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What can quantum systems do?

Condensed matter physics: two types of question
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What can quantum systems do?

Condensed matter physics: two types of question

What physics is needed to explain the
material properties we do see
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What can quantum systems do?

Condensed matter physics: two types of question

to

What material properties can be possible
from quantum physics?

How? Doping, strain, heterostructure growth, nanofabrication ...
Floquet driving, strong matter-light coupling ...
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From cavity QED ...
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From cavity QED ...

@ Precision tests of quantum optics
» Purcell effect, strong coupling
» Rabi oscillations, collapse & revival
» Resonant fluoresecence, EIT
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From cavity QED ...

@ Precision tests of quantum optics
» Purcell effect, strong coupling
» Rabi oscillations, collapse & revival
» Resonant fluoresecence, EIT

@ Many body cavity QED?

[Circuit QED array, Houck group ]
» Phase transitions: Lasing, superfluoresence, superradiance
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... synthetic cavity QED: Raman driving
@ Tunable coupling via Raman

Q
2 (oha+He)

[Dimer et al. PRA *07]
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... synthetic cavity QED: Raman driving

@ Tunable coupling via Raman

@ Real systems: loss d:;p = —i[H, p] + xL[a, p] + . ..

@ To balance loss, counter-rotating:
o da

i/},

0
2 level'system

[Dimer et al. PRA 07]
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(Multimode) cavity QED

H=Y wala+ Y wookon + > gkn(@ +a_)(of +o7)
k n n,k

p=—iH,pl+ 5> Llak,pl +7>_ Lloy, ]
k i

L AVA- )
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(Multimode) cavity QED

H=Y wala+ Y wookon + > gkn(@ +a_)(of +o7)
k n n,k

p=—iH,pl+ 5> Llak,pl +7>_ Lloy, ]
k i

@ Compare g (or gv/'N) vs:

> R Y

> Wk, wWo A\ QA
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(Multimode) cavity QED

H=Y wala+ Y wookon + > gkn(@ +a_)(of +o7)
k n n,k

p=—iH,pl+ 5> Llak,pl +7>_ Lloy, ]
k i

@ Compare g (or gv/'N) vs:

> Ry

» bandwidth - AV 4 )

> Wk, wo
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Multimode cavities

Confocal cavity L = R:

==

@ Modes

=1,m(r) = Hi(X)Hm(y),
I + m fixed parity

73 73 21
||, i A
— ™ L T W’
((((((((
o
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Multimode cavities

Confocal cavity L = R:

==

@ Modes

=1,m(r) = Hi(X)Hm(y),
I + m fixed parity

17 12
e i i
-
[ ]
1

@ Tune between
-400 -350 -300 -250 -200 -150 -100 -50 0 59 100 150 200 250 300 350 400
degenerate vs brobe frequency shift (MHz)
non-degenerate

Single mode: L>R 4
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0 Introduction: Tunable multimode Cavity QED

@ Density wave polaritons
@ Superradiance transition
@ Supermode density wave polariton condensation

e Spin wave polaritons
@ Effects of loss
@ Spin glass

e Meissner-like effect
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Mapping transverse pu g'ng to Dicke model

i) X

ﬁF’ump ’
@ Atomic states: ¥ (r) = vy + 1y cos(qgx) cos(gz)
Q
Hoit = (wo — wp)dla+ " Dk + =L oX(a+ al)
T o
° Deff
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Mapping transverse pu g'ng to Dicke model

i gi)

(\rPump

@ Atomic states: ¥ (r) = vy + 1y cos(qgx) cos(gz)
Qg0

Hott = (we —wp)ala+ Y Doz + 2L oX(a+al) 5% oidla
T ~ 2 A 4N
¢ Geft U

@ Extra “feedback” term U, cavity loss
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Mapping transverse pu g'ng to Dicke model

i gi)

(\rPump

@ Atomic states: ¥ (r) = vy + 1y cos(qgx) cos(gz)

