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Abstract

Open quantum systems have drawn attention over decades due to its applicability in
the foundation of theoretical physics, e.g. statistical mechanics, quantum mechanics
and condensed matter physics. The dynamics of open quantum systems has been
described as separate entities from their surrounding environment that consists of
a very large number of modes, somehow coupled to the mode of the system. Even
though the exact solution of the dynamical behavior of the system is impossible to
calculate, we obtain a tentative solution using the crucial Markov approximation. The
input-output formalism of the quantum Langevin equation (QLE) has been considered
as a useful tool which provides a semi-classical description of the dynamics of the
system, whereas the master equation provides a complete picture of the dynamics
of the system expressed in terms of density matrix. While studying the dynamics
of nonlinear system/environment coupling using QLE, we see, for a small value of
external field, that the steady state system field does not change much from the steady
state field obtained in the absence of nonlinear dissipation. However, in a case where
a stronger external field is applied, we see that the deviation becomes substantial
from the solution of linear system. We also see that the nonlinear coupling introduces
significant difference in the cavity fluctuation spectrum. The description, therefore,
provides a potential explanation of parametric effects in terms of nonlinear dissipation
phenomena associated with the nonlinear coupling.

Even though the theories developed in the context of open quantum systems have
proven to be powerful tools, they do not provide a satisfactory platform to be im-
plemented on non-linear Hamiltonians. We often approximate it by linearizing over
nonlinear steady state field amplitude, and therefore, the interesting effects are often
overlooked. The limitation of the analytics provokes us to simulate open quantum
dynamics numerically. The numerical method consists of transformation of the envi-
ronmental degrees of freedom to a one-dimensional many-body chain, and the com-
putational technique includes numerical diagonalization and renormalization process.

The time-adaptive density matrix renormalisation group (t-DMRG) is known as one
of the most powerful techniques for the simulation of strongly-correlated many-body
quantum systems. In this thesis, along with the theoretical modeling, we implement
DMRG numerical scheme for the simulation of canonical S/B model by mapping it
to one-dimensional harmonic chain with nearest neighbor interactions, and use the
method to investigate the dynamics of the free dissipative system. The thermalization
of open quantum systems is also studied by generating minimally entangled typical
thermal states (METTS) through imaginary time evolution, and real-time evolving
an empty system in the presence of the thermal bath. Further, we simulate coher-
ently driven free dissipative Kerr nonlinear system numerically using Euler’s method
by solving Heisenberg equation of motion and t-DMRG algorithm, and demonstrate
how the numerical results are analogous to classical bistability. By comparing with
analytics, we see that the DMRG numerics is analogous to the quantum-mechanical
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Abstract iii

exact solution obtained by mapping the equation of motion of the density matrix of
the system to a Fokker-Plank equation. The comparison between two different numer-
ical techniques shows that the semi-classical Euler’s method determines the dynamics
of the system field of one among two coherent branches, whereas DMRG numerics
gives the superposition of both of them. Hence, DMRG-determined time dynamics
undergoes generating non-classical states. Our approach of dealing with nonlinearity
represents an important contribution in the developments of technique to study the
dynamical and steady-state behavior of open quantum systems, which is a fundamen-
tal aspect of quantum physics.
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1 Introduction

1.1 Brief Overview of Open Quantum Systems

An open quantum system is obtained by separating certain degrees of freedom from
their surrounding environment. The theory of open quantum systems has been for-
mulated in terms of well-established master equation, where the time evolution of the
reduced density matrix is expressed by a first-order differential equation. The gener-
ator of this master equation has a very specific mathematical and physical structure,
known as Lindblad structure which was proposed by Gorini, Kossakowski, and Sudar-
shan in 1976 [1], and independently by Lindblad in 1976 [2]. Considering a microscopic
system-environment approach, the derivation of the master equation is done with the
help of the Born-Markov approximation. The Markov process was first proposed by
the Russian mathematician Andrey Markov in 1954 [3]. The process assumes that the
future state of a stochastic process is dependent only on the present state, not on the
sequence of past events, and therefore, assumes time locality by neglecting the past
history of the system. The master equation approach is analogous to the Fokker-Plank
equation for the Brownian motion in case of a classical system. In statistical mechan-
ics, the Fokker-Planck equation is defined by a partial differential equation for the
probability density function of the velocity of a particle under the influence random
driving force. The equation was proposed first by Adriaan Fokker (1914) [4] and Max
Planck (1917) [5], and it is also known as the Kolmogorov forward equation, after the
independent discovery by Andrey Kolmogorov in 1931 [6]. The quantum-mechanical
counterpart of the Fokker-Planck equation has been derived consistently by Bogoli-
ubov and Krylov (1939) [7], and it is applicable for any microscopic system. The
dissipative dynamics of the macroscopic variable of the system and the noise interfer-
ence due to the coupling to the environment have been described by the input-output
formalism of quantum Langevin equations (QLEs) [8 9], which was derived using
Heisenberg’s equation of motion introduced in 1925 [I0]. The QLE is an extension
of the classical Langevin equation to the quantum regime [II]. The traditional clas-
sical Langevin equation was first introduced by Paul Langevin in 1908 [12]. It is a
stochastic differential equation describing the time evolution of macroscopic variables
of the system. The connection between the QLE and the stochastic differential quan-
tum master equation have been established by Gardiner and Collett (1985) [13]. The
description of the generalized QLE is given by Ford, Lewis and O’connell (1988) [14].
There the system suffers Markovian /non-Markovian random force due to the coupling
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to an arbitrary heat bath, and therefore, it provides a complete macroscopic quantum
description.

The techniques developed in the context of open quantum systems have remained
useful in the establishment of the theory of quantum optics [8, 9], quantum statistical
mechanics |15, [16], quantum information science [17, 18] and quantum cosmology
[19, 20]. For instance, in the case of quantum information science, the theory has
proven a powerful tool to study the interference in entanglement assisted quantum
data processing [21], 22], information transmission, and quantum communication [23].
Besides, the theory of stochasticity in cosmological perturbations is formulated by
using quantum master equation |19} 20, 24 25|, which has opened a window to study
cosmological inflation [26129] and the dynamics of black holes [30], B31].

Within this framework, nonlinear coupling between the system and environment has
also been employed widely to model ultracold atomic systems [32H34], laser cooled
trapped ion systems [35-37], and to study light matter interaction, especially in mi-
cro/nanomechanical or optomechanical systems [38] B9]. Further, strong coupling of
mechanical motion to individual spin qubit [40, 41| and collective atomic spins [42-
44] have drawn attention for having applications in spin control [45] and detection of
mechanical motion [46-49].

For all nonlinear Hamiltonians discussed above, the theory of open quantum systems
has been implemented with a linearized approximation. However, even though the
model is simple, the method is not satisfactory to determine the exact dynamical be-
havior. We often overlook interesting effects when we cannot treat system/bath (S/B)
interaction in a perturbative manner. Apart from the nonlinear S/B coupling, also,
this analytical model exhibits limitation while determining the exact non-Markovian
dynamics. The limitation of analytical methods provoke us for the numerical simula-
tion of the time evolution, which is the main motivation of this work.

1.2  Quantum Simulation of 1D Lattice Systems

Over the years, many numerical techniques have been developed to simulate many-
body quantum systems. For example, Monte Carlo method has remained popular
to study the dynamical behavior and phase transition problems of Ising chain [50],
Hubbard [51] and Bose-Hubbard model [52, 53]. The time-adaptive density matrix
renormalisation group (t-DMRG) is known as one of the strongest techniques to in-
vestigate strongly-correlated many-body quantum system. The technique has often
been used for some well-known models, e.g. Ising model |54} 55], Bose-Hubbard model
[34, [52], 56] and Hubbard model |51} 57, 58], especially aiming to investigate quenching
dynamics, magnetization, and properties associated with phase transitions. However,
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in this thesis, we use the numerical scheme to simulate the dynamics of open quantum
systems.

The DMRG technique was introduced first by S. R. White in 1992 [59] to determine the
ground state of a many body system. Afterwards, a slightly different method has been
attempted for the simulations at finite temperature, which is the purification of the
density matrix, used successfully to study finite-temperature properties of quantum
spin chains [60]. However, this simulation is often limited due to a subsequent growth
of entanglement and the computational cost associated with it. In order to get rid of
those problems, a complementary approach was introduced by S. R. White, where one
generates a large number of sample pure states through imaginary time evolution, and
calculates observables by taking average over them; this ensemble altogether generates
an impact of a thermal state. This is typically known as minimally entangled typical
thermal states (METTS) [61]. In this thesis, we use the algorithm for the first time for
the generation of thermal bath and parameterize it to investigate their consequences
in the determination of the thermalization of open quantum system.

Even though several attempts have been taken to generalize the DMRG technique to
be used for time dependent calculations, the major step forward was taken by Vidal
in 2003 [62] with certain crucial optimization and modification. The method makes
the state able to be represented with a sufficiently small number of retained basis
set which is referred to as "slightly entangled". The details of the modification of
the algorithm will be explained in section The method is known as time-evolving
block decimation algorithm (TEBD) and we use the algorithm here to simulate the
time dynamics of open quantum systems.



2 Theoretical Methods

The theory of open quantum systems has been formulated in terms of master equa-
tion, expressed in Lindblad form where the time evolution of the reduced density
matrix is expressed by a first order differential equation. In this section, we establish
a theoretical framework and discuss how to study the dynamical behavior of open
quantum systems.

2.1 Theoretical Methods for Open Quantum Sys-
tems

We introduce a simple model of open quantum system and discuss the theoretical
techniques to study its dynamics. We start by approaching master equation technique
to determine the time evolution of the reduced density matrix in the interaction
picture. After that, we derive quantum Langevin equation in the Heisenberg picture,
which gives the equation of motion of the system field operator.

The following section is arranged by starting with the investigation of the behavior
of the time evolution of a part of a bipartite quantum system without having full
knowledge of the rest of others. Hereafter, we study the time dynamics of the density
matrix of an individual system with the help of the master equation expressed in the
Lindblad form. This is followed by establishing the quantum Langevin equation which
gives the equation of motion of a system operator, and compare the two methods.

2.1.1 Evolution of the Reduced Density Operator

The time evolution of any system is represented by a map which connects the time
evolved density matrix to the initial one pg(t) = Mpg(0). The operator M is known
as a superoperator which has the following properties: Linear, Trace preserving, Her-
miticity preserving, and Positive (Completely positive) [63]. The time dynamics of
the density matrix of the system (pg) can also be expressed in terms of a first-order
differential equation: pg(t) = Lps(t) where £ is a time-independent linear superopera-
tor. The formulation satisfies both the linearity and the absence of memory preservity
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condition of the system. The time evolved density matrix at time ¢ can be deduced as

ps(t) = e ps(0). (2.1)

The entire system and the environment undergo a unitary time evolution, which can
be mapped, ideally, as

p(t) = Mp(0) = Usp(t)p(0)UL (1)
U Usp =1,

where p is the density matrix of the combination of the system and environment and
Usg is the unitary time evolution operator. Since our interest is the time evolution of
the system alone, we trace out the environmental part of the total density matrix to
deal with the reduced density matrix of the system, which leads to see non-unitarity
in the time-evolution of an individual system. We assume that the system and the
environment are not entangled initially at time ¢ = 0, meaning that the state of the
whole system can be factorized, i.e. written as a tensor product of the state of the
system and the environment. Therefore, the total density matrix can also be written as
a product of the density matrices of the system and the environment, which we denote
by saying p(0) = ps(0)®pg(0), where pg are the density operators of the environment.
After taking trace over the environment in order to determine the density matrix of
the system, we obtain

ps(t) = Trg{p(t)} = Tre{Uss(t)ps(0) ® [¢e(0)) (Vg (0)| UL ()} (2.2)
= (uplUsp ()¢ (0))ps(0) (¥p(0)| Ul o(6)|1s).,

where |ug) is the basis vector of the environment. Hereafter, we introduce a time-
evolution operator for the system for each basis of the environment, named as Kraus
operator [64] A

M, (t) = (ue|Use(t)[¢¥e(0)). (2.3)
The Kraus operator is constructed by tracing out over the environmental degrees of
freedom and therefore, leaving it as an operator of the system. The time evolution of
ps can be written using the Kraus representation as

ps(t) = 3~ M, (1)ps(0) NI} (2). (2.4)

It is worth noting that from the unitarity of the evolution operator Usg(t) one can
see that

> MM, = 1. (2.5)

0



6 Theoretical Methods

One can establish the link between linear superoperator and the Kraus operator as

Mps = ¢“ps =3 M, (t)psM}(1). (2.6)

I

The state of the individual system evolves from pure to mixed through a non unitary
time-evolution known as decoherence. Typically, the mixed state is a statistical en-
semble of pure states which cannot be represented by a ket vector. Hence, unlike the
pure state, the trace of the square of the density matrix of a mixed state always gives
less than 1, even though the trace is always 1. The time evolution of the subsystem
is considered to be a random process, which is treated by stochastic calculus. We
determine the time evolution of the reduced density matrix in the following section.

2.1.2 Master Equation

The time evolution of the probability of a system occupying a certain state which is
described by a set of first order differential equations, known as a classical master
equation. The time variable is continuous here, and the rate of change of probability
is expressed by a transition rate matrix, which is given by

ddi" =D (AL + By Pt Y BLrPu— ) (Al + BIT) Py= ) B'TP,, (27)

m>n m<n m<n m>n

where P, is the probability of occupying n'* state, A and B are the matrix of coef-
ficients of spontaneous transition and stimulated transition respectively, and 7 is the
energy density. It is often called the Pauli master equation, after being introduced
by Pauli [65]. The quantum master equation extends to a quantum context of the
classical master equation, where the dynamics of the full density matrix is taken for
time-homogeneous and Markovian time evolution rather than considering just a set
of probabilities.

In order to derive the quantum master equation, we start with the total Hamiltonian
which is essentially given by

H=Hg+ Hg + Hip, (2.8)

where Hg, Hg, H;,; are the system, bath and interaction Hamiltonians, respectively.
Usually, the quantum master equation is derived in interaction picture and for that
we express the interaction Hamiltonian as

Hl[ztew] _ ei(H5+HE)tHZ[thd]e*i(HS+HE)t. (29)
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The transformation of the Hamiltonian modifies the equation of motion of the total
density matrix as p(t) = —i[H;u, p(t)], which simplifies to

o(6)=90) 1 | AU Ho (1), p(1)]. (2.10)

Now, we replace the expression of the density matrix and iterate couple of times. The
week perturbation allows us to neglect higher order integrals. Essentially, we get

o(6) =910~ [ @ttt p0) - | [ at [ " (1) o )90

T (0) Hond (") Ho (1) — Ho(1)0(0) H (1) — Hm<t">p<o>Hm<t'>)]

0

—p(0) — i / A [Ho(#), p(0)] — 5T [( [t )00
PO [ Ht) =20 [ 0t Hot)ot0) | dt'Hmtu'))] (2.11)

0 0
where T refers time ordering of the operators. By taking the partial trace over envi-
ronmental degrees of freedom we obtain

ps(dt) = ps(0) + [L, ps(0)]dB, — % [(LLps(0) + ps(0)LLY = 2Lps(0)LT) dt] ,
(2.12)

which is the master equation expressed in the interaction picture in Lindblad form,
where

LdB, = —iTrp{ /0 ! At Hype () p(0) ). (2.13)

L is known as the Lindblad operator which describes quantum jump between differ-
ent states of the system [8 9] and dB; refers to the Wiener process (N(0,dt)) that
comes from the Brownian motion of the system. One can easily determine the rela-
tion LT = —L from the expression of L given in Eq. . The part f)pg(O)iT in Eq.
indicates a possible quantum jump between the states of the system, the terms
ps(0)LLT and LLTpg(0) are there to normalize the density matrix if no jump occurs,
and the term [L, pg(0)]dB; generates stochastic fluctuation in the quantum jump.

In order to draw an analogy between classical and quantum master equations, we
drop the second term in Eq. , which is associated with the stochastic fluctuation
dB; for the mean 0. Apparently, the positive terms of the last term represent gain of
probability of a certain state due to the transitions from the other states in that state,
and the negative terms represent loss of probability due to the transitions to other
state from that state. One can visualize the similar phenomenon from the classical
master equation given in Eq. by choosing A and B matrices properly.
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2.1.3 Quantum Langevin Equation

The classical Langevin equation is a stochastic differential equation that describes the
motion of a particle which moves under the presence of an arbitrary external potential.
The two-variable (z,p) Langevin equation is useful to model the Brownian motion of
a particle moving in a potential field V(z), as

T =p/m (2.14a)

p=-V'(x) —yp+n, (2.14b)

where 1(x, , t) is the Brownian force which follows the correlation function (n(t)n(t')) =
d(t — t'). Quantum Langevin equation is a quantum-mechanical analogy of classical
Langevin equation, in which the variables are expressed as operator quantities. In the
following part, we derive the quantum Langevin equation from the operator commu-
tation relation of quantum mechanics.

