Tunable ultra-strong coupling in multimode cavity QED systems
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ﬂ Tunable Cavity QED with many atoms

e Tunable multimode Cavity QED
@ With momentum states
@ With spin states
@ Other multimode setups

e Tunable Cavity QED: Experimental progress
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@ Physics:

» Purcell effect, superfluorescence
» Rabi oscillations, Polaritons,
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(Multimode) cavity QED

H=> wiala, + > wooton + > grnla@l +a_)on +op)
k n n,k

p=—ilH,pl+r>_ Llak,pl +7Y_ Loyl
. -

@ Compare g (or gv'N) vs:

> K/,’y

» bandwidth

> Wk, wWo ‘ ‘ ‘
@ Physics:

» Purcell effect, superfluorescence @ Problems:

» Rabi oscillations, Polaritons,

» Phase transitions (superradiance,

lasing)
> ...

» Oscillator-strength sum rules
» Fabrication constraints
» Tuning parameters?
* Chemical potential (pumping)
* Cavity size/concentration

ark/7Zoaaman/ctrain chifte
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Synthetic cavity QED: Raman driving

@ Tunable coupling via Raman

= (o4atHe)

[Dimer et al. PRA '07]



Synthetic cavity QED: Raman driving

@ Tunable coupling via Raman

= (o4atHe)

@ 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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Possibilities
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Possibilities

,,,,,, T T
@ XY vslsing

Ol
b >k

level'system

@ Momentum state vs hyperfine state l

@ Single mode vs multimode ‘//)//

— //' ‘ e
Credits Alan Stonebresker Physics 3, 88 (20101
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Possibilities

@ XY vslsing =

by
levellsystem

@ Momentum state vs hyperfine state

@ Single mode vs multimode ’j//////////a ’

Credit: Alan Smnebreaker Physl:sa 88 (2010)

s

o
level'system

Trapping potential

@ Thermal gas vs BEC vs disorder localised
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Single mode theory

—]
@ Momentum degrees of freedom: K1 . PN
() = (1) + 164 (1) cos(kx) cos(k2) aal

o Effective 2LS (v, vy) AL
- r\rPump

Heff_( — wp aTa+Z n+ﬁaﬁ(a+ a')
v

A
Geff

Jonathan Keeling Tunable multimode cQED Chichley, March 2016



Single mode theory

I
@ Momentum degrees of freedom: K * A
P(r) = Py (r) + 1y (r) cos(kx) cos(kz) —_—

o Effective 2LS (vy, 1)
r\rPump

Heff—( —wp aTaJrZ n+ﬁ X(a+aT)
A v

oZata
4A n
~——
Geff U

@ Extra “feedback” term
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Single mode theory

I
@ Momentum degrees of freedom: K ‘ K
() = ¥y(r) + oy (r) cos(kx) cos(kz)

o Effective 2LS (vy, 1)
r\rPump

Heff—( —wp aTaJrZ n+ﬂ X(a+aT)
A v

N anaTa
——

Geff U

@ Extra “feedback” term ‘ ‘
@ Single mode — mean-field EOM, o = (¢), S' =", op/2.

S™ = —i(wo+U|a?)S™ + 2igesi(cx + ) S?

87 = igefi(a + a”)(5~ — 5*)



Classical dynamics

Changing U:
u=o0
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Classical dynamics

Changing U: A 5
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Classical dynamics

—4

Changing U:

U<0
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Classical dynamics

Changing U: »
Uos %0
We — Wa
1200
40 .
i / UN=40 1000 |- o)
SRA
20 ¥ 800
S o a
. L S 600
% 0 Persistent Oscillations =z
e 400
-20
X\ SRA 200 e~

V]
o f f f f f 1
Jonathan Keeling Tunable multimode cQED Chichley, March 2016



Single mode experlments

ragg pIanes

Pump laser

Ritsch et al. PRL '02
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Single mode experlments

Bragg pIanes

Pump laser

Ritsch et al. PRL '02
Thermal atoms, momentum state
2
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< Emitted Light
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Single mode experlments

ragg planes

Pump laser

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

BEC, momentum state
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Single mode expeBrimelznts
ragg planes

#

Pump laser
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Tunable multimode Cavity QED

e Tunable multimode Cavity QED
@ With momentum states

[m] = = =
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Multimode cavity QED

Hyperfine states:
@ Full model:

w Q _
Hot = (wn — wp) 8, + 3 og+ 0 3=, (r)ox(a+ &)
N u

[Gopalakrishnan, Lev, Goldbart. Nat. Phys 09, PRA ’10]
@ Canreach |Ag| < 0A, < Qe

[m] = = =
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Multimode cavities

Confocal cavity:

()

