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ABSTRACT
In this dissertation, we have investigated quantum dynamics via three case studies. First, we stud-
ied a system of two coupled waveguides respectively carrying optical damping and optical gain in
addition to squeezing elements in one or both waveguides. Such a system is expected to generate
highly entangled light fields in the two waveguides. We, however, show that the degree of the cre-
ated entanglement is significantly affected by the quantum noises associated with the amplification
and dissipation. Because of the noise effect, one can only have nonzero entanglement for a limited
time interval. Second, we generalized the first project by considering the gain saturation effect.
The nonclassical properties of light are highly relevant to the gain saturation that influences the
quantum noise. We explained the impact of gain saturation on a quantum light field dynamically
evolving in the coupled system. In contrast to the ideal situation without gain saturation, one can
achieve a steady state under the gain saturation. Moreover, gain saturation reduces the influence
of amplification noise and thereby better preserves such quantum features as entanglement. We
illustrate the effects of gain saturation by examining the time evolution of the Wigner function, the
entanglement of the light fields, and the cross-correlation function between the two output modes.
Significant differences exist between unsaturated and saturated situations, especially for low pho-
ton numbers. Finally, we studied a magnomechanical phonon laser beyond the steady-state that
includes a microwave cavity with a ferromagnetic sphere installed in it. The system is simultane-
ously driven by a microwave field and a constant magnetic field. Using the decomposition of the
time evolution operator, we linearize the equations of motion and solve them numerically. Our re-
sults show there is an oscillatory population inversion between the optical supermodes. However,
it is possible to obtain stimulated phonons with relatively high numbers provided the system is

operating in the resonant condition and the power of the drive field is higher than its threshold.
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1 Introduction

Quantum dynamics describes the evolution of quantum operators over time. In particular, it deals
with the motion, energy, and momentum exchanges of systems. Therefore, if a system interacts
with its environment, the quantum dynamics provides information about the future of the system.
Notably, if a system interacts with a thermal reservoir that introduces noise to the system, it is of
interest to know how the system operators are impacted by this external unfavorable source.
Because of their mathematical complexities, quantum dynamical phenomena are neglected
in many studies dealing with quantum systems. These systems are usually investigated under
the assumption that the system does not evolve with time. In other words, it is assumed there
is a steady-state for the system. However, this assumption is too optimistic for some particular
systems, and they indeed evolve to a state much different from its initial state. The mathematical
complexity mentioned above is mostly due to two distinct factors: (1) The noise that appears as a
random drive force has a stochastic effect on the system. To avoid the stochastic effect, it is mostly
assumed there is a steady-state for the system and the noise effects are ignored. (2) If one deals
with a nonlinear interaction, the coupled equations of motion are nonlinear as well, and it is hard to
solve such a system. In many nonlinear systems, to simplify the equations, it is assumed the system
has a steady-state. Under this assumption, the nonlinear differential equations are converted to a
system of algebraic equations whose solution is much more straightforward. These two cases are
realistic in many circumstances. However, when one deals with the quantum features of light like
the entanglement, one cannot ignore the noise effect, and the only way of including the noise is a
dynamical approach. Also, there are situations at which the noise does not play an important role,

but still there is no steady state for the system.



In this dissertation, we investigate three case studies that need a quantum dynamical de-

scription:

e The first is a coupled waveguide system, one of which carries optical gain and the other
has an optical loss. This is a particular case of the so-called &.7 -symmetric systems [1],
a relatively new field of study that started in the late 1990s. If we are interested in the pure
quantum features of light like entanglement, it is important to know if the noise impacts it.

To answer this question, we should consider the system as a quantum dynamical case.

e The second case is the extension of the first system to a regime that the optical gain is

saturated. The saturation effect itself is a dynamical phenomenon.

e The third is a “magnomechanical phonon laser” [2], which is a nonlinear system including a
microwave cavity and a ferromagnetic element inside it. The system is simultaneously driven
by a time-dependent microwave field and a constant magnetic field. Until recently, most
schemes of phonon lasers are studied under the steady-state approximation (for example,
see [3]), because this assumption allows one to linearize the relevant differential equations
by converting each quantum operator to a classical steady-state value plus a small quantum
fluctuation term. However, more explorations have shown such a description yields incorrect
results [4]. In this thesis, we use a method called “decomposition of the evolution operator”

that linearizes the relevant equations without the need for a steady-state assumption.

This chapter provides the necessary information needed for studying the systems men-
tioned above. In section 1.1, we introduce the notion of .7 -symmetric needed for chapter 2.
Next, we illustrate the classical as well as quantum noise in section 1.2. Section 1.3 describes
the method of the decomposition of the evolution operator that we use in chapter 4. As we will

2



study a magnomechanical phonon laser in chapter 4, in section 1.4, we provide a summary of the

magnomechanical systems.

1.1 Parity-time symmetry formalism

1.1.1 Background

According to the axioms of quantum mechanics, the corresponding operators of physical observ-
ables should be Hermitian [5]. The Hermiticity of operators guarantees that the spectrum of energy
to be real and the time evolution to be unitary. The energy of such systems is conservative. The
conservation of energy is a fundamental concept for each closed system. However, in some situ-
ations, one is interested in a subspace of the closed system. The subsystem (we call it the open
system) can exchange energy with its environment, which is the rest of the original system [6].

In the early decades of the twentieth century, George Gamow applied a phenomenological
approach to the study of such an open system, say alpha decay of the nucleus [7]. Later, Lindblad
proposed a more formal basis for describing the dynamics of open quantum systems [8]. According
to the more rigorous approaches developed later, if a quantum system is coupled to its environment,
the dynamics of the system becomes non-Hermitian [9]. Moreover, the dynamics features quantum
jumps that introduce noise to the system. Without considering the noise, all commutation relations
of the quantum operators would be invalid [6].

Intuitively, for studying “microscopic systems” one should consider the noise. However,
for “macroscopic systems”, a mean-field approach is widely used in which the quantum dissipation
is encapsulated in a “non-Hermitian effective Hamiltonian” [10, 6]. The mean-field approach
simplifies the analysis and reduces the number of degrees of freedom needed for describing the

system. As we will see in this section, one can use the non-Hermitian effective Hamiltonian



for macroscopic optical systems like coupled gain-loss waveguides and resonators as long as the
classical features of light are concerned [11]. Nonetheless, as we will see in chapters 2 and 3, the
effective Hamiltonian approach fails to yield correct results when we investigate the non-classical
features of light, such as entanglement. Although we deal with a macroscopic system in this case,

we should apply a formalism that takes the noise into account.

1.1.2 Parity-time symmetry in quantum mechanics

In 1998, Bender and his colleagues showed a wide range of non-Hermitian Hamiltonian demon-
strate an entirely real spectrum of energy provided the Hamiltonian, H = p?/2m + V(x), respects
the parity-time (2.7) symmetry [1, 12]. In the mathematical language, [H, PT | = 0. The parity
operator reverses the coordinate position by mirror reflection (¥ — —X and p — —p), whereas the
time-reversal operator flips the direction of time evolution (i — —i) [13]. If V(x) = V*(—x), the
aforementioned commutation relation is satisfied [14]. This means the real (imaginary) part of the
potential should be an even (odd) function. One should notice that the mentioned commutation
relation is a necessary (but not sufficient) condition for the realness of the eigenvalues. To ensure
an entirely real spectrum, not only the commutation relation must be satisfied, but also parameters
of the non-Hermitian Hamiltonian must be restricted within certain threshold values [6, 10, 13, 15].

We clarify this extra constraint by investigating a couple of examples. Suppose we have
a toy model for which H = p? — (ix)V, where N is a real number [1]. The potential satisfies
VE(—x)=—(— i(—x))N = —(ix)N = V(x), and hence [H, .7 = 0 for all values of N. However,
as Figure 1(a) shows, the spectrum undergoes a &.7 -symmetry phase transition as N varies. For
N > 2, the Hamiltonian possesses unbroken &.7 -symmetry with a pure real-valued spectrum. If

N < 2, the spectrum becomes partially complex with finite (or, none if N < 1) real values and
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Figure 1.1: .7 -symmetry phase transitions for H = p*> — (ix)N. (a) For N > 2, the spectrum
of energy is pure real and the system is in the &7.7 -symmetry phase. If N < 2, the spectrum is
partially complex with finite (or, when N < 1, none) real eigenvalues and infinite pairs of complex
conjugate ones. This the range at which the system is in the &?.7 -broken phase. At N = 2, the
system changes its phase. (b) Real and imaginary parts of the potential [15].

infinite “pairs” of complex conjugate values. The threshold value N = 2 is a phase transition point
across which the system switches from a &2 .7 -symmetry to &2.7 -broken [15]. This point is called
“exceptional point” and possesses unique features specially in optics [16].
At the exceptional point, the eigenvalues as well as the eigenvectors coalesce [6, 10, 15].
This is in contrast to the common degeneracy in quantum mechanics for which two or more dif-
ferent measurable states of a quantum system share the same eigenvalue [5]. We explain the co-
alescence by considering the following Hamiltonian of a two-component system (i.g., a gain-loss
coupled system):
. —ig J
H = (1.1)
J g

where J is the coupling parameter and g (—g) is the gain (loss). Let g/J < 1. We define 6 =



sin™! (g/J) so the following equations look nicer. Then, the eigenvalues of the Hamiltonian are
Ej> = +Jcos(0) and the bi-orthogonal eigenvectors are |@;2) = (l,ieiie)T. This regime is
called the exact .7 -symmetry phase for which the two eigenmodes are distributed over the gain
and loss sites. In this case, neither of the eigenmodes experiences a net gain or loss.

At the exceptional point where J = g, we have E; = E, = 0 and |@;) = |@,) = (1, i)T, ie.,
we have only one eigenvalue and one eigenvector.

For g/J > 1, if we redefine & = cosh™!(g/J), then the eigenvalues and eigenvectors are

+6

E\» = +iJsinh(6) and |@; 2) = (1,ie* )T, respectively. This regime is called 9.7 -broken regime

at which one mode enjoys amplification and the other undergoes dissipation [6, 15].

1.1.3 &7 -symmetry in optics

The realization of &2.7 -symmetry in quantum mechanics is challenging because of the fundamen-
tal difficulties arising from the operators [17]. On the other hand, if we compare the Schrodinger
equation with the paraxial wave equation in optics, we notice they are mathematically isomorphic,

and hence the .7 -symmetric formalism can be generalized to optics (let 2= 1) [11]:

,@P@J)_[_"l“ﬁi
o T 2m dx?

+vuﬂw@ﬁ, (12)

OE(x, 1 d? _
i ((;ZC 7) _ [_ T —i—ko(me(x) +m1(x))]E(x,z). (1.3)

In equation 1.3, the propagation distance z along the optical axis replaces time, E(x,z) is the
transverse electric field, kg is the free space wave vector, ng is the background index, and n(x) =
ko (nR (x) + ing (x)) is the complex refractive index that plays the role of potential. If the paraxial

wave satisfies the condition n(x) = n*(—x), the optical system is &?.7 -symmetric . If the sign of



Im[n(x)] is negative (positive), it represents optical gain (loss). The manipulation of refractive in-
dex (and therefore gain and loss) is much easier in optics than engineering the potential in quantum
mechanics [13].

For the first time, El-Ghanainy and his colleagues proposed the idea of 2.7 -symmetry in
optics [11]. They applied this formalism to a coupled gain-loss waveguide system with equal rates
of gain and loss, whose result is a coupled of differential equations similar to equation (1.3), one
with a positive imaginary part of the refractive index and the other with a negative imaginary part.
After more theoretical works [18, 19, 20, 21], 2.7 -symmetry was verified in a coupled gain-loss
waveguide system with complex optical potentials [22, 14]. In these pioneering experimental stud-
ies of .7 -symmetry , spontaneous .7 -symmetry breaking and power oscillations violating
left-right symmetry were observed. It is notable that these two experimental cases are “passive”
P T -symmetric systems [23] for which there is no optical gain, but one waveguide is passive and
the other is neutral. In [22] it is shown the imposed complex refractive index distribution satisfies
the .7 -symmetry requirement.

In addition to two coupled waveguides, &.7 -symmetry has also been demonstrated in
other systems such as coupled silica microtoroids [24, 25], microring resonators [26], and pho-
tonic crystal cavities [27, 28, 29]. The subsequent theoretical and experimental studies on this field
have shown interesting features that are difficult to implement with non-&.7 -symmetric optical
systems. To mention a few, we should refer to loss-induced transparency [22], power oscillations
[18, 14], unidirectional invisibility [30, 31, 32], and &.7 -symmetric lasers [33]. The study of
P T -symmetric formalism is not restricted to optics; similar research activities have been ex-
tended to other physical settings such as electronics [34], microwaves [35], mechanics [36], acous-

tics [37], and atomic systems [38, 39, 40, 41].



These studies are based on the paraxial wave equation for which light is a classical field.
But in 2012 Agarwal used a second quantization formalism to investigate the spontaneous gener-
ation of photons in the transmission of quantum fields in a coupled gain-loss waveguide system
[42]. This approach treats light as a quantum field and takes the noise into account. We will follow

this approach in chapters 2 and 3.

1.2 Noise in Open Quantum Systems

1.2.1 Classical versus Quantum Noise

A physical system with a few degrees of freedom coupled to an environment or bath with many
(possibly, infinite) degrees of freedom is called open. The coupling of the system to the bath
inevitably changes the time evolution of the system operators compared to the same ideal isolated
system. This change in the time evolution happens in classical as well as in quantum systems [43].
In general, there are two types of interactions between the system and the bath: (1) external
control fields that drive the evolution of the system, (2) Uncontrolled interactions such as the
thermal motion of the bath elements, or the background magnetic field of the environment. The
latter interactions lead to deviations between the targetted and the actual time evolutions and a loss
of coherence [44]. We call the uncontrolled interactions noise as they cause unfavorable results.
The origin of the classical noise is the fluctuations in the motion of particles and the vari-
ation of the number of particles within a given volume. A well-known example is a Brownian
motion of particles (say, the pollen grains) in a fluid. The particles not only experience damping
due to the viscous fluid, but they also undergo a zigzag motion around the average path. Langevin
introduced a random drive force (noise) that explains the zigzag motion [45, 46]. Quantum noise,

on the other hand, is due to the Heisenberg uncertainty relations between two non-commuting



operators. As an example, consider an electron in a potential well. Although there is no classi-
cal fluctuation and hence no classical noise, the uncertainty relation does not allow the confined

electron to remain motionless. The operator

j==p (1.4)

is proportional to the current. Knowing the Fourier transform of {j(0)/(¢)), one can find the
frequency spectrum of the quantum fluctuation. If |y(0)) is the wavefunction in the Heisenberg

picture, the expectation value of an arbitrary operator O is defined as

(O(t)) = (y(0)| exp[iH1]O(0) exp[—ifl1]|w(0)). (1.5)

where we assumed % = 1. Then we can write (j(z)j(0)) as a sum over a complete set of states,

which can be chosen as energy eigenstates:

~ ~

GOjo) = ()" Sexp[ ~it(En—Eo))] [walolyo)l (16)
n

This spectrum has only positive frequencies, i.e., frequencies corresponding to transitions from

ground states to excited states. If excited states are occupied too, positive as well as negative fre-

quencies will appear in the spectrum. If j(¢) and j(0) are interchanged, the correlation function

with the electron in the ground state would have negative frequencies instead of positive frequen-

cies. Therefore,
(G(0)j(t)) # (1) j(0)). (1.7)

The electron is a charged particle. Thus the momentum fluctuation is a source of electromagnetic

radiation and hence a source of quantum noise [45].



1.2.2 Quantum Heisenberg-Langevin Equation

We need a generic model for describing the quantum noise. Therefore, we should introduce a
model for the system and the bath. In addition, we need to make some assumptions. We assume
that the bath is an assembly of harmonic oscillators. This is a reasonable assumption specially
for the quantum optical systems, because in this case the bath is the electromagnetic field, which
is truly an assembly of harmonic oscillators [47]. The oscillators of the bath must satisfy the

following conditions in order to make a solid model for the quantum noise:

e There should be a smooth, dense spectrum of oscillator frequencies (for the electromagnetic
field, naturally the normal modes in a large volume demonstrate a smooth, dense frequency

spectrum);

e The coupling of the system to the bath operators should be linear in the bath harmonic

oscillator operators;

e The coupling coefficients of the system to the bath operators must be a smooth function of

the frequencies.

Let the total Hamiltonian is

I:I :ﬁsys+ﬁB+Hint7 (18)
where
A w A A
Hp = f do o fT(0)f(o) (1.9)
—00
is the bath Hamiltonian and
A w A A
a,, = zf do x(o)[¢— [ (o) + f(o)] (1.10)
0

10



is the interaction Hamiltonian. f(®) is a boson annihilation operator of the bath satisfying [ f(®), fT(@')] =
5(w— ') and ¢ is a system operator. We assume that for the bare system we have &(t) — &(t)e =/
where ay is the resonance frequency of the system and f(@) — f(@)e'®". The system with this
resonance frequency is coupled to a band of frequencies of the bath centered around @y. So,

virtually one can redefine the limits of the integral as

wp+9
J ) do ... (1.11)
.

with cutoff ¥ « @y. There are several time scales that should be separated. One is the optical
frequency @y which is much larger than the cutoff. The cutoff itself is much larger than the typical
frequencies of the system dynamics. It is also much larger than the frequency scale induced by
the system-bath coupling, i.e., the decay rates. Moreover, we assume a smooth system-bath cou-
pling k() in the frequency interval. So, we set k(@) — +/y/27, which is a constant within the
interval. This is called Markov approximation. Physically, a quantum Markovian description is an
approximation where the environment is modeled as a heat bath with a short correlation time and
weakly coupled to the system [48].
Now we can apply the rotating wave approximation and ignore fast oscillating terms e** (0+mp)r

In addition, we assume that the time scales of the system are much smaller than 1/¢ in the weak
coupling limit where ¥ is rather small. This means we can set the limits of integral from —oo to co.