We consider a system that is coupled linearly with a multimode bath by the ex-
change of energy. The total Hamiltonian spanning the system, its environment, and
the interaction between them is given in the Eq. , where the Hamiltonian of the
isolated system given by Hg = Hg(a,a') exhibits a generic dependence on the anni-
hilation (creation) operators a (a') associated with the system. The Hamiltonian for
the thermal bath is represented by a set of bosonic oscillators:

Hp = wiblb, (2.15)
k

where bL and by are the creation and annihilation operators of the kth bosonic mode,
respectively. Note that we use a unit convention with & = 1. Now consider the following
coupling between the system and the environment

Hin = > g¢ | Fla,aNbf + F'(a,a')b] (2.16)
k

where F(a,al) is a generic function of the creation and annihilation operators of the
system and g, is the coupling constant of the kth mode. The bosonic commutation
relations of the field operators is

[CL,CL] = [aT7aT] = [bk7bk’] = [bz’ bL] =0,
[a,al] = 1; (b1, b,] = O (2.17)

The system operators naturally commute with the bath operators. The equation of
motion of the annihilation operator of the bath in the Heisenberg picture is given by
by = i[H,b;| = i([Hg, bg| + [Hint, bx]). Since by commutes with Hg, we get
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bk<t) = —iwkbk(t) — ing((l, aT). (218)

Similarly, the equation of motion for any arbitrary system operator is ¢ = i([Hg, c| +
[Hint, c|), which can be simplified as

&(t) = i[Hs, —i—ngk(Fc [FT,c]bk). (2.19)

In order to obtain an equation of motion for the system field operator, we solve by(t)
formally from Eq. and plug that expression in Eq. (2.19). Depending on initial
or final condition, we can have two different solutions. For a given initial condition at
the time ¢ty < ¢, the solution is

t
bi(t) = ety (#5) — z'gk/ e = (at), al () dt'. (2.20)

to

By substituting Eq. (2.20) and its Hermitian conjugate into Eq. (2.19) we obtain

t
¢(t) = i[Hs, +ngk{ {i‘“k“‘to)bj{(to)ﬂgk/ eln(t=t) pi(¢)) dt’} (2.21)

to

t
+[F', ] {ei“k(”o)bk(to) — igx / e~ p(t)) dt’} }

to

Now, suppose that the discrete modes of the bath is dense enough so that it forms
a continuous spectrum. Therefore, in case of a purely linear case, we introduce the
density of states D = 0k/0wy. Note that D is independent of the mode index k, which
allows us use the first Markov approzimation by assuming the coupling constant g is
independent of frequency [14]. We define

g

— 2.22

g =

where v is a the mode-independent constant. This helps us in simplifying the equation
of motion of a. Namely, we find the identity

2 —iwy(t—t') _ —ik(t—t')/D
Zg 2rD - c

7 / _’Y’D‘ /
= S omi((t— ¢)/D) = T6(t ).
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If we define the input field as |11 [13]

1 ,
] . —iwg (t—1o)
ain(t) = —i\| 5 Zk:e et=t)p, (1), (2.23)

we can write the Eq. (2.21)) as

_ iwy (t—to) T iwy (t—t") T
¢(t) = i[Hg, c( +ZE W/QWD{FC( by ( ”27TD/ FT( )dt)
T —iwi (t—to) —twy (t—t")
+[F,c]<e bi( ~/27TD/ )dt)} (2.24)

— i[Hs, c(t)] + ﬁ{[F, ] (aL(t) - %FTUO +[F ] ( () + gF(t)) }

which finally gives us the quantum Langevin equation of motion for an arbitrary
system operator. Note that all the operators in this formulation are local in time,
meaning that the system has no memory, which reminds that the system has Markov
property. Eq. indicates that the time evolution is caused by three separate
dynamics.

In case of simple harmonic motion, where the system Hamiltonian is given by Hg =
wsa'a, one can establish links between classical and quantum Langevin equation as-
suming that the system is coupled to the environment in such a way that the generic
function becomes F' = (a' + a) and i(a' — a). Essentially, we arrive the quantum
Langevin equation for the quadrature [z = a' + a,p = i(a’ — a)] as

T = wsp and (2.25a)

P = —wst — P — 2i\/Y(aimn — ajn). (2.25b)

Now, assuming the harmonic oscillator having a quadratic potential well (V(z) =
%ka), we can compare classical and quantum Langevin equation by choosing k = mw?

and 1 = —2i,/7(ai, — al,).

Input and output field

We have already presented the quantum Langevin equation in terms of the input noise
caused by the initial condition of the bath. One can also define a similar equation using
the output spectrum. This is done by substituting the final condition instead of the
initial condition in the derivation of Eq. (2.20). Using this formalism and following
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a similar procedure as here, one ends up with a time-reversed quantum Langevin
equation,

() = its, 0] + V{17l = ) + 5TF0)) + 7.l (aostt) = L1700 ) |
(2.26)

1 .
— - zwk(t—tf)
Aout(t) =14/ 5D Ek e bi(ty), (2.27)

where ty > t is the final state of the bath. The input field tells about the noise
interference on the system generated by the environment which always has a positive
contribution to the system field, whereas output field gives an idea about the amount
of field coming out from the system. By choosing the generic function F' = a and

¢ = a and comparing between Eq. (2.24]) and the (2.26]), one gets
Aout (1) + ain(t) = /al(t), (2.28)

which determines the relation between output and input field. It is also referred as
the boundary condition that relates the internal and external cavity fields [§].

where

2.1.4 Connection Between QLE and Master Equation

We derived the quantum Langevin equation derived for an arbitrary field operator of
the system in Eq. (2.24)), which is expressed in the Heisenberg picture while the master
equation given in Eq. (2.12)), is derived to represent the time dynamics of the density
matrix in the interaction picture. In this section, we establish a link between these
two representations and discuss about the consequences of two formalisms. Following
master equation given in Eq. , one can deduce the time-evolution of the system
operator a in Heisenberg picture as

a(dt) = a(0) + i[Hg, a(0)]dt
- %(a(O)ﬁﬁ + i Ea(0) — 2L a(0)E)dt
+ (La(0) + a(0)L)dB,. (2.29)

Now, considering a special case for the generic function in the interaction Hamiltonian
F(a,a") = a, (2.30)

we construct the Lindblad operator from Eq. (2.13) as [8] 9]
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LdB, = \/Ala’(0)a;, — a(0)al ]dt. (2.31)

One can check whether it satisfies the relation LT = —L. The expression of Lindblad
operator allows us to rewrite Eq. (2.29) as

a(t) = i([Hg, a(t)] — %a(t) + am(t), (2.32)

which is the Quantum Langevin equation for the annihilation operator in case of
linear coupling between the system and environment which can be derived from the
Eq. by considering ¢ = a. From left to right, they are the time evolution of
the isolated system, the decay of the field amplitude, and the noise interference on
the system caused by the environment. Substituting the expression of the Lindblad
superoperator given in the Eq. into Eq. (2.12), we reproduce the master equation
in Schrodinger picture as

ps = —ilHs, ps] + v/7([a'(0), ps(0)]ai — [a(0), ps(0)]al,)
_ %[(N + 1) (ataps + psa’a — 2apgal)
+ N(aang + psaaT - 2CLT,OSCL)
+ M(a'a'ps + psata’ — 24" pgal) (2.33)
+ M*(aaps + psaa — 2apsa),

where N = dt(al a;,) and M = dt{aia:,). The terms proportional to M and M*
describe dephasing whereas the terms proportional to N and N + 1 illustrate dissipa-
tion. The terms on the top row correspond to isolated time evolution of the system
and the fluctuation due to external noise interference caused by bath, respectively.
Since the system is coupled to a thermal bath, the action of random external noise
and the dephasing terms vanish, leaving
_7
2
+ Ny (aa’ps + psaa’ — 2a’pga)], (2.34)

ps = —i[Hsg, ps] [(Nu, + 1) (a'aps + psa’a — 2apsa’)

where V;, is the thermal population of bath. For normalized pg at temperature T,

Ny, becomes
hwp

Nu(wy) = (eFsT — 1)1, (2.35)

where kg is the Boltzmann constant.

2.2  Decoherence and Dephasing

We introduce two important features of the evolution of open quantum systems cou-
pled to a thermal bath at zero temperature. The difference in the coupling Hamiltonian
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gives different features in the time evolution of the system. The features are ampli-
tude and phase decay, and those are well explained by using master equation. The
amplitude decay of a channel is a schematic model where we see spontaneous emission
of photons from the system, whereas phase damping describes the transformation of
the state of the system from pure to mixed, keeping the population unchanged.

2.2.1 Amplitude Decoherence

As an example to demonstrate the amplitude damping, we consider the case where
a harmonic oscillator interacts with an empty bath with the exchange of photon,
making the generic function F(a,a') = a in the interaction Hamiltonian. Such kind
of system /reservoir coupling is often observed in the physics of quantum transport
[66], photosynthetic complexes [67] and ultracold gases [68]. The coupling between
the system and the bath determines the Lindblad jump operator as

L =—\/7a, (2.36)

which makes the equation of motion of the density matrix of the system in interaction
picture as

. g
ps = —§(CLT&PS + psala — 2apgat). (2.37)

Essentially, one can determine the decay equation of the field operator as

(a(t)) = Tr{aps} = =2 (a(t). (2.38)

One can obtain the same expression from the quantum Langevin equation given in
the Eq. (2.32) by considering a;,(t) = 0. The occupation number (n = a'a) of the

oscillator reduces as q
n
— =da'a+a'a = —yn, (2.39)
dt
which integrates to

n(t) = e "'n(0). (2.40)

Here, we see system population decays exponentially with time at the dissipation rate
~. The master equation indicates amplitude decoherence due to the transformation of
particle from system to bath spontaneously over time.

2.2.2 Phase Decoherence

In order to understand phase decoherence, let us take an example where the mechan-
ical object interacts with photons. For example, one can consider the interaction of
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dust particle with light in the atmosphere. Collision of the particle with photon will
not change the intensity of the field, but the state of the particle changes. We visualize
the process from the formulation of open quantum system, explicitly from the master
equation by considering that the bath is at zero temperature, and the generic function
in the interaction Hamiltonian is F'(a,a’) = a'a, giving the Lindblad operator

L =/ydla. (2.41)

Such kind of situation generally appears in the case of electron-phonon coupling or
optomechanical coupling, e.g. superconducting qubits [69-71], mechanical mode cou-
pled to atomic spins [42H44] and spin boson systems [45] 48]. The Lindblad operator
given in Eq. (2.41)), determines the master equation in interaction picture as

ps = = l(a'a)’ps + ps(a’a)’ = 2(a'a)ps(ala)]. (2.42)

Here 7 is interpreted as the scattering rate of reservoir photons when the system is
singly occupied. To determine the state of the system, we express its density matrix

in number basis
Ps = anm|n> (m], (2.43)

n,m

which gives the EOM of the elements of density matrix as

. v
Prm = —§(n —m)? prms (2.44)
and which integrates to
_ vt 2
Prm(t) = exp —3(71 —m)* | pum(0). (2.45)

However, the population of the system remains unchanged in this process, which can
be derived from the Eq. (2.42)) as

d{a'a)
dt

= Tr{a'aps} = 0. (2.46)

Here, we cannot see the amplitude decoherence, leaving us to investigate on the phase
decoherence. To understand the phenomenon, let us start with a state

) = /pl0) + /1 = pln), (2.47)

where p is the probability of occupying state |0). The initial density matrix of the
system is constructed as

ps(0) = le)(cl = pl0)(0] + v/p(1 = p)[0)(n| + /(1 = p)[n)(0] + (1 — p)[n)(n|. (2.48)
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We see that the diagonal terms hardly change, but the off-diagonal terms in the
density matrix dissipate like exp(—vyn?t/2). Hence, we lose the phase information of
the initial cat state, and after infinite time the off-diagonal terms become zero, leaving
the density matrix as

ps(00) = pl0){0] + (1 = p)[n){nl. (2.49)

Note that the initially prepared pure state of the system becomes mixed without
changing the system population. The same behavior is found when the phase damping
for a single qubit is studied [72]. The rate of decoherence is yn?/2. One can also
consider a system coupled to a thermal reservoir which has a finite temperature, and
in that case, the same phenomenon can be observed with much faster rate.



3 Nonlinear Coupling Between
System and Environment

The linear S/B coupling given by the Hamiltonian

Hs g = Z g (aTbk + abl) (3.1)

is not the most general situation. For example, the TLS bath which is modeled as a
collection of spins Jj and the Hamiltonian of isolated TLS bath is HE =Y~ Q. J7.
TLS modes are coupled collectively to the mode of the system. Therefore, we write
the coupling Hamiltonian between system and TLS as

2
Hs ms = > g (ke + J%a”). (3.2)
k

3.1 Holstein-Primakoff Transformation

The Holstein-Primakoff realization allows us to substitute the spin operators with
bosonic operators. The spin operators obey commutation relations

(5, J5] = £J5, [, JK] =27k (3.3)
The bosonic operators dy, d}t follow the commutation relation
[dk,dﬂ =1 (3.4)

The spin operators which obeys Eq. are mapped to the bosonic operators d,
dlt, considering two possibilities, based on the physical situation that we want to
describe. If the situation appears as the TLSs is mostly staying in ground state, we
write JX ~ —j, where jj is the index of representation which is associated with the
spin Jy. This allows us to accept the following transformation:

Ji‘ = Nk — Jx, Jfﬁ = dlt\/ij — Ny, JE = V 2k — T d, (3.5)

16
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where i = dl dy.

We name this choice as HP_. The operators JX, J5 can be shown to fulfill the SU(2)
commutation relations

[Ji{7 J<1::| = [ﬁkudlj‘(] \Y 2]1( - ﬁk = Jia [Jfa JE:| =V 2]1( - 7ﬁLk [ﬁkadk] = _JE7

(3.6a)
2
[T, 5] = dl (V2= ) dic = /2 i /2 —
= e (2k — P + 1) — 25 + e — T (25 — ) = 2J5. (3.6b)
In the limit j, — oo, we have
JE 2jic — e ( il
S g EE g (1 =4 ) ~d 3.7a
/2]k k 2jk k 4,]1{ k ( )
Jk
—— = dy, (3.7b)
2k
JE oo
R ) (3.7¢)
Jk Jk
Hence, the bosonic excitations those are described by dy and dlt, correspond to (small)
excitations around the JX = —j, state. One can approximate system/TLS bath cou-
pling as
Hs pp_ = Z g <dlta2 + dkaT2> (3.8)
k

with ¢i'f = /25, g5, Similarly, if the TLSs mainly belong to their excited state, one
can write the mapping as

JE= o=, S =d 25—, TS = /25— ncdie (3.9)

so that when 7, — oo

JX 2 Jk z
*_~d, SEed, o1k (3.10)
2)x Jk Jk Jk

This corresponds to the description of small fluctuations around JX = j, state. We
indicate the condition as HP which gives

2
Hs yp, =Y g™ (dka2 +dfal ) . (3.11)
k
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3.2 Linearization of the Quantum Langevin Equa-
tions

We therefore linearize the system accepting the presence of a strong coherent pump
ap = aye”“r!. Here, we derive the equations to describe the stationary state in
a rotating frame of frequency w, and the fluctuations around the stationary state.

Focusing on Eq. (2.24), we obtain

a=—ila, Hs| — (g - HNG,TCL> a+ Vkaym + 2y/kyatal’ (3.12a)
a=—ila, Hs| — (g - ﬁNaTa) a+ v/Kap + 2\//<;]\;aTaEILST (3.12b)

in the presence of a strong, coherent pump «;, = aze”“»!. The first equation corre-
sponds to HP_ and the second equation is for HP, . We seek a solution by splitting up
the cavity field in terms of steady state coherent field and thermal fluctuation around
it in the form al?¥ = o + a["**!, which gives

—lwpor + a = —iw, (a+a) — [E + kv (@ +a') (oz+a)} (v +a)

2
+ VE (i + aw) + 2v/EN (@ +a') af® (3.13a)
—lwp + a = —iw, (a+a) — [g — ki (@ +d') (a+ a)} (+a)

+ VE (in + ain) + 2¢/n (0" +al) aST (3.13D)

where without loss of generality we have assumed that Hg = w.a'a. Neglecting the
fluctuation terms, we obtain the equation for the steady-state solutions

0=1Aa— ga—mNa|a|2+\/Eain (3.14a)
0=iAa — ga + kna ol + Ve, (3.14b)
where A = w, — w.

In Fig. [3.1]we plot the stationary value of the cavity field obtained from the Eq. ([3.14a)).
As anticipated, when the driving field o, is weak, the stationary solution does not
deviate much from the solution obtained in the absence of nonlinear dissipation, for
both the choices of the HP mapping (H P.). However, when we increase the strength
of the external drive, the stationary solution starts deviating from the solution we
obtained in linear system. For the parameters chosen here, the amplitude difference is
negligible, even though the phase difference noticeable, as it is seen in between H P,
cases.
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Figure 3.1: Amplitude (a) and phase (b), for the stationary value (in a frame rotating
at wp, see text) of the cavity field a in the presence of a driving a;,. Parameters: ky =
1.5 x 107, A = 20 (all quantities are expressed in units of k). [Pub.- I] reproduced
with permission.

From Eq. (3.13) the equation for the fluctuation around the steady-state solution
value of « is expressed as

a= [iA — (g + 25N ]a!zﬂ a — kyalal + Vkam + 2\//£Na*aglLS (3.15a)
a= |:iA — (g — 2KN \04]2” a+ kyatd + Veaym + 2,mNoz*a§1LST. (3.15D)

The change in the effective damping rate s.;; = # & 4ky |a|” in the presence of
nonlinear (H Py) coupling should be noted from Eq. (3.15). The ratio of the nonlinear
effective damping rate to that linear one is plotted with the variation of input field,
in Fig. and it is seen that the nonlinear dissipative terms F2ky || a in Eq.
lead to the broadening/narrowing of the linewidth associated with the linearized
response of the cavity field fluctuations, respectively.

