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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

f‘

0
2 level'system

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

> Wk, wo
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Single mode experiments

Bragg planes
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Single mode experiments

Bragg planes
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Single mode experiments

Bragg planes
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Single mode experiments

Bragg planes
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0 Introduction: Tunable multimode Cavity QED
@ Spin-non-conserving loss
e Supermode density wave polariton condensation

© Meissner-like effect

o 5 =

Jonathan Keeling Multimode cavity QED




Single mode theory

/T

@ Momentum degrees of freedom:
¥ = by + ¥y cos(kx) cos(kz)

o Effective 2LS (3, 1) L r\f
X Pump

w Q
Hett = (we — wp) a'a + Z ?Oaﬁ + % aﬁ(a + aT)
—_A n v
¢ Geff
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Single mode theory

@ Momentum degrees of freedom: p .
¥ = by + ¥y cos(kx) cos(kz) :

o Effective 2LS (3, 1) L (\T
X Pump

Q
Hett = (we — wp aTa+Z 50 Aqo oX(a+a') - iOA ola'a
T —~— -
Geff

@ Extra “feedback” term U, cavity loss «
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Classical dynamics

Changing U:
u=o0
40 UN=0
200 4 SR
g 0 —_—
B X |
20 M SR
-40
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1
2N (MHz)
[JK et al. PRL ’10, Bhaseen et al. PRA '12]
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Classical dynamics

Changing U:
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Classical dynamics

Changing U: 5
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Classical dynamics

Changing U: &
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Effect of particle losses

@ Adding other loss terms
Orp = ~ilH, pl + wLE + Y T Llo; ]+ TyLlo7]
i

LIX] = XpXT — (XTXp + pXtX)/2

[Dalla Torre et al. , PRA (Rapid) 2016, Kirton & JK, PRL 2017]
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Effect of particle losses
@ Adding other loss terms
Op = —i[H, p] + wLI& + Y T Loy ]+ TuLlof]
i

LIX] = XpXT — (XTXp + pXtX)/2

@ [|.I, break S conservation.
[Dalla Torre et al. , PRA (Rapid) 2016, Kirton & JK, PRL 2017]
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Effect of particle losses

@ Adding other loss terms
Orp = —ilH, p] + kL[A] + > T L[o] ]+ T4L[07f]
i
LIX] = XpXT — (XTXp + pXtX)/2

@ [|.I, 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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Effect of particle losses

@ Adding other loss terms
Orp = —ilH, p] + kL[A] + > T L[o] ]+ T4L[07f]
i
LIX] = XpXT — (XTXp + pXtX)/2

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

» Always: Normal state unstable for g > g,
» 4 # 0, 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@k bk, Ty
2 -
[
L.
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@k, Ty A~ Ty, Ty
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N
6
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T
@ N = 30: no symmetry breaking
[Kirton & JK, PRL 2017]
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Effect of particle losses

@ Wigner function W(a = X + ip)
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@ N = 30: no symmetry breaking
[Kirton & JK, PRL 2017]
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Effect of particle losses

@ Wigner function W(a = X + ip)
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@ 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 -

- -

6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

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

@ Wigner function W(a = X + ip)

(@) s (o), T
2 - e
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- -
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@ N = 30: no symmetry breaking

[Kirton & JK, PRL 2017]
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Effect of particle losses

@ 4 only: MFT — no SR

@ Wigner function W(a = X + ip) o Asympotic scaling
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Supermode density wave polariton condensation

Q Supermode density wave polariton condensation

CIRT-= = E = Dae
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Multimode cavities

Confocal cavity L = R:

=

@ Modes

=1,m(r) = Hi(X)Hm(y),
I + m fixed parity
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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
-
[ ]
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@ Tune between
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Single mode: L>R 4
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Superradiance in multimode cavity: Even family
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Superradiance in multimode cavity: Even family
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Superradiance in multimode cavity: Even family
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Superradiance in multimode cavity: Odd family

@ Dependence on cloud
position

a b Kl 2
o i
L. L_
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Superradiance in multimode cavity: Odd family

@ Dependence on cloud
position

) e | @
sl
o L

y

@ Near-degeneracy of
(1,0),(0,1) modes
broken by matter-light
coupling.

Jonathan Keeling Multimode cavity QED QFLM, 2017 14



Superradiance in multimode cavity: Odd family

@ Dependence on cloud @ Atomic time-of-flight — structure
position factor

Cavity output: Atomic time-of-flight:

TEMoo

I

° Near—degeneracy of
(1,0),(0,1) modes
broken by matter-light
coupling.
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Meissner-like effect

Q@ Meissner-like effect
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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 M)Z
— ; 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
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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

Jonathan Keeling Multimode cavity QED



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
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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
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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
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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?

3 Bsyp
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—/'%3X + ... 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

0.03

2
1

0.02 E
Atoms Om“g
o3 o Consider f(r) such that
180 3 |<P‘2 x Y.
o - @ Without feedback
Cavity light s (€a = 0) for field
=
Synthetic field 5

[Ballantine et al. PRL 2017] ’ See Poster by K. Ballantine!‘
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Meissner-like physics: numerical simulations

0.03

%

Atoms °'°2~§

:Z:é @ Consider f(r) such that

lpf2 o y.

L=
Cavity light '3

s @ With feedback
Synthetic field 3

[Ballantine et al. PRL 2017] ’ See Poster by K. Ballantine!‘
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Meissner-like physics: numerical simulations

0.03

0.02‘\‘g
Atoms _—
.,3 @ Consider f(r) such that
10 2
. =
Cavity light ) s
. @ With feedback
Ls » Field expelled
Synthetic field S

[Ballantine et al. PRL 2017] ’ See Poster by K. Ballantine!‘
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Meissner-like physics: numerical simulations

0.03

s
Atoms — .
.,3 @ Consider f(r) such that
y 5 | o y.
L=
Cavity light .S
. @ With feedback
1 > Field expelled
e » Cloud shrinks
Synthetic field -

[Ballantine et al. PRL 2017] ’ See Poster by K. Ballantine!‘
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Summary
° Open chke modeI KTy, Ty [Klrton & JK, PRL 2017]

£ AL SR 3 SRA 4 SRA P,
;T s i
i 3 SRA SRA

*IE

° Supermode polariton condensatlon [KoIIar et al. Nat. Comms. 2017]

1 Eﬂl-
IHIH!LX . -

@ Meissner like effect [Ballantlne et al. PRL 2017]
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