Putting all these approximations together, we can rewrite the interaction Hamiltonian as

A

A = ﬁr Lﬂda’ Vi (@)e—eél f(o)] (1.12)

If we apply the Heisenberg equations of motion for the bath operators and an arbitrary

11



system operator d, we obtain

df(w oA [y .
f;t ) =—iof(o)+ %c, (1.13)
whose solution is
1
@) = eiot—0) 1, | 1 f e =)o ar' (1.14)
21 )y,
and
da ., A Y [ At S s
E = _l[aaHsys] + Ef_wdw {f ((D) [a,c] - [a,c ]f(w>} (1.15)
We define
~ 1 . ~
(1) = —— | dw e~ 7@U—10) : 1.16
fult) == [ do 0 j(@) 116
Noting that
o0 ) ,
J do e 0 = 278(t —1') (1.17)
—00
we conclude that
[Fin0), 7L ()] = 8(c—1"). (1.18)

Inserting (1.14) in (1.15) and using (1.18), we obtain the following equation called quantum
Langevin equation [47]:

da’\ . A A A A A " A A A A

o = ila Ay - [ (S vy dn®) + (3¢ + v o) ael aa19)

1.2.3 The Stochastic Schrodinger Equation

There is also an alternative formulation in terms of a master equation for a reduced system density
operator together with the quantum fluctuation regression theorem, but we don’t use it in this
thesis. The mathematical basis for these two methods is quantum stochastic calculus, which is a

non-commutative analog of Ito’s stochastic calculus [47]. Gardiner and Collett demonstrated the

12



connection between the more physically motivated Heisenberg-Langevin equations and the more
mathematically precise “quantum stochastic differential equations” [49]. In particular, Gardiner
developed a formulation called “quantum stochastic Schrodinger equation” for the time evoultion
operator U (t) = exp ( — i[Hp + Hyy]t) of the system interacting with Bose fields f(t) and 77(t).

These operators satisfy the following commuatation relations (with respect to the vacuumm state

0)) [46]:
GO fi)y=8@-1), (1.20)
Grofa)y = G fuy = G fia)y =o. (1.21)

We define
B(r) - L F(s)ds. (1.22)

A quantum stochastic calculus is based on the following increment:
dB(t) = B(t +dt) — B(1). (1.23)

The corresponding Ito’s rules for for these increment are

dB(t)dB' (1) = dt, (1.24)
dB'(1)dB(t) = 0.
Putting all this information together, we obtain the Ito form of the quantum stochastic Schrodinger

equation [46]:

d0 (1) = { (— if— %yé’%) dt + 7B (t)e — ﬂdé(t)éT}, (1.25)

whose formal solution is

t

Ut) = fexpf

(—iﬁds+\fydéT(s)@—\fydé(s)@T), (1.26)
0
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where 7" is the time ordering operator. For a system operator d, we define a Heisenberg operator

as a(t) = UT(t)al (t). Then,

da(r)

a(t+dr)—a(r)

O (¢ +det,0)a()0 (¢ +dt,1) — a(r)

(1.27)
= —i[a, A —i\/ydB(t)¢" +iyy dB' (1) ¢]ar

+ 2 (2¢tac—acle — ea)dr
This equation is an alternative to the Langeving equation, and we will use it in the next chapters to

investigate the time evolution of the operators of the system coupled to a bath.

1.3 The Time Decomposition Method in Nonlinear Systems

1.3.1 Background and motivation

In quantum optics, sometimes we deal with a cavity system biased by an electromagnetic wave
(classical or quantum), and meanwhile, it is coupled to a heat bath that introduces noise to the
system. Also, there might be an element inside the cavity that generates nonlinear effects such
as Kerr nonlinearity [50], optomechanical interaction [51], or magnomechanical interaction [52].
The equation of motion of such a system has nonlinear terms, and generally it is hard to solve it.
In many practical cases, the external drive field is strong and can be treated classically.
Therefore, if @ is an operator of the system, it is possible to convert it to a classical steady-state plus
a quantum fluctuation term: @ — o + dd. This is the common approach to linearize the nonlinear
differential equations, and it is applied to many cases (see, for example, [53] and the review article
[51]). However, if the external field is weak (for example, a single photon field [54]), one cannot

use a steady-state approximation. There is another method, called time-evolution decomposition,
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developed by B. He, that applies to strong as well as weak bias fields [54, 55, 56, 57]. This method
linearizes the differential equations without breaking an operator to a steady-state and a fluctuation
term. Also, it simplifies the calculation of the expectation value of an arbitrary function of the
field operators without need of solving the master equation. These merits make this method a
good alternative to the conventional method of linearizing, especially when we are interested in
the dynamical behavior of the system such as the dynamical phonon laser in a magnomechanical

system (chapter 4).

1.3.2 The decomposition of the time evolution operator

Suppose the total Hamiltonian of a system is composed of two “time-dependent” parts that in

general do not commute with each other:
H =H,(t)+Ha(t), [Hi(t),Ha(t)] #0. (1.28)

The time evolution operator is

t

A

Ul(t) —Texp(—if

0

A

dt [A;(7) +H2(r)]>. (1.29)

Also, one can decompose the evolution operator as follows:

Texp(ifodf [ﬁ1(1)+ﬂ2(r)]) -

Texp(—if dt Vs (t,7)H (7) j(r,f))fexp(—if

dt ﬁz(r)>, (1.30)
0

where V5(t,7) = T exp <— iStTdT’I:IQ(I’)>, and
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Texp(—ifoldf [H1(1)+F12(r)]> —

t

Texp(—if drﬁl(f))fexp(—if derT(r,O)Flz(r)Vl(r,O)>, (1.31)
0 0

where Vi (7,0) = T'exp <— i§5dt'H, (’L”)).

Typically, it is straightforward to simplify VIT(T, 0)H,(7)V;(7,0). Thereby, the total evolu-
tion operator can be decomposed to a product like U, 0.

The proof of the decomposition method is as follows. We prove equations (1.30) and (1.31)

using two different methods [54]:

e The unitary operator 7' exp (— i§odt (Hi(7)+ 1:12(1'))) is the product of the infinitely small
elements
U(Ii) = exp [ — iﬂl (l‘,’)Sl — iﬁz(li)SI],
where 8¢ = limy_,o,7/N and 0 < #; < ¢. Within the small period &¢, one can decompose the
small element U (#;) into U (1)U (t;) = Uy (t:)Us(t;), where Uj(t) = exp [ — iH;(t)5t], for

any pairs of H () and H(t) as the cross terms due to their non-commutativity are negligible.
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Then,

t

Texp(—ifod’c [ﬂl(r)+ﬁ2(r)]>
= Ua(tn—1)U1(tn—1) 2 (tn—2) Ui (ty—2) - Ua(82) U1 (12) U (1) U1 (1) U (10) Un (20)
= Oa(ty—1)01(ty—1)03 (tn—1)

x Ua(ty—1)02(tn—2) Ur (ty—2) AzT(lez) AzT(thl)

“ _ \ _
" ~"

Va(t,ty—2) ‘727‘ (titn—2)
X pz(th1)02(lN72)02(le3) Uy (ty—3) (72T<IN73> AzT(foz) A;(lel)
D (tty-—3) ) (153
X
x Oa(tn-1)Oa(tn—2) -+ Un(11)Oa(10) U (t0) U3 (10)03 (11) -+ 03 (ty—2) 0 (1w 1)
Vo (1,0) V) (1,0)
exp [ —i03(1,0)A1 (10) V3 (1,0)31 |
X ?2(1‘]\/_1)02(1‘]\1_2)---(72(2‘1)02(1‘02. (1.32)
‘722;0)

Except for the bottom row, each row after the last equals sign in equation (1.32) is the small

element exp | — iV (1, 1) Hy (1) Al 1) 61].

The exponentials Texp [ —i §;d7(H1(t) + Ha(7))] and T exp [ — i, dtH;(7)] are the solu-

tions to the follwoing differential equations:

‘;—[t] — (B (1) + Ba()0(0) (1.33)
and
av, A
d_tl = —iH (t)V1(¢), (1.34)

respectively. The initial condition for the differential equations is U(0) = V;(0) = I, the

identity operator. The solution of equation (1.34) is

t

Vi(t) = Texp[—if

drﬁl(r)]. (1.35)
0
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Its solution is

W) = Texp[—i J derT(r)Flz(’c)Vl(f)], (1.37)

A

where we have used the abbreviations V;(z,0) = V;(¢) and W (¢,0) = W ().

Evidently, equations (1.30) and (1.31) can be generalized to any number of Hamiltonian.
For example, if we have a Hamiltonian like H = Hy + H, + H;,; + Hp that includes the free os-
cillation, the system Hamiltonian, the interaction Hamiltonian, and the bath Hamiltonian, the de-
composition of the evolution operator U(¢) converts it to a product of separated time evolutions:
Uo(t)Uy(t) Uiy (t)Up(t). Therefore, if there is a nonlinear Hamiltonian in the total time evolution
operator, we can easily separate it out of the total. Then, we can use a Taylor expansion for the
nonlinear time evolution operator and only keep the smallest term. Thereby, we can linearize
the equations of motion obtained using equation (1.27) without converting a system operator to a
steady-state term plus a fluctuation term. In chapter 4, we will see a practical example.

In addition to the above merit, to calculate the expectation values of the system operators,
we do not need to solve the master equation and find the total density matrix p(z), as a function of
time [54]. Suppose the total density matrix p(¢) for the combination of the system and reservoir
atr =01s p(0) = ps(0) ® Pr, where Py(0) is the initial density matrix of the system and g is the
density matrix of the bath or reservoir. We assume that the bath does not evolve with time because

the bath is not affected by the system due to its large size. We can write the expectation value of a
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system operator using U (t,0) as

(Os) = Trs[O0sp (1))

= Trs[OsUo(1,0)Ter (U (£,0)p (0) @ prU T (1,0)) U (1,0)] (1.38)

— Trs [0 (2,0)04 (1,0) 0500 (t,0)0 (1,0)p (0) @ pr]-
In many practical cases, the Hamiltonian has a free part whose time evolution operator can be
factor out, so that Uy(r,0) = exp{—i(@w.a'd + @,b'h)t}. In such cases, for any operator Og =
f (6,~,6;-r), the transformation by Up(t,0) only adds a phase e '@ (¢/®"), where i = ¢ or m, to ¢;
(6}). Then we can find the expectation value using the transformation U1(z,0)f (6,-,@;)[7 (1,0) =
F(UT(2,0)6,0(¢,0),07(z, 0)el0 (,0)) over the total initial state of system plus reservoir, with the
phase absorbed in ¢; (élT). The reduction of calculating the system observables to finding the
transformed basic system operators UT(z,0)&,U (z,0) is the main advantage of the decompositon

of the time evolution. We can similarly determine the more complicated averages such as <0 1 (t+

T)Oz(f)>, which is generally calculated using the quantum regression formula [54].

1.4 Magnomechanical Systems

In chapter 4, we will investigate a magnomechanical phonon laser, which is a hybrid quantum sys-
tem. Here we introduce a summary about the magnomechanical systems. More technical details,
including the Hamiltonian of the system, remain for chapter 4.

A cavity magnomechanical system consists of a microwave cavity and a ferromagnetic ma-
terial (usually a yttrium iron garnet (YIG) sphere) installed in it [58]. The system, which can be
biased by an external magnetic or/and electromagnetic field, works based on the collective spin
excitations in the ferromagnetic sample, called magnons [59]. Upon the bias, the magnons co-

herently couple to the microwave photons through the magnetic dipole interaction and couple to
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Magnon mode

Figure 1.2: (a) The device consists of a copper cavity and a YIG sphere. A microwave magnetic
field along the y-direction) is applied. Another uniform external magnetic field is applied along
the z-direction to bias the YIG sphere for magnon-photon coupling. (b) The image of the highly
polished 250-mm-diameter YIG sphere that is glued to a 125-mm-diameter supporting silica fiber.
(c) Simulated mechanical displacement of the S > > phonon mode in the YIG sphere that has the
strongest magnomechanical interaction with the uniform magnon mode. (d) The top panel shows
the uniform magnon excitation in the YIG sphere. The bottom panel illustrates how the dynamic
magnetization of magnon (vertical black arrows) deforms (compresses along the y-direction) the
YIG sphere (and vice versa), which rotates at the magnon frequency. The color scale represents
the corresponding volumetric strain fields that the dynamic magnetization of magnon induces [52].

the phonons generated due to the eformation of the YIG via the magnetostrictive interaction (the
change of the dimension of a substance that is exposed to a magnetic field) [60]. The magnetostric-
tion occurs in all pure substances. However, even in strongly magnetic materials, the change of

dimension is about 107> [61]. One can attribute the magnetostriction to three types of interactions
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depending on the distance between the constituent ions: exchange intercation, dipole-dipole inter-
action, and spin-orbit interaction [52]. The magnetostriction force, thus, deforms the YIG sphere
in strong magnetic fileds, converting it to a mechanical oscillator. Since the magnon frequency can
be easily adjusted by the external field and the YIG sphere has a long coherence time, a low decay
rate, and a high spin density (4.2 x 10>!cm™3), one can control the oscillations of the YIG sphere
with high tunability. Figure 1.2 demonstrates a typical magnomechanical system. The device con-
sists of a three-dimensional copper cavity and a YIG sphere. The YIG sphere is placed near the
maximum microwave magnetic field (along the y-direction) of the cavity TEp;; mode. A uniform
external magnetic field is applied along the z-direction to bias the YIG sphere for magnon-photon
coupling. In Figure 1.4(d), the top panel shows the uniform magnon excitation in the YIG sphere.
The bottom panel illustrates how the dynamic magnetization of magnon (vertical black arrows)
deforms the YIG sphere, which rotates at the magnon frequency [52].

Highly tunable magnomechanical systems are good alternatives for electro- and optome-
chanical systems [51] for which to couple the phonon to optical or microwave photons, mecha-
nisms such as radiation force [62], electrostatic force [63], and piezoelectric force [64] have been
applied. Such interaction mechanisms intrinsically lack fine tunability [52].

Due to their high tunability and long coherence, the cavity magnomechanical system has
become a promising platform for implementing various novel phenomena, such as the bistability
of cavity-magnon polaritons [65], magnon gradient memory [66], cavity spintronics [67], mag-
nomechanical phonon laser [2], and cooperative polariton dynamics [68]. Furthermore, it was
experimentally shown that the magnons in the small YIG sphere can couple to the optical photons
[69], phonons [52], and superconducting qubits [70].

In this thesis, we will investigate the magnomchanical phonon laser in the dynamical
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regime. Previously, it is studied in the steady-state approximation [2], but as we will see, its

behavior in the dynamic case is totally different.
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2 Continuous-variable entanglement generation in a system of coupled gain-loss

waveguides

2.1 Introduction

Quantum information is a branch of science in which the quantum states are used as a tool to store
or convey information. In particular, the quantum states of light are a fertile field for quantum
information processing because light is an excellent carrier of information and also with today’s
technology it is possible to prepare such quantum states of light [71, 72]. The most advanced
experimental demonstrations of quantum information systems at this time include trapped ions
[73], linear optics [74], superconductors [75, 76], and quantum dots in semiconductors [77, 78, 79].
The basic idea behind quantum information processing is to use the laws of quantum mechanics to

enhance the capabilities of transferring or manipulating data. The subject has three branches [80]:

¢ Quantum cryptography: the use of quantum mechanics to allow the presence of an eaves-
dropper to be detected when confidential information is being transferred between two par-

ties.

e Quantum computing: the use of quantum mechanics to boost the computational power of

a computer.

e Quantum teleportation: the use of quantum mechanics to transfer the quantum state of one

particle to another.

Quantum teleportation relies profoundly on the properties of entangled states. In this chap-

ter, we focus on generating the entangled states of light using a system of two coupled gain-loss
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waveguide. As we will see in the next section, this is a special case of entanglement called “con-
tinuous variable”.

In section 2.2, we start with the definition of the entangled states. We will introduce the
discrete and continuous variable entanglement and will discuss the pros and cons of each one.
Since the Gaussian states are the most well-known state of light proper for the continuous variable
entanglement, we will explain these states and also how it is possible to quantify the degree of
entanglement for such states. As quantum dynamics plays the main role in this thesis, we will
consider the quantum noise effect in all subsequent sections because it may radically change the
dynamics of the system. In section 2.3, we will explain why we have chosen a coupled gain-loss
waveguide system as a potential device for generating entangled states, and in particular, what is
the role of &.7 -symmetry . Then, in section 2.4 we introduce the Hamiltonian and the equations
of motion. In section 2.5, we explain how the photon number and the waveguide mode correlation
evolve with and without quantum noise effect. Finally, in section 2.6, we analyze the entanglement

as a function of time if we add a squeezing element to either of the waveguides or to both of them.

2.2 Quantum information processing with continuous variables

2.2.1 The notion of quantum entanglement

Entanglement is one of the most counter-intuitive aspects of the quantum world that has no clas-
sical counterpart. In simple words, a multi-partite system is said to be in an entangled state if its
wave function (or, more generally, its state vector) cannot be factorized into a product of the wave

functions of the individual parts [80]. A well-known entangled state is the singlet (triplet) spin
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state [5]:

1
|w>=;5ﬂTwi|u». 2.1)

This state cannot be written as products of | 1)®| |). To study the entanglement rigorously,
consider a multi-partite system consisting of N subsystems. In the classical mechanics, we apply a
phase space formalism to describe such a system. Then, the total (pure) state space of the system
is the Cartesian product of the N subsystem spaces. This means the total state is the product space
of N “separate” systems. In quantum mechanics, on the other hand, the total Hilbert space 77 is a

tensor product of the subsystem spaces:
H = QIR Q. (2.2)
Using the superposition principle, we can write the total state of the whole system as

W= 2 Gi.iliD®li)® i), 2.3
iy ey

In general, we cannot write the total state as a product of states of the individual subsystem:

W) # V)R (Y@ - | Yn). (2.4)

In other words, we cannot generally assign a single state vector to each individual subsystem. In
such a case, we say that the (pure) state is entangled [81, 82].

In practical cases, we deal with mixed states instead of pure states. The definition of en-
tanglement for such states differs from that of the pure state. A mixed state of N subsystems is

entangled if we cannot write its density matrix as a convex combination of product states:
P+ pipi®-Qpy. (2.5)
i

Those pure and mixed systems whose states do not satisfy equations (2.4) and (2.5), respectively,
are called “separable” [82].
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2.2.2 Continuous versus discrete variables

Nowadays, there are two main approaches to quantum information processing [83]:

1. The “digital” approach, in which the information is encoded in quantum systems with dis-
crete degrees of freedom (qubits (quantum bits) or qudits). The qubits are quantum systems
with two distinguishable states (we can call them 0 and 1). Examples of qubits are the two
polarization states of a single photon, spin-1/2 electrons or nuclei, and two lowest energy
levels of quantum dots or quantized superconducting circuits (see Table (2.1)). The gbits
can not only represent pure 0 and 1 states, but they can also take on superposition states,
in which the system is in both the 0 and 1 state at the same time. This “entanglement” is a

consequence of the superposition principle of quantum mechanics.

