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NONEQUILIBRIUM QUANTUM PHENOMENA
THROUGH THE VAN DER POL MODEL

ABSTRACT

Frank Wilczek’s proposal of the time crystal in 2012 has been giving physicists strong in-
spirations to break time-translation symmetry under different circumstances. Taking advantage of
modern platforms such as superconducting circuits, our thesis propose an architecture making use
of Van der Pol oscillators to achieve time-crystalline order in an open system. Classically, Van der
Pol oscillators have oscillatory behaviors in a limit-cycle phase, which is what we pursuit quantum
mechanically. First, making use of the down-conversion process implementable on superconducting
circuits, we present a method to build a Van der Pol oscillator with superconducting circuits. Accord-
ing to both analytical and numerical study, we show that in finite time the quantum fluctuation lead
a single Van der Pol oscillator to equilibrium, which is a steady state without time-crystalline order.
Further on, it’s known that coupled Van der Pol lattice have synchronization effect, which inspires
our next investigation. We define phase variance to represent the maintenance of time-crystalline
order, which is kept when variance is small. We show by exact numerical simulations and approx-
imate analytical methods that, for 1D, 2D, 3D and all-to-all coupled lattices, the variance growth
is suppressed by the coupling effect. However, we also observe that all these systems experience
an initial variance growth stage before coupling come into effect. For systems with finite coupling
connectivity (1D, 2D and 3D), such initial variance grows to a value proportional to a positive power
of system’s size. For macroscopical systems, it will kill the oscillatory behavior eventually. In con-
trast, simulation shows all-to-all coupled system has a constant variance bias, independent from the
system size. Hence we prove the existence of spontaneous self-sustained oscillations that are robust

against quantum fluctuations, in a macroscopical all-to-all coupled system.

Key words: Nonequilibrium statistics, Linearization, Time crystal
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Chapter 1 Introduction

Modern platforms such as superconducting circuits allow us to implement many-body models
that include driving and dissipation. Nowadays, with quantum optical techniques, it is possible for
physicists to precisely control each mode in the many-body model. It will enable us to reach phases
of matter that are difficult to reach in real materials and explore new physics. In this thesis, we focus
on the time-crystalline order and manage to construct such elusive phase of matter with coupled Van
der Pol lattices.

Wilczek proposed the concept of time crystal in 20120121

, which is a system self-organizing
in time that breaks time-translational symmetry spontaneously. However, Watanabe et al. proved
the absence of time-crystals in a closed system[3], dominated by a Hamiltonian. Fortunately, this
no-go theorem is proven under very restrictive conditions, and inspired by Wilczek’s original ideas,
researchers have explored different possible ways out. The simplest one is when the Hamiltonian
has a constant of motion, such that, even at equilibrium, the system might be forced to oscillate
in order to satisfy the corresponding constraint (this is what happens with superfluid time crystals,
which oscillate at a frequency proportional to the chemical potential[‘”). Another popular way out!!
has consisted on driving periodically the system, such that now it is only invariant under discrete
time-translational invariance, a symmetry that can indeed be spontaneously broken. Finally, coming
back to continuous time-translational symmetry breaking, people have also studied the possibility
of using open systems[ﬁ], which being out of equilibrium, do not need to satisfy the no-go theorem.
So far, however, there is no completely satisfactory open model leading to robust time-crystalline
order in the quantum regime. It is in this last context where our study takes place.

The basic model we apply is the quantum Van der Pol oscillator, a simple particle-non-
conservative system with incoherent pumping and non-linear damping. Classically, the Van der
Pol system!”! evolve in limit cycles in certain condition, which results in deterministic chaos®!. Lee
et al.””! introduced a method to construct a quantum Van der Pol oscillator with trapped ions. In
such a quantum system, the fluctuations destroy the classical limit cycles, and the system reaches a
steady state!'”1. When coupled together, both classical and quantum Van der Pol oscillators in this

9,11-12

phase display synchronization and phase lock phenomena effect! 1. Most works study all-to-all

coupled lattices! 314!

, and showing the synchronization phase transition with mean field method and
considering only classical fluctuations.

In this thesis, we first propose an architecture to implement a quantum Van der Pol oscillator,
as well as a coupled Van der Pol lattice, by exploiting the down-conversion process available in
superconducting circuits!">!. We study under which circumstances this system maintains a state that
has time-crystalline behavior, that is, oscillatory behavior, which should be robust against quantum
fluctuations. According to both analytical and numerical study, we show that, in finite time, the
quantum noise lead a single Van der Pol oscillator to losing time-crystalline order. It will only
be achieved in the classical limit, with infinite number of excitations, which is impossible in any

physical systems.

— Page 1 of 39 -
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Based on the idea that coupled Van der Pol model displays phase-lock phenomena, we then
analyze the coupled Van der Pol lattices for their ability to resist quantum fluctuations in the non-
equilibrium processes. With exact numerical simulations for 1D, 2D, 3D and all-to-all coupled
lattice and approximate analytical methods for 1D, we show that after a certain time, all of the
coupled systems are capable of reaching a phase where the effect of quantum fluctuations is halted.
We find the variance, which determines the time-crystalline order if kept small, is suppressed by
a factor proportional to the lattice size. For a macroscopical lattice, the quantum fluctuations are
frozen by coupling effect. However, we also find that the system experiences an initial variance
growth. For 1D, 2D and 3D lattices, such initial variance end up scaling with a positive power of
the lattice size, which means that by the time the quantum fluctuations are suppressed, the time-
crystalline order is already lost. This is not the case for the all-to-all coupled model, whose initial
variance is a constant independent of the system size. As a result, time crystalline order is achieved

in a finite time for a large all-to-all coupled system.

— Page 2 of 39 -
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Chapter 2 Preliminaries and background

2.1 Open quantum systems

A closed quantum system can be fully described by a Hamiltonian H, with Schrodinger equa-
tion i70,p = [ﬁ , ﬁ]. However, in the real world, systems are rarely closed, but open. These systems
interact with other ones, which experimentalists do not have access to, generally dubbed, ’environ-
ment’. In our thesis, the Van der Pol system is an open system with non-linear dissipation.

We will now introduce one of the description of the open quantum systems, master equations.
Here is an example of a simplest quantum system. Consider a closed system consisted of a cavity
mode a and an external field, described by a continuous set b(w), interacting. These annihilation
operators satisfy canonical commutation relationships [é, &T] =1 and [B(w), IA)T(a)’ )] =6(w— ).
Any other combination of operators commute. Tracing the external mode off later, the cavity mode a

can be regarded as a typical open system. Before doing that, we first focus on the composite system,

described by a Hamiltonian H = H,,, + H,,, + H,,,, where
H,,, = ho.d'a,
A © ~ ~
A,, = L dwhwb’ (0)b(w), 2-1)

an
Il

it ih\/z J do [b(w)'d - b(w)d'] .
7 Jo

\/m is a coupling constant. This interaction Hamiltonian is written under several assumptions:
there are no non-linear optical effects; the contribution from the coupling medium (for example, a
half-transmitted mirror) to the Hamiltonian is quadratic in annihilation and creation operators; the
interaction is perturbative; and finally, the mirror’s transmissivity is independent of w.

Now we assume the external state j,,, is a displaced thermal state, which is general enough for
an environment. It has the displacement a(w), and thermal photon number 7.

First, we move the external field to a displaced picture, and it will take the external field to a

thermal state. Also, the initial Hamiltonian gets a new term H,, js

representing the displacement, or
laser driving:

A,=H,,+H,,+H, +H,

cav inj»

where H,,; = ih [A(nad" — A*(1)d] 2-2)
(o)
and A = —\/Y/EJ dwe' ™ a(w).