3.3 Fluctuation Spectrum of the Nonlinear Model

In the presence of a strong, coherent pump, the system dynamics are affected by ther-
mal fluctuations provided by the bosonic and the TLS baths. As hinted by Eqgs. (3.15a]
, the existence of a parametric term introduces squeezing in the spectrum of
the cavity for both cases. Here, we evaluate the spectrum of these fluctuations for the
HP_ case. One can also do a similar kind of derivation for the HP, mapping. One
can obtained the fluctuation spectrum

So = %({X&Xfw}% (3.16)
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Figure 3.2: The total effective dissipation of the linearized models Eq. (red)
and Eq. (dashed green) that correspond to the cases, where the majority of
the TLSs are in the ground state/excited state, respectively. They are compared to
the case of pure linear dissipation (black dots). Here we assume the system to be a
simple cavity with Hs = w.c'c. In the units of %, the parameters are A = w;, —w,. = 20
and ky = 1.5 x 1074, [Pub.- T] reproduced with permission.
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Figure 3.3: Noise spectrum for the cavity field in the presence of an external drive oy, =
700, for (a) HP_ and (b) HP, for (a] aw) = (aT"'aILS) = 1 (all other parameters as
in Fig. . [Pub.- I] reproduced with permission.

6/

with X0 = 1/V/2 (aT_wew - awe_w), from the Fourier transformation of the QLE
which is given in the Eq. (3.15a)) and its Hermitian conjugate
K

[—z’ (w+ A)+ 5 + 2Ky |a|2} a, + kyatal , = Vkapm . + 2\/Enatag, s (3.17a)

[—z’ (w—A)+ g + 2Ky |a|2} al, + kya2a, = \/Ea;rn’_w + ZN/KNaaEJ_SL. (3.17Db)
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Figure 3.4: The cavity spectra related to the Holstein-Primakoff couplings (a) HP_
and (b) HP for the largest uncertainty quadrature (0 = 7/2 and 6 = 0, respectively).
Here the thermal populations of the bosonic and TLS baths are ny, = n;thS =1, and
in the units of k, the other parameters are A = 20 and rky = 1.5 x 107 [Pub. I

reproduced with permission.

The usual convention of the Fourier transformation is used here, according to which

a; = /OO dwexp (—iwt)a,  and  af = /OO dw exp (—iwt)al . (3.18)
Defining

A= (w+A)+g+2f@N|a|2, (3.19a)

B = kya?, and (3.19Db)

C=—i (w—A)+g—|—2/$N|a\2, (3.19¢)

we express the QLE for the system as

<aw) _ 1 ( C ) ( \/_amw—i-2./ a*aELf ) (3.20)
T AC — ’B‘z —B* TLSt .

a_y \/_a’m w+2 I{Naam —w"

Now, one can simplify the equation as

= Xd (W) Ging + Xx (@) @l + Xa™ (W) @S + XIS (w) ag oL, (3.21a)

a'y, = X5 (—w) tine + X5 (—w) df Uy T YIS (—w) EILWS + xS (—w) agllfl, (3.21Db)
where

Xd (w) = VEC(AC — |B)™ (3.22a)

X (w) = =VKB(AC — |B[*) ™! (3.22b)

LS (W) = 2/rNa*C(AC — |B]*) 7L, and (3.22¢)

TLS (w) = —2y/ryaB(AC — |B[*)~.. (3.22d)
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If the thermal populations of the baths are given by <amwajnw )= (nm+ 1) (w—uw)
and (a EILEGHJET) (S +1) 6 (w — w’), the cavity spectrum can be written as

58 =7 [(hea @)1 + e (=) s b}y + (a (G e @) ({ ot

+ﬂ(xd (W) xx (—w) €™ 4 X (W) x5 (—w) €i20)<{ain7w>“ifn7w}>

- (a (=) X (@) €772 3 (=) X (@) ) ({ @l s in, o )]
[ (»XTLS VP TS (— ) {GELLE’ EILET}
(I3 ) S @) (fast o, b
[ OE8S (0)x () e 4 xS () XI5 () ) ({15, aTIST ]y
(S (=) XS (@) €72 4 X3S (=) 5 () ) (a5, alS, D

— [ a @) + Pxa () + e @) + e (=)l

l\DIH

+ 205 (20 + 8) [xa (@) x (~) + Xa (=) X (@)1 (mh ! %>

|:|XTLS ‘ 4 | TLS ‘ + |XTLS } 4 ’XTLS )‘2

2
(3.23)

1 92cos (29 X (bTLS) ’XTLS () XI5 (=) + x5 () ¢ T8 (w )” <ntTth " _) 7

S S S S
where 678 — Arg [\{™ () ™ (=) + X (=) ™ (w)].

The Eq. shows squeezing in the cavity spectrum for HP_ mapping and it is also
possible to draw a parallel picture for HP, mapping starting from Eq. (3.15b]). From
Fig.[3.3 we see how the cavity fluctuation spectrum exhibits a clear dependence on the
phase @ for both the cases. In Fig. (a) we have plotted the cavity spectrum for the
HP_ and Fig. 3.4(b) presents the spectrum related to HP coupling. Both the cases
the plots are given for the largest uncertainty quadrature [(a)d = /2 for HP_ and
(b) @ = 0 for HP]. The interesting feature that we see is the linewidth broadening in
(a) as the driving field «;, increases, whereas in (b) the linewidth becomes narrower.

2l



4 Numerical Methods

As we see in the previous chapter, the linear S/B coupling is not the most general
situation. The linearization technique implemented before is not a satisfactory method
to study exact dynamical behavior. Apart from nonlinear S/B coupling, this method
is also limited to provide exact solution of non-Markovian dynamics. These limitations
of analytical methods motivates for the numerical simulation of the time evolution,
which includes transformation of the S/B coupling model to a many-body chain and
the computational method consists of numerical diagonalization and renormalization
process. In the following section, we provide an explanation in detail describing the
computational technique, and followed by the mapping of S/B coupling model to a
one-dimensional chain.

4.1 Time-evolving Block Decimation Algorithm

The simulation of a many-body quantum system having a large number of lattice sites
is a difficult task due to the rapid increase in the number of parameters associated
with the size of the Hilbert space. For example, one can consider the Hubbard model
with N lattice sites, N| spin-down, and N; spin-up fermions, the dimension of the
corresponding Hilbert space is

(VD)2
(N = N)INJI(N = N))IN,

Wy (N, Ny, N,) = (4.1)

which is a very large number and increases almost exponentially with the number of
lattice sites N. In case of Bose-Hubbard model with N lattice sites and N’ bosons, the
associated Hilbert space is

(N'+ N — 1)!

Wen (N N') = =y

(4.2)

which also becomes huge when the size of the system increases. For the calculation of
the ground-state properties and the simulation of the time-evolution of a many body
quantum system of feasible sizes, one has to invest a huge effort into the development

23
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of numerical methods. The linear growth of the size of the system causes exponen-
tial increase in the size of the Hilbert space which also costs exponential increase in
computational resources.

Over last few decades, many numerical approaches have been developed to calcu-
late the time evolution and the ground states of many-body quantum systems which
bypasses the trouble of storing the coefficients of the entire Hilbert space. The ap-
proaches include sampling in Quantum Monte-Carlo methods [50-53|, performing in
Density Matrix Renormalisation Group (DMRG) methods [34, 5], 52], 54H58]. The
DMRG method was first introduced by S. R. White in 1992 [59] to determine the
ground state of a one dimensional system, keeping in mind that the system is large.
Even though several attempts have been attempted to generalize the basic DMRG
methods to apply on time dependent calculations 73], the major step forward was
taken by Vidal in 2003 [62] where he proposed a method in which the truncated
Hilbert space was modified at each time step so that the representation of the state
satisfied some optimal criteria. The method is often referred to as the Time Evolving
Block Decimation Algorithm (TEBD), which has been used for the treatment of Ising
chain model [74], Hubbard model [68], master equations in case of dissipative systems,
and systems at finite temperatures [75].

4.1.1 State Representation

The state of an NV site 1-D lattice system is expressed in terms of local Hilbert space
of each lattice site which consists M*V-dimensional basis

M

) = Z Cirigoin |15 12, - IN-1, TN), (4.3)

in=1

where M is the dimension of local Hilbert space and |i,) is the basis states in the
local Hilbert space at site n. The trick of the algorithm is the representation of this
state as a convenient decomposition into a series of tensors:

X

Ciyigoin = Z AL 3 (2] F[O?;ZS . AWNIpINlin \[N+H] (4.4)

a1” ajaztaz aN” aNaN+1 7 AN+
at,.,an-—1=0

The representation of the state is known as matrix product states (MPS). The de-
composition of the pair of sites is performed by singular value decomposition (SVD),
which generates bipartite splitting between any two local Hilbert spaces in the chain.
The details of the decomposition procedure are explained in the following section.
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However, the I' tensor has dimension N x M X x X x, where Y is the predetermined
Schmidt number. The index n within square brackets stands for the corresponding
site. The A tensor keeps the Schmidt values for the partition between two consecutive
bond. After analyzing the computational complexity, one can conclude by saying that
rather than treating M” coefficients of the initial term, it is always efficient to deal
with MNx? + (N + 1)x terms, which are obtained after the decomposition of the
state.

Schmidt decomposition

The state of any bipartite system (|¢)) € Hq ® Hp) can be decomposed into two
subsystems such as

=) " Xalod) ® [68), (4.5)

where the states |¢2) and |¢Z) are orthonormal states of H4 and Hp, respectively.
The representation is obtained from the Schmidt decomposition, and the real and
positive Schmidt coefficients A, satisfy Z A2 =1 and

«

(@5 10) = Aalog)-

To derive Schmidt decomposition, we start with two orthonormal bases |j4) and |kp)
of Hy and Hp, respectively. Let the dimension of Hy and Hg be M, and Mp, re-
spectively, so that the state |¢)) can be expanded in terms of bases vectors

Ma,Mp

W)=Y culia) © lka), (4.6)
j.k

where the complex numbers c;;, are the elements of the matrix C of dimensions M, x

Mpg. The singular value decomposition generates two unitary matrices U and V of

dimensions M4 x M4 and Mg x Mp, respectively, and an M4 x Mp diagonal matrix

D with real and non-negative entities, such that C' = UDV. Using the SVD we can

re-express the state as

Ma,Mp x

Z Zu]a aoﬂ)ka|,]A ® |kg) Z)\ |gb ®|¢ ) (4.7)
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where [¢2) = Y ujalia), [08) = Y4 vkalkp), and Ay = dg.o. The orthonormality of
|p71) and |¢P) is ensured by the unitarity of U and V.

The Schmidt rank, x < min(M 4, Mp), is used to measure the entanglement between
two subsystems A and B in quantum information theory. Larger values of x correspond
to more entanglement, and when xy = 1, the system is in a product state.

To obtain matrix product state for the full chain, we consider the first bipartite split-
ting between site 1 and the rest of the chain: [1] : [2..N]:

M,x

= > TUARLG ) RN, (4.8)

i1,00=1

In the next step, we split the rest of the chain separating in between site 2 and the
rest of the others: [2] : [3..N] giving us

i9,a3=1

Substituting it into the Eq. (4.8), we get

Q2™ 23" 'Q3

Z TR AB ) [7,) |6 N). (4.10)

i1,00=1

By repeating this process until the end of the chain, we obtain the decomposed form
of the coefficient ¢;,;, ;, which is expressed in the Eq. (4.4). The construction of the

MPS ensures that the vectors )\Lﬂ and )\g}@i] are nonzero only when oy = ay; = 1.

Validity of truncated decomposition

The physical significance of the Schmidt decomposition is understood from the reduced
density operator of the subsystem A obtained by tracing out the subsystem B from the
full density matrix: ps = Trplp] = Y., Al (2]. In quantum information theory,
the entanglement between two subsystems A and B is identified by the von Neumann
entropy, which is determined from the eigenvalues of the reduced density operators:



4.1 Time-evolving Block Decimation Algorithm 27

Sa = —Tr[palog, pal = — Z)\i log, A2. (4.11)

The fact that the eigenvalues of the reduced density operators are same for both
subspaces, ensures that the von Neumann entropy of the two subsystems A and B are
same for the pure state of a composite system.

The von Neumann entropy provides a theoretical lower bound on the number of qubits
required to express the information of the subsystem A (or B). The cutoff limit of the
dimension of the Schmidt vector (x) comes from the fact that the eigenvalues of the
reduced density matrix decay exponentially with the increment of a(\, ~ exp(—Ka),
where K > 0), and beyond the cutoff limit, it is expected that A\, becomes reasonably
low to be neglected. The lower bound of the Schmidt rank is given by xy > 2%4. In case
of 1D systems, the von Neumann entropy diverges logarithmically at a critical point.
However, in the case of higher dimensional systems the decay of the eigenvalues is too
slow, and therefore, it demands a large value of xy which makes the TEBD simulation
inefficient. In another way, one can say that due to low entanglement or smaller
value of the von Neumann entropy, in case of one dimensional systems truncation
of Hilbert space is a good and efficient approximation, but the higher-dimensional
systems demands a large number of states to achieve accuracy, and hence, the TEBD
simulation has poor performance [76].

4.1.2 Operator on Lattice Chain
Single-Site Gate

A single site operator updates the I' tensor of a particular site

M

k4 7 kl4
FoEk]aI}iJﬂ = Z Uj:Fin]ofk+17 (412)

J

which is performed in the order of x2M? operations.

Two-Site Gate

The implementation of a two-site gate on an MPS is dependent on SVD, which plays
a crucial role in the time evolution and measurements. The implementation is based
upon updating the tensors of two neighboring sites n and n + 1. The double site
operator U acting on the two sites changes the basis of these sites and entanglement.
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In order to apply the gate operator, first we write the state expressing in terms of
Schmidt eigenvectors to the left and the right of the pair of the sites:

o) = |l (4.13a)
[y) = |+, (4.13b)

with tensor product symbols |aiyi,177) = |@) @ |in) ® |ini1) @ |7). By expressing it
as a sum of matrix product, we can construct a fourth order tensor © as

M,x
|¢> = Z \)\([;L} P[Oigln )\gl+1]1'\1[8717+1]ln+1 )\L/n-i—Q] |alnln+1’7> (414)
gt e

ay

Next, we apply the operator to update the tensor

X M
éi’rﬁ};jn-&-l _ Z Z [JIndnt1 )\[O:L]leéln Agl+1} Fg;+1]ln+l )\’[yn+2}’ (4.15)

Znin+l
B=1in,in+1=1

which has M?x? basis states in total, which is then reduced to y? states by taking
SVD on newly constructed © tensor. The SVD generates the diagonal matrix with
magnitudes arranged in an exponentially reducing manner. We truncate the A tensor
for the highest y values to finalize the updated state.

Figure 4.1: The quantum circuit for simulating a time evolution: alternating operation
on odd and even pair. [Pub.- ILIII| reproduced with permission.
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4.1.3 Time Evolution
Real-Time Evolution

In order to do the numerical simulation for the real time evolution, we split the double
site Hamiltonian in odd and even sites.

H= Z Hiip1 + Z Hijp=F+G (4.16)

i odd 1 even

According to the Suzuki-Trotter expansion, we do time evolution of the alternate
lattice sites. The first order expansion is

U = e—int — e—ithe—iGdt + O[dtz], (417)

which generates an error in the order of dt?>. To minimize the time error, we generally
use the second order ST expansion which comes with the error of the order dt3.

U = e—int _ 6—ith/26—iGdt€—ith/2 + O[dtd] (4.18)

The diagrammatic representation is given in Fig. [1.1] However, the time error can
even be reduced by applying Forest-Ruth formula, which gives Trotter error of the
order O(dt%). The formula of the decomposition is given by [77]

—iHdt _ 7iF9dt/2€fiG@dtefiF(179)dt/2efz'G(l729)dtefiF(lfH)dt/2efiG9dtefiF9dt/27 (4.19)

(& (&

with the constant § = 1/(2 —2'/3). Better Suzuki-Trotter formula with a higher order
of time error can be designed, but they do not improve the accuracy of exponential sig-
nificantly [77]. However, the Forest-Ruth formula allows us to consider larger step size
which essentially helps to reduce the simulation time and to preserve computational
resources.

Imaginary-Time Evolution

Imaginary time evolution is required to find out the ground state and the thermal
state of the system. The ground state is determined by taking imaginary time evolu-
tion for a long time (ideally infinity). The state vector is being normalized after each
infinitesimal step of the time evolution. The coefficients of the basis vectors reduce
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exponentially during imaginary time evolution. Higher-energy states are being sup-
pressed more, leaving the lowest energy state finally as the ground state of the system.
In practice, DMRG code is designed to determine the ground state by imaginary time
evolving and normalizing the initial product state iteratively, which is expressed as

—HTt
) = lim ——1¥P) (4.20)
= [le=HT|yp) ||
where |1p) is an initial product state and (¢y|1)p) = 0. The implementation is quite
straight forward. We evolve the full chain for 7 time step each time and normalize.
The algorithm of the imaginary time evolution is slightly different than real time
evolution. Unlike higher-order Trotter decomposition, here we use back-forth method.
Even though the time evolution for the determination of ground state should continue
for infinite time, we terminate the code when we see that the state converges to the
ground state and hardly changes anymore. Several convergence criteria can be there to
stop the iteration. For instance, one could use the sum of the square of the differences

2
between the A-coefficients of the two consecutive steps: &+ 37 >on <)‘C¥1: — )\ﬁ.m]) :

When the quantity is below a threshold, we consider the convergence is reached.

