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Multimode cavity QED
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Multimode cavity QED

@ Spin glass/associative memory:
> Energy E = —3_; JjSis
» Energy minimisation dynamics
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@ Introduction: Multimode CCQED & spin models

@ Theory: classical dynamics above threshold
@ Connectivity
@ Dynamics

e Theory: Quantum dynamics near threshold

e Experiment: Directly observing replica symmetry breaking
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@ Theory: classical dynamics above threshold
@ Connectivity

o & = = = DA
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Confocal cavity QED Connectivity

@ Cavity QED:
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Confocal cavity QED Connectivity

@ Cavity QED:

92 A =~ =~
Jj = — Z (#) Zu(ri)=u(ry)
I

@ Confocal limit
ri-r
J,'j =—Jd ﬁé,-,- + cos <2I—2I>]
o

Jonathan Keeling Confocal CQED Quantum Spinoptics 5



Confocal cavity QED Connectivity

@ Cavity QED:

@ Confocal limit

Jj = —do

ri-r
Bdjj + cos ( 'T(?)]

@ Random (Gaussian) positions, width w
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Confocal cavity QED Connectivity

@ Cavity QED:
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@ Confocal limit

Probability density
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@ Random (Gaussian) positions, width w
» W < Wy, Ferromagnet
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Confocal cavity QED Connectivity

o CaVlty QED: Q
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@ Confocal limit

Probability density
Probability density

-1

+1

-1 0
J;; Distribution

ri-r
Jj = —Jo | Bojj + cos R 21
"o

@ Random (Gaussian) positions, width w

» W < Wy, Ferromagnet
» W 2> wp, Frustration — memory?
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Confocal cavity QED Connectivity

@ Cavity QED:

1R

2
A ~
Jj=— § : L Zu(ri)=u(ry)

2 2 2
H Aﬂ Tk S| w= 3Wo

@ Confocal limit g
-1 0+
Fi -t J;; Distribution |

; 0
Jj = —Jo | Bojj + cos 2—21 :
W,

0

@ Random (Gaussian) positions, width w

» W < Wy, Ferromagnet
» W 2> wp, Frustration — memory?

Jonathan Keeling Confocal CQED

Probability density

O

g
Il
IS
(=]
Probability density

S
Il
w
g
o

-1 0+
J;; Distribution

-

+1

0
J;; Distribution

Quantum Spinoptics

5



Confocal cavity QED Connectivity
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Associative memory behaviour
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Associative memory behaviour

Metastable states
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@ Minima of E = — 3, Jjsis;

@ Associative memory — # minima > 1

@ Near transition
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Spin glass transition?

@ Spin glass has # ~ eN vs # ~ eNV**

o = = = = DA
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Spin glass transition?

@ Spin glass has # ~ eN vs # ~ eNV**
@ Sherrington-Kirkpatrick model:
J7* Gaussian iid.
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Spin glass transition?
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Spin glass transition?
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@ Spin glass has # ~ eN vs # ~ eNV**
@ Sherrington-Kirkpatrick model:
J7* Gaussian iid.
> Compare J7°9P to random matrix
» Measure difference, [ dx(v/fw — \/fwigner)?
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Spin glass transition?

. . 0.4
o @ Spinglass has # ~ eV vs # ~ eV
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L > Compare JF%P to random matrix
-1 0 1

10 Figenvalue spectrum » Measure difference, [ dx(v/fw — \/fwigner)?

z — = 2w .

g 08 _$=31u'j0 > Ji_CCQED ~ JI§K if (W/W0)4 >N
2 0.6 —w = 12w Iy I

% 0.4 10% 1o
g 0.2 0.8

0000 o5 . 1.? 15 20 25 3.0 4 10% o,eq%

evel spacing spectrum . i‘é ]

o5 Summary: g 0ad
:zos o ‘ 02"
5”0.4 — ,,f':i Spin glass
So2 Ui nth ooy 2°

O'007,() 0.2 0.4 0.6 - 0.8 1 ) 12

Scaled width (N'/*w/wg) o & = = ==

Jonathan Keeling Confocal CQED



@ Dynamics

o & = = = DA
Jonathan Keeling Confocal CQED

@ Theory: classical dynamics above threshold



Confocal cavity QED Dynamics
@ Open quantum system dynamics

%p =il + Y Plvra]
= —AZa +geffz_u(r,)8"(aT +a, +wOZSZ

1,0
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Confocal cavity QED Dynamics
@ Open quantum system dynamics