2. The “analog” approach, in which the quantum correlations are encoded in continuous vari-
able (CV) degrees of freedom like the quadrature amplitudes of a quantized harmonic oscil-
lator that play the role of position and momentum. The quantized modes of bosonic systems
such as the electromagnetic field, vibrational modes of solids, atomic ensembles, nuclear
spins in a quantum dot, Josephson junctions, and Bose-Einstein condensates are some ex-

amples of continuous variables.

The first real success in the quantum information processing with continuous variables
came with the experimental realization of quantum teleportation for optical fields. The next break-
through was the successful definition of the notion of universal quantum computation using the
continuous variables, suggesting that such variables are as capable as conventional qubits [84].

The main merit of the continuous-variable quantum information is that it is more practi-
cal. The preparing, unitarily shaping, and measuring entangled quantum states are achievable in
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Table 2.1: Some physical realizations of qubits [80]

Quantum system Physical property 10> 1)
Photon linear polarization Horizontal Vertical
Phonon Circular polarization Left Right
Nucleus Spin Up Down
Electron Spin Up Down
Two-level atom Excitation state Ground state Excited state
Josephson junction Electric charge N Cooper pairs N + 1 Cooper pairs
Superconducting loop Magnetic flux Up Down

quantum optics using continuous quadrature amplitudes of the quantized electromagnetic field.
For example, by homodyne detection and feedforward techniques, we provide the tools for mea-
suring a quadrature with near-unit efficiency or for displacing an optical mode in phase space,
respectively. Moreover, the quantum optical implementations based on the continuous variables
are highly efficient because of their unconditionalness. The entangled states typically generated
from the nonlinear optical interaction processes in an unconditional fashion. This unconditional-
ness is hard to obtain in discrete-variable qubit-based setups using single-photon states. In such a
case, preparing the desired state by the nonlinear optical interaction depends on a particular (co-
incidence) measurement results that forbid the unwanted (in particular, vacuum) contributions in
the outgoing state vector. The disadvantage of the unconditionalness is that the low quality of
the entanglement of the prepared states. We know that one should use the squeezed light to gen-
erate continuous-variable entangled states. However, high quality and performance require large

squeezing, which is technologically demanding [84].
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To summarize, the continuous-variable implementations always work efficiently and un-
conditionally, but they are never perfect. On the other hand, the discrete-variable counterparts
entangled states are generated only under special circumstances (conditioned upon rare success-
ful events) but in principle, they are perfect. Also, when we send optical quantum states through
noisy channels (optical fibers, for example), the continuous-variable states accumulate noise and
emerge at the receiver as contaminated versions of the input states. But one can reliably send the
discrete-variable quantum information encoded in single-photon states if they are not absorbed

during transmission [84].

2.2.3 Gaussian states

The primary tool for analyzing continuous-variable quantum information processing is Gaussian
states, which are continuous-variable states represented in terms of Gaussian functions [85]. The
Gaussian states not only are practically easier to generate, but they are also easy to describe. The
ground state and thermal states of bosonic systems are examples of Gaussian states that are created
in linear amplification and loss processes. Generally, nonlinear operations can be approximated to
a high degree of accuracy by Gaussian transformations. For instance, squeezing is a process that
decreases the variance of one continuous variable (say, position, or electric field) while increas-
ing the variance of the conjugate variable (momentum, or magnetic field). Linear squeezing is
Gaussian, and nonlinear squeezing can mostly be approximated to first order by a linear Gaussian
process [83].

Here we introduce a list of well-known Gaussian states [83, 86]:

e The vacuum state. The vacuum state |0) is a ubiquitous Gaussian state with zero photon.

It is the eigenstate of the annihilation operator with zero eigenvalue: @|0) = 0. The wave-
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function of the harmonic oscillator in the ground state is proportional to exp[—ox?], which

is Gaussian.

e The thermal state. Every Gaussian state can be decomposed into thermal states. Therefore,
the thermal state is the most fundamental (mixed) Gaussian state. The density matrix of the

thermal state in the basis of Fock state is (i = 1)

AR
()™ " Tep(po) 1]

where @ is the angular frequency of the thermal field and B = 1/(kgT). The quadrature

(2.6)

pr = puln)nl, pa=

distribution of the theramal state is

Xlpr|X) = 1 exp (— X—2> , (2.7)
7(1+2(n)) L+24m

which is Gaussian.

e The coherent state. The coherent state, generated by the displacement operator D(a) =

exp (OtdT — o*a), is Gaussian:

|a>=exp<—%|a|2>2j%]n>_ 2.8)

o The squeezed state. The squeezed vacuum state is defined as |€) = §(¢)|0) where & = re'®

and S(e) = exp (%8 at’ — %8*&2). Here, r is the squeezing parameter and 0 is its phase. The

representation of the squeezed state is the quadrature space is

(2.9)

1_,coshr—esinhr
coshr+e®sinhr |’

Ve(X) = (X&) = yp exp (— X
which is Gaussian. There is another type of squeezed state called “displaced” or coherent

squeezed state. That one is also Gaussian.

There are more examples of Gaussian states, but we suffice to the above cases, which are the most
important ones.
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2.2.4 Entanglement of a Gaussian state

Knowing that entanglement is the key resource in quantum information processing protocols, it is
of interest to quantify the degree of entanglement. In particular, we are interested in quantifying
the degree of entanglement for the CV Gaussian sates [87]. Several proposals have been offered
for this purpose [88, 89, 90], but in this thesis we will apply the logarithmic negativity [91, 86],
which is specially useful for two-mode Gaussian states. To introduce the idea, we start with the
mathematical description of Gaussian states in the Hilbert space.

A well-known bosonic CV system is the quantized electromagnetic field. The quantiza-
tion procedure of the field shows we can model it as a collection of noninteracting quantum har-
monic oscillators with different frequencies. We refer to each oscillator as a “mode” of the system.
We investigate the discrete number of modes to avoid the difficulties of the quantum field the-
ory. Mathematically, we describe a CV system of N canonical bosonic modes by a Hilbert space
H = ®§(V:1 ¢ resulting from the tensor product structure of infinite-dimensional Hilbert spaces
s, each of them associated to a single-mode. The Hamiltonian of the complete system of the

electromagnetic field is [85]

N N
1— 3 Z (ATak—F >): (2.10)
k=1 k=1
in which the creation and annihilation operators satisfy the bosonic commutation relations:
[ak,al] 5/([ (2.11)

The quadratures of the electromagnetic field (corresponding to the position and momentum) are
defined as

(2.12)
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Let define a compact notation for g;’s and py’s:

A

A A A A ~ ~N\T
X = (QI7p17q27p27"'7q1\77pN) 5 (213)

where T stands for transpose. Then, for example, )?3 refers to §. We define the covariance matrix
(CM) elements as

XiX;+ XXy — XX (2.14)

1
Vi,j:§

For a two-mode system, the covariance matrix takes the form

apr ann C11 C12
a1 ayp 1 2 A C
V= = . (2.15)
T
CI“ C’2] by by C' B
c, by b
12 22 21 22

Let define new variables A and n) as follows:

A=detA+detB—2detC (2.16)

and

> , (2.17)

A—+VA2—4detV
n =
where “det” stands for determinant. Then, the necessary and sufficient conditions for entanglement
of the concerned Gaussian state is

1

n<s (2.18)

We can use a more elegant definition for the entanglement called logarithmic negativity [85, 86,
91, 92]:

Ey = max[0,—In27] (2.19)
Therefore, if —1n2n > 0, the Guassian state is entangled. In section 2.6 we apply this measure to

quantify the degree of entanglement.
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2.3 Macroscopic entanglement with a hybrid &2.7 -symmetric gain-loss waveguide system

As indicated in the previous section, light is an excellent carrier of quantum information as it
interacts weakly with the environment. On the other hand, preparing, manipulating, and measuring
the CV states of light is more accessible than the discrete photonic qubits. Also, the CV quantum
states are often Gaussian states, the manipulation of which is available in current experimental
technology. Besides, quantitative description of all properties of the Gaussian states is possible.
These benefits motivate one to explore the ways of generating entangled Gaussian states.

Entanglement involving light fields with high intensities is an example of the so-called
“macroscopic entanglement”. In addition to their possible applications [84, 83], macroscopic en-
tangled light fields are essential to fundamental physics; see, e.g., the experimental [93, 94] and
theoretical studies [95, 96, 97, 98].

In this thesis, we deal with such light fields in a coupled optical waveguides alternately
carrying gain and loss media. Recently, a wide range of experimental [22, 14, 31, 99, 25, 24] and
theoretical [11, 20, 100, 101, 30, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111] researches
have been accomplished on these non-Hermitian systems. One advantage of these systems is
that one can change the light transmission patterns by simply adjusting the intensity of coupling
between their components. For example, the light field amplitudes under the balanced gain and
loss, where the system can manifest a &7 -symmetry , will be quickly amplified once the coupling
intensity is tuned below the gain-loss rate. Intuitively, one can apply this mechanism to realize
entangled output light fields with high intensities by adding a squeezing element into one of the
coupled components. One can also see the interest in the entanglement following the relevant

non-Hermitian dynamics in many-body systems [112].
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In most previous studies, the light fields in &2.7 -symmetric systems are treated as classical
electromagnetic fields. When dealing with the entanglement of the light fields, one will encounter
an indispensable factor accompanying their amplification and dissipation—the quantum noises act-
ing as the random drives from the associated reservoirs. The quantum noises must exist as they
preserve the proper commutation relations for the evolved light field operators [47]. So far, only
a few recent studies have considered the effects of the quantum noise in optical &.7 -symmetric
systems [42, 113, 114], including the hybrid ones with other physical elements such as Kerr non-
linearity added into the systems [50, 4, 115].

As is well known, quantum entanglement is fragile under the influence of the noises from
the environment [116, 117]. However, how they affect the entanglement generated by &2.7 -
symmetric systems remains an open question. In this thesis, we will clarify such effects of quantum
noises by quantitatively examining their influence on the entanglement. The comparison between
the generated macroscopic entanglement in the absence and presence of quantum noise due to the
amplification and/or dissipation enables one to understand their effects in &2.7 -symmetric systems

more deeply.

2.4 Hamiltonian and the dynamics of the system

Because of inevitable interactions with their environments, most physical systems are open and
their dynamics is non-Hermitian . The system of two coupled waveguides carrying optical gain
and loss respectively as in Figure 2.1 is an example of such open systems. Waveguide A(B) carries
a gain (loss) medium, in which the single-mode field &(13) propagates. We do not care about
the mechanisms of gain and loss, and hence we have not shown the relevant pumping needed

for a gain medium. Here we only consider the propagation of the light fields at a normal group
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velocity v, neglecting the possible superluminal propagation of the evanescent wave as described

in [118, 119].

Ea(D)

A —
g

78% !
1 |

Y€
B P

1B)

Ep(0)

Figure 2.1: Setup of the hybrid &2.7 -symmetric system: the coupled gain-loss waveguide system
with an added squeezing element into the loss channel without showing the pumping fields used
for the amplification. The input light fields are in coherent states.

The two light fields couple from one to another waveguide via the evanescent wave, and
one can adjust the effective coupling intensity, J, by the gap distance. The magnitudes of the gain
rate g and loss rate ¥ are decided by the media used, and the optical gain can be realized by doping
erbium ions into various materials [120]. Moreover, in the current model we neglect the gain
saturation by assuming a high saturation intensity for the gain medium. When the gain and loss
are balanced (g = —7), as mentioned in chapter 1, the necessary condition for &7 -symmetry is
satisfied. In this case, we can either use an effective non-Hermitian Hamiltonian that does not take
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the noise into account or a Hermitian Hamiltonian that includes the stochastic terms describing
the noise. First we introduce the effective non-Hermitian Hamiltonian which explicitly shows the
P T -symmetry :

Apr = iga'a—igh'h +J (a'h + ab'), (2.20)

which can be diagonalized as

A a
(@)

b
-1
—tg-i-\/ g —ig—/J*—g2
J
= (qATﬁT
1
—ig+4/)2—g2 12 —ig—/J>—g 4 (2.21)
y J
1 p
—\J? 0 q
= 4'pt
127g2 p

— (=2 =g2)d"q+ (VI —¢*)p'p

This Hamiltonian is invariant under the simultaneous parity transformation @ <> b and time in-
version transformation i <> —i, hence the term &?.7 -symmetry . The Hamiltonian comes from
the dynamical equations in the previous studies of classical 2.7 -symmetric systems, where the
system modes d and b are replaced by the corresponding classical fields. When g < J (2.7 -
symmetric regime), this Hamiltonian’s eigenvalues are real and the transmitting light intensities
(proportional to (a'a(t)) and (b'h(r))) in both waveguides demonstrate periodic oscillations in
time. When g > J (.7 -symmetry broken regime), the eigenvalues become imaginary, and the

intensities of the transmitting light fields change from oscillatory to exponentially growing. The
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transition takes place at g = J, the exceptional point.

As indicated before, the non-Hermitian Hamiltonian in equation (2.20) does not possess
the quantum noise elements, so one cannot apply it to study the noise-sensitive phenomena such
as quantum entanglement. One approach for overcoming the shortcoming is to adopt a stochastic
Hamiltonian. We suppose that the reservoir is modeled as an ensemble of oscillators with the
positive energy. But for the light amplification we consider an ensemble of oscillators with the
negative energy as discussed in [47]. The reservoirs are in the vacuum states at zero temperature.
With respect to the self oscillation Hamiltonian (we assume the angular frequency for the light

propagating in both waveguides is @)
Hy=wya'a+ wyb'h (2.22)
of the waveguide modes and that of the reservoirs

Ap=— fdco » fl(0)ful@) + f do o f(0) /o), (2.23)

the general coupling Hamiltonian between the system and reservoirs takes the following:

A — i j " 4o /25]2m) (fu( @) + fi(@)e )

—0Q0

% (alef — gemion)
0
+ zf do \/2y/27) (fi(@)e ™ + fl (@)e'®)
—00
x (bl — peiovr), (2.24)

Applying the rotation wave approximation (RWA) that neglects the fast oscillating terms in the

equation (2.24), the coupling Hamiltonian becomes

1nt = lf{anT _af )}
+ in2¥{bT (1) = bf (1)}, (2.25)
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where

fa(t) _ \/7771: _Oodw fa(w)ei(w*(ﬂo)t,
A 1 © " .
ft) = T do fy(w)e (@~ (2.26)
—0
The noise operators satisfy
e 1)) = 8(t—1) (2.27)

for ¢ = a,b. The other commutation relations become zero. The coupling between the waveguides
is described by

A

A, =J(a'h+ab"). (2.28)

To entangle the light fields, one needs to add a squeezing element into the waveguide system.
The action of the squeezing element with parameter € = rexp(i0) is described by the following

Hamiltonian (when it is added into waveguide B):

[e e it (h1)2 8*ei("l”(l3)2] (2.29)

N~

This Hamiltonian is based on the undepleted pump approximation for a process of second har-
monic generation in a nonlinear crystal with certain symmetry (for example, LiNbO3) [121]. A
similar use of squeezing element was also proposed for engineering the quantum properties of

other systems (see, e.g., [122]). Noting that in the interaction picture
eiﬁot Bzefiﬁot _ gzefziwor, (2.30)

if we set @, = 2ay, then the total Hamiltonian reads

+in/2g|a' fl )~ afun) |+ iv2y B0 b0 @3
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The dynamical evolution due to the total Hamiltonian determines all properties of the light fields

propagating in the concerned system. Let define
(2.32)

B.(t) = Jotfc(r) drt

Then, if we use equation (1.27), i.e.,

dé(t) = U1 (t +d0)é()0 (¢ + dr) — &(r)
(2.33)

A

- i[J (a'h+ab") + é (e (b2 - e*(i))2>, c] dt
¢

— _\/2g [deEjl —adB,, c] /2y [BTdéb —bdB,
+g(2aca’ — caa' —aa'e)dr + y(2b¢b — eb™h — bThe)dr,

we obtain a system of linear differential equations for the operators 4 and b and their Hermitian

conjugates:
a ¢ 0 —iJ 0\[a V28 fi
4 laf 0 g 0 iJ|]al V28 fu
- — + (2.34)
dr | . A A
b —iJ 0 —y € b \2Y fp
bt 0 iJ e —y)\bf V2V i

To solve the dynamical equations more efficiently and avoid complex entries in the matrix, it

is convenient to work with the quadratures of the light fields (for ¢ = a,b) and quantum noises

defined as

e = (e 4ét
‘]c—ﬁ( + )7
pe=——s(e—é).
1\5 (2.35)
0c= 5 (L) + 7)),
—(f0- i)

A l
PC: _\/i .
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Then, we obtain

da g 0 0 J da V28 Qa

d Pa 0 g —J 0 Pa - 2gpa

- _ + , (2.36)
Gy 0 J —y+i(e+er) —i(e—¢Y) an V27 0p
Db —J 0 —ie—e) —y-i(e+e) )\ pp V27 P,

%X(I) — MX(t) +F(r), (2.37)
where
A T
X(1) = (4u(t), Palt), d5(1). Po(1)) (2.38)

R0) = (V28 0ult), /28 Pal1).7/27 05(0) 27 (1)) (239

and, for € = rexp(if),

g O 0 J
0 ¢ —J 0
M = (2.40)
0 J —y+rcos@  —rsinf
—J 0  —rsin@ —y—rcos0

is called the dynamic matrix. If we can find X(t) we can quantify the degree of entanglement.

The general form of the solution is

3
X(1) = M X(0) + J M= () ar'. (2.41)
0

The eigenvalues of the dynamic matrix do not depend on the phase of the squeezing pa-

39



rameter:

g+r—vy \/ 4J% + ( —r—l—}/Z)

=5l
<g+r—y+\/ 4J2 + ( —r+y2>
(g—r—y \/ 472 + ( g+r+}/2>,
=5

g—r—y+\/—4J2+(g+r+}/)2>.