A iw.ate S gk s o[ PO . . .
Using U, = ¢ @@ a+B0&" =501 |2, dwwb (@)h@) e move to the interaction picture, and here
B(@) = jé dt’ A(t"). Now we have removed all rotation and displacement into the operators: p; =

Uj pU. and a; = 03 aU,. Our Hamiltonian becomes:

+o0
A, = m\/g J dow [efwaT(w)a () - e—"“”iy(w)a}(t)] (2-3)

—0o0

— Page 3 of 39 -
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To simplify equation (2-3), the theory makes these approximations: p;() is always close to
Peav.s () ® Py (1) in first order; there is no back reaction; it can be approximated in second order.
Finally, after tracing out b and move back to the Schrdinger picture, we arrive a general result for
an open system:

A | _ A _ R
atpcau = E [HS’ pcav] + (7 + I)YD&[pcau] + nyD&* [pcav]’
where Hg = H,,, + ﬁinj, 2-4)

and Dj[pg] = 24 pgd T =TT pg — pod 7 J.

Remind 7 is the expectation of b'h of the external state. This equation is know as the master equation
with two kinds of terms. The first one is the familiar Hamiltonian term, Hermitian. The other
ones are superoperators, specifically called Lindbladian D ;[ ], defining the non-Hermitian quantum
jump. These terms combine into 0, = L[p], where the generator of dynamics L is known as

Liouville superoperators, or Liouvillian.

2.2 Effective theory: eliminating spurious degrees of freedom

When we studying practical models, we always use effective theory to eliminate some degrees
of freedom and focus on a relevant system we need. There are theories for both closed systems
and open ones, and now we will introduce the projection superoperators method for eliminate the
irrelevant part from an open system. For simplicity, we call the relevant part “system” and the
irrelevant part “environment”. We can separate the total Hilbert space by defining H = Hg @ Hp.

An open system can be described by a master equation as we mentioned in 2.1, and now we
give a very general form of it:

9,p = LIp]. (2-5)
The Liouvillian consists of all kinds of Hermitian terms and non-Hermitian terms. Then we divide
it into two kinds: free Liouvillian £ and interaction Liouvillian £,. L, only contains the terms that
do not connect system and environment, and vice versa. Free Liouvillian can be easily written with

two parts: free system’s and free environment’s by Ly = L + L.

We need two projection superoperators to map from H to Hg. They are defined in (2-6)
P+O=1,PLO=09QLyP=0and PL,P =0 (2-6)

P has the property P[p] = trg{p} ® pg, where Lg [ﬁE] = 0. With second order approximation
and 9Q[p(0)] = 0, a dynamic equation for P[] can be derived by integrating a dynamic equation for
P[pl: t

0,Plpl = PL,P[p] + J() dTPL "7 L Pj(t — 7)] 2-7)

Moreover, we assume that the interaction Liouvillian can be described by a Hamiltonian:

N

M
£,¥Y]= [1711 Y] , where H,/h = Z 2,8, QE, (2-8)

m=1

— Page 4 of 39 -
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Mow the integration in Eq. (2-7) becomes

M
D 88 ( S,eCmEST st — 1),
m,n=1 (2—9)

—K,, (7)8, e"s* [S’mﬁs(t - T)]) +H.c.

where C,,, and K, are two-time correlators using quantum regression theorem.

Con(7) = trg { E, e [pgE,|} = lim (E,OE,(t+1)),
. . R . (2-10)
K,(7) = trg { E,e"57 [E, pg] } = lim (E,(t +DE, (1)
Finally, we assume the correlators are either zero or a fast decay in time, then the system is

mainly dominated by L. If L[] = ih [ﬁ <> ﬁ], the effective time-local master equation can reads

M t
8,hs ~ Ls [ps] + Y &men j A [ Copp(©)8, 55 (S, (7)
el 0 2-11)

—Km()3,5,,(0)ps ()] + Hec.

2.3 Phase space representations

In quantum mechanics, position and momentum don’t commute, and their observables can’t
take definite values. What we can do is describing the probability distribution for X and P, or «a in

a complex plane.

2.3.1 Different phase-space representations

A general definition for such probability distribution is

Fj (o) =J Loprata’ gy,
cZ (2—12)
25 =t {pD*(p)} , where D(p) = eI 2eh 174,

In (2-12), z can be chosen from —1, 0 and 1. Different z will give a different phase space represen-

tation:

z = —1: Husimi function[l6];

z = 0: Wigner function!'”); (2-13)

z = 1: Glauber-Sudarshan representation!'®].

2.3.2 Fokker-Planck and Langevin equations

To investigate an open system in phase space, we introduce two types of dynamic equations:
Fokker-Planck equation and stochastic Langevin equation. They are equivalent to each other and

can represent a quantum system according to a master equation.

— Page 5 of 39 -
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(1) Fokker-Planck equation

Here P(x,1) is a time-dependent probability distribution for X, a vector of variables with length
N. The Fokker-Planck equation takes the form:

N N
0,P(x,1) = [_ D A + % > aja,Dﬂ(x)] P(x.1), (2-14)
j=1 ji=1

where D(x) > 0 and D(x) = D' (x). As P(x,1) is a probability distribution, the average of an

observable f(x) is

(fx)) = LN P(x, ) f(x)d"Vx. (2-15)

(2) Stochastic Langevin equation

There is also a stochastic approach of writing a dynamic equation in phase space, which is

simpler for numerical simulation. For a vector x, the equation reads
0,x = A(x) + B(x)n(1), (2-16)

where A(x) is a vector and /3(x) is a gaussian noise matrix. 7 is a real noise vector, whose component
satisfy 7 j(t) = 0 and 7 / ®On@') =6 ; ,6(t — t"). Here the overline represents stochastic average,
which takes average of infinite trials. The stochastic noises are more rigorously defined with Wiener

increment, whose introduction can be found in Schaffter et al.['].

(3) Equivalence of two methods

It is possible to prove that Fokker-Planck and Langevin averages are equivalent, according to

the connection

Fokker-Planck Eq. Langevin Eq.
T 2-17)
A; D= BB = A; B

2.3.3 Positive P representation

Choosing z = 1 in (2-12) gives us the Glauber-Sudarshan P representation. For quantum
systems, it generally leads D to be not positive semi-definite. To solve this problem, it is generalized
to the so-called positive P representation, which introduces two independent complex variables for
one mode, « and a*. It is different from the standard Glauber-Sudarshan P representation, which
depends on a single complex variable a. Master equation can be simply transformed to a equivalent
Fokker-Planck equation and then we can obtain a stochastic equation for numerics. Let us introduce
this more formally.

For a single mode system, x = (a, a*)T, we define the probability distribution PPJr by

KB ph = {peh e
. g -18)
:J PP (a, o).
c?

— Page 6 of 39 -
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With this representation, observables (47"@") can be calculated by

~TM AN\ _ ¢ 1\naman + +
(@ma") = (=1y"050y, x, (B, B )ﬂ’ﬂ+=o

(2-19)
= J Pf(a, aHat " ad?at
c2
To retrieve the state p, we can follow Eq. (2-20)
~ o) <0‘+*| 2.0
p= JC2 P;((X, (X+)Wd ad a+ (2—20)

With above properties, a transformation rule from master equation for Fokker-Planck equa-
tion is introduced in (2-21). For a master equation 0, = L[p] and a Fokker-Planck equation

0, Pf(a,a™) = F(a,a™) P (a,a*), amap from L to F(a, a™) reads

L F(a,at)

a
P 2-21)
at -0,

a+

D ™
.b) >
¢t ¢ ¢

>
IS
—

Terms in master equation can be added and multiplied. For example, if M = pa‘a, then F =
(a — 6a+)a+.
After transforming master equation to a Fokker-Planck equation, the last step is applying (2—-17)

and obtaining a stochastic Langevin equation.