& o= —ilH. 0+ Y. DlVra,
I

H=-A Z a},a, + e Z éu("i)S;((QL +a,) +wo Z 5
" i

i
@ Simplify:
» Atom-only equations
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Confocal cavity QED Dynamics
@ Open quantum system dynamics

%p =il + Y Plvra]
= —AZa +geffz_u(r, )SK(al, + a, +wOZS

o
@ Simplify:

» Atom-only equations

» Treat S7 perturbatively

» Independent Boson model
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Confocal cavity QED Dynamics
@ Open quantum system dynamics

%p =il + Y Plvra]
= —AZa +geffz_u(r, )SK(al, + a, +wOZS

Ly
@ Simplify:

» Atom-only equations

» Treat S7 perturbatively

» Independent Boson model

» Effective EOM
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Confocal cavity QED Dynamics
@ Open quantum system dynamics

%p =il + Y Plvra]
- —AZa +geffz_u(r, )SK(al, + a, +wOZS
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@ Simplify: @ Function of spin-flip energy
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Confocal cavity QED Dynamics
@ Open quantum system dynamics

%p =il + Y Plvra]
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Effective dynamics of clumps

1 . . . . .
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Effective dynamics of clumps

P . — @ Simulate via stochastic flips (solid)
£ o @ Fast (superradiant) flip, long wait.
g 0 § — Deterministic model (dashed)
% @ Solution:
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Effective dynamics of clumps

5 . @ Simulate via stochastic flips (solid)

§ o @ Fast (superradiant) flip, long wait.

g0 E — Deterministic model (dashed)

2 @ Solution:
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Time (ms) superradiant steepest descent!
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Hebbian Connectivity + Dynamics: Basins of attraction

@ Basin of attraction: Fixed point, distort, relax

[m] = = =
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Hebbian Connectivity + Dynamics: Basins of attraction

@ Basin of attraction: Fixed point, distort, relax
o lllustrate for Hebbian J; = 3>/ _, f,(”)fl(”)

Recall probability (%)
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o
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Hebbian Connectivity + Dynamics: Basins of attraction

@ Basin of attraction: Fixed point, distort, relax L 100] eeaeens VRSN 2 5’3/5’-@5?-'5%2—:-%
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Hebbian Connectivity + Dynamics: Basins of attraction

@ Basin of attraction: Fixed point, distort, relax @100' -------------------- 2 §:’/9_Ib_r§§h_cz_vl_:_y
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Hebbian Connectivity + Dynamics: Basins of attraction

@ Basin of attraction: Fixed point, distort, relax & 0] TN
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Hebbian Connectivity + Dynamics: Basins of attraction

. . . . . 4 9
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Hebbian Connectivity + Dynamics: Basins of attraction

@ Basin of attraction: Fixed point, distort, relax
o lllustrate for Hebbian J; = 3>/ _, ff”)gl(”)
@ Memories more robust with SD. Why?

Energy Landscape

» SD — determinstic
» 0TMH — stochastic

@ Robust memories in (SK) spin glass!

Jonathan Keeling Confocal CQED
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0 Theory: Quantum dynamics near threshold

o & = = = DA
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Simulating quantum dynamics

@ Difficult problem!

o = = = = DA
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Simulating quantum dynamics

@ Difficult problem!
@ Atom-only dynamics, after [Jager et al. , PRL '22]: %p = —Ii[H, p] + >, D[Cq]

_ — A(SF+iS)) A(SY —iS))
- 3 _ ] ] ] ]
H_wOZS,-Z—ZJUS,X <S/X+H'C'>’ S/X_ —A+w0—i/<c+ —A—wy— Ik
1 1]
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Simulating quantum dynamics

@ Difficult problem!
@ Atom-only dynamics, after [Jager et al. , PRL '22]: %p = —Ii[H, p] + >, D[Cq]