2
9o~

Heﬁ_( — wp aTa+Z ,,+— Xa+a') - A ola'a
Oeff U

@ Extra “feedback” term U, cavity loss
@ Zp symmetry: phase of light

. ﬁ VS ﬁ
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Classical dynamics

Changing U:
u=o0
40 UN=0
200 4 SR
g 0 —_—
B X |
20 M SR
-40
0 0.5 1.5

1
2N (MHz)
[JK et al. PRL ’10, Bhaseen et al. PRA '12]
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Classical dynamics

Changing U:

2
Uos %0
U<0 We — Wa
40 ‘ / UN=-40
% U SRA
S of s SRB
3
-20
] \ SRA
-40 :
0 0.5 1.5

1
2N (MHz)
[JK et al. PRL ’10, Bhaseen et al. PRA '12]
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Classical dynamics

Changing U: o
We — Wa
U>0
40 / UN=40
0 U ol SRA
Z
2
-20
N SRA
-40 \
0 0.5 1.5

1
VN (MHz)
[JK et al. PRL ’10, Bhaseen et al. PRA ’'12]
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Classical dynamics

Changing U: &
Uox —20
We — Wga
40 / UN=40 1200
% Y SRA 1000 o
800 |-
/;\ .
T . R o L
s o Persistent Oscillations = 600
3 400
20 200 -
N\ SRA o
0 L 1
40 \ 0 2 4 6 8 10 12 14 16 18
0 15 t(ms)

1
2N (MHz)
[JK et al. PRL ’10, Bhaseen et al. PRA ’'12]
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Single mode experiments

Bragg planes

*
#
. W #
%

Pump laser

Ritsch et al. PRL '02

=] = = E == DA
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Single mode experiments

Bragg planes

0
’ -

Pump laser

Ritsch et al. PRL '02

Thermal atoms, momentum state
@ — <b)§ ,

Emitted Light
Pump Beams g 9

S z
Cavity Mirrors[—| T—'X

Time (ms)

Vuletic et al. PRL 03 (MIT)
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Single mode experiments

Bragg planes

ot
- g
-l "‘
§ W . [ ’7.‘ _’,d v o ]
t. % B ow o NE N ¢
e R TN B R R R O
ek 35 3 B R TR
- W MR bW ey
e !
#
Pump laser

Ritsch et al. PRL '02
Thermal atoms, momentum state

(@ — ®)8 ,
§Emmed Light &

Pump Beams
=

; z
Cavity Mirrors[—| T—'x

Time (ms)

Vuletic et al. PRL 03 (MIT)
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BEC, momentum state

Pump lattice depth (E,)

-cavity detuning (MHz)

Pump.

6500
Pump power (W)

Baumann et al. Nature '10 (ETH)
Kinder et al. PRL '15 (Hamburg)
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Single mode experiments

Bragg planes

P

ot
P BEC, momentum state

it E it 3 _’,J PR Pump lattice depth (E,)
1. F w8 W L

e A MR . B

ek 35 3 B R TR

b M hw e

Pump laser

Pump-cavity detuning (MHz)

Ritsch et al. PRL '02 L
Thermal atoms, momentum state oo

“ St ol f’j/’vw\/“/ Baumann et al. Nature 10 (ETH)
Pump Beame . Kinder et al. PRL *15 (Hamburg)
BEC, hyperfine states

| Tm(m) R Baden et al. PRL 14 (Singapore)

Vuletic et al. PRL 03 (MIT)

; z
Cavity Mirrors|—] L»x
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Density wave polaritons

9 Density wave polaritons

@ Supermode density wave polariton condensation
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Superradiance in multimode cavity: Even family

C
kel
/)]

/\10__ T T T T 3
£2 F km=0 2 4 6
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m 1 1 1 1 .
o 0 50 100 150

Frequency (MHz)

<

L

Jonathan Keeling Multimode cavity QED CONDMAT17 12



Superradiance in multimode cavity: Even family

C
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£Z Frm=0 2 4 6 3
@S5 |
c 3
85 [ .
26 ek . JU\A M.x,__
2= 0T RN
(“ C 1 1 1 1 .
o 0 50 100 150

Frequency (MHz)

E3

W

Jonathan Keeling Multimode cavity QED CONDMAT17 12




Superradiance in multimode cavity: Even family

—_
o

(o]
|
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—_
T T T
—>!

