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Stz CLASSICAL SELF-OSCILLATORS--Generate a periodic oscillating signal

One popular way: Time-delay feedback
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QUANTUM SELF-OSCILLATORS—With time delay

Our scheme

Quantum van der Pol Oscillator [1,2,3]
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[1] Dutta, S. and Cooper, N.R., 2019. Critical response of a quantum van der Pol oscillator. Physical Review Letters, 123(25), p.250401.
[2] Lee, T.E. and Sadeghpour, H.R., 2013. Quantum synchronization of quantum van der Pol oscillators with trapped ions. Physical review letters, 111(23), p.234101.
[3] Walter, S., Nunnenkamp, A. and Bruder, C., 2014. Quantum synchronization of a driven self-sustained oscillator. Physical review letters, 112(9), p.094102.
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Quantum Delay Differential Equation (DDE):

a(t) = — ka(t) — €'\ /G, a(t — 7) — VEU(©) = /Gioyy(t = 7) = eP/(G = Dyt = 7)

Total decay rate: Amplification gain: G Amplifier noise: Yamp
FCI 'F'FCZ
K' —
2

Compare with the classical DDE:
X = ax(t) + px(t — 1)

(a(1)) = — k(a()) - €i¢\/GK1K2<&(f — 1))

a=-20=-21,17=4.4224

— [ 111 10]=2
Initial=0.5

O Parameters on the red line

o Continuous oscillation
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CASCADED THEORY —with ampilifier in between

Vacuum fields
Nn—m =G-1,forn=1,2,---,

Lp = (k1 +6) Y, Da,lp 41 Y kN, (Dla,)p + DIa1p) - /Gy Y. { (G0, a,0) + [pdl,a,_,] }
n=0 =n=0 . n=1 e

[1] Whalen, S., 2015. Open quantum systems with time-delayed interactions (Doctoral dissertation, ResearchSpace@ Auckland).
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@ =< p),t € [mr,(m+ 1)7]

dt Calculate the ODEs of mean field (d)
In [0,7], .
m m—1 m (dg) = — k{dp)
A - A A A A At A In [7,27],
Lup =y +K) Y, DlaJp+ Y, kN, (21,10 + DNajIp) = /G, Y, { 18] a,0) + pafsa, ] | (i) == )~ (a
n=0 n=0 n=1 (a,) = — k{a,)
1. {(d) shows perfect oscillation Initial state p = p, @ p, ® --+p, i i, G 1)el,
Ik ) (210) = — x(dy) — n{a,)
! a,) = —x{a,) —n{a
2. Energy (photon number) increases infinitely m times < 1;> ) e
o _ - Annihilation operatord, = IQ IQ - Q4RI Q - Q] <am;1> = = K1) = 1)
3. Get self-oscillation without phase diffusion 'x Y ) Y J () = = K(dp)
n times m—n — 1 times
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Nonlinear quantum oscillators

Reason from nonlinear DDE: X = ax(t) + fx(t — 7) + yx>(¢)

, a=-23=-37=7s+1=2.0288 a=-2,8=-3,1=2.0288, Initial=2+0.5i
—Initial=0.5,7 = —1 Im(x)
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Time (2.0 * ~ Two-photon absorption?
Advantages:

© Nonlinear damping rate y can tune the oscillating amplitude
o Limit cycle in phase space
o Can have relaxation oscillation

This two-photon absorption has the ability
to absorb two photons from the cavity at the
same time, thereby bringing a nonlinear
dissipation to the cavity dynamics

%? = £, p(t),t € [mr,(m+ 1)1}
2P + (k) + Kz)z Dla,lp + Z ki N,,_, (D1a,lp + DIa)lp) - v Gk Z {[&n ]+ [pa),a,_ 1]}
n=1




Mean-field simulation for nonlinear quantum oscillators

(K, +K2)ZQZ[a Ip + Zkl

@ =<, p),t € [mz,(m+ 1)7]

dt

m

In [0, 7],
B (a0) = —¥{ao) — 2x{adaoao)
c | <agd0ao> = (=3y — 2y)(alapa,) — 6x{alalasaga,)
o (alalagagay) = (ao), (al), (agay), (aga‘o) (afal), (apaoao), (alagay), (alala,)
n T, 27], |
Equations of mean-field (a0} = —¥(ao) — 2x(agaoao) — n(ay)
- (a1) = —y{@) — 2x(ala;a1)
<agci0ao> = (=3y — 2y){(a} apa,) — 6x{alalagaya,)
(ala.gao) = —3yajalay, — 4ya alal agay — 2xala,a,alay — naja al —nala,a,
uéc': T (alalagagas) = (ao), (al), (apao), (alay), (alal), (agagay), (alaga,), (alal ay)
= :

[1] Plankensteiner, David, Christoph Hotter, and Helmut Ritsch. Quantum 6 (2022): 617.

QZ[a Lp + SJZ[cAzT]p) — \/GK1K2 Z {[an i a.pl+ [pd;fl, &n_l]}

n=1

Becomes expensive than
Linear case!

But still cheaper than full
quantum dimension
calculation!

Polynomial of time periods and truncated order



Nonlinear quantum oscillators
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© (a) shows a decay oscillation with time, this is more likely due to the phase diffusion of quantum nonlinear damping

(G7a4a), which comes from the two-photon absorption. _ —
We could achieve non-decay self-oscillation

We guess this is due to the difference between two equations: without phase diffusion in linear system but

(&) = — (@) — \/Gri(a(t — 7)) — y(alaa), (ataa) # (a')(a)(a) not in nonlinear system
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Conclusions

O A linear quantum self-oscillator with time delay feedback can generate a

perfect periodic oscillating signal

O Cascaded theory is generalised to the cases with feedback gain
O A mean-field calculation is used to do simulations for longer time
O Is that possible to have a nonlinear guantum self-oscillator without phase

diffusion?
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