_ — A(SF+iS)) A(SY —iS))
- 3 _ ] ] ] ]
H_wOZS,-Z—ZJUS,X <S/X+H'C'>’ S/X_ —A+w0—i/<c+ —A—wy— Ik
1 1]

Ck = )\kRZV;(Sl)-(, J,'jV;( = /\kV]l-(.
i
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Simulating quantum dynamics

@ Difficult problem!
@ Atom-only dynamics, after [Jager et al., PRL '22]: $p = —i[H, p] + >4 D[Ci]

_ — A(SF+iS)) A(SY —iS))
- 3 _ ] ] ] ]
H_wOZS,-Z—ZJUS,X <S/X+H'C'>’ S/X_ —A+w0—i/<c+ —A—wy— Ik
1 1]

Ck = )\kRZV;(S])-(, J,'jV;( = /\kV]l-(.
i

@ Quantum trajectories |W)—homodyne detection:
@ N =15 spin 1/2 possible.
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Simulating quantum dynamics

@ Difficult problem!
@ Atom-only dynamics, after [Jager et al., PRL '22]: $p = —i[H, p] + >4 D[Ci]

_ — A(SF+iS)) A(SY —iS))
- 3 _ ] ] ] ]
H_wOZS,-Z—ZJUS,X <S/X+H'C'>’ S/X_ —A+w0—i/<c+ —A—wy— Ik
1 1]

Ck = )\kHZV;(S])-(, J,'jV;( = /\kV]l-(.
i

@ Quantum trajectories |W)—homodyne detection:
@ N =15 spin 1/2 possible.
@ Glassy Jj;, ramp through threshold.
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Simulating quantum dynamics

@ Difficult problem!
@ Atom-only dynamics, after [Jager et al. , PRL '22]: %p = —Ii[H, p] + >, D[Cq]

N — A(S?(—l—iS'-V) A(SX—iSY)
. 3 _ ] ] ] ]
H_WOZS"Z_ZJ’/S’X <SIX+H'C'>’ S/X_ —A+wy— Ik + —A—wy— ik
1 1]

Ck =/ )\kHZV;(S]X, J,'jV;( = /\kV]l-(.
i

@ Quantum trajectories |W)—homodyne detection: e Compare:
@ N =15 spin 1/2 possible. » Quantum trajectories
@ Glassy J;, ramp through threshold. > Mean-field: [V) = J; |+)
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Quantum vs semiclassical
Quantum

Trajectory 1

Trajectory 2
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Quantum vs semiclassical

Quantum Mean-field
Trajectory 1 Trajectory 2 (87) /8 Radiu1$
2 Radius z
1
1.0
0.5
(of) 0.0+
-0.54
-1.04 -
0.0 K 05 1.0 15 : :
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o = = =, E[= DAl
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Quantum vs semiclassical

Quantum Mean-field
Trajectory 1 Trajectory 2 (87) /8 Radiu1$
2 Radit.1|s Z
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Entanglement
entropy/log(2)
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Time [ms] Time [ms] o - = =
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Trajectories and replicas

@ Spin glass: replica overlap:

Qus =Y _ (S (S))/N

i

[m] = - =
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Trajectories and replicas

@ Spin glass: replica overlap:

Qus =Y _ (S (S))/N

i

@ Trajectory overlap:

s = D (WO of W) (W7o W) /N

i
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Trajectories and replicas

@ Spin glass: replica overlap:

Qus =Y _ (S (S))/N

i

@ Trajectory overlap:

s = D (WO of W) (W7o W) /N

i
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Trajectories and replicas

@ Spin glass: replica overlap:

Qus =Y _ (S (S))/N

i

@ Trajectory overlap:

s = D (WO of W) (W7o W) /N

i
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° Experiment: Directly observing replica symmetry breaking

o & = = = DA
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Experimental realisation

o = = = = DA
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Experimental realisation

@ More complex model
» Vector spin—density-wave phase

=] F = = = DAl
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Experimental realisation

@ More complex model
» Vector spin—density-wave phase

n
En=— > [J(S'SF-8'8))
ij=1

+ K (818! +8!'S)]