Y

(2.42)

l\)l'—‘ NI'—‘ I\JI'—‘ l\)l'—‘

Therefore, we expect the solution is independent of the phase of the squeezing parameter, too.
Since the dynamic matrix is time-independent, we can easily convert the matrix exponential in

equation (2.41) to a matrix and write the general form of the solution as

Ga(t) rir ri2 113 14 | [ Ga(0)
Palt) |t 2 r3 ra | Ba (0)
qv(1) r31 2 133 13 || Gs(0)
Po(t) rar ey 143 rag | \ Pp(0)

S11 S12 513 S14 Qa(f)

$21 8§22 823 8§24 % (T)
+ dt . (2.43)

0 s31 832 833 s34 || Op(T)

sa1 sS4 s43 44 ) \ Bp(7)
Here r;; is a function of 7 only, while s;; is a function of 7 and 7. To find r;; and s;;, first we
diagonalize the matrix M and then use the fact that it M = UDU ~1 then eM = UePU ! [123].
We cannot perform the integration in the second line of equation (2.43), because here we
deal with operators, not functions. In other words, it does not make sense to assign a particular
value, say, to Q, at f = 0 or at any other time. What has a physical meaning is the expectation values

of the operators with respect to the proper states. In the current problem, we suppose that the light
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fields are coherent states: |o,3) = |@)®|B). The reservoir is in the vacuum state |0,0). Then,
we can find the expectation values of the operators of equation (2.14). The expectation values of
the homogeneous part are calculated with respect to the input coherent states, while those of the
inhomogeneous part are found with respect to the total reservoir state. As examples, here we have

found
<a7ﬁ\éa<o>’a,[)’> = %(a_i_ (X*),
(B0, 400 e - il ) (5 2
(aBlon(0)]oB) = 5 (1~ B2 +2Bp* — *2).

where {} stands for anti-commutation. The noise operators satisfy the following relations:

€0,0[Qu(7)Qu(7)|0, o>_; (t—1),

Pu(v)Py -7,
(2.45)

7)05(1 -7),

0,0|B,(7) By ()]0, o>—; (t—17).

The other commutation relations become zero.
Interestingly, after simplification, we notice that all matrix elements are independent of the
input field intensities, i.e., they are independent of @ and . As examples, here we have found the

general form of two elements of the covariant matrix (CM) defined in equation (2.15):

13

2 2 2 2 2 2 2 2
a11=r11+r12+r13+r14+f |:S11+S12+S13+S14:| dT,

0 (2.46)

t

aip = 1121 +ri2kn +r13r3 + rigrg + J [S11S21 + 812822 + 8513523 + S14S24] dr

0
Thereby, we can find all elements of the covariant matrix. These CM elements can be experimen-

tally measured [124].
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2.5 Evolution of the photon number and the waveguide mode correlation

A main purpose of this chapter is to find out how the quantum noises will affect the entanglement
generated with the setup in Figure 2.1. To see this, one could compare the values of the entan-
glement found as the results of the evolutions according to the Hamiltonian in equations (2.20)
and in (2.31), respectively. As indicated before, the only difference between these two is an extra
quantum noise drive term, F(t) which consists of the components of pure random variables. By
intuition, such random drives from the environment could only modify the dynamics of the system
without changing the evolution patterns of the measurable quantities so much, as it has been found
from the photon number evolutions in a &.7 -symmetric system without squeezing [42].

A relevant question is whether the added squeezing will make a considerable difference.
To answer the question, we examine how the output light fields’ intensities evolve according to the
full dynamical equation, i.e., (2.41). Previously, the evolved light intensities in a &.7 -symmetric
system without squeezing have been studied for single photon and vacuum state as inputs [42].
Due to the noise associated with the amplification, the output field intensity is found not to be zero
even when the input field is in a vacuum state. After adding a squeezing element, we find that the
photon numbers can be enhanced further, in addition to the effect of the gain medium at the rate g.

Figure 2.2 shows the photon numbers plotted for a setup with the squeezing element in
the damping waveguide, indicating that the photon numbers will be intensified by increasing the
squeezing parameter r. The phase factor 0 in the squeezing parameter has no effect as mentioned
before. The contribution from the homogeneous part in equation (2.41) will become much more
significant with the increase of r. Therefore, the relative difference between the light intensities

obtained by using the Hamiltonians (2.20) and (2.31), respectively, becomes smaller than that in

42



h

T .

(a'a)

200 (c) | (d)

—
n
E =9

0.001 (ata)
[S¥) L%

—
T

0.01 (ata)
=

=
h

=
=
=

Figure 2.2: The light intensity /, and I;, (proportional to the respective photon numbers) out of the
gain and loss waveguide, represented by red and blue curves, respectively, as compared with the
corresponding quantities /, 5, and I, , calculated without the noise drives (the dashed red and blue
curves). Here the dimensionless time g is used to indicate how long the light fields evolve in the
waveguides. We set the parameters as 0 = 0, J = 1.9¢g, and g = —7. The squeezing parameter: (a)
r=0, () r=0.5g,(c) r=g,and (d) r = 1.5g. The input coherent states are given as & = 3 = 0.6.

the previously studied situation without the squeezing; compare Figure 2.2(a) with Figure 2.2(d).
However, at small values of r, there is a significant difference between the intensities with and
without considering the quantum noise effects. As is seen from Figures 2.2(a)-2.2(d), the corre-
sponding photon numbers are indeed enhanced by the amplification noise. Similar to the situation
of a simple &.7 -symmetric system without squeezing [42], one sees that the quantum noises sim-

ply modify the output light intensity quantitatively, but their evolution patterns remain unchanged.
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Figure 2.3: The correlation function [(4Th) — (a"(h)| calculated with J = 1.9g. We set g = —y
and 0 = 0. Three different values of squeezing, r = 0 (blue), r = g (green), and r = 1.5g (red),
are considered for the squeezing element in the damping waveguide. The input coherent states
are given as o = 3 = 0.6. Panel (a) shows the mode correlation without considering the quantum
noise effect, and panel (b) demonstrates the mode correlation under the full dynamics.

As another example, we look at a nonlocal quantity, the correlation function defined as
[<athy — (at)(h)|, assuming that the squeezing element is inside the damping waveguide. Appar-
ently, such a correlation function, which evolves with time, might be similar to the entanglement of
the light fields. Figure 2.3 illustrates the evolution of such a correlation function for three different
values of the squeezing parameter. Panel (a) shows the mode correlation without considering the
quantum noise effect, and panel (b) demonstrates the mode correlation under the full dynamics.
As expected, the correlation becomes stronger with a larger squeezing parameter r. One also sees
that the inclusion of quantum noise drive only slightly modifies the amplitude of the correlation
without changing the time evolution pattern. In particular, it is interesting that by including the
noise drives sometimes one can have a stronger correlation. Then it is natural for one to consider
whether this phenomenon reflects a similar pattern for the corresponding entanglement between

the output light fields.

44



2.6 Entanglement of output fields

By the elements used in Figure 2.1, it seems that highly entangled intense light fields is possi-
ble as the light fields keep amplified in the &?.7 -symmetric broken regime. The degrees of the

entanglement of Gaussian states can be measured by the logarithmic negativity, equation (2.19):
Ey = max[0,—In2n]

Assuming the input light fields as coherent states, one finds an important property of such entan-
glement measured by equation (2.19). Referring to equation (2.14), one sees that the first term
depends on the mode operators as well as the noise drives, whereas the second term only depends
on the mode operators (the expectation values of the noise operators in it are zero). After sub-
tracting the latter from the former, the CM elements become irrelevant to the intensity of the input
fields. Consequently, the intensity of the input coherent states will be irrelevant to the generated
entanglement, the degree of which is mainly influenced by the noise drives leading to the inhomo-
geneous part in equation (2.41).

In what follows, we will examine the output entanglement with three different configura-
tions: the squeezing element in the damping waveguide, in the amplification waveguide, and in

both waveguides.

2.6.1 Squeezing element in the damping waveguide

The first configuration we study is a coupled gain-loss waveguide system with an added squeezing
element to the damping waveguide as shown in Figure 2.1. In our calculations, we fix the phase
factor 0 because its variation does not affect the results. The output fields will become strongly

entangled without adding the noise drive term F(t) that gives the inhomogeneous part in equa-
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Figure 2.4: Distribution of the entanglement (in terms of Ey) without (with) involving the quantum
noises when a squeezing element is added into the damping waveguide is shown in panels (a) and
(c) [(b) and (d)]. We set 8 = 0 and compare the entanglement at Jt = 1. For panels (a) and (b) we
take y/J = 0.6 and for panels (c) and (d) we choose y/J = 0.1.

tion (2.41). Figures 2.4(a) and 2.4(c) show that the degree of entanglement simply increases as
r/J . Highly entangled fields with huge photon number are thus seemingly possible by choosing
the proper system parameters. One should notice that the distributions of entanglement in Fig-
ures 2.4(a) and 2.4(c) are qualitatively the same for different damping rates, but the degrees of

entanglement differ quantitatively.
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The inclusion of the quantum noises associated with the amplification and dissipation will
totally change the aforementioned scenario. Now one will find that the entanglement vanishes
throughout the time except when g/J is very small. Without loss of generality, we demonstrate the
realistic entanglement distribution at a particular time as in Figures 2.4(b) and 2.4(d) (two different
values of the damping rate y/J are also considered). The interplay of the quantum noises with the
squeezing element under the full dynamics causes such distinct entanglement distributions from
the corresponding ones without considering the noises. In contrast to the previous situation, here
the distribution of the nonzero entanglement changes qualitatively with the damping rates y/J and
the degree of entanglement changes quantitatively as well, so that the lower loss rate yields the
higher entanglement.

To illustrate the effects of the quantum noises more clearly, we extend the range of g/J to
the negative values in Figure 2.5, so that the obtained entanglement distributions also cover the
situation when both waveguides contain dissipation medium. In Figure 2.5(a), where the quantum
noises are not included, the values of Ey distribute continuously from the positive to the neg-
ative range of g/J . The corresponding entanglement is shown to grow with the damping rate
y/J = —g/J, but that is impossible to occur. Such an unphysical result constitutes an evidence
that quantum noises are indispensable in the study of entanglement. On the contrary, the realistic
entanglement obtained under the noise effects in Figure 2.5(b) takes a discontinuous transition on
the boundary g/J = 0 because the dynamics of system changes across the boundary. In this situ-
ation, the higher loss rate in the range of negative g/J results in the lower entanglement that is a
physically reasonable result.

The noises associated with the amplification and dissipation act simultaneously with the

squeezing that entangles the light fields, and their effects dominate over the latter when g/J and
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Figure 2.5: Distribution of the entanglement (in terms of Ey) for the setup of Figure 2.1. The neg-
ative values of g/J represent a situation where both waveguides are filled with damping medium.
The quantum noises are neglected in panel (a) but are included in panel (b). The system parameters
are the same as those in Figure 2.4. In panel (b), the value of Ey is discontinuous at g/J = 0 be-
cause for g/J > 0 the amplification and dissipation noises act, but for g/J < 0 only the dissipation
noise acts in both waveguides.

v/J become large. The different components in the noise drive vector contribute to the evolved
modes via the respective elements in the dynamic matrix M. If the gain and loss are balanced, the
impact of the amplification noise and the dissipation noise will be equal provided no squeezing
element is added to the system (one can see that from the relevant elements of the dynamic matrix
M). However, a squeezing element can interplay with the relevant noises, and if it is placed in the
damping waveguide, the influence of the dissipation noise will be enhanced. Mathematically, such
interplay has more contribution from the dissipation noise operator f, (t), which is inside the drive
terms in equation (2.41), to the CM elements. This also explains the fact that the entanglement is
less influenced under the lower loss rate y/J since the intensity of the dissipation noise [decided

by /7 in equation (2.31)] becomes lower. On the other hand, regardless of how small the damping
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rate is, the entanglement will vanish quickly at a high gain rate even if the squeezing is large
because the high gain rate leads to a significant effect of amplification noise, which can erase the
entanglement.

Meanwhile, by comparing Figures 2.3 with 2.4, one concludes that the existence of cor-
relations between the two system modes does not guarantee their entanglement. The correlation
under the full dynamics can be even stronger than the corresponding one without considering the
noises, but the noises weaken the entanglement and, under some circumstances, they will erase
the entanglement completely. The entanglement has to be determined by the relations between the

CM elements involving the light field correlations, and hence its existence is much more restricted.

2.6.2 Squeezing element in the amplifying waveguide

If the squeezing element is inserted into the amplifying waveguide, the dynamic matrix will change

to

g-+rcosf rsin 0o J

rsin@ g—rcos®@ —J O
M = . (2.47)

0 J -y 0

—J 0 0 —vy

The dynamical evolutions of thewaveguide modes, as given by equation (2.41), will be changed
accordingly. In what follows, we will examine how the entanglement between the two waveg-
uide modes will change as the location of the squeezing element is swapped to the amplifying
waveguide.

In Figure 2.6(a), we illustrate the numerically simulated entanglement evolutions in the
absence of the quantum noise effects. One sees that the entanglement will monotonically grow

to high degrees with time. This is, however, not true in reality since the quantum noise must be
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Figure 2.6: Time evolution of the entanglement due to a squeezing element in the amplifying
waveguide. Here g/J = 0.6, y/J = 0.6, and 6 = 0. The red (upper), green (middle), and blue
(lower) curves are associated with r/J = 2, r/J = 1.7, and r/J = 1.4, respectively. Panel (a)
shows the entanglement evolutions found with the non-Hermitian Hamiltonian in equation (2.20)
(i.e.,without involving the quantum noise effects), together with the squeezing action. Panel (b)
demonstrates the entaglement under the full dynamics. The entanglement grow in the absence of
quantum noise, but it decays to zero by involving the noise effects.

considered in a real process. Figure 2.6(b), including the quantum noise effects, shows that the
entanglement will be finally erased, so there is an optimum evolution time to obtain maximum
entanglement (or, an optimum length for the waveguide). The degrees of the achieved entangle-
ment is nonetheless higher than the situation of placing the squeezing into the damping waveguide,
those illustrated in Figures 2.4(b) and 2.4(d). Moreover, the nonzero entanglement can exist in the
broader range of the parameter space; compare Figure 2.7(b) with Figure 2.4(b).

In this configuration, the squeezing enhances the effect of the amplification noise, but the
effect of the noise accompanying the light field dissipation is kept almost invariant. One can
confirm this fact from Figures 2.7(b) and 2.7(d). In Figure 2.7(d), the loss rate is reduced by 6 times
to have the dissipation noise weakened accordingly. However, neither the degree of entanglement

nor the range of nonzero Ey is obviously changed. This is in contrast to a considerable change
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from Figure 2.4(b) to 2.4(d). Such difference also implies that, given a gain rate g/J that is not
very large, the dissipation noise is more detrimental to the concerned entanglement.

An important feature that should be illustrated with the time evolutions is that the entangle-
ment evolved under the full dynamics undergoes the entanglement sudden death (ESD) [117]; see
Figure 2.6(b). Beyond the moments of ESD when it disappears, the entanglement will stay zero
forever (for bipartite entanglement of Gaussian states, the logarithmic negativity is a well-defined
quantity). By the scenario in Figure 2.6, one concludes that the quantum noises control the actual

time evolution pattern of the entanglement.

2.6.3 Squeezing elements in both waveguides

Next, we consider the setup with the squeezing elements added into both waveguides. In this

situation, the dynamic matrix of the system becomes

g+rcos®  rsin@ 0 J
rsin@  g—rcosf —J 0
M = . (2.48)
0 J —Y+rcos6 rsin @
—J 0 rsin 0 —y—rcos0
Under the condition g = —7, the system exhibits a 2.7 symmetry like the Hamiltonian in equation

(2.20). In this configuration, the degree of entanglement will be even higher than those of the two
previous configurations if the quantum noises are absent; see Figures 2.8(a) and 2.8(c). It is within
the expectation since the squeezing elements act in both waveguides. Also, in the presence of the
quantum noises, the degree of the entanglement is higher than those in the two other configurations
as demonstrated in Figures 2.8(b) and 2.8(d). Moreover, the range of nonzero Ey becomes broader

as compared to Figures 2.4(b) and 2.4(d). Now both the amplification noise and the dissipation
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Figure 2.7: Panels (a) and (c): the entanglement distribution (in terms of Ey) from a squeezing
element in the amplifying waveguide without involving the noise effects. Panels (b) and (d): the
corresponding entanglement distribution including the quantum noise effects. Here we choose
0 =0 and Jt = 1. In panels (a) and (b) we set y/J = 0.6, and in panels (c) and (d) we have
y/J =0.1.

noise are relevant to the evolved entanglement as their effects are enhanced by the squeezing ele-
ments in both waveguides. A consequence is that the generated entanglement is dependent on the
loss rate y/J as well as on the gain rate g/J . In spite of such enhanced noise effects, the stronger

squeezing effect from doubled elements can overcome their influence to create a higher entangle-
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Figure 2.8: Distribution of entanglement (in terms of E) generated by placing identical squeezing
elements into both waveguides. We set 8 = 0, and Jr = 1. In panels (a) and (c), the entanglement
values are calculated without considering quantum noises, and in panels (b) and (d), the entangle-
ment values are found under the full dynamics. In panels (a) and (b), we set y/J = 0.6, and in
panels (c) and (d), we set y/J = 0.1.

ment of the light fields. The time evolutions of the entanglement are similar to those in Figure 6

and will not be explicitly shown again.
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2.6.4 Summary and conclusion

We have studied how quantum noises influence the CV entanglement generated by a hybrid 2.7 -
symmetric setup. By intuition, the existing quantum noises associated with amplification and dis-
sipation would only modify the entanglement generated by the system slightly. Then, according
to the prediction by the non-Hermitian Hamiltonian in equation (2.20), highly entangled, high-
intensity light fields can be readily created by such a setup, especially by the system operating in
the &7 -symmetry broken regime (g/J > 1) where the light fields can simultaneously be ampli-
fied and entangled. However, the quantum noises can completely erase the entanglement, rendering
its evolution totally different from those of photon numbers and field-mode correlations. The re-
sults obtained by the full dynamics indicate that certain amounts of the entanglement can still be
achieved, though they are weaker than those predicted without considering the quantum noises. In
particular, placing the squeezing element inside the waveguide amplifying the propagating light
field enables one to realize light fields with considerable CV entanglement, given the gain rate g/J
that is not too large. The possible experimental realization of such systems relies on finding a ma-
terial or a method to purely amplify and squeeze the input light simultaneously. The importance of
studying this model setup is to clarify that quantum noises must be considered in &2.7 -symmetric
optical systems for engineering the quantum properties of light fields. Also, we should emphasize
that in this setup we assumed that the gain rate in constant. In the next chapter, we will see if we
consider the nonlinear gain saturation effect, the time evolution pattern of entanglement radically

changes.
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3  Effects of gain saturation on the quantum properties of light in the non-Hermitian

gain-loss coupler

3.1 Introduction

As we discussed in the previous chapters, non-Hermitian optical systems have unique properties
and many applications in communication, computing, biochemistry, and environmental sensing.
The most influential parameters of these systems are the gain and loss rates. Peculiar features that
are either difficult or impossible to be implemented by Hermitian optical systems exist in the non-
Hermitian entities given various combinations of their gains and losses. For the ideal models, the
gain and loss coefficients do not depend on the intensity of the light propagating in the systems.
However, in almost all amplifying media, optical gain is a function of the field intensity, so that the
intensity of the propagating beam does not increase forever. When the intensity of light reaches
a steady state, the gain reduces to its “saturated” value. Although the saturation effect has been
examined in some classical non-Hermitian optical systems [25, 125, 126, 127, 128, 129, 130, 131],
the dynamical nature of gain saturation in the quantum regimes has remained mostly unexplored
[132]. Notably, since the variation of gain coefficient affects the quantum noise associated with
the amplification, one expects that the saturation of gain can significantly influences the quantum-
noise-sensitive properties of light such as entanglement.

