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Synthetic cavity QED: Raman driving

@ Tunable coupling via Raman

[Dimer et al. PRA '07]



Synthetic cavity QED: Raman driving

@ Tunable coupling via Raman

@ Real systems: loss d;p = —i[H, p] + kL[a, p] +
@ To balance loss, counter-rotating:

*\)n

level'system
[Dimer et al. PRA '07]
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(Multimode) cavity QED
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Multimode cavities
Confocal cavity L = R:
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@ Modes =) ,(r) = Hi(X)Hm(y), | + m
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Multimode cavities

Confocal cavity L = R:
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@ Modes =) ,(r) = Hi(X)Hm(y), | + m
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0 Introduction: Tunable multimode Cavity QED

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

e Spin wave polaritons
@ Spin glass
@ Effects of loss

Q@ Meissner-like effect
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Mapping transverse pump'ng to Dicke model

i) X

r\rPump '
@ Atomic states: ¢ (r) = ¢y + 1y cos(gx) cos(qz)
Het = (we — wp) aTa+Z 5 n—i—%aﬁ(&—i—éff)
7 =
¢ Geff
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Mapping transverse pump'ng to Dicke model _

“ﬁﬂ\f

r\rPump

@ Atomic states: ¢ (r) = ¢y + 1y cos(gx) cos(qz)

Hett = (we — wp) aTa+Z i+ 29 oX(a+a) — 90° ola'a
y n ~—~— ——

A 4N
Oeff u
@ Extra “feedback” term U, cavity loss «

—A¢
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Mapping transverse pumping to Dicke model _

fﬁﬂx

(\rPump

@ Atomic states: ¢ (r) = ¢y + 1y cos(gx) cos(qz)

2
0
Het = (we — wp) aTa+Z n+% oX(a+a') — iA o?a'a
A n ——
¢ Oeff U

@ Extra “feedback” term U, cavity loss «

Z> symmetr
2 5Y y Atoms: VS
@ @ Phase of light.
@ Atom checquerboard
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Classical dynamics

Changing U:
U=>o0
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Classical dynamics

Changing U:
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Classical dynamics
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Classical dynamics
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Bragg planes

Single mode experlments

Pump laser

Ritsch et al. PRL '02

=} = = = 1PN G4
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Single mode experiments

Bragg_planes .
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Pump laser

Ritsch et al. PRL '02

Thermal atoms, momentum state
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Single modeBexperiments

ragg planes
BEC, momentum state
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Single modeBexperiments

ragg planes

Pump laser
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Synthetic cQED Possibilities

»

/////

. l
Credit: Alan Stnnebrsaker Physms 3, 88 (2010)

@ Single mode vs multimode ‘
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Synthetic cQED Possibilities

@ Single mode vs multimode ‘1/)//

—

—

Credit; Alan Stnnebrsaker PhysmsE 88 (2010)
@ Momentum state vs hyperfine state [ i /

= & = E DA
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Synthetic cQED Possibilities

—

@ Single mode vs multimode ‘

= //
/////

—

Credit; Alan Stnnebreaker PhyS\CSE 88 (2010)
@ Momentum state vs hyperfine state l ; Eli

@ XY vslsing
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2 level'system
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Synthetic cQED Possibilities

@ Single mode vs multimode é’f////j;’c ’ g

Credit: Alan Stnnsbrsaker Physms 3, 88 (2010)

@ Momentum state vs hyperfine state

@ XY vslsing

I
2 level'system

@ Thermal gas vs BEC vs disorder localised

/N
7 1,

o
2 level'system

Trapping potential
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Density wave polaritons

e Density wave polaritons

@ Supermode density wave polariton condensation

o & = = Q>
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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

Jonathan Keeling
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Superradiance in multimode cavity: Odd family

@ Dependence on cloud position
a

b [E 2

- i
F | 2

y y qu .