2.3.4 Stochastic simulation

Here we show a simple numerical method to integrate the stochastic equation, the mid-point
integral method. We will explains it with the example of integrate W(T") = I()T F(W(), t)dt. Attime
t, the next increment over time interval At is calculated by:

Wi = W + FW0O,0 5

N (2-22)
WG+ 40 = W) + (Wt + ?) At

The stochastic variable in f(W(#),?) are generated by pseudorandom algorithms at each iteration.
Also, the time interval is determined automatically by keeping each term in f(W(¢), t) lower than
min(0.1W(#)). Setting a initial value and doing the iterative addition, we can get a final result. To
obtain a statistical result, we need to perform this integration repeatedly, typically, for 2000 times.

Then the stochastic average for observables can be performed.

2.4 Floquet method

In our research, we need to treat a periodically time-dependent differential equation, which is a
linearized stochastic Langevin equation. Floquet theory was mainly proposed by Gaston Floquet'??!,
which has the power to solve this kind of problems. Consider a stochastic equation for x(¢) of length
D:

i?=amm+mwm, (2-23)

— Page 7 of 39 -
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where L(¢f) (shape: D x D) and B(t) (shape: D X N) are periodical matrix with period T'. &(¢) is a
real stochastic vector of length N.

To solve it, we first define a principal fundamental matrix 7 (¢) by

? = L@F(t), and F(0) =T. (2-24)

It’s also called the propagator. In one period T', we construct a displacement matrix by eMT = P(T),
and then counteract it in F(¢):

P(t) = F(t)e M, (2-25)
From (2-25) we obtain the Floquet normal form P(t), which is also a T-periodical matrix. Then we
perform a variable change s(¥) = p-l (1)x(t), making Eq. (2-23) turns to

% — Ms(0) + P~ (OBOED), (2-26)

by which we obtain a simple equation with a time-independent drifting term. We can normally solve
it by diagonalizing M.

But in this thesis, we will focus on the Floquet eigenvectors p; and q;f only, which is defined by

Mv; = p;v;, and p;(1) = P(1)v;

(2-27)
V- o= owip-l
Wj./\/l—ujwj,andqj(t)_wjp @)

Note that in a physical system, all eigenvalues y; have negative real parts, except y, which equals

to zero. p; and qj. also satisfy orthogonality condition q;(r)p,(r) =0

— Page 8 of 39 -
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Chapter 3 Implementation of the Van der Pol model with

superconducting circuits

3.1 Architecture with superconducting circuits

Classically, a Van der Pol system is a non-conservative oscillator with non-linear damping
proposed by Van der Pol”!. In this section, we give a general version of a quantum Van der Pol

model in (3—1) and manage to construct it with superconducting circuits.
dp=—ilAd"a+ (ea" + H.c.),p| + yDs[pl + kDyplp] 3-1)

Here A is the detuning between the driving frequency and the intrinsic one, and ¢ is the driving
amplitude. As shown in the master equation, apart from the conventional Hamiltonian part, the
Van der Pol model contains a incoherent pumping and two-photon dissipation of rates y and «,
respectively.

To implement the Van der Pol model, we propose a multi-mode generalization of the Asymmet-
rically Threaded SQUID (ATS) system introduced by Lescanne et al.l31 Tts generalized Hamilto-
nian has a third-order coupling term e(f) (Zjvzl ?; >3, with which we can achieve down-conversion

on multiple modes and get two-photon loss.
as as
ﬂ [ ?
b
1
Qi ‘& aQ

)(% T)(

Figure 3-1 The construction of a Van der Pol oscillator.

We coupled an ATS circuit and 3 cat modes to build our model in Figure 3—1, and finally the
whole system will behave as a Van der Pol oscillator with down conversion. These modes are named
from a; to a4, and a; is an ATS mode. For each of the mode a;, its frequency is @;. They are all

open systems coupled with the environment at OK. Also, we drive a; and a, with frequency v; and
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v,4. This four-wave mixing system is described by the master equation:

4
0,p = =ilHy, P + Y, 7;Dq (71,
j=
4 4 4 3
whereHO:Za)jAj.&j+2EJeo 2(2)].— 2(2)].
j=1 j=1 j=1

(3-2)

N

+ (ele_”” T+€ eivatg! .+ He. )

To successfully realize down conversion, we manually select w; = 200, w4 & @1+ w,, V| & @,

and vy & wy.

3.2 Effective single-mode system

In this section, we will prove that this four-mode system behaves effectively as a Van der Pol

oscillator.

3.2.1 Change of pictures

We first cancel the driven term in the Hamiltonian with a time-independent displacement D 0=

5t
9% ~%0% for each a a;. To fully eliminate the stable d; terms, we choose a; o = 2E jep/(w; — iy;).

The state pp = Dj’0 pD ;0 in the new picture evolves according to the master equation:

4

dppo=—ilHpg hpol + ), ¥iDg P p ol
J=1

i (3-3)
whereHDO—ZwJ &j+ EJeo 2 (pj&j+(paj,0+H.c.)
Jj=1

+ (ele_ivltd; +egeg) L+ H.c. )

The rotating displacement has not been eliminated in this step.
With @; much larger than any other parameters, we can move to a rotating frame and use

rotating wave approximation to eliminate the high-frequency terms. The transformation we use is

. B R SN DU N ) At oA .
U = e @@+ a-viyat2nidsastvaddal oo that p, = U PpoUg evolves according to the master

R
equation:

3,pg = —ilHg, pgl + Zy,D [hg).
= (3-4)

where Hp = ZAjajaJ + <€1a1 +€4a4+g3a3a7[ +g4é4a a2 + H.c. )

j=1

Here 4; is the detuning between inherent frequency and driving frequency: 4, = w; — v}, 4, =
Wy +Vy — Vg, 43 = w3 —2v; and 44 = w4 — v4. We have also defined the down-conversion
rates: g3 = E Jeo(pg(pfz and g4 = 2E;e)p4¢| @5. After rotating wave approximation, the coupling

2

terms clearly shows that down conversion happens. Term d;a,” means that a photon in mode a; can
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T

transmit into a;’s two photons, and similarly, term a,a, 2

means one annihilation in mode a, will
result in creation in both a; and a,.

For this rotating frame, we finally eliminate the rotating displacement for 4,. Using transfor-

mation U, = e®%~H-¢ and a, = €,/(4, — iy,), we move to the final picture, where j, = UgﬁRIAJD
evolves as:
4
d,pp = —ilHp, ppl+ Z 1;Dqg [hp],
Jj=1

(3-5)

where Hp, = Z AJ j a (elal + g3d;0" + g4a4&la2 + g4(x4adl&£ + H.c.) .

3.2.2 Eliminate d, and 4,

We tune y, and y5 larger than other parameters, result in a5 and a, cooled by the environment.
We can treat them as irrelevant modes and use effective theory in Section 2.2 to eliminate them. We

separate the master equation 0,5 = L[pplinto L =Ly+ L, =Lg+ Lg + L4, and
PO RN N T N T AT A
Lglppl =—i|A14,4, + A,4,0, + | €4, + gqaud,4, + H.c. ), pp

+ 71Dy, (511 +12Dg, 1551, (36)
Lglppl=—i 4352453 + 44‘31&4, ﬁD] + 73D, 1031 + 74Dy, [ 4],

Li[ppl =—i|g:034," + g4dyday + H c. PD]

With effective theory, mode a5 and a, are eliminated, the master equation for reduced state
pl2 _ A
RR = tr3’4 {pD}

2
0py =i [HZ. bR+ X7 Da [Pi] + k1aDs 4,551+ k1 D2 lp i),
j=1

2
where IA{ILZ = Z A; J&l + (elaT + g4a4a1ra2 + H.c. >

“~ (3-7)
+uyal" @ + upalala,a,,

& s gk g4

IR A T A R

3.2.3 Eliminate 4,

Next we choose y, much larger than other parameters and eliminate mode a, with the same
technique. Finally we get an effective system for a;, whose reduced state /' R = {p } follows the
evolution function:

A1 RS N | A ~ Al
where AL = 6pd'a, + <ela* + H.c.> + %, 38)

| gq0,l1? IEAR
bp=41———>4M, IN= —22
73 +A2 Y3 +A
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Eq. (3-8) is our final equation for the effective system. The characteristic damping terms
I'D [ﬁ}g] and k| Dé% [pg] shows that it is a Van der Pol oscillator. With precisely controlling the
1

parameters, we now are able to build a Van der Pol system with controllable detuning, driving and
damping.
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Chapter 4 A single Van der Pol oscillator

4.1 Classical Limit

In section 3.2, we built a VdP oscillator with superconducting circuit system. According to
(3-8), the master equation reads:
0,p = —i [H,p] +7D, (51 +xDp [p] + I' Dyt [5], )
where H = 6a'a + (ea’ + H.c.) +ua™a?.
We first investigate our model classically by assuming the state is a coherent at all tiems, |a(?)).
With (4"7a") = a*™a", we can find the evolution equation for the displacement. This leads to the

classical limit of our Van der Pol system:

0,a = —ic + [—i5+F—y—2(K+iu)|a|2]a 4-2)
In the following, we set u = 0, and change to dimensionless variables = (I'—y)t and f = Fz—fya,
we absorbed I' and y into the observables. Defining F = (‘Iij)i,’g and A = _ri—y’ this is the final

form of the classical equation:
0.f = F+ (id+1-1%) B, (4-3)

which depends only on two dimensionless parameters, the effective driving amplitude F and the

normalized detuning A.

4.2 Phase diagram of classical model

With different parameters, a classical Van der Pol oscillator has different dynamic behaviors.
Apart from having stable solutions, it runs in limit cycle in special conditions. A limit cycle is
a closed trajectory in phase space as time approaches infinity, which makes it useful and famous
across the industry and scientific research. Such a dynamical evolution is also a good candidate for
time crystals. A typical limit cycle in our model is displayed in Figure 4—1. We plot the periodical
behavior of f versus time in Figure 4—1a. Also, its limit cycle is shown in Figure 4—1b, where we
plot Im(f) versus Re(f).

Navarrete-Benlloch et al.'%! introduce the phase diagram of a Van der Pol model. With their
approach, we first acquire the asymptotic state by setting the right hand side of Eq. (4-3) to 0. It

lead to an equilibrium equation for the oscillator’s intensity I = | B>
Fr=(A+1)1-2I"+1 (4-4)

Also, they investigated the stability of these steady states with the linear stability matrix. Finally,
Figure 4-2 shows the phase diagram for it. The dynamic equation has two independent parameters

in total: F and A. By choosing different parameters, we find the model has five different phases,
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a) Three periods of # versus time b) Limit cycle in phase space

Figure 4-1 Periodical behavior in limit cycle phase

represented by different colors in the figure. Sub figures are plotted with different A. In each sub
figure, the amplitude I of possible solutions of the oscillator is plotted versus the driving F. Stable
stationary solutions are plotted with solid lines, and unstable solutions are plotted with dashes lines.
We also show the time-periodic solutions (limit cycles), displayed with dots and bars. The dots

shows the time average of |ﬂ|2, and bars indicate the standard deviation of such dynamic evolution

in one period.

A?=0.000 A?=0.125
1.25 //———’—’ 1.25
1.00 1< 1.00 H-+.++_+_+_+
075 TS 0.754 A
R s e - Ss
0504+ = a 0.50 >
~ i
0B H—F—F+—F————f==="T z 0254 Lo
L e e s — 0.00 { m====r7"7"
0.00 002 004 006 008 010 012 014 000 005 010 015 020 0.25
F2 FZ
A?=0.250 A?=0.317
1.25 1 1.259
1.00 1 1.001 -‘,U»U“ ||
T
0.75 \ 0.75
_ \ _ ,
0.50 1 } 0.50 1 /
, Pid
0.25 o 0.25 "
0.00{ ~====""" 0.00 4 —===""7"
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.5
FZ FZ
A?=0.333 A% =0.500
1.25 1.25 1
oo eedlll] | 100 ssllllll
' T ’ |
T ]
0.75 1 0.75 1
0.50 1 0.50 1
»
0.25 1 - 0.25 Lo
0004 —===""T 0004 ~=="7"
0.0 0.1 0.2 0.3 0.4 0.5 00 01 02 03 04 05 06 07 08

Figure 4-2 Phase diagram

According to the figure, if detuning 4 is not 0, limit cycle phase appears on the phase diagram.

As A increases, the limit cycle phase has larger range for F.
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4.3 Liouvillian spectrum of quantum Van der Pol model

It’s known that typically an open quantum system has only one stable state, or in another word,
the Liouvillian in master equation has only one zero eigenvalue. However, as we shown classically,
the Van der Pol oscillator has different phases with different numbers of stable states. For example,
in Figure 4-2, we can easily find parameters corresponding to one or two stable states. Moreover,
a model in limit cycle phase has infinitely-many dynamically stable states. In this section, we will

unveil the classical-quantum transition through the spectrum of the quantum model.

We do a similar parameter change as the classical version: u =0, 7 = (I’ —y)t, F = %,
A= _Fi—y and k' = rz—fy For simplicity, we also set y = 0 and I" = 1. The master equation for
quantum Van der Pol model becomes:
N PN N F At N A K ! A
0,p= |idd"a+ | —=a'—H.c. ),p| + Dy [pl + 71)&2 [p] 4-5)
Kl

Look back to what we do in Section 4.1, we absorb the dissipative parameter k'’ into @, by using
p = \/ﬁ a. It result in a equation without x’. In this way, we can actually control how classical
the model is by changing x’. We can observe it from the displacement. For the same f, a smaller
k' gives a larger @. So when k' is smaller, the Van der Pol system contains more coherent photons
and it is more classical. We will show this by plotting three examples.

We vectorize the state with Fock basis truncated up to N = 400 and flatten the p matrix to
a vector of length (N + 1)?. The Liouvillian can be represented by a sparse matrix with shape
(N+1)2x(N+1)221, Setting A = 0.3167 and selecting different F, we investigate in the eigenvalues
of the super operator when x’ changes. Typical eigen-spectra of the Liouvillian are plotted in the
Figure 4-3. We place the eigenvalues as dots on the complex plane, and different colors represent
different .

Figure 4-3a shows the spectrum in classical limit cycle phase (4% = 03167 and F? = 0.2).
Focusing on a series of eigenvalues, say, the purple dots (k' = 0.020), the spectrum form a ap-
proximately horizontal curve at the top of the figure. The Liouvillian has a list of eigenvalues with
small real parts. Empirically, in this phase, real parts of the eigenvalues become closer to zero when
k' goes to zero. These states are asymptotically becoming dynamically stable states when the sys-
tem become more classical, and there will be infinity of them. It indicates that the model will have
infinite classical stable states, corresponding to the classical limit cycle behavior.

In Figure 4-3b, we display the classical stable phase(4? = 0.3167 and F? = 0.35). The figure
shows the imaginary parts of the eigenvalues become zero when k' goes to zero, which becomes
significant when ' is less than 0.02. And in this phase, only one stable eigenstate have zero real
part, which means only one state will survive.

Figure 4-3c displays the classical bifurcation phase, where classical VdP oscillator has two
stable solutions. Quantum mechanically, when k' gets smaller, the system will have three eigen-
values close to zero. We believe that the two non-zero eigenvalues will meet at the vertical axis
when ' — 0. We will roughly exhibit such behaviors in 4-4. In a word, the classical bifurcation
corresponds to the original stable state plus one of the non-zero eigenvalues, which approaches 0 as
k' = 0.