@ Modes =,,(r) = H,, (X)H,, (¥), 1x + py fixed
parity

near
planar
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Multimode cavities

Confocal cavity:

@ Modes =,,(r) = Hy, (X)Hu, (¥), pix + 1y fixed
parity

near
planar
L<<R
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Degenerate: Short range interactions
@ Eliminate photons

oXok, Ising Q2902=,.(rn)=.(rm)
Hett =) Jomq 17 , Jom = ST
= hn {7 0 » TS
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Degenerate: Short range interactions
@ Eliminate photons

oXoX  Isin 02002=,,(rp)=,.(r
eff = Z Jn m {U: O'n;, XYg ) Jnm = Z = ANZ(A”?L N( m)
m

@ If degenerate,
M

Jnm o Z Zu(rn)=u(rm)
I
@ In general, complete set of modes, Jym — d(fn — rm)
@ Gauss-Hermite: Christoffel-Darboux summation formula:

Jnm ~ sinc (mm — xml) sinc (v1 +2M|yn — Ym|>
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Degenerate: Short range interactions
@ Eliminate photons

oXok, Ising Q2902=,.(rn)=.(rm)
eff_ZJnm{U:U’:) Xy ’ Jnm:Z AMZAM -
m

@ If degenerate,
M

Jnm o< Z Zu(rn)=u(rm)
w
@ In general, complete set of modes, Jym — d(fn — rm)
@ Gauss-Hermite: Christoffel-Darboux summation formula:

Jnm ~ sINC <\/1 T 2M|x, — Xm|) sinc (\/m!yn - ym!)

@ Short range interactions
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Degenerate multimode: Liquid crystal physics

@ Spatial states of atoms v(r) = v (r) + ¥4 (r) cos(kx) cos(kz)
@ Coupled dynamics of a(r) = >° (&,)=,(r), and v 1(r)

» Non-mean-field
» Allow sharp structures — defects
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Degenerate multimode: Liquid crystal physics
@ Spatial states of atoms v(r) = v (r) + ¥4 (r) cos(kx) cos(kz)
@ Coupled dynamics of a(r) = >° (&,)=,(r), and v 1(r)
» Non-mean-field
» Allow sharp structures — defects

@ Degenerate limit, transverse pump:

00 = | B+ MK = 9)%] Wi+ Ueontact Y Wie.q¥ie Vg
k’,q
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Degenerate multimode: Liquid crystal physics

@ Spatial states of atoms v(r) = v (r) + ¥4 (r) cos(kx) cos(kz)
@ Coupled dynamics of a(r) = >° (&,)=,(r), and v 1(r)

» Non-mean-field
» Allow sharp structures — defects

@ Degenerate limit, transverse pump:
10V = [A + A(|k| - q)z} Vi + Ucontact Z wi:'-f—qwk’wk—q
k’,q
@ Smectic Brazovskii transition
Superradiant

below threshold
(with fluctuations)

Qo
1S

S
o

Normal

(with fluctuations)

2nd order
? . 1st order

-
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Tunable multimode Cavity QED

e Tunable multimode Cavity QED

@ With spin states

[m] = = =
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Disordered atoms
@ Multimode cavity, Hyperfine states,

Het = — > _Audla, 2305 TQZE (rn)on(a, + al,)
1 1
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Disordered atoms
@ Multimode cavity, Hyperfine states,

Heit = — ZA aTa +E?O'n

@ Random atom posmons — queched disorder
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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

@ Random atom positions — queched disorder

ngozzu(rn)zu(rm)
AZA,
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Tunable spin glass

Q290%=,,(rp)=u(r
Hest = Z Inmonom  Ipm = Z % AMZ(An) (fm)
n,m i H

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

[m] = = =
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Tunable spin glass

B Z ngozzu(rn)zu(rm)
A2A,

@ Tunable complexity T
Paramagnet
= 5
£ m
€9 g
S E 82
2s e
= ©
2o w
Ferromagnet » Spin glass
=
0.04 M/N

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

02 902=,u(rn)=pu(rm)

Heff = Z Jn,mUﬁUﬁq JInm = Z A2A
n,m m H
@ Tunable complexity -
@ Explore RSB/Droplet order Paramagnet
X
@ Open system spin-glass. £5 ég
[Strack & Sachdev PRL '11] §§ 85
2 <t
S E 82
DE 52
z
2 u
Ferromagnet » Spin glass
=
0.04 M/N

[Gopalakrishnan, Lev and Goldbart. PRL '11, Phil. Mag. ’'12]
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Tunable multimode Cavity QED

e Tunable multimode Cavity QED

@ Other multimode setups

[m] = = =
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Coupled cavity arrays
@ Control photon dispersion — lattice

