(,n x 1/V).
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Ferroelectric transition

Atoms in Coulomb gauge

H = ZwkaZak + Z[p; — eA(r)]? + Vieou
Two-level systems — dipole-dipole coupling
H = woS” + wiplep + (ST + S7) (¥ + 1) + N¢(v + 912 —n(ST - 57)?

(nb g2,¢,n x 1/V). Ferroelectric polarisation if wg < 2nN )
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Ferroelectric transition

Atoms in Coulomb gauge
H= Zwkalak + Z[Pi - eA(ri)]2 + Veoul
Two-level systems — dipole-dipole coupling
H = woS” +wiplp + (ST + S7)(¢ + ¢1) + N¢(y + 1) —n(ST = 57)°

(nb g2,¢,n x 1/V). Ferroelectric polarisation if wo < 2nN |

Gauge transform to dipole gauge D - r
H=woS™ +wiply + g(ST - §7) (¥ — v

“Dicke" transition at wp < Ng2/w = 2nN J

But, v describes electric displacement
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Dicke phase transition: ways out

Problem: g?/wy < 4 for intrinsic parameters.
Solutions: "

non-condensed

@ Non-solution Ferroelectric
transition in D - r gauge.
[JK JPCM 2007 ]
@ Grand canonical ensemble:
» If H— H— (5% + 1), need only:
g°N > (w — p)(wo — )
» Incoherent pumping — polaritons. 0 ‘ 1x10° ‘ 2:10°
[JK Semicond. Sci. Technol. 2007] nlem
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Chemical potential and Dicke model

H=wply+ Y SF +gi($S; +He)

1
Schematic equation:

2

2
Quantum Wells g N gi |: 1 :|
w— = — tanh |G=(e; —
o= B3 [0

|
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Chemical potential and Dicke model

H=wplp+ €S+ gi(S +H.c)

1
Schematic equation:

=5\ Quernum vels 22N g2 1
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Chemical potential and Dicke model

1
Schematic equation:
E Quantum Wells g2 N

N

Open system

2

&i

H=wy'y+) eSF +gi($S’ +Hc)

1
" tanh |:,8§(6, —

)

Bulk photon modes
Pumping Bath K \ \/\/\/\
_ —ipst
Prlf ] e ,(b(t) - ¢e
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Summary

° Reallsat|on of (modified) superradiance transition

mm

e For g # g U # 0, wide varlety of phases
= (g C——

3
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Extra slides

e Numerical confirmation of FP

@ Dicke Oscillations

@ Extensions to atomic Dicke realisation

o & = E = Dae
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Numerical confirmation of fixed points

15 SR

Limit Cycle

80 -60 -40 -20 0 20 40 60 80
UN (MH2)
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Numerical confirmation of fixed points
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Numerical confirmation of fixed points
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How good is semiclassics?

From eigenstates H|Wq) = Eq|Wq):
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How good is semiclassics?
If periodic,

VN
AE,=qQ, Q=ng—r_
@ =4 "EIn(VN)

From eigenstates H|Wq) = Eq|Wq):
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How good is semiclassics?
If periodic,

VN
AE,=qQ, Q=ng—r_
@ =4 "EIn(VN)

From eigenstates H|Wq) = Eq|Wq):
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1400
1200
1000
800
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N=2000
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-50 E

UVE T TILETISILY
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Mode frequency: Ep-Ey
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Time

Anharmonicity: AE; — gAE;

(AE, - 0 AE,)/AE,
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Semiclassical approximation: WKB quantisation
Problem is one dimensional; nppot + S, = N/2, find W(nppot):

(E+AnV,=gnVN+1—nV, 1+g(n+1)VN—nV,

[Keeling PRA 79 053825; see also Babelon et al. J. Stat. Mech p.07011]
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Semiclassical approximation: WKB quantisation
Problem is one dimensional; nppot + S, = N/2, find W(nppot):

(E+AnV,=gnV/N+1—nV, 1 +g(n+1)VN—nV, 1y

WKB wavefunction:

v~ cos(E®, + ¢ + nm/2)
V(0172 /N=n+1/2

N+1
n+1/2

[Keeling PRA 79 053825; see also Babelon et al. J. Stat. Mech p.07011]

hljypO

arcosh

o ~ L
n_g\/N+1

0 500 1000 1500 2000

Find E, ¢ by matcnhing assymptotics at n >~ 0,n ~ N.
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Semiclassical approximation: WKB quantisation
Problem is one dimensional; nppot + S, = N/2, find W(nppot):

(E+AnV,=gnVN+1—nV, 1+g(n+1)VN—nV,

WKB wavefunction:

v~ cos(E®, + ¢ + nm/2)
V(0 +1/2/N—nt1/2

N+1
n+1/2
Find E, ¢ by matcnhing assymptotics at n~0,n~ N.

Hard boundary at n = 0: breakdown of Bohr-Sommerfeld quantisation.
[Keeling PRA 79 053825; see also Babelon et al. J. Stat. Mech p.07011]
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Scaling with system size
Simple approximation: match WKB soln to eqn for W, Wq:

)
s

_ 2 mE L [EN(VN)
1= mgt [g VN

Jonathan Keeling Collective dynamics October 2010 29 / 32



Scaling with system size
Simple approximation: match WKB soln to eqn for W, Wq:

1= 2VE lé'nm

)

T g VN

£ m8VN 3 CgVN
T Inn) Y In(Vm)
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Scaling with system size
Simple approximation: match WKB soln to eqn for W, Wq:

_ 2 [Ewem)
1= 7T\/Ngt [g TN

)

£ _om8VN 5 CgVN
T Inn) Y In(Vm)

Semiclassics controlled by 1/In(N).

w S (&)

[(AE, - q AE)/AE, ™
N

4 16
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Scaling with system size
Simple approximation: match WKB soln to eqn for W, Wq:

2 E En(v'N)

l1=——vN—tan

T g |g VN |’

£ _om8VN 5 CgVN
T Inn) Y In(Vm)

Semiclassics controlled by 1/In(N).
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Overview

@ Extensions to atomic Dicke realisation

o & = E = Dae
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Many photon modes

nature

phySiCS ARTICLES

PUBLISHED ONLINE: 4 OCTOBER 2009 | DOI: 101038/NPHYS1403

Emergent crystallinity and frustration with
Bose-Einstein condensates in multimode cavities

Sarang lakrishnan"2*, Benjamin L. Lev' and Paul M. Goldbart"23

o Transition breaks Zo ® Z, —
crystallisation

@ No cubic mode-mode coupling —
Brazovskii transition

@ "“Supersmectic” phase
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Dynamics during/following sweep

Pump lattice depth (E)

Pump-cavity detuning (MHz)

600
Pump power (W)
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Dynamics during/following sweep
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Pump power (W)
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Dynamics during/following sweep

Pump lattice depth (E)

Pump-cavity detuning (MHz)

600
Pump power (W)
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