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
=1y (r) + ¥4 (r) cos(qy) cos(qgz)

Cavity output: Atomic time-of-flight:

° Dependence on cloud position

bR TEMoo TEMog
. X "
y
T TEMor

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

3
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Superradiance in multimode cavity: Odd family

° Atomic time-of-flight — structure factor
= thy(r) + ¢4(r) cos(qy) cos(qgz)

Cavity output: Atomic time-of-flight:
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Density wave polaritons

e Density wave polaritons

@ Degenerate limit

=} = = = 1PN G4
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Degenerate cavity limit
@ Multimode cavity — light follows atom cloud

o
AL

p X
< 0

@ Confocal cavity: mirror image

N\

[Vaidya, Guo, Kroeze, Ballantine, Kollar, JK, Lev, in preparation]
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Degenerate cavity limit
@ Multimode cavity — light follows atom cloud

@ Single mode cavity, Gaussian.

[Vaidya, Guo, Kroeze, Ballantine, Kollar, JK, Lev, in preparation]
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Degenerate cavity limit
@ Multimode cavity — light follows atom cloud

@ Confocal cavity: mirror |mage

@ Single mode cavity, Gaussian.

[Vaidya, Guo, Kroeze, Ballantine, Kollar, JK, Lev, in preparation]
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Measuring atom-image interaction
@ Threshold measures U(xp, —Xp), cavity Green’s function

@ —— (b) -
0.22
SL=0pm
0.20
0.18
3 SL=32pum
5 0.16
<
S
2 W5 0.14
€ |oL=88um =
2 8
g =012
=
Z 0.10
& |or=151m :
0.08
sL=292um ¢ g € 0.06 -
— | —
. | A 0.04 . .
-80 -60 -40 -20 0 20 40 60 80 -25 -20 -15 -10 -05 00 0.5 1.0 15 2.0 25
Frequency (MHz) @y /wy

Jonathan Keeling Multimode cavity QED ICTS, July 2017 15



Measuring atom-image interaction
@ Threshold measures U(xp, —Xp), cavity Green’s function
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Measuring atom-image interaction
@ Threshold measures U(xp, —Xp), cavity Green’s function
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@ Small detuning e, short-range part U(x, —x) = u(x, —x) + u(x, —x):

M* exp(—2M*|x — x'|)

u(x, X V1 + (x4 x')/4M*)2’
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Measuring atom-image interaction
@ Threshold measures U(xo, ) cawty Green s functlon
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@ Small detuning e, short-range part U(x, —x) = u(x, —x) + u(x, —x):

u(x, X') o M* exp(—2M*|x — x])
V1 + (x4 x')/4M*)2’
@ Controllable range cavity-mediated interaction
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Measuring atom-atom interaction

@ Two BECs,

= & = E DA
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Measuring atom-atom interaction

@ Two BECs, vary xq, xo

Jonathan Keeling
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Long-range part of interaction

@ Atom-atom Green'’s function at e — O:

Ux,x') =~ (5(x — XY+ 5(x +x) + :—T cos(xx’))

=} = = = 1PN G4
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Long-range part of interaction
@ Atom-atom Green'’s function at e — O:
U(x,x") = % (6(x — XY+ 5(x+x) + % cos(xx/)>

@ Ou

tput light, saturate intensity

¢ {2}

" i
d f
o)
(o]
o
Wo
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Long-range part of interaction
@ Atom-atom Green’s function at e — 0:
Ux,x') = % (6(x — XY+ 5(x +x) + :rcos(xx/)>
@ Output light, saturate inteniy a

a i B
(@)

" i
d f
(o]
(o] (@)
(o]
Wo
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Spin wave polaritons

9 Spin wave polaritons
@ Spin glass

@ Effects of loss

=} = = = 1PN G4
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Disordered atoms
@ Multimode cavity, Hyperfine states,

eff— ZA aTa +E?O'n TQZE rn o,,(a -I—aT)
m
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Disordered atoms
@ Multimode cavity, Hyperfine states,