R AP ARD ARD AR

[Hartmann et al. Nat. Phys. '06; Greentree et al. ibid 06; Angelakis et al. PRA *07]
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Coupled cavity arrays
@ Control photon dispersion — lattice

R AP ARD ARD AR

[Hartmann et al. Nat. Phys. '06; Greentree et al. ibid 06; Angelakis et al. PRA *07]
@ X-Hubbard Model, H =" Ax e —J>_ &5,
i (i
[X=Bose, Jaynes-Cummings, Rabi, ...]
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Coupled cavity arrays
@ Control photon dispersion — lattice

R AP ARD ARD AR

[Hartmann et al. Nat. Phys. '06; Greentree et al. ibid 06; Angelakis et al. PRA *07]

@ X-Hubbard Model, H = ZHX ste —J Y _aAa
(i
[X=Bose, Jaynes- Cummlngs, Rabi, ...]

Dielectric

mirror
Coupling, \ } \ }
waveguide|
Dielectric )( hesters
" Jew
mirror T \ / \
Atoms | gt

;ﬁuf i
=y AP

Coated ﬁej Y B ) a-eJ ¥/
Chichley, March 2016 19
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CCA e.g. Raman pumping — Rabi-Hubbard model

2R AR AR Aa J—l H= waTw, wO of — i

- + W(ga,.‘ +go7)+Hel

[Schird et al. arXiv:1503.04456]
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CCA e.g. Raman pumping — Rabi-Hubbard model

2R AR AR Aa Jl H= waTw, wO of — i

| - W (g7 +9o7) + He)
@ Incommensurate ordering

[Schird et al. arXiv:1503.04456]
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CCA e.g. Raman pumping — Rabi-Hubbard model

2R AR AR Aa JI H= wazp, wO of — i

| - W (g7 +9o7) + He)
@ Incommensurate ordering

@ Level inversion — FM/AFM switch
[Schird et al. arXiv:1503.04456]
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Tunable Cavity QED: Experimental progress

e Tunable Cavity QED: Experimental progress

[m] = - =

Jonathan Keeling Tunable multimode cQED

= Dac



Adjustable length multimode caV|tv

stage 1 vibration

isolation mass stage 3 vibration
isolation mass & mount for
translation stage, fast piezo,

rubber posts
support masses

e COUPlINE

slip-stick, vertical [-~caupling rigg

translai'u:ln stage

jef:lioduction chamber

cylinder fo

fast piezo for top mirror

bottom mirror
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Adjustable length multimode cavity

=] F = = = DAl
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Adjustable length multimode cavity
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Adjustable length multimode cavity
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Superradiance in multimode cavity

_avta
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Superradiance in multimode cavity
Cavity Light:

- ™Y y

O

Pump (red of) 0,0 mode:
l+m l+m  |+m l+m l+m

-

-mva
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Superradiance in multimode cavity =~
Cavity Light:

N y

Pump ( red of) 0,0 mode:

\.

l+m l¥m  l+m [+m l+m  ———————
- Atom TOF

-
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Supermode-polaritons

@ Supermode-polariton:
» Hybrid cavity photon and atomic
density wave
» Composition varies with A (unlike
static atoms)
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Supermode-polaritons

@ Supermode-polariton:
» Hybrid cavity photon and atomic
density wave
» Composition varies with A (unlike
static atoms)

@ Odd parity modes, (10,01)

10 and 01 modes.

3
1200

11111111111

Atomic structure factor

o G <
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Supermode-polaritons
@ Supermode-polariton:

» Hybrid cavity photon and atomic @ Even mode (20,11,02) family
density wave

» Composition varies with A (unlike
static atoms) 10

) |
@ Odd parity modes, (10,01) E
08}
C
& blue = 2,0
x \
> red=11 | :
S black=0,2 |
3w g T
H o |/
i o |
00 ‘-'6 \ “, 4 )
L < | “. | X \
Atomic structure factor = S o 2 4

transverse pump probe frequency
o= O <
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Supermode-polaritons
@ Supermode-polariton:

» Hybrid cavity photon and atomic @ Even mode (20,11,02) family
density wave

» Composition varies with A (unlike
static atoms) 10
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Summary

@ Many possibilities of multimode cavity QED
@ Spin glass (XY/Ismg) and soft-matter physics with spatlal DoF

[Gopalakrishnan, Lev and Goldbart. PRL 11, Phil. Mag. '12 Gopalakrlshnan Lev, Goldbart. Nat. Phys
‘09, PRA’10]

@ CCA — non-equilibrium lattice models
Schiro et al. arXiv:1503.04456

° Worklng multlmode cavity

} JJ M I

[Kollar, et al. NJP *15; Kollar et al. in preparation]
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