» Discrete symmetry
> Kj finite clump size effect

[m] = - =
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Experimental realisation

@ More complex model
» Vector spin—density-wave phase

n
En=— > [J(S'SF-8'8))
ij=1
+ K (818! +8!'S)]

» Discrete symmetry
> Kj finite clump size effect

@ Vector overlaps,
Qup = Q25 + % Rap = Q0 — A%

Jonathan Keeling Confocal CQED Quantum Spinoptics 17



Results

Ferromagnetic Jj
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Results
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Results

Ferromagnetic Jj
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Results

Ferromagnetic Jj Spin glass Jj
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Summary
@ Confocal CQED associative memory/spin glass . !! .

Lé%wik
[Marsh, Guo, Kroeze, Gopalaknshnan Ganguli, Keeling & Lev. PRX "21]
° Quantum behawour near transition

[Marsh, Kroeze, Ganguli, Gopalakrishnan, Keeling & Lev. PRX "24]

° Experlmental spln glass _

oS iv ] ve | —

: : R |
[Kroeze, Marsh, Atri Shuller, Hunt, Gopalakrishnan, Keeling & Lev. arXiv:2311.04216]
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e Confocal cavities

e More open system dynamics
ﬂ Basins vs width

@ Training

© Replicas and trajectories

[m] = - =

Jonathan Keeling Confocal CQED
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Confocal cavities

@ Gaussian standing waves:

®,,(F) = Z,.(x, y) cos [k, (z 4 M) - Hu(z)]

z+275)z

o = = = = DA
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Confocal cavities

@ Gaussian standing waves:
_ X2 +y2
(DM(I') = :M(X7-y) cos [kr (Z + Z—|—Z,2q/2> — QM(Z)]
@ Gauss-Hermite modes =,(x, ¥) = &, (X)ém, (V)
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Confocal cavities

@ Gaussian standing waves:
_ X2 +y2
(DM(I') = :M(X7-y) cos [kr (Z + Z—|—Z,2q/2> — QN(Z)]
@ Gauss-Hermite modes =,(x, ¥) = &, (X)ém, (V)

@ Gouy phase 6,(z) = const. + (I, + m,) atan(z/zg)
» Fix frequency — remove z nodes
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Confocal cavities

. . @ Cavity Geometry:
@ Gaussian standing waves: T

®,(r) = Zu(x, y) cos [kr <Z+ X2+y2> - GM(Z)]

z+272/z |
@ Gauss-Hermite modes =,(x, ¥) = &, (X)ém, (V) ] -

@ Tune degeneracy via L/R

@ Gouy phase 6,(z) = const. + (I, + m,) atan(z/zg)
» Fix frequency — remove z nodes
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Confocal cavities

_ . @ Cavity Geometry:
@ Gaussian standing waves: T
_ X2 +y?
(DM(I') = :M(X7-y) CcoSs [kr (Z + Z—|—Z,2q/2> — QM(Z)]
@ Gauss-Hermite modes =,(x, ¥) = &, (X)ém, (V) ] -

@ Tune degeneracy via L/R
Planarl\‘& \FSR § L L L

Confocal ppr——

@ Gouy phase 6,(z) = const. + (I, + m,) atan(z/zg)

» Fix frequency — remove z nodes YRR
Concentricl I I ] ] ]

>
w
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Confocal cavities

_ . @ Cavity Geometry:
@ Gaussian standing waves: T
_ X2 +y?
(DM(I') = :M(X7-y) CcoSs [kr (Z + Z—|—Z,2q/2> — QM(Z)]
@ Gauss-Hermite modes =,(x, ¥) = &, (X)ém, (V) ] -

@ Tune degeneracy via L/R
Planarl\‘& FSR | L L

@ Gouy phase 6,,(z) = const. + (I, + m,) atan(z/zg) Confocal PRI
» Fix frequency — remove z nodes
» Odd/Even resonances — odd/even |, + m,,. Concentric| | | | | |

>
w
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Confocal cavity QED Dynamics
@ Open quantum system dynamics

p=—ilH,pl+ 5y Lla]

17
H=-AY ala,+get Y =u(r)Sf(a,+a,)+wo» S
I w,l i

[See also Fiorelli et al. PRL '20]