Figure 44 shows the spectrum pattern with the change of F. With 4 = 0.317 and ' = 0.01,
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Figure 4-3 Typical spectrum of the Liouvillian
we observe a pattern change at around F2 = 0.35, where the second and the third eigenvalues merge

at the axis. Although this point have no correspondence classically in this phase, but it may related

to the formation of the bifurcation.
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Figure 4-4 Spectrum with different F

— Page 16 of 39 -



> »> 4 X
YIELAAE

SHANGHAI JIAO TONG UNIVERSITY

NONEQUILIBRIUM QUANTUM PHENOMENA THROUGH THE VAN
DER POL MODEL

4.4 Quantum non-equilibrium behavior: time-crystalline order?

For a classical Van der Pol oscillator in limit cycle phase, it oscillates with a certain phase
continuously. Since the dynamical equation has time translational symmetry, the classical oscillator
experience a Spontaneous Symmetry Breaking (SSB). However, such a classical system requires
k' — 0 to achieve infinite excitations, which is impossible in real world. Moreover, for any non-
vanishing k' ,we will show that quantum fluctuations end up destroying the symmetry breaking state
and turn it into one that preserves time-translational invariance. Hence, time-crystalline order is not
possible in a single Van der Pol oscillator, since it is not robust against quantum fluctuations.

Achieving a continuously oscillating system with SSB is difficult in quantum mechanics. The
system is not only disturbed by the quantum noise, but also effected by the non-equilibrium dy-
namics. Since the oscillating state is far from equilibrium, the quantum Van der Pol oscillator will
inevitably fall into a steady state in the end, which is just a matter of time for a simple quantum
open system. We investigate in this non-equilibrium system via two method, direct visualization
and approximate analytical calculation. For simplicity, we use a non-driven system as an example,
where F' = 0 and 4 = 0.26. Here the non-zero 4 doesn’t come from detuning but from an inherent
frequency.

4.4.1 Direct visualization

First, we show the Wigner visualization of the non-equilibrium evolution in Figure 4-5. Ini-
tially, the system is in a coherent state. Via vectorizing the state in Fock basis and integrating the

master equation, we simulate the Van der Pol system with k' = 0.12, from 7 = 0 to 7 = 28.

7=0.00 T=4.00 7=8.00 T=12.00
51 5 1 54 5 -
s LT 1z ,l4 s HENE an'
€ S S S
_—5- _—5- \ _—5- "’I _—5-
5 0 5 5 0 5 5 0 s 5 0 5
Re(a) Re(a) Re(a) Re(a)
7=16.00 7=20.00 T=24.00 T=128.00
54 5 1 5 5
s ) 2y 0 20
A &
— K,« - \J - - J/ - &J

-5 0
Re(a)

5

-5 0 5
Re(a)

Figure 4-5 Wigner visualization

Clearly in Figure 4-5, in finite time, a coherent state will gradually diffuse to a uniform steady
state, which looks like a blue ring in the phase space. Such a steady state will not oscillate anymore
and end the time crystal behavior. When quantum noises pull the system’s phase apart from the

original phase randomly, the system can’t correct such deviation and result in phase diffusion.

— Page 17 of 39 -



s x> 4
A S ﬁx T NONEQUILIBRIUM QUANTUM PHENOMENA THROUGH THE VAN
SHANGHAI JIAO TONG UNIVERSITY DER POL MODEL

4.4.2 Analysis

Luckily, we are able to show this phase diffusion effect analytically. Using positive-P repre-
sentation introduced in Section 2.3, the system is described by a vector f§ = ( B, ,B+)T. Its evolution

follows a stochastic equation set:

0.8 =AB) + B(Pm(r),
F+p(id+1-p7p)
F+p* (-id+1-p*p)

B(m:\/?('ﬁ 0 1i>

0 —ipt 1 —i

where A(f) = ( 4-6)

n(r) is a real stochastic vector of length 4.

[10]

Following Navarrete-Benlloch et al." ™, we linearize the system around limit cycle, assuming

the fluctuation b is small compared to the classical motion:

B(r +0) = P(r +0)+ b(z + 0)

4-7)
frc+0)=p"+0)+bT(r+0)

Here f(t + ) is the classical solution of (4-3) and @ describes the phase shift from the classical
trajectory. Applying (4-7) to (4-6), we get a linearized equation

3_b(7) + po(r)9,8(7) = L(1)b(z) + Vi'n(2), (4-8)

o _ _ T
where b = (b, 5%), po = 0,4,0,57 ., n = [\/55 — i, \2&* - iﬂff’] . £ is a complex stochastic
variable, 7 and #* are the real ones. Linear stability matrix £ reads

1-2|B(0)* +i4 —f(z)?
L(r) = A : . (4-9)
i ( FA 1= 2F@P i >

The noise term can be described by the correlation n (o (77 )=N ()6 (T -7 ), and

-F(x) 2
N(z) = . 4-10
@ < 2 —f() > @10

To solve the periodic dynamic equation, the Floquet method is used, introduced in Section 2.4.

We will make use of left and right Floquet eigenvectors p;(z) and q;f (1), which satisfy

p;(7) = [[»(T) - Mj] p;(7),

. 4-11)
/(0 = q/@) [u; - L]

Also, the left eigenvectors and right ones satisfy the orthogonality conditions qT(T)p,(T) =6 101
proved that p, in (4-8) is exactly the Floquet right eigenvector corresponding to the zero eigenvector.
Now we apply qg to the left side of (4-8), obtaining 9_0 = \/;qg(r)n(r). Here we have remove

a redundant term ng off by setting it to zero. Finally the integration can be carried out:
V(r) = [0(r) — 6(0)]2 = yJ dr'qg ()N () g5 () (4-12)
0
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For a non-driven system, Eq. (4—3) has an analytical solution: § = ¢/4*®, where ¢ is an arbi-
trary initial phase. Plugging it in (4—10) and (4—12), we obtain V (7) = %K‘l 7, a linearly increasing
variance with slope sq = %K'. It means that the phase diffuses continuously within our linearization
approximations.

We perform a stochastic simulation of (4-6) to verify this result, using the mid-point method
introduced in Section 2.3.4. In this simulation, we set F = 0, 4 = 0.26, ¥’ = 10~° and simulate
the system between 7 = 0 and 7 = 20 for 2000 stochastic trajectories. At every time step 7,,
we calculate the phase 6(z,) by 0(r,) = Im [ln(ﬁ(fx)/ﬂ_(rx))]. We then evaluate the variance of
phase 6(z,) over stochastic repetitions. The variance is divided by a slope s and finally plotted on
Figure 4-6. It shows that our analytical prediction is true, and the variance of the system experiences

a linear growth.

Figure 4-6 Variance growth
In a word, we are not able to protect time-crystalline order through a single Van der Pol oscillator

because of quantum fluctuation. Such an oscillating system will not last long and become equilibrium

in the end.
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Chapter 5 Time-crystalline order in Van der Pol lattices

5.1 Coupled Van der Pol lattice

Lee et al.l! show that coupling Van der Pol oscillators together will exhibit phase lock phe-
nomena. Our classical simulation in Section B also give some examples of this by several numerical
experiments. To protect the oscillation against quantum noise, we propose to build coupled Van der

Pol lattices. L coupled Van der Pol oscillators are described by a master equation:

L-1 ,
AT A o, K N
0,p=—i [H,p] + Z& (Daj 61+ =D,z [,,]> :
(5-1)

L1
where H = Z [—Ad;&j + <—i r

2 K/aj. +H.c.> +iNicaj ;aj}
The last summation is over all modes &cj that are coupled with d;. N, is the connectivity of the
system, representing how many oscillators a mode is connected to. For example, lattice of dimension
D has connectivity N, = 2D. g is a real coupling constant, and it is divided by the connectivity,
which keeps the Hamiltonian extensive in the system size.
Similar to Section 4.4.2, we focus on the non-driven system for simplicity. With 4 = 0 and
F = 0, anon-driven Van der Pol lattice is simple enough for us to investigate in its classical analytical
solution. (5-1) is equivalent to a stochastic equation (5-2) using positive P representation. For each
mode f;:
0.8 = (1=878,) B+ i X pe+ Vi [V250) + iy, (o)]
o (5-2)
0.6 = (1-870,) 67 - iNiC X5+ Ve [Vag @ - it o)
€

¢; are complex gaussian noises, #7; and njf are real gaussian noises.