So far, the majority of non-Hermitian optical systems are studied under the assumption
that the light is a classical electromagnetic field, and the gain and loss coefficients are intensity-
independent (non-saturable), and the quantum noises due to amplification and dissipation are neg-

ligible. In this chapter, we dispense with these assumptions by adopting a full quantum dynamical
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Figure 3.1: The light intensity 1, and I, (proportional to the respective photon numbers) out of the
gain and loss waveguide, represented by red and blue curves, respectively, as compared with the
corresponding quantities /, 5, and I, , calculated without the noise drives (the dashed red and blue
curves). Here the dimensionless time gf is used to indicate how long the light fields evolve in the
waveguides. We set the parameters as 8 = 0, J = 1.9g, and g = —7. The squeezing parameter: (a)
r=0, () r=0.5g, (c) r=g,and (d) r = 1.5g. The input coherent states are given as & = 3 = 0.6.

picture, examining the gain saturation effect in the coupled gain-loss waveguide system discussed
in the previous chapter, and considering the inevitable quantum noise effect (see Figure 3.1). We
suppose that the gain medium is saturable, but the loss medium is with a constant damping rate.
Moreover, this time there is no squeezing element inside the waveguides, but the input light fields
can be in squeezed states. As examples, we show that the gain saturation effect alters the time

evolution pattern of the Wigner function and the entanglement of the output fields. In contrast to
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a constant gain coefficient that often leads to a non-steady state situation, gain saturation generally
prompts a “quasi-steady” state of the Wigner function and the entanglement of the light fields. No-
tably, in some circumstances, an ideal constant gain rate leads to “entanglement sudden death”, but
the gain saturation introduces a steady entangled state of the light field by reducing the detrimental

quantum noise effect.

3.2 Theoretical Model

The non-Hermitian system of coupled, single-mode waveguides is depicted in Figure 3.1. Waveg-
uide A carries a saturable gain medium with a gain coefficient g(¢), and waveguide B is a non-
saturable loss medium with a coefficient y. Like the previous chapter, we denote the light field
operator propagating in waveguide A(B) by &(13), which shares the same frequency @y. The waveg-
uides are coupled via evanescent waves so that the coupling strength J can be adjusted by the gap
between them.

The non-Hermitian “effective Hamiltonian” (% = 1) for this system reads:
A = ig(t)ata—iyh'b+J(ab" + a'h), (3.1)

which is similar to equation (2.20), except that here g(¢) is a function of time. The first two
terms describe the amplification and dissipation of light in waveguides A and B, and the third
term characterizes the coupling between the waveguides. Since equation (3.1) does not explicitly
include the quantum noise effect, the quantum correlation functions obtained by this mean-field
approach deviate from the real correlation functions.

As our purpose is to examine the dynamical behavior of quantum features of light, again

we adopt the stochastic Schrodinger equation that takes the noise terms into account [47]. The
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total Hamiltonian includes the system, the reservoir, and the system-reservoir interaction. Similar
to chapter 2, using the rotating-wave approximation with smooth system-reservoir coupling and

after applying the Markovian approximation, the total Hamiltonian in the interaction picture is

A

A = J(a'b+ab") +iv/2g() [ Flnat— fa(t)d] +iy/27 [ Fo(0)bT = 7 (t)zs]. (3.2)

Note that the relevant terms to the amplification and dissipation noises are defined such that

[f(2), fCT(t’ )] = 6(t — ). The corresponding equations of motion are

da . .
T = 8(t)a—ub+/2g fl (1),
dtzS (3.3)
T —iJa—yb++/2y f(1),

where g(¢) depends on the intensity of the light field propagating in waveguide A.

An example of the gain medium is an erbium-doped amplifier [120], as an ensemble of
two-level atoms. If a pump laser excites the erbium ions into the higher level so that the popula-
tion difference between the upper and lower level is positive, an optical signal propagating in this
medium will be amplified exponentially. The amplification is due to the stimulated emission of
photons from dopant ions. The excited ions can also decay via spontaneous emission or nonradia-
tive processes that reduce the efficiency of light amplification [133].

If the length of the medium is long enough or the doping level is high enough, the light
eventually reaches an intensity at a certain specific length such that the energy stored in the upper
level is not sufficient to satisfy the exponential growth condition. In other words, when the signal
intensity increases to a certain value Iy, the population difference between the upper and lower
levels and hence the gain coefficient decreases. This phenomenon is called gain saturation, with

Lo being the saturation intensity at the center frequency of the optical beam. The gain coefficient
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as a function of time (or, as a function of saturation intensity) is

g(t) = go/(1 + I(t) /Lsay), (3.4)

where go and I,(¢) are the small-signal gain and the intensity of light in waveguide A at time ¢,
respectively. In equation (3.4), the saturation intensity is defined such that the stimulated rate
downward equals the normal radiative decay of the upper level. For simplicity, we will use the
dimensionless saturation intensity as defined in [25]. Physically, the energy difference between the
upper and lower levels, the stimulated cross-section, and the lifetime of the upper level determine
the saturation intensity [133].

We will study the effect of such gain saturation on quantum properties of light fields through
the examples of the Wigner function of light fields in the gain-loss coupler and the time evolution
of the entanglement of the fields. In both cases, we assume that the input to the waveguides is a
single-mode squeezed vacuum state, |z) = S(z)|0), where S(z) = exp (3z(¢)? — 32*¢?) for é = a, b.
The squeezing parameter is defined as z = rexp(i6).

To obtain the results, in all subsequent sections we normalize the equation (3.3). Let define

the new dimensionless variables g/J = G, y/J =T, and Jt = 7. Also,

Go

G=—"2__. (3.5)
1+ 1,/
Thus,
q(a G —il|la)l | [v2Gfla)
— | |= +— . (3.6)
drt | . N N
b oor)\s) VY NOWAD

The noise operators are still a function of 7. We know that
Salt/DINT D)) = 18(1—T'). 3.7
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So, we can change the second part as

1 R
7 a(e/d) = El(7),
and finally obtain
4 (a G —il|la V2G El (1)
i = + . (3.8)
b —i | \b V2T &y(7)

Now everything is expressed versus normalized variables. If we define

G —i
M = : (3.9)
i -T
&(t) = (a(1),b(z))", (3.10)
and
ii(7) = (vV2G &l (1),V2r &,(7))”, (3.11)

then the solution is

&(1) = Texp| JO M) as|e(0)

+ JT ds Texp ”T M(s) ds’]ﬁ(s) — &n(7) +&n(7). (3.12)
0 K

where ¢, (7) and ¢;,(7) are the homogeneous and inhomogeneous solutions, respectively. One can
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write the solution as

acr) rii(t) ria(7) | | @0)

b(’L’) }’21(1') }’22(T> B(O)

ds . (3.13)

fr ri(t,s) ra(t,s) | [ V2G fi(1)
I’z](T,S) }’22(’[,5) \/ﬁfb@')

where

T exp [LTM(S) ds] _ [ ) (3.14)

1 (T) TQQ(T)
and

A T rii(t,s) ria(t,s)
T exp ” M(s) ds’] = . (3.15)

1(T,s) rn(T,s)

Since G varies with time, we cannot simply convert the matrix exponential in equation (3.12) as
we did in chapter 2. We need to find the intensity in order to solve the equation numerically.
Noting that only { fi(s) fiT(s’ )> = 6(s— ') and the other commutation relations are zero, and that

¥ (7)) = |2,2)®]0,0) and |z) = $(z)|0), the intensity in the amplifying channel is

SO

= (D) (2 (0)a(0)) + rfy (1)ra (1) (0)B(0))
(0 (T)BT(0)a(0)) + iy ()ra(2) BT (0)B(0))
126 jo s jo s 1 (28)r (o8 a) ()

= (r(0)rf (1) + riz(T)r12 (7)) sinh® r

T
+ ZGJ ds ri(t,8)r11(t,s). (3.16)
0
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Att =0, we have I,(0) = sinh?r, and hence

G= ,GOZ : (3.17)
1 + (sinh” r) /Lsat

Our algorithm to solve equation (3.12) is as follows: at T = 0 we substitute equation (3.17) into
equation (3.9). Then we solve the system of equations assuming that the gain is constant, and
thereby find r; j(7,s). Afterward, we substitute these coefficients into equation (3.16) and find the
new intensity. Substitute the new I, in the dynamic matrix and repeat the same procedure until
I, = Iy, for which G = Go/2. Having r;;(7;), where i = 0 : 0.00001 : final time, in hand, we can
find all favorite quantities such as the entanglement of the output fields or the Wigner function (see

the next sections).

3.3 The time evolution of Wigner function

In quantum mechanics, a pure (mixed) microscopic system is described by a state vector (density
matrix). In addition to these abstract objects, there are some representations in phase space, called
distribution functions, that directly introduce the properties of a quantum state. These distribution
functions are of interest because the extension of the quantum theory of radiation involves the non-
quantum stochastic effects such as thermal fluctuations. Moreover, using the methods of classical
statistical physics, one can calculate such distributions elucidate the interface between classical
and quantum physics such that quantities of interest in a quantum-mechanical problem [134]. This
quantum-classical correspondence is particularly appealing for partial differential equations like
the master equation. Furthermore, in quantum optics, often the radiation fields are nearly classical
but still have important quantum features [135]. The essentially quantum mechanical nature of the

problem is present in terms of the interpretation of apparently classical variables [47].
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One should note that the commutation relation between the position and momentum oper-
ators, [£, p| = i, imposes some limitations on the phase space description. For example, while in
classical mechanics it is possible to show a point in phase space with a well-defined position and
momentum, the commutation relation does not allow to define a genuine phase-space distribution.
Nonetheless, we can define an object like the Wigner function that depends on the eigenvalues of
the position as well as the momentum operator [136]. One can use the Wigner function to calculate
a class of quantum mechanical averages in the same manner as the classical phase-space distribu-
tion function is used to calculate classical averages provided the operator is Weyl, or symmetrically,
ordered in terms of creation and annihilation operators [136].

The Wigner function facilitates the visualization and tomographic reconstruction of quan-
tum states. It has a lot of applications in optics and signal processing [137, 138] as well as quantum
computing [139, 140, 141]. The Wigner function of a quantum state described by a density opera-

tor P is defined as [136]:

W)= 5 [ dgexp-ip§){v+ JElpli—3¢), a1

where |x — %@ is the eigenket of position operator. Moreover, Siooo d& SO_OOO dpW(x,p) =1. In
contrast to classical distribution functions that only accept positive values, the Wigner function can
also take negative values, which is a signature of nonclassical states (because of possible negative
values, the Wigner function is called “quasi-distribution”). However, the positivity of the Wigner
function does not necessarily imply that the state is classical. For example, the squeezed states
have a positive Wigner function, though they are nonclassical [86].

Since the Wigner function provides information about the system, it is interesting to know

how it evolves with time. In open systems like that depicted in Figure 3.1, the time evolution is
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Figure 3.2: The projection of the scaled Wigner function of the coupled gain-loss waveguides
on (Qp,Ps) plane. The top row (al to a4) shows the time evolution of the Wigner function in
the unsaturated case at times Jt = 2,4,6, and 8, respectively. We have assumed the squeezing
parameters of both input signals to be equal: r| = r, = 0.8 and 8; = 6, = 0. Also, g/J = 0.5 and
v/J = 0.3. The bottom row (bl to b4) demonstrates the time evolution in the saturated case at the
same time intervals. All parameters, except the gain, are equal to those in the unsaturated case.
Here, in the normalized version of equation (3.4), go/J = 4.5, Iy = 0.1, and I, (Jt) = (&' (Jt)a(Jt)).

affected by the quantum noise and the amplification (dissipation) process. In particular, one may
ask how the gain saturation affects the dynamical behavior of the Wigner function. We address this
question by comparing the time evolution of the Wigner function in the unsaturated and saturated
cases. We will also show the interplay between the quantum noise and the amplification results in
a quasi-steady state of the Wigner function.

The Wigner functions of fields in the coupled gain-loss waveguides have some special
features. If the gain rate is fixed, the quantum states of the fields inside the system keep to be
Gaussian, which takes the form [142]

1 T
exp| — > XVX
W (X) = | ] (3.19)

7/det[V]
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because the inputs to waveguides A and B are squeezed vacuum states. In this equation, X =

(Qa,Pa; Op, Ps), and the parameters inside the parenthesis are quadratures of the fields defined as
On=—7(+&"), By=——(c—2l), (3.20)

where m stands for A and B and ¢ = a,b. The 4 x 4 matrix V in equation (3.19) is the covariance

matrix (CM) [83] we defined in equation (2.15):

A C
V= , (3.21)
c’ B
whose entries are
1 . N A oA
Vij = 5 XX + X;Xi) = Xi)(X;)- (3.22)

Here we assume that the input to the waveguides is a single-mode squeezed vacuum state,
|z) = S$(2)|0). One should note that the quadratures involved in equation (3.19) include two parts:
contribution of the input that is going to be amplified or dissipated (the homogeneous part of
equation (3.3)) and the contribution of the quantum noises (the non-homogeneous part of equation
(3.3)). Therefore, the gain saturation can directly affect both parts. Particularly, it alters the time
evolution due to the noise terms, which is proportional to the square root of the gain coefficient.

The first and second rows of Figure 3.2 show two examples of time evolutions of the Wigner
function in the unsaturated and saturated cases, respectively. We assume that, in the top row, the
gain coefficient is larger than the loss coefficient. In the unsaturated case, the gain coefficient is
constant but, in the saturated case, an effectively time-dependent factor g(¢) gives a different evolu-
tion pattern. Under the gain saturation, the gain coefficient becomes lower than the loss coefficient,
regardless of whether it is initially higher than the loss coefficient. As Figures 3.2(al)-(a4) show,
the non-zero domain of the Wigner function expands with time, but its peak value substantially de-
creases. On the other hand, neither the domain nor the peak value of the Wigner function changes
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remarkably with time in the saturated case (Figures 3.2(b1)-(b4)). In other words, the Wigner
function evolves into a quasi-steady state. Since the gain coefficient decreases considerably upon
the saturation, the quantum noise effect also diminishes on the way to evolve into the quasi-steady
state. One should note that the magnitudes and shapes of the Wigner functions are different due
to the absence or the presence of the gain saturation. For example, the Wigner function profile in
Figure 3.2(a4) is circular, but in Figure 3.2(b4) it becomes elliptical. Moreover, in the unsaturated
case, the Wigner function profile keeps switching between circular and elliptical profiles (Gaus-
sian and non-Gaussian functions) for long times, whereas in the saturated case the profile becomes

almost circular after a short time and remains circular.

3.4 The effect of gain saturation of entanglement

3.4.1 Time evolution of entanglement

In the previous chapter, we showed that the coupled gain-loss waveguide system can be a platform
for generating continuous-variable entangled output fields [143]. However, amplifiers add quantum
noises to the optical fields, and the noise is especially significant in the amplification of fields
with low photon numbers. Even if the input is shot-noise-limited, the output remains noisy [86].
Meanwhile, one should understand that the quantum noise associated with amplification is more
detrimental to entanglement because in the amplification process more photons are added to the
optical field, while in the dissipation process, a portion of the photons disappears via absorption.
Mathematically, one can confirm the dominant role of the amplification noise by the fact that
in the calculation of (4'@) the noise terms associated with the dissipation vanish because of the
commutation relations.

Moreover, the eigenvalues of such a non-Hermitian system are in general complex, and
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Figure 3.3: The time evolutions of the logarithmic negativity, Ey, in the unsaturated (thin, blue
curves) and saturated (thick, red curves) cases. In all figures we assume that r| = r, = 0.3 and
01 = 6, = /4. Moreover, we assume that the constant gain coefficient, g, in each case is equal to
the initial value of g(¢) = go/(1 + I,(t) /Isar. The other parameters are (a) g(0)/J = 0.3, go/J = 0.8,
v/J = 0.3; (b) g(0)/J =0.3, go/J =0.8, y/J =1.3; (¢) g(0)/J =0.7, go/J =2, y/J =0.5; (d)
2(0)/J =0.7, go/J =2, v/J =1.5; (e) g(0)/J =1.25, go/J = 1.5, v/J = 0.8; (f) g(0)/J = 1.25,
go/J = 1.5, 7/J = 1.8. The saturation intensity, I, in panels (a-d) is 0.05. In panels (e-f), I;y = 0.5.

the eigenvectors are nonorthogonal [144]. The main consequence of non-orthogonality of the
eigenvectors is that, when random forces due to coupling to the reservoir drive the system, then the
noise introduced to the system can be stronger than that in the systems with orthogonal eigenvectors
[145]. If the quantum noise is intense, it degenerates a nonclassical light field into a classical
one. Therefore, one may expect that noise-sensitive quantities such as entanglement deteriorate
significantly in non-Hermitian systems. Knowing that the saturation of gain reduces the quantum
noise strength, one may ask how the gain saturation impacts the nonclassical features of light fields
such as entanglement. In particular, one could ask if the saturation effect can reduce the quantum
noise to a level that the entanglement sudden death is avoided.

