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Outline

e Modes of a ring-resonator as a synthetic dimension

e TO, Price, Goldman, Zilberberg, & Carusotto, PRA 93, 043827 (2016)

e Angular coordinate of a ring-resonator as a synthetic dimension

e TO, & Carusotto, PRL 118, 013601 (2017)

e Harmonic oscillator states as synthetic dimensions

e Price, TO, & Goldman, PRA 95, 023607 (2017)
¢ Four-dimensional quantum Hall effect and synthetic dimension

* Price, Zilberberg, 1O, Carusotto, & Goldman, PRL 115, 195303 (2015)
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Synthetic dimensions with photonics

e Optomechanics — photon & phonon degrees of freedom
Schmidt, Kessler, Peano, Painter, & Marquardt, Optica 2, 635 (2015)
e Optical cavities — orbital angular momentum degree of freedom
Luo, Zhou, Li, Xu, Guo, & Zhou, Nature Comm. 6, 7704 (2015)
e Photonic lattice — increasing connectivity
Tsomokos, Ashhab, & Nori, PRA 82, 052311 (2010)
Jukic & Buljan, PRA 87, 013814 (2013)

¢ Ring resonator arrays — different frequency modes or angular coodinates of a resonator
10, Price, Goldman, Zilberberg, & Carusotto, PRA 93, 043827 (2016)
TO, & Carusotto, PRL 118, 013601 (2017)
Yuan, Shi, & Fan, Opt. Lett. 41, 741 (2016), and series of works
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Multi-mode ring-resonator

Consider a ring resonator, and use different angular momentum modes = A
as a synthetic dimension -—
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Hafezi et al, Nat. Photon.
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Coupling different modes

Different modes can be coupled via some external modulation:
Nonlinearity with an external laser TO, et al., PRA 93, 043827 (2016)
Electro-optic phase modulators Yuan, et al., Opt. Lett. 41, 741 (2016)

The effective Hamiltonian of a cavity is

H = Z Qwaiuaw _ je—i(QFSRt—Q)aL}_'_law + h.c.

Move to a rotating frame by, = a,,e’($two Hirsr(w—wo))t
The effective Hamiltonian is

H=->Y Je 1by+hc

- 1D tight-binding Hamiltonian with hopping phases -
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Coupling different modes

Spatially aligning resonators, one can build up to 4D Hamiltonian | S
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Hopping phases in X, v, z directions can also be added
by other methods
e.g. Hafezi et al., Nature Photon. 7, 1001, (2013)

1D chain of resonators + 1 synthetic dimension
= 2D Harper-Hofstadter model

photon intensity
with drive & dissipation

| —

Band structure of ¢ = 1/4
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1+1D lattice with an edge

One can introduce an artificial “edge” in w-direction by making one mode very lossy

---------------------------------------------------
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Angular coordinate as synthetic dimensions |

Align ring resonators with different sizes and shapes

Then, neighboring resonators follow €2, ., ~ Q241 w41

A photon with mode w at site x hops to mode w+1 at site x+1

TO & Carusotto, Phys. Rev. Lett. 118, 013601 (2017)
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Angular coordinate as synthetic dimensions ||

Effective tight-binding Hamiltonian is

H = Z w ’wo bx —JZ ( r41,w+1 ggw —I—hC)—’—%Z Z bi: wlbic wgb$7w3b$>w4

T witwz2=wsz+wy

angular momentum conserving interaction term

In the space of 8 (angular coordinate),

H=2 / [ {iVgbl >}{—ivebm<e>}—J{waH(e)bxw)m.a}+%bi<e>bl<e>bx<e>bx<e>]

kinetic energy in synthetic dimension hopping with phase zero-range interaction term

A |
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TO & Carusotto, Phys. Rev. Lett. 118, 013601 (2017) w — wo



Angular coordinate as synthetic dimensions ||

e Synthetic dimension is continuous and periodic
¢ The interaction is zero-range in both dimensions
e Coupled wire setup

(a)

Q. Can one make both the real and synthetic dimensions continuous?

TO & Carusotto, Phys. Rev. Lett. 118, 013601 (2017)
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Harmonic oscillator states as synthetic dimensions
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e Consider harmonic oscillator states as lattice sites in the synthetic direction

e Couple different states by shaking the potential resonantly with the level spacing
2

Hozéj_m+ —mw? —Zw)\\)\

V(t) = kx cos(wt + ¢) =

K O
COS wt + — 1|+ h.c.
. ®) Ezj | )

Price, TO, & Goldman, PRA 95, 023607 (2017)
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Harmonic oscillator states as synthetic dimensions

Change basis as |\) — e™*|\)

Then, the Hamiltonian becomes (after the rotating wave approximation):

H=Hy+V(t) Hzm/ \A—l)()\\e"¢+hc)

1D tight-binding Hamﬂtonlan with hopping phase

e Can in principle go up to 6D (3D optical lattice + 3 directions of harmonic potential)
® |nteraction decays algebraically along the synthetic direction

Price, TO, & Goldman, PRA 95, 023607 (2017)
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Four dimensional guantum Hall effect

. L Price, et al., PRL 115, 195303 (2015
The current responds nonlinearly to external perturbing fields 2015)
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4D quantum Hall effect in ultracold atoms

A minimum model for 4D quantum Hall effect requires magnetic fields in two

disconnected planes: we add magnetic fields in x-z and y-w planes

1Bz T
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H=-J Z (Ci—l—ém Cr + Ci+éy Cr + € Crye.

Cr + e Bywy Cy + h.c.)
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Applying perturbing fields 5Ey and 0B.,,, current in x direction is
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4D quantum Hall effect in photonics

In driven-dissipative systems, the Hall current is proportional to the center-of-mass shift
of photonic fields

W)~ /VABZJY N YABzZ

B/ volume Hall current .oss

Numerical simulation pumping the center: projection onto x-y plane
0k, =0B,, =0 ok, =0, 0B, #0 0E, #0, 0B,, =0 0FE, #0, dB,, #0

10O, Price, Goldman, Zilberberg, & Carusotto, PRA 93, 043827 (2016)
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Summary

e Synthetic frequency dimension e Angular coordinate as a dimension
TO, Price, Goldman, Zilberberg, & Carusotto, TO & Carusotto, Phys. Rev. Lett. 118, 013601 (2017)
PRA 93, 043827 (2016) (a)

A % T N

e Harmonic oscillator states as a dimension
Price, TO, & Goldman, PRA 95, 023607 (2017)

2 A
A 7
3 O Jre'® J e
f \\ / }hw l\f\ ;J;lx hY
0 N / — @ O o o o >
\_/ 0 1 2 3 4
V(it)=V(t+2r/w) .

> 16/16