Qgo —
eff = Z A aT a + z ?Un T Z :M(rn)o—ﬁ(aﬂ + aL)
o
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Disordered atoms
@ Multimode cavity, Hyperfine states,

wo Qago —
Hett = — E ApaLa“ + E ?Un N E = (rn o,,(a + aT)
1 n 1

@ Effective XY/Ising spin glass

ooy, Ising Q20n2= (r )= (1
Hett = ZJn,m {U;Un; , Jnm = Z 90" =1 {1n)=4u(Fm)
m

XY AN,

n
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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 = —ilH, pl + KLIE&] + Y T Loy ]+ TLlof]

LIX] = XpXT — (XTXp + pXtX)/2

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

Jonathan Keeling Multimode cavity QED ICTS, July 2017

20



Internal states: Effect of particle losses

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

0p = ~ilH.p) + RLIE + DT, Llo7 ]+ T Llo]

LIX] = XpXT — (XTXp + pXtX)/2

@ 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+ Y _woo; o} + gof(a + a)
i
@ Adding other loss terms

0p = ~ilH.p) + RLIE + DT, Llo7 ]+ T Llo]

LIX] = XpXT — (XTXp + pXtX)/2

@ Mean field: confusing result:

» Always: Normal state unstable for g > g.
» [, # 0,1, no SR solution

[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

0p = ~ilH.p) + RLIE + DT, Llo7 ]+ T Llo]

LIX] = XpXT — (XTXp + pXtX)/2

@ Mean field: confusing result:

» Always: Normal state unstable for g > g.
» [, # 0,1, no SR solution

@ [|,I, break S conservation.

[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] o = = - Hao



Effect of particle losses

@ Wigner function W(a = X + ip)

@~k [b)k, Ty
2 -
|-
P, :
J @k, Ty [ K, T}, Ty
: _
-2
-4
-6

-6 -4 -2 0 2 4 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)

@~k [b) 5, Ty |
2 - -
2t . T -
P, ]
J @k, Ty [ K, T}, Ty
0 ]
)
-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)

: @r Hors, Ty |
2 - -
2t . T -

P SRS
J @k, Ty [ K, T}, Ty

X _

-6 -4 -2 0 2 4 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

@ I, only: MFT — no SR

@ Wigner function W(a = X + ip)

@k [k, Ty _
2 d . ]
2t . -
P, ]
J @k, Ty () K, T}, Ty
2 ] v
.
-6

-6 -4 -2 0 2 4 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)

@k ) r, Ty
z | -
2 - ‘
P,
J @k, Ty (dr, T, Ty
.
-6

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

X

@ N = 30: no symmetry breaking

[Kirton & JK, PRL 2017]

@ I, only: MFT — no SR
@ Asymptotic scaling

0.6

X XX X XX
o.o...-ﬂ‘_ oo
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Effect of particle losses

@ I, only: MFT — no SR

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

@~ (), Iy : .
2 - - 0.6} B
’ e T T XXX XXX
-2 . . Z 05 ¢ e @ Y

p‘Z o > 04l e °
@k, Ty (dr, Ly, Ly S o oo .. T
; - e
. / ~ T

X

_a 0.2 “‘
-6 k, 'y, T’
Ctmr e ez te 01f ! )

) K, F¢
@ N = 30: no symmetry breaking o1 102

[Kirton & JK, PRL 2017]



Meissner-like effect

Q@ Meissner-like effect

=} = = = 1PN G4
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Cavity QED and synthetic gauge fields

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

Ea+(V — Qx)? Q/2 ¥
H= (Ya vs) ( A Q/2 Eg+ (V + Q)A()2> (1/12)
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Cavity QED and synthetic gauge fields

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

- Ea+(V — Qx)? Q/2 ¥
H= (Ya vp) ( A Q/2 Eg+ (V + Q)A()2> (1/12)