Cavity transmission
(arb. units)
—

0 50 100 150

Frequency (MHz)
e A
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Superradiance in multimode cavity: Odd family

@ Dependence on cloud
position

a b 2
0 i
y.
L. L
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Superradiance in multimode cavity: Odd family

@ Dependence on cloud
position

a L 1 A

) i1
f y.
L., L

@ Near-degeneracy of
(1,0),(0,1) modes
broken by matter-light
coupling.
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Superradiance in multimode cavity: Odd family

@ Atomic time-of-flight — structure
factor

@ Dependence on cloud p(r) = y(r) + ¥y (r) cos(gx) cos(qz)
pOSItIOﬂ Cavity output: Atomic time-of-flight:

TEMoo
a
y

2g - RN
N 0| '

@ Near-degeneracy of
(1,0),(0,1) modes
broken by matter-light
coupling.
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Superradiance in multimode cavity: Odd family

@ Atomic time-of-flight — structure
factor

@ Dependence on cloud (1) = Py (r) + 14 (r) cos(gx) cos(qz)
pOSItIOﬂ Cavity output: Atomic time-of-flight:

TEMoo
a
y

2g - RN
N 0| '

@ Near-degeneracy of
(1,0),(0,1) modes
broken by matter-light
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Synthetic cQED Possibilities

@ Single mode vs multimode

//) ——
//// — ==
Credit: Alan Smnebreaker Phys\csE 88 (2010)

lul

o = na
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Synthetic cQED Possibilities

@ Single mode vs multimode

//) g
////// =
Credit: Alan Smnebreaker Phys\csz 88 (2010}

@ Momentum state vs hyperfine state

=] = E = DA
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Synthetic cQED Possibilities

@ Single mode vs multimode

////
////// E==

Credit: Alan Smnebreaker Phys\csz 88 (2010)

|l|l

@ Momentum state vs hyperfine state l

,,,,, Ta_ da
@ XY vslsing

b
level'system

/\
1"

level'system

=] = = E = DA
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Synthetic cQED Possibilities

@ Single mode vs multimode

== ’ ﬁ

Credit: Alan Smnebreaker Phys\csE 88 (2010)

@ Momentum state vs hyperfine state l
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Spin wave polaritons

0 Spin wave polaritons
@ Effects of loss
@ Spin glass

=} = = = = DAl
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Internal states: Effect of particle losses

@ Dicke Hamiltonian: H = wa'a+ Y _woo; o} + gof(a' + a)
i
@ Adding other loss terms

Orp = —i[H, p] + kL[] + > T L[o] ]+ T4L[o7f]

LIX] = XpXT — (XTXp + pXtX)/2

[Dalla Torre et al. , PRA (Rapid) 2016, Kirton & JK, PRL 2017]
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Internal states: Effect of particle losses

@ Dicke Hamiltonian: H = wa'a+ Y _woo; o} + gof(a' + a)
i
@ Adding other loss terms

Op = —i[H, p] + L[] + Z [ Lo ]+ TeLlof]

LIX] = XpXT — (XTXp + pXtX)/2

@ [|,I, break S conservation.

[Dalla Torre et al. , PRA (Rapid) 2016, Kirton & JK, PRL 2017]

Jonathan Keeling Multimode cavity QED CONDMAT17



Internal states: Effect of particle losses

@ Dicke Hamiltonian: H = wa'a + Zwoa,*a,‘ + goX(a' + a)
i
@ Adding other loss terms

Op = —i[H, p] + L[] + Z [ Lo ]+ TeLlof]

LIX] = XpXT — (XTXp + pXtX)/2

@ |, break S conservation.
@ Mean field: confusing result:
» Always: Normal state unstable for g > g,