Confocal cavity QED Dynamics
@ Open quantum system dynamics

p=—ilH.pl+r Y Lla]
W
H=-A"a\a,+ gy =u(r)SHa, +a,) +wo Y S
M sl i
@ Simplify:
» Far above SR transition

» Atom-only equations
» Semiclassical S* states

[See also Fiorelli et al. PRL '20]



Confocal cavity QED Dynamics
@ Open quantum system dynamics

p=—ilH,pl+ 5y Lla]

W
H=-AY ala,+get Y =u(r)Sf(a,+a,)+wo» S
M T8} i
@ Simplify: @ Noise ), x;(t)Sf — classical Sf states

» Far above SR transition
» Atom-only equations
» Semiclassical S* states

[See also Fiorelli et al. PRL '20]



Confocal cavity QED Dynamics
@ Open quantum system dynamics

p=—ilH,pl+ 5y Lla]

W
H=-AY ala,+get Y =u(r)Sf(a,+a,)+wo» S
M T8} i
@ Simplify: @ Noise ), x;(t)Sf — classical Sf states
» Far above SR transition e Treat H; perturbatively

» Atom-only equations

» Semiclassical S* states ¢ Diagaonalise by

= f
—.a
U=exp |3 8¢ L=ede e,
EXP{ ,S'(A+m ¢
sl
[See also Fiorelli et al. PRL '20]
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Stochastic and deterministic dynamics
@ Effective EOM:

p=...+ > K(0e)LIS] + Ki(d€ ) L[S ]

[m] = - =
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Stochastic and deterministic dynamics
@ Effective EOM:

p=...+ > K(0e)LIS] + Ki(d€ ) L[S ]

@ K oxx wp?, function of:

bet = E({Sy Sf — Sf 1)) — E({S*})
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Stochastic and deterministic dynamics
@ Effective EOM:

—— Confocal cavity
Q 100 -~ Metropolis-Hastings
2d
p=...+ > K(0e)LIS] + Ki(d€ ) L[S ] oo
i <
U] A,
@ K oxx wp?, function of: s \
& 102 N\
det = E({SX;, Sf — Sf £ 1}) — E({S*}) I I

spin flip energy (|Ac|)

@ Differs from 0TMH, K(d¢) = ©(—de)
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Stochastic and deterministic dynamics
o EffeCtIVG EOM _— Confocal cavity

— 100 -- Metropolis-Hastings
p=...+ > K(0e)LIS] + Ki(d€ ) L[S ] oo
i <
U] A,
@ K oxx wp?, function of: s
& 10-2 N\
N ,
(56,- = E({ ;;5,‘, S,X — S,X + 1}) - E({SX}) 2 2 Sp;;ﬂipenoergy(|1AC|) g :
@ Differs from 0TMH, K(d¢) = ©(—de) e T2 Vromomhoastings
@ Detailed balance — effective temperature é e o
2 05 T (ﬂ) » T = 4|Ac|
s
g 00 ==

1 2
Spin flip energy (|Ac|)
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Stochastic and deterministic dynamics
@ Effective EOM:

p= ot DK LIS + K )LISTT T

i <
& 102

@ K oxx wp?, function of: £
& 103

dcf = E({Sfy, Sf — SF £1}) - E({S"})

o Differs from 0TMH, K(J¢) = ©(—de) e

@ Detailed balance — effective temperature é
@ Problem: Tgi > Jj :Eo.s

Jonathan Keeling Confocal CQED

—— Confocal cavity
== Metropolis-Hastings

Y
-3 -2 -1 0 1 2 3
spin flip energy (|Ac|)

—— Confocal cavity
-=-' Metropolis-Hastings

—de AZ 4 K?
ICHNETEE v

1 2
Spin flip energy (|Ac|)
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Stochastic and deterministic dynamics
@ Effective EOM:

—~ 100
p=.+ > K06 LIS + Ki(de; ) L[S ] =
i <
& 102
@ K; x wp?, function of: £
& 103
dcf = E({Sfy, Sf — SF £1}) - E({S"})
o Differs from 0TMH, K(J¢) = ©(—de) e
@ Detailed balance — effective temperature é
@ Problem: Tgi > Jj :Eo.s
> Solution, §; > 1, de ~ >, J;Sj + ... £
5 0.0