5.2 Stability of 1D Van der Pol ring

In this section, we focus on 1D Van der Pol ring as an example, which means mode j is only
coupled with mode j — 1 and j + 1. Note that when j of some mode is less than O or larger than

L — 1, we regard it as j mod L. Oscillators at head and tail are coupled, make this system a ring.

5.2.1 Patterns of the solutions

Setting ¥’ = 0 and solving (5-2), we can get the a set of classical solutions and find the patterns
of steady states. Oscillators from all these states shares the same limit cycle, circle of radius 1, with
different in phases.

ﬂ_j(—r) = PriMLA2igTHO o = g cos(2mk/L). (5-3)
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Here k represents different stable pattern of the system. For a certain pattern, modes with different
phases are arranged in order, and if k is a factor of L, a sub-pattern appears on the ring repeatedly.
Here we define / to be the number of distinct phases that ﬁj can have, which is also the least os-

cillator number of the sub-pattern. For example, when we choose k = L/3, | = 3. The phases of
0. 2% 4z g 2z

b 3 b 3 b b 3 2
some different patterns. It should be noted that, solutions in (5-3) don’t cover all stable patterns.

oscillators are: -++. By scattering all §; in one complex plane, Figure 5-1 displays

a)l=1 byl =2 c)l=3 d)/l=4

Figure 5-1 Different patterns of stable solutions

Besides, Eq. (5-3) shows that each mode is rotating with frequency g, which comes from the

coupling effect with neighbors.

5.2.2 Stability analysis

It can be analytically proved and numerically tested that, all these patterns with different k are

stables solution of (5-2). Following is the proof:

Linearization To investigate in the stability, we only need to focus on the classical part of the
(5-2). The system is described by = ( b1 ﬂfL, -, PBr, ﬁZ) with positive P representation. Similar
to the way we obtain (4-8), it is linearized via B(z + ) = B(z + 6) + b(z + 6) and finally it can be
described by (5—4). Importantly, all modes share the same 6 because of the coupled system is only
invariant under global time translations, not translations of each oscillators independently, which
will be discussed later in Section 5.4. Note that, in the following all superscripts represent the size

of the subsystem. For example, £Y(r)is a (2L x 2L) matrix. We obtain:

3,b () + p (£)3,0(z) = LY (Db (2) + Vi'n(7),

Ly 7! 7!
Tty 7!
where £F = ,
- (5-4)
1 1 1
T ' !

2 .
o=~ a2 )
ROI 0 —ig

Note that here the f ; are classical solutions given by (5-3) with some choice of k, corresponding to

the pattern whose stability we are studying.

— Page 21 of 39 -



- }: A X
X )\ﬁ)ﬁ%{z

SHANGHAI JIAO TONG UNIVERSITY

NONEQUILIBRIUM QUANTUM PHENOMENA THROUGH THE VAN

DER POL MODEL
Remove r-dependence For each Ejl., we can remove 7 by picture transformation Ejl. (r) =
~V MV (),
. 1 e47rijk/L | e—2igk‘r 0
where M; = o 4miikIL | » VgD = 0 olst ) (5-5)
On the basis of (5-5), we can get £L(2) = U (ML UL (),
1
vl
!
where U'L(7) = s ()
1
vl
1 1 1
Mlo T 1 | T (5-6)
T M T
and ML =
1 1 1
T T M,
We take the derivative of U""b’ and find the new motion function:
o, (UFph) =a, Ul + Uto, bt = (-2ig, 2" - ME) UL,
1
- (5-7)
where Z1 = is (2L x2L)
1
-1
Define x = U'L(¢)b® and it observes the motion function 3,x = Stx
1 1 1
So T T
1 1 1
TS T
where ST = )
(5-8)
1 1 1
T TS,
—1=2j _ Anijk/L
and S! = 4 l 8k ¢
J —e wijk/L —1—2igk

Having now a time-independent linear problem characterized by the linear stability matrix S*, we
can proceed to study the stability of the patterns with different k.

Diagonalization With Fourier transformation F, we are able to diagonalize S L The transforma-
. _ 1 sL-1 _—2rijg/L . _ 1 §L-1 2rxijq/L
tion has another form f, = I 2ioe x; and its inverse reads x; = - 2ioe I
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The Fourier transformation between fq+ and x}' is similar but a complex conjugate of prior one.

Using the dynamic equation for x;, we can obtain the equation for f:

x;=(=1-2igy)x; - eHmIKIL + +ig(x;4 +x;_1)

L
s 27rtjq/L 4mjk/L +
= 0./, = (-1 -2igy)/, \/_ x]
j=
(5-9)
- Z Le—zqu/ij_l + Z Le—Zﬂijq/ij+l
= =
= —1-2ig}(@)f, ~ [
where gk(q) = g[cos(2wk/L) — cos(2mq/L)]. We also derive the equation for f g2k and find it
connects with f,. So the motion equation in Fourier space appear in pairs:
f g
ar < +€] gl q
q+2k q+2k (5_1 0)

where Ql = -1 2ig]’<(q) -1
1 -1 —1+2ig,(q)

Hereto we successfully diagonalize the matrix and decouple the system by rearranging the f, by

f, = (fl’f1++2k’ ""fL’fz+2k):

%
¢!
of, = b (5-11)
Gr1
Stability We calculate the eigenvalues of Q}J:
Ay =—1—ilg (@) — g (g +2k)] £ \/1 — [g,(9) + g, (g + 2012, (5-12)

All have negative real parts, except when g = k, for which 4 = 0. This means that all the pattern
B ;(7) with a given k is stable against perturbations f, with quasi-momentum g # k. On the other
hands, the zero eigenvalue associated to perturbations f,_, is related to the invariance of the system
under global phase transformations f; — B, ¢'?, and is an example of Goldstone’s theorem. Hence
we proved that all of these patterns with different k are stable solutions.

For general Van der Pol lattices, we can still see patterns in the classical solutions. We show a

simple example in Section A and show that these states are not always stable any more.

5.3 Analytical prediction for phase diffusion

With classical solutions we get in the last section, we are able to linearize the system. Like
what we do for a single Van der Pol oscillator in Section 4.4.2, we calculate the variance growth
for the coupled ones. For a system exhibit stable property of time crystal, the increase rate of vari-

ance should decrease by number of oscillators. With our linearization method, we have analytically
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proved that it should be true for one-dimensional lattice. However, through numerical simulations of
the exact stochastic equations, we show later that, still, this might not be enough for time-crystalline

behavior.

Subsystem  First, classically, ring of L = L and I = [ is the same with a shorter ring of L = [,
and !’ = I,. Itis obvious from the solution (5-3), because ring of L, oscillators repeats the same clas-
sical solution as aring of length /. Here we give another intuition of this claim. fy, B, .1, =+, Bxyy—1
are [y consecutive oscillators in the longer Van der Pol ring. The last one, f,; _, is coupled with
By+1,» Which has the same phase as §,. So the consecutive part is effectively a closed ring itself, or
in other words, ring of L’ = I is a subsystem of ring of L = L.

Then we linearize the subsystem of L’ = /), and obtain the linear stability matrix £l It can

be split to a more convenient form for the next derivation: ch = EISO + 7;10 + 7'SIOT, where

Ly T 0

7oy 7! 0

£ = T = (5-13)

T' £, T! 0
0

Here superscript “T”” means transpose operation.