[Dalla Torre et al. , PRA (Rapid) 2016, Kirton & JK, PRL 2017]
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Internal states: Effect of particle losses

@ Dicke Hamiltonian: H = wa'a + Zwoa,*a,‘ + goX(a' + a)
i
@ Adding other loss terms

Op = —i[H, p] + L[] + Z [ Lo ]+ TeLlof]

LIX] = XpXT — (XTXp + pXtX)/2

@ |, break S conservation.
@ Mean field: confusing result:

» Always: Normal state unstable for g > g,
» ', #0,I; no SR solution

[Dalla Torre et al. , PRA (Rapid) 2016, Kirton & JK, PRL 2017]
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Effect of particle losses

@ Wigner function W(a = X + ip)

[Kirton & JK, PRL 2017]

=} = = = = DAl
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Effect of particle losses

@ Wigner function W(a = X + ip)

T@ek bk, Ty
2 -
[
L.
-6
D
@k, Ty A~ Ty, Ty
:
2
N
6

“6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

T
@ N = 30: no symmetry breaking
[Kirton & JK, PRL 2017]
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Effect of particle losses

@ Wigner function W(a = X + ip)

6
a
2
0
2
a
-6
P
a
2
0
2
4
6

@ N = 30: no symmetry breaking
[Kirton & JK, PRL 2017]
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(@) k (o), I'y
-
2| - -
@k, Ty @k, I'y, Ty

6 -4 -2 0 2 4 6

x

6 -4 -2 0 2 4 6
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Effect of particle losses

@ Wigner function W(a = X + ip)

T@ek (b)r, T'y
2 - .
[
2| .- -
-6
P
@k, Ty @k, I'y, Ty
: /
2
.
6

“6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

T
@ N = 30: no symmetry breaking
[Kirton & JK, PRL 2017]
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Effect of particle losses

@ [, only: MFT — no SR
@ Wigner function W(a = X + ip) @ O -

(@) & (o), T
2 ® -
[
2 .- -
p—s
0k, Ty @k, I'y, Ty
2
0 ' /
2
)
6
-6 -4 -2 0 2 a4 6 -6 -4 -2 0 2 4 6
X

@ N = 30: no symmetry breaking
[Kirton & JK, PRL 2017]
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Effect of particle losses

@ Wigner function W(a = X + ip)

(@) & (o), T
2 - e
[
-2 - ’
p—s
0k, Ty @k, Iy, Ty
2
- -
.
6

6 -4 -2 0 2 4 6

@ N = 30: no symmetry breaking

[Kirton & JK, PRL 2017]

x

6 -4 -2 0 2 4 6

@ 4 only: MFT — no SR
@ Asymptotic scaling

conasemmmmmn 88 X XX X XX
ae®

T~oafe *,
ER RS r
+—_ o3} - —— o
S -,
0.2} .'.. ]
| -...'%\../{.7 Fi'/ Fdi_
\.. IR
101 102
N
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Effect of particle losses

@ 4 only: MFT — no SR

@ Wigner function W(a = X + ip) o Asympotic scaling

(@) & (o), T
z e 0.6 K
---W
_j - k4 o5 e e eeeet i
P, <k
L@k, Ty @r Ty, Ty 3 el |
2 4_6 St ., K, Ty
o - / S |
2 ~ XY
-4 0.2} ‘-: B
- -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 /{7 F\L./ Fd)
X 0.1}
K, F¢

@ N = 30: no symmetry breaking i =
[Kirton & JK, PRL 2017]
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Disordered atoms
@ Multimode cavity, Hyperfine states,

wo _
Heff:—ZAMaLawLZ? ngz (rn)ox(a, + a),)
© n @

[Gopalakrishnan, Lev and Goldbart. PRL 11, Phil. Mag. '12]



Disordered atoms
@ Multimode cavity, Hyperfine states,

Hor =3 8, + 37 ﬁ+%zz tn)o%(a, +al)
I

@ Random atom positions — quenched disorder

[Gopalakrishnan, Lev and Goldbart. PRL 11, Phil. Mag. '12]
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Disordered atoms
@ Multimode cavity, Hyperfine states,