Back-forth scheme

Higher order Trotter decompositions are often used in real time evolution which is
not a good choice for imaginary time evolution for having non-unitary operations on
each pair which produces non-orthogonal Schmidt eigenstates. The unitarity of the
evolution operator preserves the orthogonality of the sets, which is not happening
here. Hence, we sweep the evolution operators across the chain forward and backward
direction, with the order (1,2), (2,3),...,(N—=1,N),(N—1,N),(N—-2,N—1),...,(1,2).

In order to understand the whole scenario, let us start with a two site operation
between site n and n + 1. The non-unitary operation hampers the orthogonality of
the state [¢h ") and [p{""2-") But the SVD ensures orthogonalization of the

states |qb/[31”n}> and |¢[ﬁ(”+1)"N]>. In the next step, when we target the alternate sites

through Trotter decomposition, we demand orthogonality of the states |gz§£y1 “("_1)}> and

|6l T2-Ny for the operation on the pairs (n — 2) — (n — 1) and (n + 2) — (n + 3),
respectively, which is not happening anymore. Hence, instead of choosing alternate
sites, we switch to the next pair of sites which is (n+1)-(n+2) to fulfill the require-

ment of orthogonality of the state |¢[ﬁ("+1)"N]), which is satisfied from the SVD of the

previous operation; and the state |¢([;1"("+2)]> which has the orthogonality from the

original state, was not changed in the previous operation. This is the reason why we
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sweep across the chain in the forward and backward direction while doing imaginary
time evolution. Many sets of states become non-orthogonal during the time evolution,
but the requirement of orthogonality condition is satisfied for the sets of states that
we consider at any point. At the end of the imaginary time evolution, we restore the
orthonormality of the states by sweeping across the chain forward and backward with
a unitary operator (e.g., the identity) [78].

4.1.4 Estimation of Errors

There are two major error sources in TEBD: Suzuki-Trotter expansion and truncation
of the Hilbert space [79).

Trotter Error

In the case of a Trotter approximation of n** order, the error appears of order 6" .

Taking into account the number of steps % , the error after the time T is

T
€1y = aét”“ = T6t". (4.21)

The actual state [{bp,) should be

‘I;Tr> =V I- Etr2’wTT> + €tr‘w%r>7 (422)

where |¢7,) is the state obtained after time evolution and |i£,.) accounts for the part
that is neglected while doing the operation. The total Trotter error scales with time
T as

Et?”(T) =1- |<77Z}}7‘|77Z}T7‘>|2 =1-1+ 6?7" = 6?7"' (423)

Truncation Error

The errors arises with the truncation of the Hilbert space from the decomposition,
are twofold. The sum of all discarded eigenvalues of the reduced density matrix, at
the bond n is
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€n = XX:(A%?, (4.24)

a=Xc

where Y. is the truncated Schmidt number. Now, at a given bond n, the actual state
|¢) is described by Schmidt decomposition

) = VI=elup) + Vel ), (4.25)
where the truncated state is given by
|w[n] Z )\[n] [1 n| ’(I) [n+1.. N]> (4.26)

and

oty = Z At @ty | @le-+1-N) (4.27)
\/_

An=Xc

is the state corresponding to the eigenfunctions of smallest and irrelevant Schmidt
coefficients and therefore those are neglected. Also, we see ( [n]lw[nb = 0 because
they are spanned by vectors corresponding to orthogonal spaces. Using the same
argument as for the Trotter expansion, the error after the truncation is

e =1—|(@eph PP =Y (A2, (4.28)

a=Xc

After moving to the next bond, similarly the state gives:

[n] /1_ €n+1‘¢ n+l] _|_ /—€n+l|w[n+1 > (4.29)

After taking truncation on the next bond, the error is

e=1—[(Whp P =1- (1 —ecu)@lp)F =1- (1 —em)l—e)  (430)
and so on. Moving from bond to bond, we determine the total error caused by trun-
cation in the full chain which is given by

N-1

ep=1-J](1-en). (4.31)

n=1
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4.1.5 Measurement of Correlation Functions

The operator A”“ B” acts on the local Hilbert spaces of the sites k£ and [ together to
determine the Correlatlon function between the sites. The operators applied on the
MPS that determines the correlation function is expressed as

M X

ik i W[l y 21 (2] [N~V [N+1]

< ’AkBl|w> Z Z A F51ﬁ12>\ Fﬁzﬁi' >\ FﬁNﬁzz\rvH)\ﬁNﬂ
11,82,...iN  \ B1,-,BN-1=0
X
1 1]4 2 2]t 1 k 7 1 N Nli N+1

x Y, ATHL AT, ZAJZFH%&H ZBJF%H Ao Lo A
at,.,any—1=0

(4.32)

The order of matrix operation in this computation is N x M x x*. Even though,
the operators A, and B; acts only on single sites, we can also calculate a higher-
order correlation function instantly following the same way with minimum additional
computational cost. Reversibly, a single site operator operates on one site only, and
hence, the operation is less complicated.

4.2 Preparation of Thermal Bath Using TEBD

In quantum statistical mechanics, the thermal state is considered as a mixed state,
which is expressed as an ensemble of pure states. The density matrix of a thermal
state (pg) at inverse temperature § with Hamiltonian H is given by pg = exp(—SH).

In the previous section we have discussed about TEBD algorithm which is one of
the most successful methods to study the strongly correlated one-dimensional (1D)
systems. Even though it is designed to study the time evolution and the determination
of ground state of a many body systems, quite different methods for the simulations
at finite temperatures have been developed, e.g. purification of the density matrix [80,
81). The combination of real and imaginary time DMRG allows to evaluate the finite-
temperature response functions. The method was used successfully to study finite-
temperature properties of quantum spin chains [60]. However, the simulation based
on matrix purification is often limited due to a subsequent growth of entanglement
and the computational costs associated with it.

In order to get rid of this problem, the complementary approach is introduced where
one can choose a large number of sample pure states and calculate observables by
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taking the average over them [61], instead of purifying the density matrix. The states
whose ensemble generate the impact of pg = exp(—SH), are typically known as min-
imally entangled typical thermal states (METTS),= and in this chapter we discuss
the algorithm and the subsequent theory behind it.

4.2.1 Preparation of METTS with Pure State
Algorithm of minimally entangled typical thermal states

We employ the METTS algorithm, which approximates thermal expectation values
of an observable <O) 3 by sampling over a large number of pure quantum states that
have low entanglement. Overall, these samples which keep physical properties of the
system for a given temperature, allows us to make efficient DMRG calculations. The
thermal expectation value of an observable is obtained using a set of orthonormal

basis {|n)} of classical product states (CPS)

In) = ®i|ni>, (4.33)

where |n;) are arbitrary orthonormal basis states for lattice site i. The thermal ex-
pectation value of the operator is determined as

A 1 A
(0 = = > (mle #1202 ), (4.34)
5

where Zjs is the partition function. The CPS |n) becomes a matrix product state
(MPS) |¢,,) after the imaginary time evolution with probabilities P, as

1
) = ——=e"PH/2|n), where P, = (n|e " |n). (4.35)

iz

Afterwards, the METTS |¢,) is collapsed to a new CPS |n') via projective measure-
ment consists of an arbitrary basis, from which one can subsequently estimate a new
METTS |¢,/) and this process continues to generate a large set of MPS which alto-
gether typically represents a thermal state. Thus, the sampling is obtained efficiently
through the generation of a Markov chain of METTS, illustrated in Fig. where
the thermal average is shown to be determined from a set of imaginary time evolved
and normalized MPS states (|¢,)) with probabilities P, /Z3
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Figure 4.2: Generation of a set of METTS through imaginary time evolution and
projective measurement. [Pub.- ITI| reproduced with permission.

(O)s = 7 3 Pa(61010.) (436)

The computational cost of this process increases when the entanglement between two
lattice points increases, and hence, the CPS is the best choice to start with for having
the least entanglement. The obtained MPS after imaginary time evolution is minimally
entangled and the entanglement entropy of the product states remains reasonably low
during real time evolution.

Summarize the algorithm and proof of balance condition

The algorithm that produce a set of METTS that represent a thermal state, can be
summarized as:

1. Choose a CPS |n).
2. Compute the MPS |¢,) = exp(—BH/2)|n)P(n)~'/? and calculate observables.

3. Collapse a new CPS |n/) from |¢,) through projective measurement and return
to step 2. A large collection of such MPS exhibits the properties of a thermal
state.

The probability of collapsing into a new state |n’) from the initial product state |n)
is
1
ot = |0l ) P (4.37)

n

Considering an ensemble of all initial CPS |n) with probability distribution P,/Zgs, we
arrive a new CPS |n/) through the time evolution and projective measurement with
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probability

P, _ b, 1 1 ,—BH/2 2

1
== >_{0/le "2 n) (n|e” 1|0
B

1
—(n'le”?|n’) =

P,
7 < Zs
B

Zs

Note that the obtained ensemble of all such |n’) has the same original distribution.
The transition probabilities follow a detailed balance condition

Pn Pn’

& Pn—sn’ = 5 Pn/—n; 4.38
ng — ng - ( )

which means the expected distribution of P, is a fixed point stochastic Markov process.
Summarizing the whole process, we conclude by saying that starting from a random
CPS and taking imaginary time evolution upto /2, one can arrive to an MPS, which
is then collapsed to another CPS through a projective measurement with measurement
basis. By repeating the same process for few times, we generate a collection METTS,
and, by doing the measurement on each METTS, we obtain the running average as
the desired output. It is seen that the measurement converges in some point which is
considered as our desired output.

4.2.2 Collapse of an MPS to a CPS

In this section, we discuss how to apply the CPS collapsing algorithm to a state |¢,,)
represented as an MPS. During this process, we scan the whole lattice and collapse
the MPS of each site to a new CPS. We start by considering the orthogonality center
of the MPS at the first site, such that the tensors )\gﬂ and FE?,{.:;H forn = 2,3, ...
are right orthogonal to it. In order to collapse into a new state, first, we compute the
expectation values of the projectors P;(m) on the first site

Pi(m)= > AFTUSNLEU (k,m)U* (5, m) AT AR, (4.39)

a o102 a1 ara’ tan?
Jik,an,02

where U is a random unitary operator that rotates the projector operator in an ar-
bitrary angle. We use the operator U to rotate the orthonormal basis set as well and
make it arbitrary to make sure that we are working with a basis set which is not
an eigenvector of the Hamiltonian, otherwise the algorithm shrinks down to a trivial
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case. The change in the first site forces to update the )\[ﬂ tensor for the projective
measurement in the next step on site 2. The update goes as

A2 By PN (4.40)

2 ﬁZUk ,m) Tk

The new CPS for the site 1 is decided based on the probability P;(m). The bond
dimension of CPS is 1. So, values of )\([ﬂ and )\[ﬂ vectors go as 1 for the first element
and 0 for the rest of the others.

4.3 Mapping of S/B Coupling Model to a Semi-
infinite 1D Chain

The theoretical techniques which have been developed over decades and experimented
successfully on various two state systems [82] [83], do not provide any satisfactory
platform to obtain exact solution in case of a simple, non-trivial model like single
two level system (TLS) coupled to a zero temperature bath [84] 85] for having non-
linearity, even though nonlinear effects have been encountered formally many times,
e.g. micromechanical oscillator [86], Josephson qubits [87], and dielectrics at the limit
of single photon excitation energies [88]. As we intend to implement DMRG for open
quantum dynamics, one has to map the canonical S/B model to one-dimensional
harmonic chain with nearest neighbor interactions. The dynamics of a small subsystem
is obtained from the time dynamics of the small part of the chain. In the following
section, we discuss about the analytical technique that generates a map between the
two models to simulate open quantum system numerically.

4.3.1 System Specification

Here, we present how the multimode environment coupled to a system is transformed
into a semi-infinite chain model. The Hamiltonian of the bath for a S/B coupling
model given in Eq. (2.8)), is expressed in continuous domain as

Hp = / dzg(z)blb,, (4.41)

Tmax

where b,(bl) are the annihilation (creation) operators of a particular mode z of the
bath. x,,,, is the hard cutoff limit of the modes. The operators satisfy the bosonic
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commutation relation [b,,b!] = d(z — y). g(z) is the frequency of the mode. The

T Y
coupling Hamiltonian is

Hipy = / deh(z) (alb, + abl), (4.42)

Tmax

where a(a') are the annihilation (creation) operators of the system and h(z) is the
coupling strength of each mode, and depending on that we define the measure du(x) =
h*(z)dz. The dynamics of the system is characterized by a positive function of the
energy of the bath, known as spectral density [89]:

dg~!(w)
dw 7

where g~!(w) is the inverse function of w. As dw — 0, dg;—;(w) represents the density

of states of the bath. In order to map the S/B coupling model to a semi-infinite chain,
we imply a mathematical transformation based on orthogonal polynomials [90]. In
Appendix [A] we discuss about the definitions and properties of those orthonormal
polynomials.

J(w) = 7h%g " (w)] (4.43)

4.3.2 Transformation of the Hamiltonian

The mapping between S/B coupling model is formulated by using a unitary opera-
tor which is constructed using orthonormal polynomials. The characteristics of these
polynomials were discussed previously. After the transformation of the S/B coupling
Hamiltonian, the 1D chain Hamiltonian is expected to be

N N-1
H=Hg+1 (awo + adg) + lim. [ZO wadl d, + ZO o (denH + dndLH)I . (4.44)

The transformation is shown with a schematic diagram in Fig. [4.3] d,(d}) are the
annihilation (creation) operators of the chain at site n. w,,n’ and 7 are the new pa-
rameters which we determine using the recurrence relation of the orthonormal poly-
nomial given in Eq. The new operators of the lattice sites are obtained by unitary
transformation of the old operators for each mode of the bath

d, = / " daU (2)b(x), (4.45)

Tmax
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o

N\

Figure 4.3: Transformation of Hamiltonian from system /bath coupling model to semi
infinite chain model. [Pub.- ILIII| reproduced with permission.

W

where

The inverse transformation is given by
b(x) =Y Un(x)d,. (4.46)

The consideration of wide-band limit approximation (WBLA) makes the real valued
coupling coefficient (h(x)) independent of the frequency the mode and therefore gives
a constant (h(x) = ¢p). Depending on the type of S/B coupling and the distribution of
the modes of the bath, one chooses a suitable orthonormal polynomial for the unitary
transformation. For example, in case of an open quantum system where the mode of
the bath is continuously distributed, and coupling coefficient is a constant, Legendre
polynomial is an essential choice. However, if the mode of the bath is discrete, one
should consider Hahn polynomial [90].

Legendre polynomial

In order to make our life easier, we consider such kind of orthogonal polynomials as a
structural unit for the construction of unitary operator U, (z), which has a unit mea-
sure. Therefore, the constant associated with the coupling coefficient (c¢p) is considered
to be absorbed within the system field operator. The frequency of the bath changes
linearly with x, giving w = g(x) = g.z. Essentially, the spectral density function given

in Eq. (4.43) becomes

J(w) = Z5m92 00 + )0(e — w). (4.47)

€

€ = §.Tmaz 18 the extreme cutoff frequency of the mode of the bath. The frequency of
the bath mode belongs in the range w € [—¢, €] and hence we consider a large value
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of e while simulating the open quantum system. The unit measure determines the
orthogonality relation as

/ " (@) (@) = G (4.48)

Tmazx

Here, we use Legendre polynomial L,(y) which satisfies the orthonormality criteria
in the range of y € [—1, 1]. The orthogonality relation of the Legendre polynomial is
given by

1
9
AyL., () Ly () = 6,y ———.
/_1y (y)Lin(y) ]

As the polynomial is an even function and not normalized, we consider a normalized
shifted Legendre polynomial L, (x) where x is defined in the range x € [—Zyaz, Tmaz),
for the construction of unitary operator which is given by

U, (z) = (Q”H)Ln{ ’ ]:ﬁn(x). (4.49)

QImax xmax

The unitary operator satisfies the orthonormal relation explained in the Eq. (4.48)),
and transforms the interaction Hamiltonian to

Hm:/ daco (a'b, + abl) —COZ/ daUy () (a'd, + ad}) .
As Lo(z) = 1, the zeroth order unitary operator gives Uy(x) = 2:0 . The orthog-

onality relation [*"** dazU,(x)Us(z) = 6,0 determines the interactlon Hamiltonian
as

Hint = Cov 2$max (aTdO + (ldg) . (450)

We get the value of 1 from the above equation, which can also be determined from
the expression of spectral density as [91]
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\/ / dwJ (w CoV 2. Tz - (4.51)

Tmazx

Using the transformation of b(z) and b'(z), we determine the Hamiltonian of the bath
as

Tmazx

HB:/ dzg(z)bib, —gZ/ [P ()P (2)d] .