We denote by qé‘ﬁ(r) (or pf)‘) (7)) the left (or right) Floquet eigenvector of £' with zero eigen-

value. They satisfy
N /
Py (7) = L0)p (2,

ot ot plo (5-14)
qo (T) = _qj (T)£ (T)
and normalization condition
¢ PP =1 (5-15)

The whole system Using the representation above, we can linearize the system with L = L

easily, because there is periodicity in oscillators and el o=rlIts stability matrix reads
lo+j J

! I IyT
T U
T ey T
cho = : (5-16)
! IyT I
T YLy
The final equation for integrating variance is also similar:
f r Lot ’ i L ’
Vi) =10(z) - 0(0)2 = L de'q,"" (7/) N1 (2/) ¢, (') (5-17)
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Here N0 is the correlation matrix:

N'o
N-Lo = NIO R

No

1
Mo | (5-18)
where N0 = Ny
Nip-1
and N'! = _ﬁ_fz(r) 2
/ 2 Bk

With the knowledge of the subsystem, we claim the Floquet eigenvector pé (1) is a simple

T _

repetition of pgo(r) with a normalization factor y,, namely, pg =2 (pg’r, péOT, ) = 2,0, B,
because l l LT )
(LS + T + 757 )py 0:Py

L

= /Yp : = Ip E = a'[poo’ (5_19)
Iy Iy 10T Iy Iy
Ly +T5"+T57)p, 0P,

[:LO p(l)’o

In the linearized equation (5-4), pOL0 (7) is defined directly as 9,3, so the norm Xp 1s fixed to 1. On

the other hands, we also have qé O+(T) X (qf)OT, qgoT, ) Its norm factor y, is determined by Eq.

(5-15):
Lot Ly _ Lo 1t 1o

qo po_l qq()P:l,
L Iy (5-20)
/’{/q - LO
In a word, the Floquet eigenvectors for the system are:
L0 =( hT IOT)T
(5-21)
L I} Iyt
9" =7 ( gl
Plug (5-21) into (5-17), we get
l
Vi) = 2Vh(), (5-22)
Ly

which is our final analytical result. Since pattern /; and subsystem’s variance is fixed, we predict the
system’s variance ¥ 10 is inverse proportional to the system’s size L. Ifitis true, the macroscopical
coupled Van der Pol system is a time crystal when properly initialized. When the system has a large
number of oscillators (for example, Avogadro’s number), the variance will be kept low for almost

infinite time.

5.4 Stochastic simulation and time-crystalline order

In Section 4.4.2, we show the stochastic simulation for a single Van der Pol oscillator and verify

the linear variance growth. In this section, we apply the same technique to the coupled Van der Pol
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systems and plot the variance growth of them. / = 1 case is chosen and all oscillators are initialized
to be synchronized. Besides 1D Van der Pol rings, we also simulate the 2D, 3D and all-to-all coupled
(A2A) Van der Pol lattices, which we haven’t analytically researched. Oscillators in a 2D system are
coupled with their four neighbors (up, down, left, right), and ones in a 3D system are coupled with

six neighbors. In an A2A coupled system, each oscillator is coupled to everyone else.

5.4.1 Slope of variance growth

In the numerical simulation, (5-2) is simulated for 32000 times for each parameter combination,
which consists of different connectivity and different L. For every stochastic trajectory, we calculate
the phase (1) for all modes B by 0;(r) = Im [ln(ﬁj ('r)/ﬁ_j(r))]. Then the variance V() of 0,(r)
is obtained. In one sub-figure of Figure 5-2, V7 is plotted with different colors.

In the numerical simulation, these coupled systems’ variances display a similar trend versus 7.
we exhibit the variance growth with different L and lattice dimension, where g = 1 and ¥’ = 107°,
V(7) is divided by s¢ = %K’ in the plot, which was the slope of Vi(r)fora single oscillator.

After carefully studying, comparing and fitting these curves, we come up with these conclu-
sions. All of the curves with different sizes have the same beginning, whose slope is exactly 1. It is
also true for 1D, 2D, 3D and A2A case. This initial variance increase violates our prediction through
linearization. Such an abnormal effect may come from our initial assumption in (5—4), which claims
all modes are strongly coupled and share the same variable 6. The violation indicate that, the cou-
pling cannot synchronize the oscillators instantaneously, but requires some time to reach the state in
which all phases are locked to the global 8. Onece in this stage, variance increases with slope s,/L
according to our theory.

In a word, there are two stages of variance growth: first, the variances grow with slope s, and
then the slopes decrease to sy/ L. Figure 5-3a shows the relationship between second stage’s slope
and size of lattice. The slope of the lattice is acquired by s = dV/dz, and in the figure, we plot
lg(s/sq) versus 1g(L). The figure also includes a reference line y = —x. All dots are on the line,

indicating that s = s¢/L.

5.4.2 Candidate for time crystal

Our goal is realizing a system with low phase diffusion in a long time. In our model, macro-
scopical coupled Van der Pol lattices do have the potential to achieving a stable variance, because
with enormously large L like Avogadro’s number, the second stage’s slope goes to zero. Different
from our analytical result, it doesn’t mean the system becomes robust against quantum fluctuation,
because of the variance growth at first stage. To research it, we fit the second stages of variance
growth with line V' (r) = sz + V), and V}; is a initial bias for the linear growth. Figure 5-3b plots the
relationship between 1g(V,;) and 1g(L).

From the figure, it’s clear that except A2A systems, systems with finite connectivity have a
V,, proportional to L", where r is a positive number. Although r is reduced as lattices” dimension
increase, we believe it always keeps positive, which makes the variance explode in a macroscopical
system and destroys the time-crystalline order. Variance suppression can only be achieved in A2A

system, when connectivity and L reach infinity at the same time. In Figure 5-3b, we observe a
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Figure 5-2 Variance growth
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Figure 5-3 Linear fit for the variance growth

gradually saturating V{, in A2A system when L becomes larger. It means that only in an all-to-
all coupled system, the phase variance is kept low against quantum fluctuations. Hereto we finally
prove that the time-crystalline order can be achieved in a macroscopical all-to-all coupled Van der
Pol lattice.

Our theory is also consistent with the reality that we haven’t seen this kind of time-crystal in
nature or in an experiment, because the time-crystalline order is hard to achieve according to (5-22).
First, there are too many of classically stable patterns in a macroscopical system, and with natural
(random) initialization, a lattice is more likely to fall onto a state without repeated patterns, which is
important to keep // L, small. Second, a macroscopical all-to-all coupled system is hard to achieve

with existing platforms.
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Chapter 6 Conclusion

In this thesis, we give a proof of the existence of self-sustained quantum oscillation and show
an architecture of it with coupled Van der Pol lattice, with which we achieve time crystalline order
in an open system.

In Chapter 3, we introduce the ATS system, a novel kind of superconducting circuits whose
Hamiltonian have a third order coupling term. We generalize it to a four mode system and adjust the
circuit parameters to achieve down-conversion. Using effective theory, we eliminate the irrelevant
fields and finally get a single-mode systems. In the master equation, the system has a characteristic
pumping term and a non-linear damping term, indicating it is effectively a quantum Van der Pol
oscillator.

In Chapter 4, a single Van der Pol oscillator is studied classically and quantum mechanically.
By plotting the phase diagram of the Van der Pol oscillator in classical limit, we find it evolve in limit
cycle under certain conditions. In the limit cycle phase, classical oscillator runs in a closed phase-
space trajectory and keeps oscillating forever. However, we show a quantum Van der Pol oscillator
will soon leave such an oscillatory behavior, which is far from equilibrium, and is vulnerable to
quantum fluctuations. To prove it, we define phase variance as a measure of maintenance of time-
crystalline order, which is kept if variance small in infinite long time. With linearization and Floquet
method, we find the variance grows linearly in time, and it is also verified by a numerical simulation.
Hence, a single Van der Pol oscillator can not display time-crystalline order.

With the knowledge of coupled Van der Pol oscillators are synchronized, we focus on building
time crystal with the coupled Van der Pol lattices in Chapter 5. A non-driven 1D Van der Pol lattice
has a set of limit cycle solutions, all of which are stable classically. Some solutions have spacial
patterns that repeat along the 1D Van der Pol ring. Adapting a simple matrix analysis method, we
analytically find that the coupling effect suppresses the variance growth inverse proportional to the
lattice size. In the numerical simulation, we observe an unpredicted initial variance growth stage
besides the variance growth suppression, which results in a initial variance bias. For 1D, 2D and 3D
lattices, such initial variance biases scale with a positive power of the lattice size, which means that
by the time the quantum fluctuations are suppressed, the time-crystalline order is already lost. But
for the all-to-all coupled model, its initial variance is a constant and independent of the system size.
As aresult, time crystalline order is achieved in a finite time for a large all-to-all coupled system.