Ground state:
(k — (EB—EA)O)?)Z
E_(k) ~ Q

2m*
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Cavity QED and synthetic gauge fields

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

- Ea+(V — Qx)? Q/2 ¥
H= (Ya vp) ( A Q/2 Eg+ (V + Q)A()2> (1/12)

Ground state: .
(k — (EB_EA)QX)Z
E_(k) ~ Q2

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

- Ea+(V — Qx)? Q/2 ¥
H= (Ya vp) ( A Q/2 Eg+ (V + Q)A()2> (1/12)

Ground state: .
(k — (EB—gA)Qx)Z

E_(K) ~
(k) 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 — QR)? Q/2
Q/2

Eg + (V + Qf()2>

[Ballantine et al. PRL 2017]

= & = E DA
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Meissner-like physics: idea
@ Follow Spielman scheme

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

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

Dy: 780 5P3/2
o
L [Arsn/4
Dy:795 5P1/2
o4 T \O-— T T_ o
Eplt B =
Bl [B) 7
€}izzzcd b 3 sy
mp =0 -1
T —|4)

[Ballantine et al. PRL 2017]

[m] = - =
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Meissner-like physics: idea
@ Follow Spielman scheme

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

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

@ Ground state  E_(K) (kK — QX|¢|?)?

Dy:780 Dy

A R § 1 L

Di:795 51/
o4 T o_ ™ (. o+
sgzrw:“ |B) %

€}izzzcd b 3 sy

mp =0 F=1

EAIL,,,TT\A)

[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 + Qx)?

@ E,, Eg o |p|? from cavity Stark shift
@ Ground state

&1 1212
E_(k) o (k— Q| %)
Dy: 780 53/
A R § F O
Dy:795 5p1/2 . . .
o It \o- A \eo | » Multimode cQED — local matter-light coupling
glg - 13) g » Variable profile synthetic gauge field?
Pt I
- - 3 B8y
mp =0 F=1
EAIsFT\A)

[Ballantine et al. PRL 2017]

=} = 1PN G4
Jonathan Keeling Multimode cavity QED



Meissner-like physics: idea
@ Follow Spielman scheme
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Meissner-like physics: setup
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Meissner-like physics: setup
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Meissner-like physics: setup
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Meissner-like physics: setup
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Meissner-like physics: numerical simulations

10 @ _0.03&—
S 0.0ZE
= E
Atoms -5 L
10 oo @ Consider f(r) such that
8 & ol o y.
g S @ Without feedback (Ea = 0) for
Cavity light -5 I2 s field
-10 0
3
2
g =
Synthetic field - 14
-3

-10
-10 -5 0 5 10

[Ballantine et al. PRL 2017]

Jonathan Keeling Multimode cavity QED ICTS, July 2017 26



Meissner-like physiCS' numerical simulations

. ‘
0

Atoms
-1
s: 0
Cavity light
—10

—10 -5 10-10 -5

[Ballantine et al. PRL 2017]

Jonathan Keeling

0.03

0.02

lwal*+lwsl* [a07%]

[@?/1fol? [ao]

Multimode cavity QED

@ Consider f(r) such that
|ol? o y.

@ With feedback

ICTS, July 2017

26



Meissner-like physics: numerical simulations
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Meissner-like physiCS' numerical simulations
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Summary
@ Supermode polarlton condensatlon [Kollar et al. Nat. Comms. 2017]

e BE =
—«_M_h,_ -

b pnnanss © BN - ol
n LEELE (- [ L

@ Variable range atom-atom mteractlon [Valdya et al. in preparation]

o i -
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° Open Dicke model, «, T4, '} [Kirton & JK, PRL 2017]

Jonathan Keeling Multimode cavity QED

ICTS, July 2017

28



	Introduction: Tunable multimode Cavity QED
	Density wave polaritons
	Superradiance transition
	Supermode density wave polariton condensation
	Degenerate limit

	Spin wave polaritons
	Spin glass
	Effects of loss

	Meissner-like effect