—ZTmazx Tmazx

Inserting the recurrence relation of the orthonormal polynomial provided in the Eq.
(A.6]) and using the orthonormality among polynomials, we re-express the Hamiltonian
of the bath as

Hp =g g / dx[xﬁn(x)]pm(x)djldm
1 A, B
o - T t n+1 +
_gz [c s+ G o d”“]

= gz |:\/ Bn+1dn+1d + Oénde + \V Bn—&—ld dTL+1i| ) (452)

which determines coefficients w,, and n as

Bnt1 and (4.53a)
Wn = G, (4.53b)

Now, in order to calculate «,, and 3, one has to transform the orthogonal polynomial
pn(z) to monic polynomial 7,(x) by dividing it by its’ leading coefficient, which is

_[2n+1 (2n)!
Jn = 2. Zmaz (2-Zmaz)" ()2

Essentially, 3, is calculated as
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ﬁ — <ﬁn7ﬁn> fg—l — <fn—1>2
" <ﬁn—17ﬁn—1> fEL fn 7

which determines 7,, as

B B fn . n+1
= ﬂ”“_g(fnﬂ)_ <\/<2n+1)<2n+3)>' (4:54)

Similarly, «a, is determined as

o= By = [ 4G g, |y

<7Tna 7Tn>u —Tmaz 2~$maa: Tmaz
(2n+1) ! 2
= Tpmaz—— [ dzz{L.(2)}
2 1
=0,
which gives the diagonal elements
wp = 0. (4.55)

Hahn polynomial

Previously, we mapped a continuous environment to a discrete semi-infinite chain.
However, this might not be the case always, especially when a system coupled to
a discrete set of oscillators which cannot be determined by a continuous spectral
function. This discrete bath can still be transformed into a chain following the same
procedure that we have presented previously, the only difference is that one has to
use classical discrete orthonormal polynomials instead of continuous ones. Eventually,
the transformation relation given in the Eq. changes to

dn =Y Un(k)by. (4.56)

The inverse transformation would be similar to the Eq. (4.46). The orthogonality
relation given in the Eq. (4.48)) changes to

S Bnk)Ba(k) = G (4.57)
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Here, we use Hahn polynomial @Q,,(k, N) which satisfies the orthonormality criteria in
the range of n € [0, N] [92]. As the polynomial is an even function and not normalized,
we consider a normalized shifted Hahn polynomial by rescaling it and multiplying by
a normalization factor. The orthogonality relation of the Hahn polynomial is given by

N

> Qulke, N)Qu(k, N) = pnp?, (4.58)

k=—N

where Q,(k, N) = Q.(2k — N, N) is the shifted Hahn polynomial and p is the nor-
malization coefficient which is expressed by

Pn = (_1)n(N!)\/(N+n(2+n1+)!<1J)v—n)!‘ (4.59)

Using the orthogonality relation given in the Eq. (4.58), one can show that the new
modes dI, and d,, obey the same bosonic commutation relation, similar to the original
modes. The spectral density of the discrete bath can be deduced from the Eq. (4.43))
as

Jp = mgp = 7O(N — k)O(N + k), (4.60)

which determines the coefficient n':

n ==<C

N
1
5 Z Jp = Co\/ﬁ. (4.61)
k=—N

Inserting the transformation of b, and bL we re-express the Hamiltonian of the bath
as

N
Hp=Y wiblbi =33 kéwk 5o () (K ) b
-N

mmn  k

=D (k/D)Qulk, N)Qu(k, N)p,! o, b . (4.62)

mmn k

The recurrence relation of the Hahn orthogonal polynomial is given by

=+ M@l N) = [AuQua(h, V) = (A + C)@ulls N) + CoGua (0, V)
(1.63)
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where

_ (n+ 1N —n)
A, = 22+ 1) and (4.64a)
(n+N+1)n
O = e 1) (L610)

Using the recurrence relation and the orthogonality of the Hahn polynomial, one can
rewrite the Hamiltonian of the reservoir given in Eq. (4.62) as

Hp =5 > [—2Anp;1pn+1dildn+1 + (A, +C, — N)d!d, — 2C’n+1p;}r1pndil+1dn] .

n

(4.65)

Using the expression of A,,C,, and p,, we determine the coefficients w,, and 7, as

e =1/Dy/(N —n)(N + 1+ 2) (\/(anf)én%)) (4.66)

wyp = 0. (4.67)

[t is not possible realistically to accept the semi-infinite chain (N — oo) for numerical
simulation, and so we truncate the length of the chain in some point, which causes
recurrence in the time dynamics. We will explore this phenomenon while analyzing the
results of numerical simulation. However, the difference in the hopping coefficients (,,)
for the Legendre and Hahn does not create a serious problem other than the dispersion
relation. The dispersion relation of the Hahn polynomial is linear as expected, but
not always in the case of Legendre polynomials. Even though it shows linearity in the
central region, towards the edge of cutoff frequency it exhibits nonlinearity, which is
demonstrated in Fig.
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Figure 4.4: The dispersion relation of the chain constructed by (a)Legendre and

(b)Hahn polynomials.



5 Numerical Simulation of Open
Quantum Systems

Here, we use the TEBD numerical scheme introduced in the previous section to inves-
tigate simple linear S/B coupling and to study the consequences induced by modeling
and the numerical parameters. In order to check the applicability this algorithm, we
first simulate the dissipative dynamics of an open quantum system and then intro-
duce a thermal bath to study the thermalization dynamics of the system. Both the
cases, we have chosen a simple S/B coupling model given in Sec. 2.2.1] with the
generic function F(a,a') = a. The interaction Hamiltonian in Eq. (2.16) becomes
Hi =Y, cola'by + abl), where ¢g is the coupling strength.

5.1 Free Dissipative Systems (T=0)

We start by assuming one photon kept initially in the system leaving bath completely
empty at zero temperature. The transformation of the continuous modes of the bath
to the discrete chain is done using Legendre polynomial given in the Sec. The
model is chosen to study how the system population decays over time in the presence
of the empty bath. Transforming the open quantum system to 1D chain system we
see that the first site is populated by one quantum, all other sites remaining empty.
The dissipative dynamics of the system population is estimated analytically from Eq.
(2-40), and numerically through real time evolution of the full chain.

We plotted the population dynamics of the system in Fig. evaluated in two ways;
analytically from QLE and numerically by TEBD, to compare them. In the system
population of the numerical result, we see an increment after a certain time, which
is caused due to the fact that the particle reflects from the end of the chain. The
finite size effect of the chain is discussed explicitly later in the appendix. However,
the population plot of the full chain exhibits the reflection of the particle, which is
given in the insets of Fig. 5.1} Afterwards, we fit the curve and estimate the rate of
dissipation from the numerical data and compare with analytics.

46
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Figure 5.1: Plot of system population determined numerically by TEBD and analyt-
ically from the solution of QLE for different coupling constant (a)co = 1, (b)cg = 2.
The parameters for TEBD simulation are given as: cutoff frequency ¢ = 100[g] (g
is the inverse of density of states), number of sites for the bath N = 101, Schmidt
number () = 15, size of local Hilbert space (M) = 4, time step 6t = 1072¢g~!. In the
inset the image plot the population of the sites shows how the recurrence is occurring
from the boundary.
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5.1.1 Curve Fit and Estimation

Here, we fit the TEBD numerical data with the best possible exponential curve (a *
exp[—bt]) using least absolute residuals (LAR) method determined by Levenberg-
Marquardt algorithm [93] to estimate the rate of dissipation. In order to compare
the analytics and numerics, one must ignore the rise-up of the system population
due to the recurrence of particle from the end. The system population determined
by TEBD and its fitted curve both are plotted in the Fig. It is to be noted that
the numerically determined decay rate is little less than the analytically determined
decay rate, which happens due to the fact that the time error introduced from the
Suzuki-Trotter decomposition, which is discussed in the Appendix

5.2 Thermal Bath and Evolution of Open Quantum
System (for Simple S/B Coupling)

We study the time dynamics and the steady-state behavior of the system in the
presence of a thermal bath for a simple S/B coupling model. The dynamics of the
system field is described by QLE given in Eq. (2.32). The model is similar to the
model chosen in Sec. the only difference is that a thermal bath is chosen this time
instead of an empty bath. We employ the numerical model for the thermalization
dynamics of open quantum systems for the first time, which includes generating the
thermal bath using minimally entangled typical thermal state algorithm explained
explicitly in Sec. and couple the thermal bath to an empty system to observe
its evolution. In this case, Hahn polynomial is preferred over Legendre polynomial
for the transformation of the system bath coupling model to 1D chain model for
having linear dispersion relation which is shown in Fig. The nonlinear dispersive
property of the Legendre polynomial introduces unwanted error while determining
the population spectrum of the bath. Also, we consider a realistic picture where the
resonating frequency of the system (w,.) is much larger than the cutoff window (€) (the
lower cutoff w. — € > 0). The idea of such kind of modeling has been introduced due
to the fact that few modes of the bath around the resonating mode of the system are
coupled. The analytical estimation of the dynamics of the system population is given
in the following section.
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5.2.1 Analytics of System Dynamics in Presence of Thermal
Bath

Integrating QLE of a simple S/B coupling model given in the Eq. we get the
time dynamics of the field operator of the system as

bk? to —iwp (t— —(iw —
=y %DZ_Z Pt A S C

This determines the population of the system, which is given by

(a'a)(t) 27TD Z‘ i(wr — we)) [eii(wk%)(tim) — e 20700 (b (t0) b (to))

(5.2)
The initial thermal population distribution of the bath is
1
(0! (to)bi(to)) = S Whenk € [-N.N]. (5.3)

The thermal population of the system given in the Eq. (5.2)) is given by

(aTa)(t) = wiffuk + BJy, (5.4)
where /2 CD .
I, = yery 5.5a
[(wr — we)? + (%)) e = 1] (5.52)
(7/27 D) cos((wr — we)(t —tg)) 1
Ji = 5 5.5b
[(wr — we)? + (%)) [efer — 1] (5.50)
and
A= (14 et (5.6a)
B = —2¢(t-00)/2, (5.6b)

We see that the time dynamics of the system is dependent on three parameters: the
temperature, rate of dissipation and the cutoff frequency. In the following section, we
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discuss how these parameters effect on the modeling and the steady-state behavior of
the thermal bath coupled system.
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Figure 5.3: Plot of the function I; for different temperature and coupling between
the system and environment. The temperature is fixed for all plots in columns.
B = 5,10[1/w,] for the first and second column respectively, and the dissipation rate
changes over rows. v = 0.0113,0.0314, 0.0616w, for the first, second and third row
respectively. [Pub.- III] reproduced with permission.

Modeling constraint of a thermal bath coupled system

o Clutoff frequency with temperature:

As the coefficient B goes away when we reach steady state, the system popu-
lation is determined by the function I given in Eq. (5.5a). According to the
system/bath formalism, the system population dynamics is dependent on few
modes of the bath around the resonating mode of the system, and hence, one
should consider the cutoff frequency (€) in an way so that it can marginalize the
the contribution of bath modes those are far away from the system mode. The
idea behind the fact is the impact of the modes of the bath whose frequencies
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are far away from the frequency of the mode of the system, have a minimum
impact in the dynamics and the steady state of the system. Therefore, the func-
tion I;, should converge when the frequency (wy) goes far away from the cavity
resonance frequency (w.). However, Fig. shows that despite having a peak
of the function [ at resonating frequency of the system, the function rises up
again for much lower frequency of the system mode (wy, << w.), which is caused
due to the fact that the exponential thermal population distribution function of
— 2D ) 1y
[(w—we)2+(7)]
case of a lower temperature bath, the rising up occurs faster than that of a high
temperature. One can bypass such kind of situations by reducing e, but that rises
up the ratio between v and e, which is the next topic of discussion. However,
the thermal population always remains zero for all modes in a zero temperature
bath. Hence, the system is not effected by the cutoff frequency while relaxing to
the ground state.

the bath (m) dominates over the Lorentzian function

e Dissipation rate and cutoff frequency:

The model of open quantum system assumes that the S/B coupling is weak
so that the second-order perturbation is a good approximation to study the
dynamics, which makes the rate of dissipation to be much lower than the cutoff
limit (v << €), ensuring the Lorentzian function <LD2) to act like
[(wr—we)2+(T)]
a delta function around w,.. The reduction of the rate of dissipation makes the
Lorentzian function closer to the delta function, and therefore it gives a more
accurate result.

Fig. also plots the function I for different decay rates of the system, which
shows that in case of low temperature bath, smaller values of decay rate are
more demands for the translation of the analytics into the numerics. But in
that case the system demands more time to reach the steady state. Therefore,
it might not reach steady state sometime before the particle reflects back from
the boundary. The recurrence time can be raised up by increasing the density
of states, but some other constrains comes into the picture, as discussed at the
end of this section.

As the Lorentzian function becomes a delta function for a given condition v <<
¢, the steady-state population of the system is approximated to

1

(ala)(o0) = .

(5.7)

which is the thermal population of the bath corresponding to the mode of the
system.

The numerical parameters have a substantial impact in the generation of the thermal
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bath, and in the following part we investigate how the quality of simulation changes
with the variation of those parameters, which is helpful for the optimization of nu-
merics.

Thermal Population

k[“" c]

Figure 5.4: Population spectra for different temperature (8 = 5,10,25,50[1/w,]).
[Pub.- IT1] reproduced with permission.
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Figure 5.5: Cumulative probability distribution of photon occupation for different
temperature (5 = 5,10, 25,50[1/w,]). [Pub.- III] reproduced with permission.

5.2.2 Generation of Thermal Bath Using TEBD

The quality of thermal state generated by METTS algorithm is dependent on two
crucial parameters: temperature and the number of samples. Here, we discuss how
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the simulation is affected by these parameters.
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Change of Temperature

We plot the frequency spectrum of thermal population of the bath in Fig. [5.4] where
we see that as the thermal population reduces rapidly at lower temperature, less
number of modes are needed to be considered. This is also hinted by the Fig. [5.5]
where it is seen that in the case of low-temperature bath, the cumulative probability
saturates faster, and therefore the requirement of number of METTS samples goes
down. As a result, in Fig.[5.6] we see that the population distribution becomes smooth
when we reduce the temperature keeping number of METTS fixed, which indicates a
better quality of generation of thermal state. The comparison between analytical and
numerical thermal population are given in Table. [5.1]

Even though the METTS algorithm performs better at low temperature, however,
the overall thermal population goes down so significantly that after certain range the
number looses reliability for numerical simulation. Hence, one can conclude by saying
that the preparation of the bath through imaginary time evolution is quite promising
to work with, but one has to compromise between the quality of preparation and the
number of photons.

Table 5.1: Population of a thermal bath for different temperature. Analytical and
numerical values are compared here for the frequency range wy € [0.7,1.3]w.. The
number of METTS samples is kept fixed at 50 for all cases. [Pub.- III] reproduced
with permission.

Bl1/w. Exact population TEBD prepared population

d 0.1626 0.1730
10 0.0028 0.0030
25 3.9723 x 1078 3.9677 x 1078
20 7.2920 x 10716 7.9524 x 10716

Number of Samples

A thermal state at higher temperature is always preferable in order to obtain pop-
ulation at a significant level, which leads us to consider a large number of METTS
samples when we do real time evolution. Fig. shows an improvement of the quality
of the preparation of the bath with the increment of the number of METTS samples,
which is hinted by the improvement of the smoothness of the plot defining a signifi-
cant pattern in the population distribution. However, the increment of the number of
samples also costs computational time and resources.
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Change of Density of States

The increment of density of states (DOS) increases the recurrence time, which gives the
system more time for relaxation to reach the steady state. In case of weak coupling
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between system and environment, more relaxation time is required, and therefore
higher DOS is a better choice. The increment of DOS also increases the number of
modes, which can be justified from the comparative study given in Fig. Therefore,
more number of METTS samples are required to represent such kind of thermal state,
which comes out as a disadvantage. Another disadvantage of the increment of DOS
is the increment of the requirement of the number of lattice sites, which causes more
simulation time and memory space.

We plot the population per site for a fixed temperature (6 = 5[1/w.|) and a fixed
range of cutoff frequency (wy € [0.7,1.3]w,.) in Fig. where we doubled the DOS
compared to the Fig. The figure represents how the population per site in the
bath changes when we change of number of METTS samples. We see that the more
number of METTS samples is required to represent a bath of higher density of state.
The increase of DOS of the bath increases the total population, as seen from the
Table.

Table 5.2: Population of a thermal bath for different density of state. Analytical and
numerical values are compared here for the frequency range wy € [0.7,1.3|w. and
temperature 8 = 5[1/w.]. The number of METTS samples is kept fixed at 1000 for
all cases. [Pub.- III] reproduced with permission.

DOS [1/w.] Exact population of bath Population of TEBD prepared bath
25 0.1626 0.1630
20 0.3082 0.3088

5.2.3 Real Time Propagation of System Coupled to Thermal
Bath

In this section, we evolve a system which was in ground state initially and coupled to
a thermal bath of inverse temperature § = 5[1/w,]. In Fig. [5.10] the time dynamics of
the system population for different cutoff frequencies and coupling strength is shown,
where the system population increases slowly in the case of lower values of dissipation
constant. The recurrence time of the system is 150[1/w.| and hence the plot is not
given beyond that. The oscillation in the system population is gifted by the left tail
of the Fig. and it can be explained analytically from the Eq. (5.4). The higher
value of v also introduces more error in terms of oscillation to the dynamics of the
system population. We see the steady state population of the system is comparable
to the population of the bath at the resonating frequency of the system (w.), which
is indicated by the Eq. and marked by the black discrete line in Fig. [p.10] Tt
shows that the numerical result is synchronous to the analytical value and both of
them merge with the expected result when the system evolves for longer time.
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Time evolution with higher cutoff frequency

The time evolution of the population of the system is also determined with the varia-
tion of the cutoff frequency of the bath. As anticipated by the Eq. , the extension
of the lower cutoff frequency contributes more oscillation to the dynamics of the sys-
tem population, which is visible when we compare between Fig. [5.10[(a) and (b). For
a fixed density of state, the increment of the cutoff frequency essentially demands
a longer chain for the simulation, and hence we had to increase the length of the
chain for the Fig. [5.10[(b). Even though that longer chain demands more number of
METTS samples for the preparation of a thermal state, we kept the number fixed for
all simulations. Hence, for a fixed number of samples, the quality of the simulation
is expected to be poor in case of a bath with higher cutoff frequency, which is also
realized by comparing between Fig. [5.10)(a) and (b). The quality of the simulation has
been identified by looking at the smoothness of the plot which defines a significant
pattern comparable with the analytics.