Regarding the above points, we show below that the saturation effect can thoroughly al-
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ter the time evolution of entanglement. Under some special circumstances, the saturation of gain
significantly reduces the quantum noise so that the entanglement of output fields can be well pre-
served. Like the previous chapter, to quantify the degree of entanglement of a field in Gaussian

state, we use the logarithmic negativity (2.19):
Ey = max[0,—In2n],

In Figure 3.3, we present the numerically calculated time evolutions for some examples of field
entanglement, comparing the evolved Ey in the unsaturated case (denoted by a thin, blue curve)
to that of the saturated case (shown by a thick, red curve). The gain coefficient in the unsaturated
case, g, keeps being equal to g(0). Since the input fields are in squeezed vacuum states, in all cases
we have chosen small saturation intensities to demonstrate the difference between the unsaturated
and saturated cases better. If we assume other inputs like squeezed coherent states, larger satura-
tion intensities yield the same time evolution patterns. In Figure 3.3(a) we impose the conditions
g~ vyand g+ v < 2J. One should note that the eigenvalues of equation (3.3) in the unsaturated case
are 1/2[g + 7+ /(g + )% —4J2], so that the exponential factors involved in the solution are pure
imaginary. In the saturated case, the exponentials are complex because of g(¢) < y. Moreover, in
both cases, we expect to observe oscillations in Ey due to the imaginary parts of the exponentials.
Figure 3.3(a) shows that the output field remains entangled within a finite time range in the unsat-
urated case. It reaches a maximum value, which depends on the coupling of the waveguides and
the squeezing parameters of the input fields. In the beginning, the two fields are independent, but
as they propagate, the optical field of waveguide A (B) penetrates the other waveguide, and thus
they become entangled. However, due to the domination of quantum noise, Ey vanishes then. This

phenomenon is entanglement sudden death as discussed in the previous chapter. In the saturated
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case, however, Ey reaches a quasi-steady state after a short time. Also, the oscillatory behavior of
Ey is consistent with the expectation. Nevertheless, the oscillations are tiny at long times because
the intensity of the field propagating in waveguide A has approached its steady state, and it reaches
a constant value since the gain coefficient depends on the intensity. Consequently, the strength of
quantum noise substantially decreases so that Ey comes to a quasi-steady state.

Without changing g, we increase Y in Figure 3.3(b) such that g < ¥, but still keep the relation
g+ 7 <2J. In contrast to Figure 3.3(a) where g(¢)/y < 1 after a short time, this ratio is always less
than one in Figure 3.3(b). Since the gain is substantially smaller than loss (in this case, roughly
four times), the quantum noise associated with the amplification is not strong enough to erase the
entanglement. Therefore, after a long time, a steady state of entanglement is achieved. Here the
saturation effect does not change the evolution pattern substantially. The only difference between
the unsaturated and saturated cases is that, in the saturated case, Ey in the steady state is higher
than that of the unsaturated case because the gain saturation reduces the quantum noise effect.

In Figure 3.3(c), there is the relation g > 7y but one still keeps g + ¥ < 2J. Since the gain
is higher than the loss in the unsaturated case, we expect that the entanglement vanishes after a
finite time. On the other hand, the saturation effect decreases the gain to a value much smaller than
the loss, and hence the associated quantum noise is not dominant. Therefore, the entanglement
measure Ey again approaches a steady state.

Without changing the gain, we increase the loss coefficient in Figure 3.3(d) so that ¢ < Y and
g+ v > 2J. Although the gain is lower than the loss, it is not low enough to avoid the entanglement
sudden death. However, the saturation effect reduces the quantum noise and results in a steady
state. One should note that g(¢) + ¥ < 2J due to the saturation, although g(0) + v > 2J.

In Figure 3.3(e), the system parameters keep the relations g > y and g + y ~ 2J. Moreover,
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we use a higher saturation intensity for Figures 3.3(e) and 3.3(f) (10 times higher than that of the
previous figures). In this case, there is no considerable difference between the unsaturated and
saturated cases because in both cases the gain factor is large enough, so the associated quantum
noise cancels the entanglement. The saturation effect only modifies the maximum value of Ey.
In Figure 3.3(f), one has the relations § < v and §+ y > 2J. Interestingly, in both unsaturated
and saturated cases, Ey approaches a steady state. Moreover, the difference between these cases
is small. In contrast to the previous situations, the relation g(¢) + v > 2J is held forever for the
saturated cases, the saturation effect only leads to a small modification.

To sum up, one notices that a non-zero Ey is possible when g(¢) « 7, provided the initial
gain is not too high so that the associated quantum noise quickly erases the entanglement. The nu-
merical calculations are based on parameters achievable in laboratory. For example, they are close
to those in a recent experiment [25] of two high-Q silica-microtoroid resonators with balanced,
effective gain, in which y = 227-2210 MHz, g = 2835 MHz, and J = 8-544 MHz. Therefore, by
choosing large coupling coefficients, it is possible to obtain g/J < 10 or ¥ < 10. One can engineer
the gain and saturation intensity by changing the dopant density of the gain medium. We assumed
low saturation intensity to better demonstrate the difference between the situation of unsaturated
gain and that with saturated gain. If the saturation intensity is very high, then g(7) ~ go and hence
no difference exists in the two situations. Due to the difference between the coupling between
micro-resonators and waveguides, more exact simulation of possible experiments with waveguides

should be based on the actual couplings between waveguides, which can be realized.
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Figure 3.4: Panel (a) shows the variation of the degree of entanglement with the saturation inten-
sity. We assume that r; = r, = 0.3, 8; = 6, =0, Jt =4, and y/J = 1.3. The red curve corresponds
to go/J = 0.8, and the dashed, blue curve matches go/J = 0.4. The figure shows that the degree
of entanglement decays in a quasi-exponential manner to zero as the saturation intensity increases.
Panel (b) exhibits how the time evolution of Ey varies with changing the saturation intensity. In
this case, go/J = 0.8, and the saturation intensities are 0.05 (red curve), 0.15 (dotted-dashed, blue
curve), and 0.25 (dashed, green curve).

3.4.2 Entanglement variation with the saturation intensity

After one sees the time evolution change of entanglement due to gain saturation, it is interesting
to know how the degree of entanglement varies with the saturation intensity. For this purpose,
we consider a particular time when Ey approaches a steady state. As an example, we adopt the
parameters of Figure 3.3(b) and select Jt = 4 in Figure 3.4(a), but the saturation intensity remains
a variable. The solid (red) and dashed (blue) curves in the figure correspond to go/J = 0.8 and
go/J = 0.4, respectively. Figure 3.4(a) shows that Ey quasi-exponentially decays to zero as the
saturation intensity increases. Since higher saturation intensity leads to a higher gain coefficient
that intensifies the quantum noise, such quasi-exponential decay occurs. Also, by comparing the
results, one notes that a lower gain demands a higher saturation intensity so that the quantity Ey

vanishes. Figure 3.4(b) shows that the time evolution changes as the saturation intensity increases.
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Figure 3.5: Panel (a) shows the cross-correlation function for the input fields to the waveguides
in the Fock state, |n,m). The dashed and solid curves demonstrate the unsaturated and saturated
cases, respectively. Here we assume n = m = 10. The other parameters are: y/J = 0.5, go/J = 2,
g(0) =1, and Iy, = 10. In panel (b) the input to the waveguides is in the coherent state |o, ).
We assume « = 1 and B = 2. The other parameters are y/J = 0.4, go/J = 0.5, g(0) = 0.42, and
lyar = 5.

For higher saturation intensities, the steady-state value of g(¢) and hence the quantum noise in-

creases and the steady-state value of Ey decreases.

3.5 Influence of gain saturation on cross-correlation function

Finally, we examine the Hanbury-Brown-Twiss (HBT) cross-correlation [86] between the two

modes d and b:

Aa - ~ )
v atwal) b (0b())

where (a'(t)bT(1)a(t)b(r)) is proportional to the probability of simultaneously detecting one pho-
ton each in the output of both waveguides. (a'(r)a(r)) and (b'(¢)b(r)) are the photon numbers in
waveguides A and B, respectively (individual detections in the outputs). One can use the quantum

regression theorem [86] for Gaussian states to simplify equation (3.23):

@' ()b (1)a()b()y = €' (1)a() )b (1)b(r)) +<a" (1)b(1) B (1)a(1)). (3.24)
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We classify the outputs according to their cross-correlation functions (for a single mode, the second
order correlation function). If A,;, > 1, then the photon statistics is sub-Poissonian. In this case
the photons are not equally spaced, but rather appear in bunches. If A, ;, = 1, the photon statistics
is Poissonian, which is the characteristic of a coherent light filed. Then the photons are randomly
spaced. If A, < 1, the photon statistics is super-Poissonian, and the photons are anti-bunched
(equally spaced) [80]. The latter is the feature of non-classical light. One may ask how the gain
saturation affects the cross-correlation function. To address this question, we consider two differ-
ent cases in Figure 3.5. In Figure 3.5(a), we assume that the input to the waveguides is in the Fock
state |n,m) (tensor product of two independent Fock states). Moreover, we suppose that the gain
coefficient is larger than the loss coefficient. A dashed (solid) curve denotes the unsaturated (satu-
rated) case. Initially, the state is purely quantum mechanical and accordingly A, ;, = 0, but because
of the coupling between the waveguides, the photons can tunnel from one waveguide to the other
one. Therefore, the cross-correlation function oscillates in time. In the saturated case, however, the
oscillations disappear after a short time, and the cross-correlation function approaches a constant
value. Also, the average value of A, j, in the saturated case is less than that of the unsaturated case.
This shows that the non-classical behavior of the fields is preserved better in the saturated case
because the quantum noise is damped due to the gain saturation.

In Figure 3.5(b) we consider the input to the waveguides to be in coherent state |o, 3),
which is a quantum state showing classical features. Because of this reason, one expects that
the differences between the saturated and unsaturated cases is not significant. As Figure 3.5(b)
shows, the difference between the two cases is indeed less important. An interesting feature of the
coherent input fields is that the cross-correlation function becomes not to remain to one throughout

the non-Hermitian process. This behavior is in contrast to the case of an unprocessed coherent
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state whose cross-correlation function remains equal to one forever.

3.6 Summary and conclusion

We have demonstrated how the gain saturation affects the quantum noise in a non-Hermitian sys-
tem when the quantum properties of light are concerned. As the quantum noise alters the non-
classical properties of light, one sees that the gain saturation substantially changes the nonclassical
features of light. As examples, we first considered the Wigner function, which is an alternative
to the state vector and density matrix for the system. We find that the Wigner function evolves
into a quasi-steady state due to gain saturation, whereas in the unsaturated case, the distribution
of Wigner function in phase space expands, and its peak value drastically decreases. Moreover,
the profile of the evolved Wigner function is different for the saturated and unsaturated cases. The
gain saturation reduces the gain coefficient with time, and therefore the quantum noise effect is re-
duced. Also, we investigated the time evolution of entanglement, which is a pure quantum feature
with no classical counterpart. We consider different cases in which the gain, loss, and coupling
coefficients are comparable or very different from each other. Generally, as long as the quantum
noise level is high, a steady-state of entanglement is not achievable. However, the gain saturation
reduces the quantum noise strength, and hence in most cases, one can attain a final steady state. A
non-zero entanglement of the output fields is possible only for the cases with g(z) « y. Then, we
show that the gain saturation is especially meaningful when the saturation intensity is low. On the
other hand, if the saturation intensity is sufficiently high, the degree of entanglement vanishes, or
the difference between the saturated and unsaturated cases is negligible. Finally, we examined the
cross-correlation function between the output modes for the inputs in quantum states. All these

results indicate that gain saturation does exert considerable impact on the quantum properties of
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light fields processed by our concerned non-Hermitian setup.
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4  Dyanmical phonon laser operating in a magnomechanical system

4.1 Phonon laser basics

As the same wave equation governs the oscillations of atoms, ions, and molecules in a sound wave
and the oscillation of electric and magnetic fields in an optical wave, electromagnetic waves and
sound waves are similar. Therefore, one can apply the concepts and techniques used in optics in
acoustic. For example, one can refer to the analogy between the acoustic and optical microscopes,
radar and sonar, and electrical and acoustic impedances. According to quantum physics, the quanta
of light (photons) and sound (phonons) obey the same commutation relations describing the bosons
[146].

The quantum nature of light allows us to plan a device that emits coherent photons of iden-
tical frequencies and phases. In 1917, Albert Einstein predicted the so-called stimulated emission,
but it took four decades to bring this concept to practice. Laser, the device emitting coherent light
through a process of optical amplification based on the stimulated emission of electromagnetic
radiation, was built in 1960. Regarding the similarities between the optical and sound waves, one
may ask if it is possible to make a device emitting coherent “phonons” of the same frequency
and phase via a stimulated process. Since sound waves propagate five orders of magnitude slower
than the speed of light, the wavelength of sound waves is much shorter than that of light waves
of the same frequency. Therefore, one can perform highly precise nondestructive measurements
and achieve a high concentration of energy using focused sound waves. Conventional sources of
sound waves, such as piezoelectric transducers, do not operate efficiently above a few tens of giga-

hertz. Hence, a phonon laser would be of great interest. Despite the similarities between photons
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and phonons, it is hard to develop a phonon laser because the short wavelength of sound causes
spontaneous emission processes to dominate over the stimulated emission unless one modifies the

density of phonon states [146].
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Figure 4.1: (a) The scheme of a one-dimensional optical laser with a gain medium in an optical
cavity having one fully-reflecting mirror at one end and a partially-reflecting mirror at the other
end. (b) Mechanism of an optical laser, in which an optical mode interacts with the gain medium
and coherent output photons are generated via the stimulated emission process. (c¢) Equivalent
one-dimensional phonon laser with gain provided by the optical supermodes acting as a “two-level
system”. (d) The mechanism of a phonon laser in which the mechanical mode interacts with the
optical supermodes that play the role of a two-level system, such that coherent output phonons are
generated [147].
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In 2010, a research group at Caltech demonstrated the first experimental work on an opti-
cally pumped phonon laser in an optomechanical [51] system of coupled whispering-gallery-mode
(WGM) passive optical resonators, one of which supports mechanical mode [148]. In conven-
tional lasers, stimulated emission occurs from upper to lower states of the atoms and ions. But in
the Caltech setup, the supermodes of the WGM resonators play the role of upper and lower levels
(in the next sections, we will define supermode). The transitions between these levels are induced
by a phonon field due to the mechanical mode. However, there is a subtle difference between the
two-level atom and the supermodes of the WGM resonators. In the phonon laser, the traditional
roles of the material (Iaser medium) and cavity modes (lasing field) are reversed. Here the medium
is purely optical, while the laser field is provided by the material as a phonon mode (see Figure
4.1) [148].

One attains the best operation of the phonon laser if the frequency separation between the
upper and lower supermodes equals that of the mechanical mode. Under this resonance condition,
the upper state is populated with a sufficient number of photons coming from the pump laser via
the optical fiber. Then, these photons are split into the lower frequency photons of the lower state
and the “coherent phonons”. These vibrations are picked up optically and their power depends on
the pump power. This dependence demonstrates evidence of the onset of stimulated emission, also
known as the lasing threshold. Since phonons, as well as photons, are bosons, one can interpret this
process as a three-wave parametric process in which two waves (the “pump” and the “idler””) are
optical, and the third one (the “signal”) is acoustic. Also, one can view it as a stimulated Brillouin
scattering, i.e., an inelastic collision in which a photon is converted to a downshifted photon and a
phonon with energy equal to the difference is emitted. But one must achieve the threshold when

the phonon gain surpasses the phonon loss, whereas in Brillouin or Raman lasers the threshold is
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Figure 4.2: Coupled whispering- gallery-mode resonators. The optical tunneling rate J is tuned
by changing the distance between the rsonators. The corresponding optical supermodes with fre-
quencies @4 and @_ coupled by phonons are also plotted [3].

achieved when the photon gain supersedes photon loss, and the coherent phonons are no more than
a byproduct [146].

The Caltech setup with two “passive microresonators” suceeded by a 2.7 -symmetric
scheme. This later device has one active and one passive WGM resonator. The active resonator is
doped with Erbium ions that provide a gain medium. This resonator is coupled to a taper fiber that
conveys the optical pump. Also, there is a passive WGM resonator, supporting a mechanical mode,
coupled to another tapered fiber that is used for the output field. The resonators are coupled via the
evanescent wave, and the coupling can be adjusted by the gap between the resonators (see Figure
4.2). In contrast to passive COM, the &.7 -symmetric COM features a transition from linear to

nonlinear regimes for intracavity-photon intensity. One can observe this transition by controlling
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the gain-loss ratio. In the nonlinear regime, the optical pressure and hence the mechanical gain
is enhanced. The enhanced nonlinearity leads to the ultralow threshold of the phonon laser [3].
The 2.7 -symmetric phonon laser analysis modified by investigating it in the dynamical regime
(beyond the steady state) [4] and under the gain saturation effect [132].

In addition to the phonon laser schemes mentioned above, we should refer to other setups
like nonreciprocal phonon laser [149], a phonon laser operating near the exceptional point [147],

phonon lasing in an electromechanical resonator [150], and semiconductor superlattices [151].

4.2 Magnomechanical phonon laser

Until today, most theoretical and experimental works on phonon laser are restricted to optome-
chanical systems. The traditional optomechanical systems operate based on the radiation force
[51, 62, 152, 153, 154, 155], electrostatic force [156, 157], and piezoelectric force [158] for the
interaction between phonons and cavity photons, but these mechanisms are not well adjustable.

Recently, a phonon laser in a cavity magnomechanical system is proposed [2]. This system
includes a microwave cavity, a sphere of magnetic material, and a uniform external bias mag-
netic field (see Figure 4.3). In this system, the magnetostrictive interaction realizes the phonon-
magnon coupling and magnetic dipole interaction leads to the cavity photon-magnon coupling.
The magnons are simultaneously driven directly by a strong microwave field. In this scheme, the
adjustable external magnetic field is a desirable control method for the phonon laser. Compared
with optomechanical phonon laser, this scheme provides a new degree of freedom of manipulation
[2].