Jonathan Keeling Confocal CQED

—— Confocal cavity
== Metropolis-Hastings

Y
-3 -2 -1 0 1 2 3
spin flip energy (|Ac|)

—— Confocal cavity
-=-' Metropolis-Hastings

—de AZ + K2
~ exp (Tﬁ) , T = 4TAC\

1 2
Spin flip energy (|Ac|)
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Stochastic and deterministic dynamics
@ Effective EOM:

— 100
p=t D KL+ KB )LISTT =

i <

@ K oxx wp?, function of: g
& 1073

bcf = E({S}, S = SF £1}) - E({S"})

o Differs from 0TMH, K(J¢) = ©(—de) e

@ Detailed balance — effective temperature é
@ Problem: Teff > J,'j :Eo.s

> Solution, §; > 1, de ~ >, J;Sj + ... £

» Further benefit — superradiant spin-flip dynamics 2
0.0

—— Confocal cavity
== Metropolis-Hastings

Y
-3 -2 -1 0 1 2 3
spin flip energy (|Ac|)

—— Confocal cavity
-=-' Metropolis-Hastings

—de AZ + K2
~ exp <T75> , T = 4TA€\

1 2
Spin flip energy (|Ac|)
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Confocal Connectivity + Dynamics: Basins of attraction

0.5
o<
FM w < Wam E é 0.1
Use J,./-CCQED S {AM way < W < Wsg 82
S E
SG wgg < w <z
0.01

0 05 10 15 20 25 30 35 40
Width (w/wo)
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How to train your cavity

@ Confocal connectivity:
ri — J,'j — S;-k’y

o = = = = DA
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How to train your cavity

@ Confocal connectivity:
ri — J,'j — S;-k’y
» Hard to invert

[m] = = =
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How to train your cavity

@ Confocal connectivity:
ri — J,'/' — S;-k’y
» Hard to invert
@ Alternative: encoding.
» Fixed points: {S*}
» Desired patterns: {P}
» Define M, M"™ to minimise

P
3" M- PP —SP% 4 M| 2,
p=1

P
. 2 .

§ :‘Mlnv_s*,p_Pp‘ +)\||va||2

p=1
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How to train your cavity

@ Confocal connectivity: @ Recall:
ri — J,'/' — S;.k"/ » Encode Peerupt _ ginit _ sgn (M . pcorrupt)'
» Hard to invert » Evolve SNt _ gfinal
@ Alternative: encoding. > Decode P! — sgn (M™ . §fnal),

» Fixed points: {S*}
» Desired patterns: {P}
» Define M, M"™ to minimise

P
3" M- PP —SP% 4 M| 2,
p=1

P
. 2 .

2 :‘Mlnv_s*,p_Pp‘ +)\||va||2

p=1
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How to train your cavity

@ Confocal connectivity:
ri — J,'/' — S;-k’y
» Hard to invert
@ Alternative: encoding.
» Fixed points: {S*}
» Desired patterns: {P}
» Define M, M"™ to minimise

P
3" M- PP —SP% 4 M| 2,
p=1

P

. 2 .
§ :‘Mlnv_s*,p_Pp‘ —|—)\||va||2
p=1

Jonathan Keeling

@ Recall:

» Encode Pcorrupt _ Sinit =sgn (M . pcorrupt)_

» Evolve St —, gfinal
» Decode Preeal = sgn (M . gfinal),

utperforms Hebbian learning.

0° —+— Hebbian SD
\ —+— Hebbian 0TMH
0.41 Cavity SD
Cavity 0TMH

o o
) w

Avg. basin size (Hamming dist. /N) O
o
-

o
<)
:

0.0 01 02 03 04 05 06 07 0.8 09 1.0
Memory loading P/N
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Replica and trajectory in general

P@) = 3 Y 6@ - @) (o © (| Py %) @ )

traj® o3 o

>_dPg =
q

where

Zo ®O’

splns

[m] = - =

Jonathan Keeling Confocal CQED
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