Hor =3 8, + 37 ﬁ+%zz tn)o%(a, +al)
I

@ Random atom positions — quenched disorder

@ Effective XY/lIsing spin glass

ook Ising Q290%=,.(rn)=,(rm)
Hett = E Jh, nem , Jom = E L =
e ~ n,m {U,TO’m Xy nm - AZAM

[Gopalakrishnan, Lev and Goldbart. PRL 11, Phil. Mag. '12]
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Meissner-like effect

© Meissner-like effect

=} = = = = DAl

Jonathan Keeling Multimode cavity QED



Cavity QED and synthetic gauge fields

@ [Spielman, PRA'09] scheme, hyperfine states A, B

B Ea+ (V — Q%)? Q/2 0
H=(4a v8) ( SR /2 Eg+(V + Q)?)2> (wg)

.t
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Cavity QED and synthetic gauge fields

@ [Spielman, PRA'09] scheme, hyperfine states A, B

= (V4 vo) (EH(g/E " o) ()

Ground state .
Atoms _ (Ep—Ex)Qx )2
; i E_(k) ~ &2
2m*
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Cavity QED and synthetic gauge fields

@ [Spielman, PRA'09] scheme, hyperfine states A, B

=a ve) (EA+(§/£ " o) ()

Ground state .
Atoms _ (Ep—EA)Q% )2
: i E_(k) ~ &2
2m*

@ Feedback
» Why?
* Meissner effect, Anderson-Higgs mechanism,
confinement-deconfinement transition.
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Cavity QED and synthetic gauge fields

@ [Spielman, PRA'09] scheme, hyperfine states A, B

=W vo) (EA+(§/£ " o) ()

Ground state .
Atoms _ (Ep—EA)Q% )2
: i E_(k) ~ &2
2m*

@ Feedback
» Why?
* Meissner effect, Anderson-Higgs mechanism,
confinement-deconfinement transition.
» How?
* Multimode cavity QED

Jonathan Keeling Multimode cavity QED CONDMAT17
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Meissner-like physics: idea

@ Follow Spielman scheme

(EA +(V — Qx)? Q/2 )
Q/2 Eg+ (V + QX)?

.
):B:
z9

[Ballantine et al. PRL 2017]

o = = = = DA
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Meissner-like physics: idea

@ Follow Spielman scheme

(EA +(V - QR)?

Q/2
Q/2 Eg+(V + Q%)
@ E4, Eg o |p|? from cavity Stark shift
il e

14)

=] = = E = DA
Jonathan Keeling Multimode cavity QED

[Ballantine et al. PRL 2017]



Meissner-like physics: idea

@ Follow Spielman scheme

(EA +(V - QR)?

Q/2
Q/2 Eg+ (V + QX)?
@ E4, Eg o |p|? from cavity Stark shift
@ Ground state
i

14)

=] = = E = DA
Jonathan Keeling Multimode cavity QED

[Ballantine et al. PRL 2017]



Meissner-like physics: idea

@ Follow Spielman scheme

Ep+ (V- QX%)? Q/2
( Q/2 Eg+ (V+ O)“()?)

@ E4, Eg o |p|? from cavity Stark shift

@ Ground state  E_(k) o (k — QX|[?)?

I N ——1
et o » Multimode cQED — local matter-light coupling

» Variable profile synthetic gauge field?

§ s
F=1
Eal =2 14)

[Ballantine et al. PRL 2017]
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Meissner-like physics: idea

@ Follow Spielman scheme

Ep+ (V- QX%)? Q/2
( Q/2 Eg+ (V+ O)?)?)

@ Ep, Eg o |p|? from cavity Stark shift
@ Ground state  E_(K) « (k — QX|¢|?)?

» Multimode cQED — local matter-light coupling

» Variable profile synthetic gauge field?