In a word, what we achieve is building a self-sustained quantum oscillators and breaking time
translation symmetry with an open system. Besides superfluid, whose oscillation is sustained by
particle number conservation, and Floquet time crystal, which only breaks the discrete time transla-
tion symmetry, our work gives a novel realization of breaking continuous time translation symmetry

and achieving time-crystalline order in open systems.
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Appendix A Patterns in a general Van der Pol ring

Classically, we proved that a synchronized state is always stable in a 1D non-driven Van der Pol
ring in Section 5.2, but it’s not true in every general Van der Pol lattices. We here choose a system
with L = 12, A> = 0.3 and F?> = 0.2 as an example.

For a Van der Pol ring, there exist various spacial patterns, and similar phases patterns repeat
on the ring periodically. Some common patterns of the non-driven systems are shown in Eq. (5-3)
and Figure 5-1 shows and we prove that they are all stable states. Here we give another state, who
has phase (0,0, z, 7,0,0, z, --- ), named by us as a pattern of / = 2 X 2. This state is unexpectedly
stable among a wild range of parameters.

We analyze the linear stability matrix £ of these state with different coupling g, which controls

the stability of the system. The largest eigenvalue of L is plotted in Figure A—1.

0.020 A
© 0.015 A
s o /=1
= 1=2
@ 0.010 -
% ® /=2x%x2
x ® /=3
£ 0.005 o
0.000 - m 'y

0.05 0.10 0.15 0.20 0.25 0.30 0.35
9

Figure A—1 Max eigenvalue of £

A linear stability matrix with eigenvalues larger than O means the system is not stable and will
leave the current state spontaneously, let along there is quantum fluctuations. Indicated by Figure A—
1, the system is unstable under some situations. For state with certain pattern, we predict that there

is a phase transition when changing g. And Section B.2 will focus on finding the transition.
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Appendix B Synchronization of Van der Pol lattice in

classical limit

According tol’!, both quantum and classical Van der Pol oscillators have synchronization ef-
fect, which makes every oscillator’s phase locked. In this appendix, we are going to analyze the
synchronization effect of our Van der Pol model, which may give our some inspirations about the
architecture of time crystal.

L coupled Van der Pol oscillators are described by a master equation:

-1 )
X A o K .
0p=—i[H, p|+ Z <Daj (Al + jDaJZ. [p]>
=0
B-1
. i (B-1)
. o A . N sta A
H = Z [—Aajaj + (—1 =4 + H.c.) - & (ajaj+1 + aj+1aj)]
J=0 K

Classically, the system is described by a stochastic Langevin equation. In the equation, f =

V' (ag, ay, -+ ,a; ). For simplicity, we add a complex noise 7(z) to the equation.

0.8 =A(p) + Bn(z)

A =| F+5, (m +1- |ﬂj|2) +ig (Bioy + Biv1)
(B-2)

Ve

e
Y. # 0 will introduce noises to the system, while g, # 0 will synchronize the oscillators. If
all g; is at the same phase, they will evolve with limit cycles with an effective detuning 4 + 2g..

Specifying A, F and g4 determines the limit cycle.

B.1 Observables

To exhibit coupled Van der Pol oscillators are synchronized against noise, we selected two
observables: the average of ; over oscillators and the diffusion of phase.

First observable: |ﬁ_ | = % ‘Z i B ’ Large average means they are in the synchronized phase
and small means they are with random phase.

Second observable: Variance of 6;. In phase space, we define the phase of each oscillator
by setting a oscillating reference point f,, (7) on the limit cycle. Since each oscillator §; evolves
periodically on the limit cycle, we can always find a time 6; that §;(z) = B, ;(r + 6;). To achieve
this, we first find the period T of the limit cycle. Then we project the points (f; in phase space) to
the effective limit cycle. With a initial f,, , point, we find the corresponding phase 6; (0 < 6; < T).

Then we analyze the variance and the average of the 6;.
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B.2 Results

We check the synchronization effect with different parameters.

B.2.1 Disturbance and synchronization

When 4% = 0.3 and F? = 0.2, the system evolve in a limit cycle. The original system, noisy
system and the coupled noisy system are compared in Figure B—1. In the figure, we compare a noisy
system, a coupled noisy system and a reference, noiseless effective system. The noisy system has
7. = 0.1 (orange line), and when turning on coupling, g. = 0.16 (green line). The noiseless effective
system has g, = 0 and y, = O (blue line). And there is 10 oscillators coupled together (L = 10) and
initialized to be synchronized (I = 1). In the figure, three sub-figures are plotted, which are about two
observables (| B | on the upper left, and var(6;) on the lower left) and phase space trajectories (right).
Clearly, |B| of noisy oscillators converge to the average, and its variance of 6; goes to saturation,
too. In contrast, coupled oscillator keeps in phase and remain same with the effective one. Moises

make oscillator de-phasing while coupled oscillators stay synchronized.

1.00 4
__ 075+
2
7] Bl noise + couple 2

bbby b 0 i
effective Al ot | PR
0.25 4 effective + noise } a T i

—— mean of original
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1.0 =

0.8 ud wf \ﬂl‘
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noise
noise + couple

Figure B-1 Disturbance and synchronization.

L also display each of the §; in phase space in Figure B-2. Dots with the same color means they
are different oscillators on the ring at the same time, we displays oscillators at 7 different times. At
the same time, coupled oscillators have similar phases, and noisy ones distribute randomly. Also,

we find all dots evolve along the effective limit cycle (grey line).
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Figure B-2 Classical phase distribution

B.2.2 Phase transition

Coupling coefficient g, have a strong effect on synchronization, because it directly controls
whether the state is steady. With previous parameter setting, g, ~ 0.12 is the critical point. When
8. > 0.12, p; starts to synchronize with each other and will not be disturbed by the noise. We show
a typical result in Figure B—3. We simulate the coupled system at g = 0.1, g = 0.13 and g = 0.16,
all starting from a / = 1 synchronized state.

Here we clearly observe a phase transition from Figure B—3a to Figure B-3b. When g is smaller
than the critical point, the system is unstable and easily effected by noise, vise versa. Somrthing
very interesting is that, the system with low g doesn’t just simply become noisy, but fall on another

patterns of synchronized state. In Figure B—3a, the final pattern it reaches is state with / = 2.
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Figure B-3 Varying coupling coefficient (L = 10)

B.2.3 Changing number of oscillators

As Figure B—4 shows, increasing L from 10 to 100 makes the system more unstable, which
result from the increase of the critical point. When L = 100, the critical point of g, increases to
about 0.13.
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Figure B—4 Longer array of oscillators (L = 100)

This phase diffusion can also be visualized with scattering oscillators on the phase space in

Figure B-5. Compared with Figure B2, dots are more dispersed with larger L.
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Figure B-5 Dots with different colors represent §; at different time. (L = 100)

Besides, we visualize the phase fluctuation (9 ;= % 29 ) /T of each oscillators versus time in

Figure B-6. 7 = 0 ~ 50 and = = 2000 ~ 2050 are plotted in the figure. At the beginning, oscillators

are pulled by the noise and gradually depart from the average. After ¢ = 2000, these oscillators

evolve into a stable pattern, which has relative large fluctuation. This is because the oscillators are

only coupled with neighbors. Small differences will accumulate when the array becomes longer. 1

believe, simply increasing L may even harm the global synchronization for classical Van der Pol

oscillators. At least, we should introduce some remote connections.
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Figure B-6 Classical phase diffusion
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