This magnomechanical phonon laser is investigated in a steady state. However, as we

know from optomechanical phonon lasers, the results in the dynamical case radically differ from
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those in the steady-state. For example, for the &2.7-symmetric phonon laser, the results show
that only in the &.7 -symmetric domain the phonon lasing is possible [3, 147], but dynamical
investigation shows three fundamental differences: (1) phonon laser should operate under a blue-
detuned pump rather than resonant and red-detuned pumps. Under blue-detuned drives, the phonon
laser has a better performance with increased optical gain instead of reaching the optimum at
the balanced gain and loss; (2) the phonon laser can operate even better in the &2.7 -symmetry
broken in contrast to the steady-state case; (3) the quantum noise can significantly contribute to the
supermode population inversion for magnifying the stimulated phonon field [4].

Regarding the mathematical isomorph between the optomechanical and magnomechanical
Hamiltonians, one may ask if the dynamic magnomechanical phonon laser demonstrates a signif-
icant difference. Also, we are interested to know if/how the quantum noise changes the analysis.
Since the magnomechanical systems have a better tunability, if one can achieve a strong phonon
number, the magnomechanical phonon laser would be a good alternative to optomechanical phonon
lasers.

Before we start analyzing the dynamical magnomechanical phonon laser, we disclose our
motivation for choosing this kind of system. The magnetostrictive force is one of the main ingre-
dients of magnomechanical systems. About two centuries ago, J. P. Joule discovered the magne-
tostrictive effect, which describes the deformation of magnetic material in response to an external
magnetic field [52]. This phenomenon reveals itself as a change in volume in a strong magnetic
field or as changes in linear dimensions in relatively low fields. The latter not only depends on the
intensity of magnetization in the material but also varies with the direction in the crystal [159]. The
deformation of the magnetic material also changes the magnetization. One can attribute the mag-

netostrictive effect to three types of interactions depending on the distance between ions: exchange
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€d, Wy

Figure 4.3: Schematic diagram of the magnomechanical phonon laser. The YIG sphere is inserted
in the maximum magnetic field of the microwave cavity mode. Applying an external magnetic
field H along the z-direction provides a uniform magnon mode for the YIG sphere. The enlarged
YIG sphere on the right shows the magnetization of magnon (black down arrows), which leads to
deformations on the surface of spheres (y-direction). Also, the deformation leads to changes in the
magnetization of magnetons. [2].

interaction, dipole-dipole interaction, and spin-orbital interaction [52]. The magnetostrictive force
provides an alternative mechanism allowing magnon —a different information carrier— to couple
with phonon. Magnon is a collective excitation of magnetization, whose frequency is tuned by ad-
justing the bias magnetic field [59, 160, 161]. The magnetostrictive interaction is negligibly weak
in dielectric or metallic materials, but in magnetic materials becomes dominant, which provides a

great opportunity to establish a highly tunable hybrid system for coherent information processing.
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Also, the magnetic field dependence of magnon provides our system with unprecedented tunabil-
ity compared with optomechanical or electromechanical systems. Furthermore, the great flexibility
allows us to achieve triple resonance among magnon, phonon, and photon [52].

The collective spins in a yttrium-iron-garnet (YIG) ferromagnetic material can be strongly
[162, 163] or even ultrastrongly [164] coupled to a microwave cavity. The YIG material is ferro-
magnetic at both cryogenic [162] and room temperatures [163] because its Curie temperature is
as high as 559 K. In contrast to spin ensembles in dilute paramagnetic impurities, these spins are
strongly exchange-coupled and have a much higher density (& 4.2 x 10>'cm™3) [165]. Because of
high spin density, spin excitations can strongly couple to the cavity using a YIG sample as small
as sub-millimeter in size. Also, one can achieve the ultrastrong coupling regime by increasing the
size of the YIG sample or by using a specially designed microwave cavity [164]. Furthermore,
the strong exchange coupling between the ferromagnetic electrons suppresses the contribution of
magnetic dipole interactions to the linewidth of spin excitations, which can have a dominant role
among paramagnetic impurities. Thus, for the same spin density, the spin excitations in YIG ex-
hibits a much better quantum coherence than those of the paramagnetic impurities [165]. The
YIG sphere is also an excellent mechanical resonator due to its superior material and geometrical
properties. The changing magnetization induced by the magnon excitation inside the YIG sphere
leads to deformation of its spherical geometry (and vice versa), introducing the coupling between
magnon and phonon modes [52].

In summary, our main motivation of using magnomechanical systems are [166]: (1) Due
to the high spin density and the strong spin-spin exchange interactions, the Kittel mode in the
YIG sample has a long coherence time and a low damping rate, providing the condition of strong-

coupling and even the ultrastrong-coupling regime; (2) Owing to the high tunability and good
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Figure 4.4: The equivalent coupling model. An external magnetic field H controls the frequency
of magnon mode, and the phonon mode b regulates the intensity of the drive magnetic field. The
frequency of drive magnetic field is @,;. The drive magnetic field By is the magnetic part of the
microwave drive [2].

coherence, the cavity magnomechanical systems have become a promising platform to implement
various novel phenomena; (3) The magnons in the small YIG sample can couple to the optical
photons [167, 69, 168, 169], phonons [52], and superconducting qubits [70, 170]. This makes
it possible to produce the magnon-photon- phonon entanglement [171] and squeezed states of
magnons and phonons in cavity magnomechanics [172]. Moreover, owing to the superior material
and geometrical features of the YIG, it acts as a perfect mechanical resonator, which introduces the
phonon-magnon interaction. This property allows one to achieve magnetomechanically induced
transparency (MMIT), which arises from the quantum interference between different excitation
paths [52, 173]. MMIT is a coherent phenomenon similar to the electromagnetically induced

transparency (EIT) [174] and optomechanically induced transparency (OMIT) [175].
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4.3 Dynamics of the system

4.3.1 The Hamiltonian of the system

Figure 4.3 shows the phonon laser setup of reference [2] and Figure 4.4 demonstrates the a coupling
model for the interactions involved in the process. In this section, we investigate the phonon laser
system beyond the steady-state. In the Figure 4.3, we place a highly polished YIG sphere of 1 mm
in a microwave cavity. Simultaneously, we apply a uniform external bias magnetic field H in the
vertical direction. The range of the field H is between 0 and 1 T. This field establishes magnon-
photon coupling. One can tune the rate of coupling by changing the position of the sphere. There
are three modes in this system: cavity photon mode (with angular frequency ®,), magnon mode
(wy,), and phonon mode ().

As indicated before, the magnetostrictive interaction leads to the coupling between magnons
and phonons. The magnon excitation changes the magnetization, which leads to the deformation
of the YIG sphere, converting it to a mechanical resonator with the phonon mode. We use a mi-
crowave source to drive the magnon mode. The directions of H, the drive magnetic field, and the
magnetic field of the cavity mode are perpendicular to each other. Thus, we can adjust each one
independently. Furthermore, we assume that the size of the YIG sphere is much smaller than the
wavelength of the cavity so that the photon-photon coupling is negligible.

We consider the YIG sphere as an ensemble of N spins with a quantum number 1/2 and of
operator S; with nearest-neighbor ferromagnetic exchange interaction J > 0 in an external magnetic
field H. Then, the Hamiltonian of such a spin ensemble is [60]

N
Anag = g*up Y H-$;— 27 5;- 8, (4.1)
i=1 ij

where ¢g* and up are the g-factor and Bohr magneton, respectively. The first term is a magnetic
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dipole interaction describing the Zeeman effect and the second term demonstrates the ferromag-
netic exchange interaction between neighboring spins. Using a dispersion relation, we can unify

these two terms and write
Hmag = Y O (k) i1, (4.2)

where k is the wavevector of the spin-wave mode, and ®,,(Kk) includes two terms for the magnetic
dipole and exchange interaction. In the static magnetic filed limit, the long-range dipole-dipole
interaction between spins is dominant over the short-range exchange interactions. In the simplest
case where the static magnetic field is uniform (Kittle mode), @, (k) — ®,, = g*upH, and hence
Hinagnon = @it 1.

The Hamiltonian of a microwave cavity mode is given by I:Iphoton — w,a'a, where ' and a
are the creation and annihilation operators of a microwave photon in the mode. Both magnetostatic
modes and microwave cavity modes are linear systems described as quantum harmonic oscillators.

The Hamiltonian describing the magnetic dipole interaction of the Kittle mode with the

microwave frequency cavity mode is

N
Heoupling = ¢*1p(a +a") Z SB(r;)-S,. (4.3)
i=1
If the microwave magnetic field 6B(r;) is uniform throughout the YIG crystal, magnetic dipole

coupling vanishes except for the uniform magnetostatic mode, i.e., the Kittel mode. Considering

only the Kittel mode, the Hamiltonian takes a simple form (after cancelling nonconservative terms)

Acoupling = J(@m’ +a'm), (4.4)

where J is the coupling strength between the Kittel mode and the microwave cavity mode. The
coupling strength J between the Kittel mode and the microwave cavity mode must be compared
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with the decay of the Kittel mode, ¥, and the decay of the cavity mode, ¥,. If J > ¥, ., the hybrid
system enters the strong coupling regime [60].

The Hamiltonian of the magnomechanical interaction is given by

A

By = —git (13 + ET> : (4.5)

whose full proof is presented in reference [52]. After including the microwave drive Hamiltonian,
the total Hamiltonian can be written as the sum of the linear, nonlinear, and system-reservoir parts

that the latter demonstrates the quantum noise:

H = A; + Ay, + Hgp, (4.6)
where
Ay = 0ud'a + o i+ apbTh +J (aTm + mTa) +iE (mTe—"“’df _ meiwd’) @
Hyi = —giT (B n BT> , (4.8)
and

Ase = i|v/2% (8 fu—af)) + /20 (il = f)) + /20 (617~ BF)) | @9)
Using equation (1.19), we obtain the system of differential equations describing the time evolution

of the system operators:

4= —(y,—igt)a—iJin+Ee % + /2y, fa,
= Yutit — iJA+ /2% fon, (4.10)
b— —Yob —iopb + igd'a+ /2% fy,

where £ = (@ +a') and § = @, — @;. The common method to solve this system of nonlinear

equations is converting each operator to a classical average value plus a quantum fluctuation, i.e.,
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a — o+ 04. But this approximation requires a steady-state exists, whereas it is shown in reference
[4] that there is no steady-state for the &?.7 -symmetric optomechanical phonon laser. Intuitively,
there should not be a steady-state for the magnomechanical phonon laser as well. Therefore, we use
an alternative method for linearizing the equation (4.10), called the time evolution decomposition

method. In section 1.3, we introduced the basics of this method, but here we fully explain it.

4.3.2 Decomposing the total evolution operator and the linearized equations of motion

Using equation (1.31), we can decompose the total time evolution operator as follows:

00~ Texp| i [ astuts) Ao e

B 0
= Uy(t)T exp —ijotds [ﬁl(s)+ﬁ2(s)]] (4.11)

where Uj(t) = exp (— igf) ds Hi(s)). First, we find Uy (¢):

t
Uo(t) = T exp [— iJ Hy (s) ds] = exp [(—ia)at)dT& + (=it )R
0

t 1

+ (—iapt)b'h + (—igt) (@i + mia) + Em' f e~ 1% s — En%f e"“’dsds)}
0 0 (4.12)
— exp [(—iwaz)cﬁa + (=it )il i+ (—icpt)bTh
E . E
+(~iJt) (aTm + m%) il (e 1) i (e 1)]
Wy Wy

We simplify the second integral in equation (4.11) as Ug () (Hne(7) +
H>(7). To find the explicit form, we need to find UJ (7)éUy(t), where & = @,i,b. We can also

sandwich UOUJ between operators if necessary. Let define Uy = ¢~C and A(t) = e®ae~C, where
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Gl =-6G. Then,

dA G
— = 4.13
¢ (4.13)

"
And similarly we can find the eqautions related to b and 7 in this rotating frame. After simplifying

4o [24]

equation (4.13), we obtain
A —iw, —iJ |[A 0

+ ) (4.14)
M Ee~i®at

SIS

M —iJ —iwy,

oy, = A, and 0, + @, = 2n. Then,

We define 4/4J2 + (0, — 0)? = 2Q, @, —

2 2Q cos(Qr)—iAsin(Qt) —int iJ sin(Qr) N
A(r) 20 e M=—=5" A(0) N
M(l‘) it iJSlrglz(Qt) ZQcos(thz—ziAsm(Qt) M(O)
1E<4927A2) e*i(QJFTI)t_g*iwd’ i ei(Qf‘rl)t_efia)df
8/Q n+Q—ay n+Q—awy 4.15)
g [ Q-A) (e @M _o—iear) 001 A) (O giear)\ [T
aQ n+Q—wy T Q-n+tw,

Noting that A(0) = @ and M(0) = 71, we define “superoperators” as
= (4.16)

so that
01+ 0 01— 0

In fact, the superoperators are the orthogonal eigenstates of the Hermitian Hamiltonian w,a'd +

O (ClATl’f’l + n%T&). We can rewrite equation (4.15) versus new supermode operators:

cos(Qt) — i sin(Qt) —iZ sin(Qr)e M

Al) ] 1
. V2 .
M(t) V2 cos(Qt)+i%sin(gt)_iésin(gt)eﬂm
4.17)
cos(Qr) — iR, sin(Qr) +i& sin(Qr)e M | [ 6
02

— cos(Q) — ifg; sin(Qt) — i sin(Qr)e M



iE (4Q2_A2> (e—i(Qﬁ-n)zfe—iwdr Q=) _ —iogt >

n 8JQ n+Q—wy n+Q—awy
i [ (2Q-A) (e—i(9+17)l,e—fwdf) (ZQJFA)(ei(Q—n)tieiwdt)
iQ n+Q—wy + Q—-n+awy
The equation for B is simple:
B(1) = be™ ", (4.18)

Thereby, we define a brief notation for equation (4.17) together with B(z):

Ar) o a2 0 01 E;
Moy |[=oa om0 |[|6]|+]E (4.19)
B(r) 0 0 e )\h 0

Then,

A

30) [Ae -+ Asg] Oo(e) = ~gn'01 (B + BY)
wi[ V2w (- A7) + 2 (- 1273) + /2 (B~ B7) | 4209

A =—g (OﬂzlEfél + 002267 + 031 E20) + 06 B2} + ‘E2|2> <1§+}_§T>
+i/27, [(af‘loﬁ + ai"zég + Ei") fa—(a1161 + a120, +E1)faT]
4.21)
+ i/ 2%m [(aﬁ‘loﬂ - 06“26; +E§> fmn— (002101 + 02267 + Ez)faT]
. pt 72 ppl
+ i\ 2% [B b be]
and

Hy=—g (OéleCiklOA]lLél + 062106;‘2(3251 + 005 6152 + 062200;25;52>

x (B+ET). (4.22)
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Now we should calculate Uy (¢, s)H (s) A2T (t,s) appeared in equation (4.11). For example, we find

an operator of H, (s), say, 01 as follows:

02(Z,S)51 AZT(I,S) =01 — iuléll; — i,LLQOAll;T — i,LL30AQlA7 — iu452lA7T
(4.23)
+ higher order terms,

where, for example,
t
My = gf 105 e " ds. (4.24)
S

After finding all operators of A (s) in this rotating frame, noting that

g < Q,J, M, 04, O, Yas Y

we conclude that the corrections of this order are negligible, because we have terms like g/2Q in
the products. This is the only approximation we use. One should note that the effect of nonlinear
magnomechanical term is included in A as well because of factor g in it. This approximation,
which is independent of the drive E, linearizes the equations of motion.

Under this approximation, we can write the supermode populations as

A

4(0)016:00(1)01 (1) 02(1)ps(0) @ pr)

= Tisr(0](1)0 (1)0]6:00(1) 01 (1)0(1)ps(0) ® prUJ (1))
= Trs (0] ()03 (1)0]0:00(t)01 ()ps(0) @ pr), (4.25)

where the action U,(t) does not change the quantum state ps(0) ® pr because the initial state
ps(0) is the product of a cavity vacuum state and the mechanical thermal state |¥) = |0)(0| ®
> # |n)(n|, where n,, is the thermal reservoir mean occupation number. Thus, H>(7)|0), =
0 for the cavity vacuum state |0).. The supermode populations <6jé,~ (t)) only evolve due to the

successive actions of Uy(t) and U (¢). The unitary operation Up(¢) only displaces the supermode
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operators in equation (4.17), but using (1.27) we find that the action U (¢) of the Hamiltonian H,

leads to a system of dynamical equations:

9C_ Me+ A () + ) (4.26)

where
&= (01,00,02,05,b,6N)". 4.27)

The matrix M includes entries m; ; where i, j vary between 1 and 6. Also,

A = —+/ ZYaO‘iklfa Y 2Yma;1fm,

ﬁ2 = ZYaa]*zfa Vi 2Yma§2fma (4'28)
Az = —/2e' " fi,

and
M = = (YaQ[ 1 E1 + Y05 E2)
M = = (T OHE) + Ym0 Er) (4.29)
A3 = ig|Ey|*e' ™",

Since M cannot be shown due to its big size, we write only a few of its elements:

mi1 = — (Y01 01 + Y031 021) ,
mip =0,
% %
myz = — (Ya0lf1 012 + Ym0 022) ,
(4.30)

mi4 = 07

mis = igaflEze_iwb[,

ico;,t

mye = igy Eze
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The formal solution is

+Jtd‘c Texp Utds M(s)] (A(r) +ﬁ(f)> @31)

We can formally write

dll(l‘,l') dlz(l‘,T) d16(l‘,‘L')
. t d21(l‘,17) dzz(l,f) d26(l,1')
T exp f dsM(s)| = (4.32)
T
de (1, 7) des (1, 7)
Since it is difficult to find the matrix exponential, we use the following approximation
t 0
T exp [J ds M(s)] A H <1 +M(s,-)h>, (4.33)
0

i=N—1

in which the step size A is chosen so small to assure M (s;)M (s;11) = M(s;+1)M(s;). Similar to the
previous chapter, we cannot solve the equations of motion using the traditional methods, because
we cannot assign an initial value to the quantum operators. What has a physical meaning is their
expectation values like (¢7(0)¢(0)). Therefore, we use the algorithm developed in [132] which is
suitable for such cases dealing with quantum mechanical operators.