T » Reciprocity: matter affects field

al 4)

[Ballantine et al. PRL 2017]
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Meissner-like physics: setup

o (02) Z [ T2, (—Ealel +igox Q/2 ¥
Iat(¢3>_|: ﬁ—i_( Q/2 5A|<P|2_i%ax + ... v )

[Ballantine et al. PRL 2017]

o = = = = DA
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Meissner-like physics: setup

o (02) Z [ T2, (—Ealel +igox Q/2 ¥
Iat(¢5>_|: ﬁ—i_( Q/2 SA|90|2—/'%8X + ... v )

. ) re .
0o = 3 (P2 + ) — B0 = in = Nea(unl = [va?)| o

[Ballantine et al. PRL 2017]

o = = = = DA
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Meissner-like physics: setup

o (Ua) [ V2 [—Ealol +i20; Q/2 Ua
o (11) = |-t (I 8 a0 ) 4] ()
@ Light:
; g o2 I 2 2
i0rp = 5 —FVe+ 2 — Do — ik — NEA(|al® — [v8]7) | v
@ Low energy:
Q . . N
wal? = [sl? = s (V20 — v 0xw" ) + 2° 20 [Flef?
[Ballantine et al. PRL 2017]

[m] = = =
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Meissner-like physics: setup

o (Ua) [ V2 [—Ealol +i20; Q/2 ba
o (11) = |-t (I 8 a0 ) 4] ()
@ Light:
. 0 2
0o = 3 (- + ) = B0 = in = Nea(ual = va?)| o+ 1)
@ Low energy:
Q . . N
wal? = [sl? = s (V20 — v 0xw" ) + 2° 20 [Flef?
[Ballantine et al. PRL 2017]

[m] = = =
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Meissner-like physics: numerical simulations

Atoms £ H:is
N 3 @ Consider f(r) such that
o3 | o .
£ Hj s @ Without feedback
Cavity light -5 .5 (Ea = 0) for field

Synthetic field !

[Ballantine et al. PRL 2017]
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Meissner-like physics: numerical simulations

4
S
@®

-3
.,3 @ Consider f(r) such that
10 2
. L=
Cavity light s
. @ With feedback
0%

1o
@ N

Synthetic field

10 -5 0 5 10-10 -5 0 5 10
x/ag X/ag

[Ballantine et al. PRL 2017]
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Meissner-like physics: numerical simulations

4
S
@®

0.02&
Atoms §
0.01 F
5
0.00 —
10
83
6 oL
N S
Cavity light s
0
3
2
1%
oS
1y

1o
@ N

Synthetic field

10 -5 0 5 10-10 -5 0 5 10
x/ag X/ag

[Ballantine et al. PRL 2017]
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@ Consider f(r) such that
|ol? o y.

@ With feedback
» Field expelled
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Meissner-like physics: numerical simulations

4
S
@®

0.02&
Atoms §
0.01 F
5
0.00 —
10
83
6 oL
N S
Cavity light s
0
3
2
1%
oS
1y

1o
@ N

Synthetic field

10 -5 0 5 10-10 -5 0 5 10
x/ag X/ag

[Ballantine et al. PRL 2017]
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@ Consider f(r) such that
|ol? o y.

@ With feedback

» Field expelled
» Cloud shrinks
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Summary

@ Many possibilities of multimode cavity QED

° Supermode polariton condensatlon [KoIIar etal. Nat Comms. 2017]

e -
poEEEEE . ‘

@ Open Dicke model, x, 'y, I} [Kirton & JK, PRL 2017]
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@ Beyond Dicke: Chaotic dynamics

=] = = E = DA
Jonathan Keeling Multimode cavity QED



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,)

Pump-cavity detuning (MHz)

0 200 400 600 800 1000 1200
Pump power (W)
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Bosons beyond Dicke — single mode
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Bosons beyond Dicke — chaos

Near resonance: irregular
dynamics
(NB WPump — Weavity — —w)

Pump-caviy detus

600 800
Pump power (uW)

|
Lim 1Rl
et T

i
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Bosons beyond Dicke — chaos

Near resonance: irregular
dynamics
(NB WPump — Weavity = —w)
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