Time Evolution with Higher DOS of Bath

Both in Fig. [5.10[a) and (b), the system is unable to reach steady state due to slow
decay rate (especially for 7 = 0.0113w..). Hence, we raised the recurrence time up by
increasing the density of states (DOS) in Fig. [5.10](c) which ensures sufficient freedom
to relax to the steady state for the system.

5.2.4 Time Evolution of Quadrature Fluctuations

The numerical technique moreover provides a promising platform for the investigation
of the dynamics of open quantum systems. Here, real-time dynamics of the quadrature
fluctuations is plotted in Fig. comparing with its analytics, to investigate the
applicability of the method in the physics of quantum Brownian motion. The arbitrary
quadrature is defined as Xy(t) = e¢?c(t) + e cl(t). We see the quadrature fluctuation
becomes phase (#) independent (0.Xy(t) = /1 + 2n(t)) due to the fact that (d(0)) =

(d(0)) = (d2(0)) = <d,12(0)> = 0, and its time dynamics gives similar pattern to the
population dynamics.
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Figure 5.10: (a,b) Plot of the time evolution of the system population for different
cutoff frequency: (a)e = 0.3w, is and (b)e = 0.6w,. The length of the chain of the bath
is 16 and 31, respectively, keeping the DOS fixed DOS = 25[1/w,]. (c) Plot of the time
evolution of the system population increasing the density of state DOS = 50[1/w,].
The length of the chain of the bath is 31, and the cutoff frequency is (e = 0.3w,) .
The temperature (8 = 5[1/w,]) and number of METTS samples (4000) are kept fixed
in all cases. Thick lines corresponds to the TEBD numerical result and the thin lines
represent analytical results obtained from the Eq. [5.4] The black dashed line stands
for the thermal population corresponding to the mode of the system expressed in Eq.
[Pub.- III| reproduced with permission.
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5.3 Conclusion

We used the transformed 1D chain model of open quantum systems to study dissipa-
tion and thermalization dynamics of that open quantum system. We see the recurrence
time of the real time evolution raises up linearly when the DOS increases. Also, it is
seen that even though the METTS algorithm exhibits better performance at lower
temperature, the overall model demands the thermal state to be prepared at higher
temperature to get thermal population up to a significant level, which helps to over-
come unwanted error in the system population dynamics, which is contributed by
the lower limit of cutoff frequency. Hence, we consider more METTS samples which
costs more computation resources. In conclusion, we say that the thermal bath gen-
erated numerically is satisfactory to work with, but the quality of the result should
be compromised with computation resources. The numerical scheme could be a useful
tool in the determination of the exact solution in case of nonlinear S/B coupling [94],
single photon optomechanics 38, 39], and analyzing non-classical dynamics of non-
linear systems [95]. Also, the technique can be useful for the critical behaviors and
non-Markovian dynamics spin-Bosson coupling models [63], [82H84].



6 Kerr Nonlinear Systems

The Kerr effect was discovered by John Kerr in 1875 [96], which shows quadratic
electro-optic (QEO) effect and is seen in almost all materials. We generally determine
the steady state solution of the Kerr nonlinear system in two different ways: semiclas-
sically where we approximate the state of the system to a nearest coherent state, and
quantum-mechanically, where the exact solution is estimated from the master equa-
tion of the density matrix of the system. The semicalssical estimation of dispersive
and absorptive bistability both were derived from the Heisenberg equation of motion
[97, 98]. However, the quantum-mechanical solution for absorptive [99] and dissipa-
tive cases [100] were determined by mapping master equation to the Fokker plank
equation. Here, we aim to present both full quantum-mechanical and semiclassical
calculations of the dispersive optical bistability. Afterwards, we intend to determine
the dynamical behavior of Kerr nonlinear system. One way of approaching analyti-
cally could be applying the linearized approximation, where we linearize the quantum
fluctuation over nonlinear steady-state field amplitude. The method exhibits accuracy
when the impact of nonlineary is negligible, which means the steady state field of the
system changes linearly with the change of the driving field. The linearized model
fails when we increase the strength of the driving pump. In that situation, no such
analytical model is useful to extract out information from the system. Therefore, we
introduce TEND numerical model for the investigation of the transient and steady
state behavior of the Kerr nonlinear system.

6.1 Hamiltonian Formulation

The Kerr effect exhibits distinction from from the Pockels effect (linear electro-optic
effect) for having a change of induced refractive index proportional to the square of
the electric field. The difference in index of refraction (An) is given by

An = \K&?, (6.1)

where X is the wavelength of the light, K is the Kerr constant, and £ is the strength
of the internal electric field. For a general nonlinear model, the electric polarization
field P changes to the electric field £ according to

60
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p:X(l):g+X(2);58—|—X(3):555+"', (6.2)

where Y™ is the (n-+1)th rank of susceptibility tensor. In a Coulomb gauge the vector
potential is determined from the equations

0A
E=—— 6.3
B=VxA  and (6.3b)
V.A =0. (6.3¢)
Using Maxwell’s equation V x B = %%(considering no displacement current), and

vector identity V x V x A = V(V.A)C— V2A, one can find the wave equation for the
vector potential (A(r,t)) as

1 9*A
2A
VA = 22 (6.4)

The solution of the differential equation allows us to express the vector potential in
the form of field operators as

A:z’( ! )1/2 (au(r) — alu*(r), (6.5)

QWSEO

where wg is the frequency of the system mode and the mode function u is defined to
satisfy

/Vu(r)u*(r)d?’r =1

From here, one can deduce the corresponding electric and magnetic field by solving
the differential equations given in the Eq. (6.3)) as

E=i (;—;) v (au(r) — a'u*(r)) and (6.6a)
B=i <WSQMO>1/2 (au(r) — a'u*(r)) (6.6b)
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The Hamiltonian of of the system is determined by

B> 1 1 1 .
f— — — (1) . — (2) . — (3) . ..
HS—/dr(2u0+eog [QX .5—1—3)( .55—1—4)( EEE + ]) (6.7)

In case of a Kerr nonlinear system the nonlinearity exhibits up to third order. From
the expression of electric and magnetic field given in Eq. , one can obtain the
anharmonicity parameter as

3hw}
8e2

¥ = (s /V O @)u(r)|'d’r (6.8)

Essentially, the Hamiltonian becomes

Hg = wsa'a + x"al’a? — i(a' Bem it — qF*e™rt). (6.9)

The last term of the right hand side is the coupling Hamiltonian, which represents
system coupled to a large number of bosonic modes of the reservoir. Eventually, E is
the amplitude of an external classical electric field, which is driving the system with

an oscillation frequency wy. The field is given by E(t) = Ee it 4 E*eiwrt,

6.2 Quantum Fluctuations via the Fokker-Planck equa-
tion

The equation of motion of the density operator (pg) of the system is obtained from
the Master equation given by Eq. (2.12) [8, [13],

ps = —iA[aTa, Ps]—iX”[aTQGQ, ps]
~([a, ps]E — [a, ps)E)

—%[(N + 1)(aTap5 + psaTa — 2apSaT)

+N(aa'ps + psaa’ — 2a’pga), (6.10)

where N is the thermal population of the thermal reservoir. Now, suppose that the
observer switches to the frame of the driving field and observes the oscillation of
the cavity mode modifies as aorig = e~ “rtq,. ... Hence, the detuned cavity frequency
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becomes A = wg — wy, (see Appendix [A). v is the decay rate of the internal field of
the system, which comes from the coupling to the environment. The terms of the top
row correspond to isolated time evolution of the system, the second row stands for
the fluctuation due to external noise interference caused by the bath, and the last two
rows represent dissipation of the system.

In the next step, we determine the Fokker-Planck equation of the corresponding master
equation, which represents the time evolution of the quasiprobability distribution
function [100]. As the Fokker-Planck equation does not have a generalized solution,
we adopt a non-diagonal generalized P-representation which expresses the density
matrix of the system in a spectrum of coherent basic state

g (5
ps = [ Pla.p o dads, (6.11)

where «, 5 are the amplitude of coherent states. P(«, ) is the P-function, which
represents the probability of the density operator corresponds to coherent states of
amplitude a and f.

6.2.1 Mapping of Master Equation to the Fokker-Planck Equa-
tion

The mapping of operators acting on the density matrix is (see Appendix |[A]

ap — aP(a, f) a'p — (B— %)P(@aﬁ)
pat = BP(a, ) pa = (o - %) (a, ). (6.12)

In this stage we try to get the P representation on the RHS and LHS of the Eq.
The P representation of the LHS of the Eq.|6.10]is %P(a, ). Using the relations given
in the Eq. one can map the RHS of the Eq. as

~ it\(alaps ~ psa'a) » ~i (8- o~ (a - —w] Pla, B)
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— ix" [aT2a2ps — psaTQaQ] — —ix [(6 - 32)2042 —(a— %)252] P(a, B)
9, o * 5, 0 5
=1y {0—204 B_WQ 8525 -I—a—@Qﬁ} P(a, B)
—(Ea'—E"a)ps+ps(Ea' - E*a) — [—E(5—£)+E a+fpE - (04—%) JP(a, B)
0 0
- 2B+ BP0, )

— (N +1)(aaps + psa'a — 2apsal) —

—%(N+1) (5_8%)a+(a—%)6—20451 P(a, B)
5(N+1) {ia—i-%ﬂ} P(a, )
. %N(aaT ps + psaa’ — 2atpsa) —
IV |- gt o= 28— (= )6 - 50— (3= gh)a— 20| Plaws)
:__N[a ;ﬁﬁ 2 8;6] P(a, B).

Equating the P representation of the LHS and RHS one obtains

%P(a, p) = [aa (iAo + 2iX"a*B+ E + a) 885( iAB —ix"28% + E* + %@
+a_2( i ”a2)+8—2(z' "8y > ( N)] P(a, B) (6.13)
oz T g T gagp ! P ~

Note that the partial differential equation is describing the time evolution of the
quasiprobability distribution of a state of a system under the influence of random
forces, and this is why it is called quantum Fokker-Planck equation of the open quan-
tum system. One can remind the parallel picture of the classical Fokker-Planck equa-
tion which is discussed explicitly in Appendix . Eq. can be represented in the
form of a matrix equation as

i=1,2 9i 2 =12 af]

P(&), (6.14)
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where & = a and & = (. The quantities A and B are defined as

B iAa+ 2ix"a?B+ E+ Ja
A=-— (—ZAB ix"2B% + B* 1 1 and (6.15a)
"2 IN
B :2( et g ) . (6.15b)
;N 'LX//52

6.2.2 Potential Condition for Steady State Solution

The steady state situation of the system is considered when the system relaxes after
the occurrence of all possible transition, i.e. time evolved state after a long time. As
the system does not change in this situation one can simply consider that the left-hand
side of the Eq. is zero, and arrives at the condition

0
zzm 0% 3212 agj ” <€) -0 (6.16)

The situation holds in case of even more simplified condition

10

Ai(§)P (&) = 58_§}Bi’j(€)P(€)’ (6.17)

which implies P 0B

n ij
Biy e = 2= (6.18)
Considering P(§) = exp (—¢(£)), one arrives at
Ip() 9Bi;\ _

- 208 — () (240- G2) = Rt (6.19)

If we consider F; as the generalized force, ¢(£) must be corresponding potential. In
order to integrate the differential equation the following condition has to be satisfied

PO R _ORE) _ P 6.20)

006 08 0§ 0&0¢;

The condition indicates that the multivariate integral is independent of the path of
integration. In the case of one dimensional case, the potential condition is always
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satisfied. The turning point of the potential appears when the following condition is
satisfied

0B, ;
24; ; 5. (6.21)
Such a case, where the diffusion matrix is diagonal and constant (B, ; = W, ;), the
differential equation becomes
09  24;
_ 5_& =
Hence, one can say that the turning point is a deterministic condition, i.e. where the
steady-state solutions are obtainable.

(6.22)

6.2.3 Correlation Function

The diffusion matrix given in Eq. is neither diagonal nor constant. So, the
formula given in the Eq. is not useful for the determination of the correlation
functions. Hence, we determine the generalized force F(§) given in the Eq. (6.19),
which is given by

B
Fi(¢) = (Bf%) (2A1 — 880?) = (—ix"a®) H(—ilAa — 2iX"a?3 — E — %a + 2ix" @)

A E v 2
- 2 _ =z
(X”a 26+ ix" o + 2ix" a)

) = (') (DB + 20X Fa — B — 25 — 2ix"B)

( B Lo J 2> (6.23)
= —=+2a— - - — —— . .
X"B iX"6* 2ix"6 B

One can check whether the condition of integratability given in Eq. (6.20), is satisfying
in this case (%—? =2 = %). Now, in order to get the expression of P(«,f3), we
determine the potential by integrating the generalized force term over two different

independent paths 0,0 — «,0 and «,0 — «,

a,f a,0
P =eo | [ [inda+ mas)
A

83272
op

Fz(g) = (B2_21) <2A2 -

gl L Ay
—2)1na+m+25a+(g— 2ix”

= exp [(7 + Sy

B0 oA ) E L
= a'X” " 2ix 5 X" 2ix exp (2&5 — iX”a + Z'X”ﬁ . (624)
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Figure 6.1: Hankel contour starts at +oo at real axis goes towards 0 and encircles 0
in a counter clockwise direction and returns back to +o0.

Clearly, the function diverges in the usual complex integration domain. This says
the P representation does not exist in a steady-state until it becomes a determinable
special function. To determine the moments, one has to accept that the P function
is given in the complex domain. We have exposed the domain of integration in the
latter section. However, if the driving field F is real E = E* = Ej, the normalization
integral can be written as

2 —aen E
I(p,q) = /Z Ty exp {—E(,),(x - y)} dady, (6.25)
where p = [XA o) 4 = [X,, — gl and = Landy = B' The integral is determinable

in terms of a sum of "Gamma" function 1ntegrals The reciprocal of the "Gamma"
function is defined as

0 = (55) f (-0 ep(-ww, (6.26)

271

Here, the variable w is defined along the Hankel contour which starts at +oo at the
real axis, goes towards the origin and encirculating the origin in a counterclockwise
direction returns back to +o0o through another sheet. The contour is shown in the Fig.
[6.1] In this case, The branch point is located at origin, and the branch cut is defined
along the positive real axis. Using the above expression, one can express the integral

I(p,q) as

2n atn=1(_F /iy p+q+2(n—1)
I(p,q) = —dr? Z (=Eo/ix")

n'F (p+n)l'(qg+n) (6.27)
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This is a transcendental series, which can be written in terms of well defined general-
ized o F, hypergeometric series

F([L[ ,q],z> = anr(z”r(p)r(q) . (6.28)

p+n)l'(qg+n)

Introducing the above expression, finally we express the normalization integral as

(B
) = (TR P 2P ) 029

As the generalized P representation is a normally ordered representation, the normal
order averages of the operator moments can be calculated as

((@)"(@") = [ Pla,p)sma"dads. (6.30)

In order to get observables, one has to calculate the moments and divide it by nor-
malization factor. In this case, we see the moments are the same function as the
normalization factor, but with a replacement of (p,q) by (p + n,q + m). Essentially,
we get the moment calculating generalized function as

(=1)"[Eo/ix"|" L () (@) F ([ [p + n.q + m), 2[Eo/x~J2>> |

GO = ((ah)™(a)") = ( L(p+m)T(g +m)F ([ [p. a], 2[Eo/X"P?)

(6.31)

We calculate the mean of coherent field amplitude (a) and the second order correlation
function ¢*(0) from the Eq. (6.31)) as

(6.32a)

pF ([, Ip,dl, 2[Eo/x")?)

20 = {ara) _ (pab ([ [p gl 2080/ XP)F (1 [ + 2, + 21, 2(Eo/X'T)
(ata)? (p+ D@+ DF([l,[p+1,q+ 1], 2[Eo/X"]?)]? :

(a) = ([EO/iX//]F([]a [p+ 1’q]’2[EO/X//]2))

(6.32b)
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6.3 Coherent State Approach

The equation of motion of the system field operators can be obtained from the quan-
tum Langevin equation

a=—iAa—2ix"a'a®> — E — %a
ot = iAd" + 2iy"aa — E* — %cﬁ. (6.33)

Now, we replace the field operators by the coherent field amplitude (o = (a)) of the
system. When the system relaxes down to a steady state situation, we get the solutions
following from the above equation

2
BE =l (a4 2¢laPP+ T ) (6.39)

The turning points are those points where |E| holds its extreme values,

dlEP _
dla|
This yields the turning points

laf? = ! —2Ai\/A2—37—2 : (6.36)
° 6Y” 4

To investigate the regions of stability, we introduce a linearized analysis about the
steady state by considering a small fluctuations about the steady state

2
2iaf (a2 + 88l + 12¢%al' + 1) =0 (6.35)

at) = ap + a(t).