There are three terms in the solution (4.31). The supermode populations from the first term

are obtained by taking the average of 61 0is(t) with respect to the system’s initial state |0).(0|®
S (st nmnl. Noting that (0[61(0)61(0)[05 = 0 and (0[6;6!(0)]05 = 1, this part of the

contribution is found as
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(8] ,01.5) = do1(1,0) d12(t,0) + do3(1,0) di4(t,0)
(4.34)

+das(,0) d16(2,0) (nn + 1) + dag(,0) dys5(2,0) myp,

<6£,s6275> = dy (l‘, 0) d3» (l‘, 0) +dys (l, 0) dsy (l, 0)
(4.35)

+das(1,0) d36(1,0) (np + 1) + dag(,0) d3s(,0) ngp.

Considering the displacement terms due to the action of Up(t), the second pure drive term

A(t) yields to the following contribution:

<5Lds51,ds> = |Ey +Ex + 61 45(1) %,
(4.36)

<5£7ds62,ds> = |E1 — Ex + 60,45(1) .

where

t
5l,ds = f drt [dn(l‘,l’)ll +d12(l‘,1’)7t1* +d13(t,T))Lz
0

+d14(t,’c)7b2*+d15(t,‘c)7t3+d16(t,’c)7t;] 4.37)

and

t
02,45 = L drt [d31(l71') M +dy(t,T) A +d3(t,T) A

+daa(t,T) AT + das(1,7) A + dag (1, T) x;]. (4.38)
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Finally, having the following commutation relations for the noise terms,

<ﬁ1(f)ﬁI (') = <2}’a0‘ik1 o1 + 2% 03 0‘21) 8(t—1),

<ﬁ1(t)ﬁ;(t’)> <2}/aocnoc12 +2ymoc21a22) 5(t—1t')
<ﬁ2(t)ﬁ£(t’)> = <2yaoc1*2a12 + Zymocz*zoc22> S(t—1)
(4.39)
<ﬁ2(t)ﬁ1 (') = (2yaocl*2an +2yma§‘2a21> S(t—1)
()l = (2wl +1)) (1),
G0 sy = (20ma) 81,

the contribution from the noise drive terms 7(7) is

t
O1n = f dt [dn(t,f)ﬁl +dip(t,T) Al +di3(t,T) Ay + dialt, T) A
0

+dys(1,7) i3 +d16(t,r)ﬁ§] (4.40)

Therefore,

<6I.n617n> = f dt [dlz(t, 7)dy (2, 7) (Zyaoc{“l o1+ 2905 om)
’ 0
+ d14(l‘, ’C) d23(l‘, T) (2%,06?20612 + 2’}/m(X;20622)

+dia(t,7)dr (2, 7T) 2yaa11a12+2}/ma21a22>
(4.41)

+dip(t,7)drs(t,7T (2 Ya Ol 0 +2yma22a21)
—|—d16 l T d25 l T (2]@ np+ 1 )

+d15 l T d26 t T 2ybn,h)]
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and, similarly,
1
<6;n527n> = f dt [d41(t, T)d3(t,7) (2%,05{“1 o1+ 2905 a21)
’ 0
+dys (l‘, ’C) d34(t, ’L') (2)@06?20612 + 2’}/m(X;20622>

+dy1 (t,7)d34(t, 7) (27‘,05{‘] 012 + 2905 a22>

(4.42)
+dy3(1,7)d3(t,7) (27aa{“2a11 + 2}/,,,05520521)
+dis(1,7) o (1, ) (29 + 1))
+ d46(l‘, ‘L') dss (l, 17) (2’)/1711,;1)] .
Adding the three parts of contributions, the total supermode populations becomes
<5jél> = <0Aj,sél'7s> + <6}L,dséi7ds> + <6j,n6i7n> (443)
Then, the population inversion is
AN = {(6]01) = (2}62). (4.44)

4.4 Results and discussion

To achieve a reasonably strong phonon field, one should provide a high population inversion condi-
tion between the optical supermodes. As discussed in the previous section, the population inversion
is a dynamical quantity varying with time, whereas in other references (i.g., [148, 3, 149, 2]) it is
treated as a constant value. The equation (4.26) not only yields the superoperators equations of
motion but also describes the “thermal” phonon evolution with time. But we need the “stimu-
lated” phonon evolution as well. In analogy to an optical laser [134], the phonon laser dynamical

equations are similar to those in [148, 3, 4, 132]:

db . .

d_ts = (_Yb_lwb)bs_lgpa (4.45)
dp g . '
E = ZEAN(l>bS+ (—}/a—}/m—2lj)p
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Figure 4.5: The population inversion between superoperators for different values of the drive field.
Here we have set , = 2.6 MHz, ¥, = 1.6 MHz, v, = 628 Hz, @, = = @y = 20 GHz (the
resonant condition), @, = 247 MHz, J =27 MHz, g = 0.27, ny, = 2.4 x 105. A higher population
inversion is obtained for a stronger drive filed.
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Figure 4.6: The normalized amplified phonon filed using the parameter of Figure 4.5. Here if we
double the drive power, the difference between the amplified stimulated phonon fields is several
orders of magnitude in large time scales.

97



In this equation, we have used a subscript ““s” indicating it is the stimulated phonon (one can draw
an analogy between the spontaneous and stimulated emission of a photon in an optical laser and
thermal and stimulated phonons in a phonon laser). Also, p = <0A£61>. The variables in equation
(4.45) are not quantum operators, but mean-field values. However, we insert the population in-
version AN(7) in it determined quantum mechanically in the previous section. This analogy also
comes from the similarity between the semiclassical treatment of atomic level transitions, in which
the atomic levels are described quantum mechanically while the radiations are regarded as clas-
sical. Because of the mean-field treatment, there are no noise terms in equation (4.45). After we
solve the system of differential equations in equation (4.45), we numerically obtain by(). In the
following, we demonstrate the plots of population inversion AN and the normalized stimulated
phonon number |by(t)/bs(0)|>. Here we use parameters close to the experimental values used in
other setups [52].

In the first case, we choose these parameters: 7y, = 2.6 MHz, 7, = 1.6 MHz, 7, = 628
Hz, o, = w,, = @w; = 20m GHz (the resonant condition), w, = 24w MHz, J = 2w MHz, g =
0.27, and n,, = 2.4 x 10°. E remains a variable in this case, but its order of magnitude is 1013.
Figure 4.5 shows that the population inversion demonstrates fast oscillations modulated on slow
oscillations. As we increase the drive power, on average we obtain a higher population inversion,
but the maxima and minima of the slow oscillation do not displace. We observe the same behavior
for the amplified phonon filed in Figure 4.6. Here also a stronger phonon field is achieved for higher
drive power. However, notice in the case of population inversion, if we double the drive filed, on
average the population inversion is roughly four folded, but for the amplified phonon field, at large
times, we observe a significant difference for the amplified phonon for drive powers E =2 x 1013y,

and E = 4 x 10'3y,. Physically, a strong drive field generates a higher magnon number and a more
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Figure 4.7: The population inversion for the same parameters used in Figure 4.6, except that here
we have fixed the value of the drive power to E = 5 x 10137, but J remains a variable. We observe
that a lower coupling power yields a higher population inversion at larger times, because in this
case the relative strengths of J and g determine the output.
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Figure 4.8: The amplified stimulated phonon field for the same parameters used in Figure (4.7).
Here also a lower coupling leads to a stronger phonon field as illustrated in the text.

powerful mechanical oscillation due to the magnetostriction interaction. Therefore, it is normal to

achieve a stronger phonon field for higher power drives.
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In Figure 4.7, we are interested to know how the coupling strength changes the population
inversion and the stimulated phonon field. Therefore, we have fixed the value of the drive power
to E = 5 x 10137, in Figure 4.7, but we allow J to vary. The other parameters are the same as in
Figures 4.5 and 4.6. The figure shows a lower coupling power yields a higher population inversion.
However, this time the maxia and minima of AN are displaced as we change the coupling power.
Figure 4.8 exhibits the amplified phonon field for different values of the coupling power. Here also
we observe at large times a lower coupling power leads to a stronger phonon field. We can explain
this phenomenon by comparing the coupling Hamiltonian J(afr# + @) and the magnomechanical
Hamiltonian gn%Tn%(l; + IQT) that describes the magnon-phonon coupling. Normally, J » g, and
hence the magnomechanical interaction is much smaller than the coupling interaction. Therefore,
a larger value of J indicates that magnomechanical interaction is less determining and vice versa.
Accordingly, we expect to have a stronger phonon field for lower coupling powers.

One should notice that initially, a higher coupling power may lead to a stronger phonon
field. For example, the red curve in Figure 4.8 corresponds to a coupling power ten times bigger
than that of the green curve, but initially, it is above the green curve. However, this is a transient
behavior that disappears at large times. We can illustrate this by noting that initially, when we
drive the system, first the magnon-phonon coupling occurs which deforms the YIG sphere and
hence vibrates the sphere, and thereby phonons are generated. Therefore, a time interval is needed
for the magnetostriction interaction. If the coupling power is larger, we expect a faster magnon-
phonon coupling, but finally, the amplified phonon field is decided by the relative strength of the
coupling power J and the magnomechanical coefficient g.

In addition to the drive power and the coupling strength, we are interested to know what

happens if the system is not in the resonance condition. Therefore, in Figures 4.9 and 4.10 we fix
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Figure 4.9: The population inversion for the same parameters used in Figure 4.8, but here we
allow a nonzero detuning between the frequencies of the cavity photons and the magnons. The
figure shows the population inversion is very sensitive to the detuning, so it either drops to very
low values for A = 0.01 (blue curve)or disappears totally for A = —0.01. To have a reasonably
large population inversion, the detuning should be as small as a few Hz.
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Figure 4.10: The amplified phonon field for the same parameters used in Figure 4.9. The same
conclusion applied to Figure 4.9 is also valid for this case. To have a strong phonon field, the
detuning must be as small as a few Hz.
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Figure 4.11: The population inversion for the same parameters used in Figure 4.10, but here we
allow a nonzero detuning between the frequencies of the cavity photons and the magnons and that
of the drive field. The figure shows the population inversion is very sensitive to the detuning, so
it either drops to very low values for w; — @, = 0.1 MHz (blue curve) or disappears totally for
@, — o, = —0.1. To have a reasonably large population inversion, the detuning should be as small
as a few Hz.

the values of the drive power and the coupling strength to E = 5 x 10!y, and J = 27 x 10°%7,, but
we allow a nonzero detuning A = +0.01. As we observe in both Figures 4.9 and 4.10, there is
no significant population inversion and amplified the phonon field for this value of detuning. This
result is because the magnetic field of the drive must be matched to the Kittel frequency of the YIG
sphere (which is adjusted by the fixed magnetic field H) to have a considerable magnon-phonon
coupling. Our detuning is relatively large (108 Hz), and it is normal not to have phonon lasing.
Thus, the detuning must be as small as possible, roughly a few Hz, so as not to affect the population
inversion and the phonon field substantially.

Finally, we terminate our discussion by investigating a frequency mismatch between the

drive field @, and the cavity photon w, and magnon ®,, frequencies (®, = w,,). As we expect,
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the results of Figures 4.9 and 4.10 are repeated for the population inversion and the phonon field
in Figures 4.11 and 4.12 respectively. In these figures, use the same parameter of Figures 4.9
and 4.10, but we fix @, = @, = 20 GHz and allow @, to vary a bit. Here also we observe
even a tiny frequency mismatch between the drive field and that of the cavity photon and magnon
leads to a visible difference. As both Figures, 4.11 and 4.12 show, a positive frequency mismatch
®; — 0, = 0.1 MHz significantly drops the population inversion and the amplified phonon field (the
blue curve in both figures), and for a negative mismatch, there is no population inversion and hence
no phonon lasing at all. This phenomenon is consistent with our expectation as one compares this
case to an optical laser. If we pump a two-level atom at a frequency different from the transition
frequency, no transition is induced. The same argument applies to the phonon laser. If the drive
or the pump frequency mismatches that of the cavity photon and magnon, there would not be an
efficient mechanical oscillation and hence no phonon lasing in the system.

Also, we emphasize in contrast to the reference [2] that has defined a “mechanical gain”
and a “threshold” for the drive field, here we cannot present an analyitcal expression for these two.
In [2], it is assumed there is a steady state for the population inversion. Then, one can obtain an
analytical expression for the “constant” population inversion (by constant, we mean it does not
vary with time, however it can change by changing the drive field). Given the constant population
inversion, after substituting it in equation (4.45) and some mathematical work, one can obtain an
expression like i)s = Apb; + cte., where A, contains the mechanical gain coefficient and some other
parameters. Having the mechanical gain and the losses of the system in hand, one can obtain a
threshold for the phonon laser. However, our analysis it totally different, showing the population
inversion in all cases is oscillatory, and therefor one cannot obtain an analytical expression for the

threshold, although below some particular drive filed no phonon lasing is possible.
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Figure 4.12: The amplified phonon field for the same parameters used in Figure 4.11. The same
conclusion applied to Figure 4.10 is also valid for this case. To have a strong phonon field, the
detuning must be as small as a few Hz.

Besides, we noticed the quantum noise does not play a significant role in the magnome-
chanical phonon laser. The effect is so negligible that cannot be represented on the plots because
the corresponding curves almost coincide with those obtained without considering the noise. This
is in contrast to the results of chapters 2 and 3 in which the quantum noise was an important factor
for the degree of the entanglement of the light fields. Here we deal with “coherent” emission of
phonons (similar to the coherent emission of photons in an optical laser). And, as we know, the
coherent states are similar to the classical states [134]. Therefore, it seems natural that the noise
does not have a determining effect because we do not deal with the pure quantum features of the
bosonic fields.

In summary, we studied a magnomechanical phonon laser beyond the steady-state approx-
imation. Our results show that the population inversion between the upper and lower supemodes

of the system demonstrates an oscillatory behavior with time. This oscillation is in contrast to the
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previous studies that assume a constant population inversion with time. Despite the oscillations of
the population inversion, one can achieve relatively large stimulated phonon numbers if the power
of the drive field is beyond a threshold and the frequency of the drive field is matched to the fre-
quencies of the cavity photons and magnons. Any detuning significantly drops the phonon number.
Since the magnomechanical system we considered is highly tunable with low loss and also it has
an extra degree of freedom provided by the constant magnetic field, it can be an alternative to the

traditional optomechanical systems.
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5 Conclusion

5.1 Summary

Quantum dynamics determines the time evolution of the quantum operators. In this thesis, we
studied the three cases quantum dynamically along with the quantum noise effect.

The first case was a hybrid &.7 -symmetric system of a gain-loss coupler with an added
squeezing element. We studied how quantum noises influence the continuous-variable entangle-
ment generated with that setup. According to the prediction of the non-Hermitian Hamiltonian
formalism, one can create highly entangled, high-intensity light fields by such a setup, especially
when the system is operating in the broken symmetry regime where the light fields can simulta-
neously be amplified and entangled. However, the quantum noise can completely erase the entan-
glement. The results obtained by the full dynamics indicate one can achieve certain amounts of
the entanglement, though they are weaker than those predicted without considering the quantum
noises. In particular, placing the squeezing element inside the waveguide amplifying the prop-
agating light field enables one to realize light fields with considerable CV entanglement. The
importance of studying this model setup was to clarify that quantum noises must be considered in
P T -symmetric optical systems for engineering the quantum properties of light fields.

We extended the study of the gain-loss coupler in chapter 3 by including the gain saturation
effect. We demonstrated how gain saturation affects quantum noise when the quantum properties
of light are concerned. As quantum noise alters the nonclassical properties of light, the gain satu-
ration substantially changes the nonclassical features of light. As examples, we first considered the

Wigner function, which is an alternative to the state vector and density matrix for the system. We
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found that the Wigner function evolves into a quasisteady state due to gain saturation, whereas in
the unsaturated case, the distribution of the Wigner function in phase space expands, and its peak
value drastically decreases. Furthermore, the profile of the evolved Wigner function was different
for the saturated and unsaturated cases. The gain saturation reduces the gain coefficient with time,
and therefore the quantum noise effect is reduced. Second, we investigated the time evolution of
entanglement by considering different cases in which the gain, loss, and coupling coefficients are
comparable or very different from each other. Generally, as long as the quantum noise level is high,
a steady state of entanglement is not achievable. However, gain saturation reduces the quantum
noise level, and hence in most cases, one can attain a final steady state. Then, we showed that
gain saturation is especially meaningful when the saturation intensity is low. On the other hand, if
the saturation intensity is sufficiently high, the degree of entanglement vanishes, or the difference
between the saturated and unsaturated cases is negligible. All these results indicate that gain sat-
uration does exert considerable impact on the quantum properties of light fields processed by our
non-Hermitian setup.

In the last chapter, we studied a magnomechanical phonon laser beyond the steady state.
This system includes a microwave cavity and a YIG sphere in it. The system is driven by two
fields: the first is a microwave whose intensity (or, power) should be beyond its threshold. The
second is a constant magnetic field that is perpendicular to the first drive field. The magnetic field
provides the collective excitation of the YIG sphere. As the magnomechanical systems are highly
tunable with low loss and having an extra degree of freedom due to the constant magnetic field,
they seem to be a good alternative to the optomechanical systems. Using the decomposition of
the time evolution operator, we linearzied the nonlinear set of differential equations describing the

dynamics of the system. After the numerical solving of the equations, we concluded it is possible to
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generate stimulated emitted phonons at relatively large numbers. Another feature of the dynamical
magnomechanical laser was the oscillatory behavior of the population inversion between optical
supermodes. Our results show one should finely tune the drive field frequency to the frequencies
of the cavity photon and magnon. Also, the drive field power must be larger than the threshold

power which can only be calculated numerically.

5.2 OQutlook

As the future work, we have a couple of ideas that are related to the the topics investigated in this

thesis:

e Is that possible to have the magnetostriction cooling similar to the radiation pressure cooling
in optomechanics? If so, we are going to study it as a quantum dynamical process using the

the method of decomposing the time evolution operator.

e It is shown one can achieve entanglement using the magnomechanical systems [171] and
also it is possible to have a &.7 -symmetric magnomechanical system [176, 177, 58]. Thus,
one can think about macroscopic, intense entanglement generation using a magnomechanical
P 7 -symmetric system. Notably, the magnomechanical &.7 -symmetric system is passive,
having no material gain. Therefore, the quantum noise associated with the amplification is

absent, and one may expect a high degree of entanglement.
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