The first orders of the fluctuations leads to get the equation

[;] = —A [;T] : (6.37)

where
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A— 4ix"|a)® + 3 +iA 2ix" o
—2ix" o 2 —dix"]a)? + 2 —iA.

Now, according to the Routh-Hurwitz stability criterion, the roots of the characteristic
polynomial of a linear system must have negative real parts, which yields to determine

Tr{A} =7 > 0
2
Det{A} = 71 + A+ 8" Alaf? + 12y |al* > 0. (6.38)
One can notice that Det{A} = ‘|E‘| )) Hence, Det{A} = 0 is equivalent to finding a

turning point and those are soft- mode instabilities. One can verify that for |a] < |/,
or |a| > |as the Hurwitz criterion gives stable eigenvalues. Typically, |als is a real
positive quantity and hence the Eq. bounds the domain A < 0 and |A| > 3%
to see the turning point.

6.4 Results

In order to justify the applicability of the numerical model, we compare the analytics
and numerics by plotting the steady state system field and the second-order correlation
function of the Kerr nonlinear system. The analytics is given explicitly in Eqs.
and (6.37), and the numerics is determined based on the Hamiltonian given in the
Eq. , in two different methods: TEBD algorithm and the time propagation of
Heisenberg equation of motion by solving the differential equation given in Eq.
using Euler’s method. Initially, the bath is at zero temperature, and the transformation
of the continuous modes of the bath to the discrete chain is done using Legendre
polynomial given in the Sec. 4.3.2]

6.4.1 Steady-State Situation

In Fig. (a), we have plotted the stationary value of the field of the system and the
second-order correlation function determined analytically and numerically. We see the
TEBD determined numerical values follow the quantum mechanical exact analytical
solution obtained by solving the Fokker-Plank equation of the EOM of the density
matrix, which is expressed in Eq. . It is also noticeable that there is a difference
between the analytics and numerics, which is more visible in the transition region,
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Figure 6.2: (a) Steady state field amplitude and second order correlation function,
(b) phase plotted for A = —10,x” = 3,7 = 6.3 with the variation of driving field
amplitude. All quantities are in the units of ¢ and the TEBD simulation parameters:
N =50,x =25, M = 15,5t = 1072g~1.. [Pub.- II] reproduced with permission.

caused by the fact that the TEBD numerics suffers time error due to Suzuki-Trotter de-
composition. The semi-classically obtained analytical solution given in the Eq.
is also plotted in this figure, which determines the branch values and the transition
region. The difference between semiclassical and quantum-mechanical solution is that
the first solution exhibits bistability, whereas the second one does not. In the plot of
g%(0) the peak indicates the raising-up of the fluctuations around the transition point.
This happens because of the superposition of two coherent states around the transi-
tion region. Due to the fact that the coherent states are not mutually orthogonal, the
state loses its classical nature, creating a non classical state. One can also visualize
the turning points of the semi-classical solution from the Eq. (6.36). Comparing with
the classical bistability, it is seen that the major shift in the simulation of the quan-
tum dynamics occurs around the classically determined transition region. It is also to
be noted that the numerical time propagation of the QLE obtained through Euler’s
method follows the analytically estimated semi-classical solution; where the transition
occurs in between the boundary of analytically predicted region. The phase angle is
also plotted in the Fig. (b). As anticipated, the semi-classically and numerically
determined value initially follows the lower branch and jumps to the upper branch in
the interval of the transition region, whereas the TEBD determined value follows the
quantum-mechanical exact solution which has a gradual change towards the upper
branch.
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Figure 6.3: Time dynamics of the system field with the variation of driving field am-
plitude ((a)1, (b)3, (¢)5, (d)7, (e)15, (f)19). The blue solid line and the red dashed
lines correspond to the time propagation using Euler’s method and TEBD numerical
method, respectively. In inset we plot the trajectory of the system field, along with
the phase. All other parameters remain same with Fig. [Pub.- I1] reproduced with
permission.

6.4.2 Time Dynamics of System Field

The time dynamics of system field, plotted in Fig. [6.3] is determined numerically
using two different methods. It is seen from the plot that the field stabilizes after
suffering initial oscillation. The frequency of the oscillation decreases while increasing
the strength of the driving pump when the system is in lower branch, but increases
when it switches to upper branch. The reason behind the difference in two different
methods is the fact that the semi-classical Euler’s method gives the coherent field of
the system which belongs to one among two branches, whereas the TEBD determined
result keeps the superposition of both the branches while determining the time dy-
namics. The difference is more visible in the extreme transition region (Fig. [6.3(c)
and (d)). Also, the interesting phenomenon is seen in the plot of the time evolution
of the amplitude and the phase of the field of the system together which is given
in insets, where we see that the system reaches two different steady states following
completely opposite trajectories. The lower branch follows anticlockwise trajectory
(Fig.[6.3|(a), (b) and (c)) whereas the upper branch follows clockwise (Fig. [6.3|(d), (e)
and (f)). However, in the transition region we don’t find any particular pattern due
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Figure 6.4: Plot of the second order correlation function with the variation of the
driving field. All other parameters remain same with Fig. [Pub.- II] reproduced
with permission.

to the superposition of two coherent fields.

6.4.3 Second Order Correlation Function

Time evolution of the second order correlation function are plotted using TEBD algo-
rithm in Fig. [6.4] where the correlation function moreover gives unit value towards a
stable classical branch. Anticipating that, we see the time evolution of g?(0) deviates
much from unit value around the transition region, which is caused by the superpo-
sition of two coherent states. This indicates that the evolution of the system goes
through nonclassical states.

6.5 Conclusion

Analyzing of the steady state of the system, we observe that the TEBD numerical
result follows the quantum mechanical exact solution and the time propagation of the
system field by Euler’s method obeys the semi-classical solution of the Heisenberg
equation of motion. It is observed from the time dynamics of the Kerr system that
the semi-classical Euler’s method gives the coherent field of the system among two
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possibilities, whereas TEBD numerical result determines superposition of them. The
consequence is visualized in terms of a significant difference while determining system
field using two different methods, which certainly increases around the classical tran-
sition region. Also, we see that TEBD determined ¢*(0) does not show its dynamics
evolve as unit valued, especially when it is around the transition region, and indicating
a non-classical state which is caused by the superposition of two coherent states.



7 Summary

In this thesis, a theoretical and numerical model has been presented to study the
time evolution of open quantum systems aiming to be applied in a different types
of systems. In particular, the methods have been designed targeting to be used in
nonlinear systems and to study thermalization of open quantum systems.

In chapter 2, we have explained the theoretical tools used to study the dynamics of
open quantum systems. These tools include quantum Langevin equation and master
equation, and, in this section, we have given a detailed derivation of those equations,
established a connection between them and their classical counterparts. The decoher-
ence and dephasing dynamics for different types of S/B coupling are also included
within this framework.

The chapter 3 presents an application of the theoretical modeling of an open quantum
system, where we reported the way of deducing nonlinear QLEs from a nonlinear S/B
coupling Hamiltonian. Overall, we have shown here how an effective nonlinear S/B
coupling can be modified in the presence of impurities modeled as TLSs. For the small
values of external field, we see the steady state system field does not change much
from the steady state field obtained in the absence of nonlinear dissipation, but for the
stronger external field the deviation becomes substantial from the solution of linear
system. It is also seen that the fluctuation spectrum of the system shows dependency
on phase angle.

In chapter 4, we have introduced a time-evolving block decimation algorithm for
the numerical simulation of an open quantum system. The chapter starts with a
description of the algorithm, explaining real and imaginary time evolution of one-
dimensional many-body systems. We also explain another algorithm that describes
the preparation of a minimally entangled typical thermal state, which is required to
generate a thermal bath to study the thermalization of an open quantum system. In
the end, we provide a mapping of the system-reservoir model to a semi-infinite discrete
chain with nearest-neighbour interactions using orthogonal polynomials.

In chapter 5, we have presented the results of numerical simulation open quantum
systems using TEBD algorithm and the comparison with analytics. We start with
evolving a simple model of a free dissipating open quantum system where one quan-
tum of boson dissipates freely in an empty bath. Both the numerical and analytical
estimation presents a similar rate of dissipation of the system population. Afterward,
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we present the numerical simulation of the thermalization of an open quantum system
and compared it with analytical estimation. The results show that even though the
METTS algorithm performs better at a lower temperature, we prefer to generate a
higher temperature thermal bath to obtain the population to a significant threshold
level. The another reason is to avoid unwanted error in the dynamical behavior of the
system population which comes from the lower cutoff frequency limit. Hence, one must
consider a large number of METTS samples which costs more computation resources,
and therefore appears as a disadvantage.

Finally in chapter 6, we have studied the coherent driven Kerr nonlinear system dis-
cussing comparatively theoretical and numerical estimations of steady state behavior.
The analytical method includes semi-classical solution of the Heisenberg equation of
motion and quantum mechanical exact solution obtained by mapping the equation of
motion of the density matrix of the system to a Fokker-Plank equation. The numerical
approach not only includes TEBD algorithm, but also the time propagation of the
system field by solving semi classical equation using Euler’s method. It is observed
that TEBD numerical result obeys quantum mechanical exact solution, whereas the
time propagation using Euler’s method follows the semi-classical analytical solution
of the Heisenberg equation of motion. It is also seen that the semi-classical Euler’s
method estimates a coherent field of the system which is one among two solutions,
but TEBD determined numerical result keeps the superposition of both of them. As a
consequence, the TEBD obtained dynamics exhibits generation of non-classical states
while evolving the Kerr nonlinear systems.



Appendix A:
Theoretical Appendix

Orthonormal Polynomials

Let us define an orthogonal polynomial p,(x) of degree n, which belongs to a space
pn(x) € P with real coefficients, as

pu(z) = Zaia:i, (A1)

where a; € R and x is real (as it corresponds to the mode of the system). One can
extend it to complex, but real coefficients are good enough in this formulation. For
a positive nondecreasing and differentiable measure dp(x) defined in a finite interval
[a, b], all moments have finite value:

b
/ dp(z)a” < oo, r=20,1,2,...

The inner product of any two polynomials (p(x),¢(x) € P) is defined as

b
(p(x), (), = / dp(x)p(a)g(z), r="0,1,2,....

which yields the the Cauchy-Schwarz’s inequality

[, @)ul <Pl

where norm of a polynomial (||p||,) is given by

1Pl =/ (p(@), p(2))u > 0,

Orthogonal polynomial p, (x) satisfies the orthogonality relation

(Do), Pu())ys = / ()P ()P () = G,

7
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The polynomial p,, is called monic if the leading coefficient a,, = 1. Then, it is denoted
as 7, (z). Any polynomial can be made monic, by dividing it by its leading coefficient.
The orthogonality relation changes to

(0 (2), T () = (170 [ O (A.2)

The monic non-orthogonal polynomial can be recovered to an orthonormal polyno-
mial as p,(z) = m,(z)/||m,||. For a nonzero measure dy, the monic polynomials are
constructed by Gram-Schmaidt algorithm:

() = my(z) — ki (M) o, (A.3)

n—=0 <7Tn7 7Tn>,u

where my(r) = 2% and 7y = 1. One can check the orthogonality relation given in Eq.
(A.2)) recursively, from the structure given in the Eq.(A.3) as

(oo = i)~ (e ) ) = (= (S22 ) g ) =

n—0 <7Tn7 7Tn>/,L <7Tl7 7Tl>,u

Hereafter, we deduce a useful recurrence relation for the monic polynomials from the
Gram-Schmidt algorithm given in the Eq. (A.3), as

o1 = (x — ap)ma(x) — Bpmpoa(z), n=0,1,2,3, ..., (A.4)

where m_; = 0 and the recurrence coefficients are

 {om, )
a, = T 7Tn>; and (A.ba)
B = s Tl (A.5b)

<7Tn—1a 7Tn—1>u

The corresponding recurrence relation for the non-monic orthogonal polynomial is

Prr1(x) = (2Cy — Ag)pn(z) — Bubn-1, n=20,1,223,.. (A.6)
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with p_; = 0. The coefficients of both recurrence relations are given by

A, = , (A.7a)
ﬁnJrl
VB
B, = d A.7b
V Bn—&-l - ( )
= (A.7c)

\V ﬁn+1 .

The orthonormal polynomials are used in the following section for the transformation
of the S/B model to 1D semi-infinite chain model.

Transformation of Hamiltonian to a Rotating Frame

We start with considering the total Hamiltonian Hg and the wave function |Ug(t)) at
time ¢ describes a system in the Schrodinger picture. The equation of motion of the
wave function gives

d|Vg)
ot

!

= Hs|Vs). (A.8)

Now, suppose that the Hamiltonian contains two different parts

Hg = Hys+ H g, (A.9)

which are provided by two different sources and therefore do not commute. Assume
that H; g is the external source and Hj g is contributed by the internal field. In this
case one can represent the wave function in the interaction picture as

W) = UMW), (A.10)

where the unitary operator U = exp (—iH; st). We now find the corresponding trans-
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formed Hamiltonian H from the Schrédinger equation of motion as

O|Y) _oUT|ws) 101%s) a
"ot VT |‘I’5>
= U'Hg|Vs) — H, sUT|Wg)
= (U'HsU — H, ) U'|Wg)
= (U'HsU — Hy 5) |¥;) (A.11)

Therefore H = (UTHSU — H1,s)- Clearly, UT does not commute with Hg and hence,
we see a frequency shift while considering the system Hamiltonian.

Coherent Representation of Density Matrix

A master equation can be transformed to a c-number equation using Glauber-Sudarshan
P representation of the density matrix. It is required to establish the relation between
the operators and the corresponding c-number. For that, we represent the density
matrix in coherent basis. Typically, a coherent state is represented on the basis of
Fock states, as

_la? > o o oy
) =€ 2 > —|n) =e 2 e*¥|0). (A.12)
n=0 \/_
The operators, on the coherent state gives
ala) = ala) (A.13a)
(ala' = o {al. (A.13b)

In order to derive other relations we use Bargmann state (||a)), which is defined by

a2 = a”
oy =e2 |a) =) ), (A.14)
n—0 n:
so that
af[la) = o Vitin+1) = 2ja. (A.15)
n=0 \/m da
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Similarly,

0
oa*

(al]. (A.16)

{@lla =

The P-representation of the density matrix is given by

_ *Ha><6|| 7(“)"2;'*8'2) *\ * —af* *
p= [ doap T SEE pla ) = [ dads (gl Pla.g). (17

Therefore, the operators on the density matrix give

o = [auas (SLla)l) e Plas)

= [ daasayslie (B* _ %) Pla, 8%, (A18)
and
. 0
pa= [daaslaslie ™ (a - 5) Pla ) (A.19)

Fokker-Planck Equation

The time evolution of the probability distribution of the velocity of a particle which
is in Brownian motion under the influence of random forces, is treated by the Fokker-
Planck equation. We formulate the equation in terms of the evolution of the condi-
tional probabilities for a stationary random process. We also assume that the evolution
goes through a Markov process where the future probabilities are determined by the
most recently known value, not on the previous history. Therefore, the conditional
probability is given by

Pn(yb tla Y2, t2; |yn> tn)dyn = PQ(ynfh tnflyyn> tn)dyn (AQO)

that lies between y, and vy, + dy, at time ¢, (where t; < ty < t3... < t,). The
probability distributions p, and the conditional probabilities P, are related through

pn(ylatl; ceey yrutn) = pnfl(ylatl; RPN ynflatnfl) X Pn(ylatl; e ynflatnfl‘ynatn)-
(A.21)
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According to general probability theory, the two point conditional probability distri-
bution satisfies Chapman-Kolmogorov equation, and, if the process is Markovian, the
equation reduces to the Smoluchowski equation

[ee]

Py(y1, t1|ys, t3) = / dya Py (y1, t1|ya, t2) Pa(ye, ta|ys, ts). (A.22)

—00

Writing in terms of Py(yoly,t) where yo and y are the starting and ending point at
time ¢, respectively, the Fokker-Planck equation is

0 0 1 02
EPQ = _8_y[A(y)P2] + §a_y2[B<y)P2]a (A.23)
where
Aly) = (sltiinm dy' (v — y)Pa(yly', 0t) and (A.24a)
Bly) =lim [ dy(y' —y)*Pyly’,ot) (A.24b)

are the rate of growth of the mean and standard deviation, respectively. The equation
can be solved with the initial conditions Pa(yoly,0) = d(y — vo). The first term is a
drift and the second to a diffusion of the distribution corresponding to a systematic
bias and a residual average effect of negative and positive jumps, respectively.

Derivation

Considering y; — yo,y3 — y,y2 — y —n and to — t; — t,t3 — ty — 7, we express the
Eq. (A.22) as

o

Pulyoly, t +7) = / dnP(yoly — 0, t) Paly — nly, 7). (A.25)

— 00

where 7 is a small time increment. Now, expanding the left hand side in a Taylor
series of 7, and keeping upto the first order, we obtain

9P (yoly, t)T

» (A.26)

Py(yoly,t 4+ 7) = Pa(yoly, t) +

Now expanding Py (yoly — n,t)P2(y — 1|y, 7) of the right hand side of the Eq. (A.25)),
we write
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Py(yoly — 0, t) Paly — nly, 7) Z n, M g P2 (woly =, 0) Poly = mly, 7). (A.27)
Comparing with Eq. (A.26]), we get
aPQ y0|ya = 1 * an
Z n! llgg); A" 5 Palwoly = m O Paly — nly. ) (A.28)

n=1

The evolution of the random process is conducted by small changes, and therefore,
only first two moments n = 1,2 of P, contribute, not higher moments increasing with
7P (where p > 1) as 7 — 0.



Appendix B:
Numerical Appendix

Free Dissipative Open Quantum Systems (T=0)

Here, we investigate about the simulation errors of the free dissipative system men-
tioned in the Sec. This study will be useful to optimize the parameters in order to
do the simulation efficiently compromising with the resources and a minimum amount
of error. The errors appear in this numerical simulation in two ways: modeling error
and numerical error. The first type of error comes from the canonical transformation
of S/B coupling to 1D chain model and the second type is introduced due to the
limitation of TEBD algorithm.

Modeling Error

In practice, we opt a model where the chain is having a finite length due to finite
number of modes of the bath (Sec. [4.3.2)), which introduces modeling error. Here, we
investigate how the recurrence time changes when the modeling parameters change,
and estimate the time of the first recurrence of the particle which is shown in Fig. [5.1]

e Length of the chain: In Fig.[B.1a] we see a linear increment in the recurrence time
when the length of the chain increases, which causes because of the reduction
of the group velocity for photon while increasing of the number of sites. The

dw

group velocity is defined by v, = Fie where w is the frequency, and ky is the

wavenumber determined by the number of lattice sites (ky oc N).

o Cut-off frequency: Fig. shows that recurrence time decreases with the in-
crement of the cutoff frequency. This happens due to the fact that the increment
of the cutoff frequency increases the group velocity, causing the phonon traveling
faster in the lattice.

84
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Figure B.1: Variation of first recurrence time with the change of (a) the length of chain
( for fixed x,,4,= 400) and (b) cut-off frequency (for fixed length of chain N= 400).
g is the inverse of the density of states.

) 500
Length of chain

No of particle per site No of particle per site

=3
©

o

©

—N=51

—N=101
N=151

—N=201

a —5t=2x 1072
—5t=1x 102
st=1x 1073

o
@

o

@

=)
3

=)

iy

o
=

o

>

o
=

o

IS

System Population
System Population

)
[N

o
o

0.5 1 15 2 25 3 35 4 15 2 25 3 3.5 4

Time(1/g) Time(1/g)
(a) (b)

Figure B.2: (a) Plot of time evolution of a free dissipative system for different time
steps. Other parameters: z,,,, = 100, N =101, M =4,x =15,¢cg =1

(b) Plot of time evolution of a free dissipative system for different length of the chain.
The cutoff frequency changes from 50 to 200g, as the density of states is kept fixed) .
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)

o



86 Appendix B

o
©

o
™

o
g

-20

)

o

-30

Iog()\[zl)

=

-40

von Neumann Entropy
o © o o
@

o
N

-50

o

-60

0
0 02 04 06 08 1 12 14 16 18 2
Time(1/g) o

(a) (b)

Figure B.3: (a) Plot of the time evolution of the von Neumann entropy of the first
site. Other parameters: ,,,. = 100, N = 101, M =4, x = 15,¢9 = 1.

(b) Plot of the eigenvalues of the reduced density matrix (in logarithmic scale) when
the entanglement is maximized. The black line shows the truncation point.

Numerical Error

As we discussed earlier in Sec. there are two major error sources present in
TEBD algorithm; they are time error and truncation error of the Hilbert space.

o Suzuki-Trotter error: The Suzuki-Trotter error in real time evolution concen-
trates in the overall phase and causes the time error (Sec. [1.1.4). Fig. [B.2a]
demonstrates an improvement of accuracy of the simulation while reducing time
step which can be justified by Eq. (4.2I). The error also increases while increas-
ing the size of the system, which is indicated from the Eq. (4.31). Fig.
justifies the phenomenon by exhibiting the increment of the time error with the
length of the chain despite of the fact that the cutoff frequency increases pro-
portionally. In this simulation, we increase the cutoff limit proportionally while
increasing the length of the chain keeping the density of states is kept fixed.

e Truncation error: Here, we deal with only one photon which was located initially
at the first site. Hence, the choice of the size of local Hilbert space is sufficient
to represent a complete set. However, the truncation on the Schmidt spectrum
(Sec. could be an issue. To estimate a reasonable size of the Schmidt
number, we plot the von Neumann entropy (given in Eq. ) associated with
the entanglement between the system and the first site in Fig. As the
evolution of the state starts from a product state, the von Neumann entropy
was zero at the beginning. The quantity increases initially and reaches to the
maximum value, and then reduces with time.

We estimate the Schmidt number when the entanglement is maximized. The
Schmidt number should be chosen in such a way that the contribution of the
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Figure B.4: Variation of recurrence time with the variation of (a) number of sites, (b)
cutoff frequency. £ = 4 and all other parameters remain same with Fig. [6.2] [Pub.-
I1] reproduced with permission.

eigenvalues after truncation is negligible when we compare with the accepted
Schmidt spectrum (difference is in the order of magnitude). In Fig. we
plotted the eigenvalues of the reduced density matrices in logarithmic scale when
the entanglement is maximum between the system and the first site of the chain.
The truncation is shown by the black line which shows that the choice of Schmidt
number is reasonable in this case.

Kerr Nonlinear System (T=0)

The modeling and numerical error in the simulation of Kerr nonlinear system are
discussed below.

Modeling Error

e Length of the chain: It is seen from the Fig. [B.4(a) that the recurrence time
increases with the increment of the length of the chain, which happens due to
the fact that the increment of the number of sites reduces the group velocity for
the particle to travel.

o Cut off frequency: The increment of the cutoff frequency increases the group
velocity, which ensures the particle to travel faster in the lattice. This causes
the reduction of the recurrence time which is visible in the Fig. [B.4(b).
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Figure B.5: (a) Time evolution of the system field with the variation of step size in
TEBD simulation. (b) Plot of cumulative probability of a regular Poisson distribution
for different mean values. The black line shows the truncation point in the Hilbert
space. (¢) Plot of the time evolution of the von Neumann entropy of the first site.
(d) Plot of the eigenvalues of the reduced density matrix when the entanglement is
maximized, and the black line shows the truncation point. For (a) F = 4 and (c,d)
E = 20, and all other parameters remain same with Fig. [Pub.- II] reproduced
with permission.



Numerical Appendix 89

Numerical Error

e Suzuki-Trotter error: From Fig. [B.5[a), we see an improvement in the accu-
racy of the simulation with the reduction time step. The curves approach each
other as time step decreases, and beyond the time step 1072g~!, any substantial
improvement is not visible in the plot of system field.

e Truncation error: The reasonable size of Hilbert space is expected to be a size
which is capable of expressing the field of the system with a negligible amount of
error. The Poisson probability distribution of the coherent field generated in the
system demands an infinite local Hilbert space to make the set complete, which
is practically not possible. The occupation probability of boson of this coherent
field (|n)) is distributed in Fock basis according to |(n|a)|* = %(|C¥‘2"6_|a‘2). In
Fig. B.5|(b), we have shown the cumulative probability distribution estimates
the reasonable size of local Hilbert space, accepting accuracy upto a significant
extent.

Afterwards, the von Neumann entropy is plotted in Fig.[B.5(c) for the estimation
of the reasonable size of the Schmidt number. The quantity is associated to the
entanglement between the system and the first site (S = —»_ ()\%)2 logQ()\([fl)Q).
It is seen to be zero at the beginning due to the fact that the evolution starts
from a product state. It increases initially and reaches to the maximum value,
and after that reduces with time.

We estimate the Schmidt number for maximal entanglement between first two
sites. The Schmidt number should be chosen in such a way that the eigenval-
ues after truncation contribute so less that they can easily be neglected. The
eigenvalues of the reduced density matrices are plotted in Fig. (d), and the
truncation line confirms the choice of Schmidt number to be reasonable here.
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Based on the experimental evidence that impurities contribute to the dissipation properties of solid-state open
quantum systems, we provide here a description in terms of nonlinear quantum Langevin equations of the role
played by two-level systems in the dynamics of a bosonic degree of freedom. Our starting point is represented
by the description of the system-environment coupling in terms of coupling to two separate reservoirs, modeling
the interaction with external bosonic modes and two-level systems, respectively. Furthermore, we show how
this model represents a specific example of a class of open quantum systems that can be described by nonlinear
quantum Langevin equations. Our analysis offers a potential explanation of the parametric effects recently
observed in circuit-QED cavity optomechanics experiments.
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I. INTRODUCTION

The dynamics of open quantum systems, i.e., quantum
systems that can be described as separate entities from their
surrounding environment while being somehow coupled to it,
is arguably one of the most fundamental problems in quantum
mechanics, encompassing concepts such as the measurement
paradox [1] and the boundary between quantum and classical
physics [2]. On general grounds, the interaction between a
quantum system and its environment represents an important
aspect of the physics of condensed matter and complex
systems, which has been the focus of extensive analysis
[3-5], with repercussions in contexts ranging from the energy
transport in photosynthetic complexes [6] to the physics of
ultracold gases [7-9].

In the description of these systems, the inclusion of
the role played by coupling to an external environment is
necessary, if only because the system has to be coupled to
an external measurement apparatus which, from the quantum-
dynamical perspective of the system, represents a source of
noise and dissipation. At the same time the manipulation
of open quantum systems has recently led to the possibility
of preparing and detecting quantum states of matter and
radiation [10,11], paving the way for the definition of a
new paradigm of quantum technology, which represents an
important field for applications ranging from secure (quantum)
communication [12] to sensing of electromagnetic fields
[13] and to the detection of gravitational waves [14]. This
prospect of technological application of quantum mechanics
is rooted in the relatively recent development of fabrication
techniques at the nanoscale, in particular, nanomechanical
resonators, superconducting qubits, and, more in general,
circuit quantum electrodynamics (QED) setups [ 15-18], where
the characteristic scales involved in the dynamics of these
systems naturally lead to the study of the quantum properties
in the presence of coupling to an environment.

“francesco.p.massel @jyu.fi
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Within this framework, it has recently been observed that
this coupling can represent an important resource leading
to the notion of reservoir engineering [19]. This concept
corresponds to the idea that, by manipulating the properties of
the environment coupled to a given quantum system or even the
nature of the system-environment coupling itself, it is possible
to generate specific (quantum) states for the system. Prominent
examples are represented by the recent achievements in the
field of cavity optomechanics, where ground-state cooling
[20] and squeezing below the standard quantum limit (SQL)
[21-23], along with nearly quantum limited amplification
[24,25] and nonreciprocal photon transmission [26], have been
achieved by introducing a specific (Gaussian) state for the
reservoir. While these examples correspond to inducing a
specific state for the system by manipulating the state of the
reservoir, in Refs. [27] and [28] it is shown that by designing a
specific nonlinear coupling between system and environment,
it is possible to protect certain quantum states (cat states)
against decoherence.

If the coupling between the system and the environment
is described by a linear Hamiltonian, the effects of noise and
dissipation on the dynamics of the system can be described
in terms of linear quantum Langevin equations (QLEs)
[11]. These equations represent an extension to the quantum
regime of the classical Langevin equations and, in analogy to
their classical counterpart, include in the description of the
dynamics of the system the role played by the environment,
including dissipative and noise effects. However, the case of a
linear system-environment coupling is not the most general
situation that can arise. For instance, for nanomechanical
resonators [29-33] and for circuit-QED setups [34-39], the
experimental evidence of nonlinear phenomena related to the
coupling between system and environment has emerged and,
more importantly for our analysis, the relevance of impurities
in this phenomenon has been discussed. For both setups, it has
been shown (see, e.g., [29,34]) that the impurities naturally
arising in the material composing the devices, its supports,
and/or substrate represent a source of dissipation. These
defects can be modeled in terms of two-level systems (TLSs).

©2017 American Physical Society
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The reason behind the possibility of modeling impurities in
these terms is represented by the fact that each impurity can be
construed as quantum systems which exhibit two local energy
minima. For instance, as a charged impurity that can hop
between two defects in the crystal structure, or a dangling
bond with two possible configurations.

More specifically, these TLSs exist primarily due to the
disordered potential landscape of amorphous materials, e.g.,
in surface oxides of thin-film circuit electrodes [38], in the
tunnel barrier of Josephson junctions [34], and at disordered
interfaces [40,41], coupling with the bosonic degrees of
freedom of the system, either through a purely electromagnetic
interaction (optical and circuit-QED setups) or a phononic one
in the context of nanomechanical systems [42].

II. MODEL

In this article we show under what conditions, considering
a nonlinear coupling between system and a bath of TLSs,
it is possible to derive a nonlinear QLE for the dynamics
of the degrees of freedom of the system, having in mind a
circuit-QED setup. In addition, we show how the nonlinear
QLEs derived here can represent an explanation to some of
the phenomena recently observed in the context of microwave
quantum optomechanics [22].

The starting point for our analysis is represented by a
bosonic system (S) coupled to an environment (£). The total
Hamiltonian of the bipartite system (S + £) is given by

H = Hs + H¢ + Hs_¢, (1

where Hg = Hs(c,c’) is the Hamiltonian of the isolated
system, exhibiting a generic dependence on the annihilation
(creation) operators ¢ (c) associated with the system, and He
is the Hamiltonian for the bath.

We assume here that the environment Hamiltonian can be
decomposed into two terms, HE =Y, wkbibk and H'S,
corresponding to a bath of free bosonic modes and to a
bath of TLSs, respectively (see Fig. 1). The bosonic bath
describes, for instance, the modes of the electromagnetic field
of the environment. In our analysis we assume that these

ETLs &

S - TLS

FIG. 1. Cartoon picture of the setup. The system S is coupled to
an environment &£, which is constituted by a bosonic bath & and a
bath of TLSs Errs. The coupling between the two baths and the system
is mediated by the Hamiltonians Hs_g and Hs_1ys, respectively.
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modes, while being associated with the noise properties and
dissipation of the system, encompass also the external coherent
fields driving the system whose properties are encoded in the
state of the bath for the modes by (see, e.g., [11]). Our choice
is equivalent to considering a coherent driving term for the
system Hamiltonian and a purely thermal bath.

In this scenario, we describe the coupling between these
modes and the degrees of freedom of the system by the
following Hamiltonian:

Hsp =Y glc'by+ch)). 2)
k

In addition, we model the bath of TLSs as a collection of
spins Ji. In this scenario we have that HJ™S =Y, QJk
This choice for the modeling of TLSs corresponds to the idea
that, for each 2y multiple TLSs are present that collectively
couple with the system S. While for Qy >~ ws, where wg
corresponds to a characteristic frequency for the system,
the presence of impurities leads to a renormalization of the
linewidth associated with the linear response of the system
induced by the coupling given in Eq. (2) (see Appendix D);
for Qx =~ n ws, nonlinear contributions appear. In our analysis,
also in light of the recent investigations concerning the
relevance of two-photon emission processes by TLSs [43,44]
when coupled to bosonic modes, we consider the case
n = 2, representing the lowest-order approximation beyond
linear coupling. This assumption appears to be compatible
with the usual experimental conditions encountered in the
context of circuit QED, where microwave cavities operate at
frequencies corresponding to few GHz [15,16,45] while the
energy separation of a TLS relevant for the physics of either of
these systems is of the order of 10 GHz [45,46]. In this case, it
is possible to write the system-TLS coupling Hamiltonian as

2
Hs s = ) g (U5 + J5e). 3)
k

If we assume that |Jx| > 1, corresponding to the idea that
for each value of k multiple TLSs couple to the system S, by
resorting to the Holstein-Primakoff (HP) realization of spin
operators in terms of bosonic modes, we can replace the spin
operators with bosonic ones. This mapping can be performed
in two different ways, corresponding to complementary exper-
imental conditions (see Appendix A). If it is assumed that the
TLSs mostly reside in their ground state, we have that J3k o~
— jk, where ji is the index of the representation associated
with the spin J and the HP mapping reads J¥ — dgdk — Jko
J* = 4, Ji — dl:(. In this case, the coupling between the
system and the TLS bath can be approximated by

2
Hs o =Y g (dc® +dic), 4)
k

with glP = /2] g["S. On the other hand, if the TLSs mainly
reside in their excited state (J¥ >~ + ji) the mapping can be

written as J¥ — ji — didk, Jk - dli, JX — dy, leading to
the following approximation for Hs_trs:

2
Hs o, =y gi"(dc® +dlc). 5)
k

063830-2
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These two different forms of the HP mapping correspond to
two different physical situations. In the former case, the TLSs
prevalently reside in their ground state, corresponding to the
idea that the impurities mainly reside in their ground state,
implying a low-temperature regime. In this case, the bosonic
excitations described by the operators dy represent (weak)
excitations around the ground state. On the other hand, the
latter case corresponds to the situation in which the highest
excited (metastable) state of the TLSs is weakly (de-)excited,
corresponding, for instance, to the case in which an external
drive induces excitations in the TLSs bath, leading to a possible
interpretation of the linewidth narrowing observed in circuit-
QED setups under strong driving conditions [35] in terms of
nonlinear QLEs associated with the saturation of the TLSs. In
this picture, the external drive effectively heats the impurities
to their excited state, inducing the population inversion for the
ensemble of TLSs and a consequent saturation, justifying the
H P, transformation in terms of (weak) deexcitations of the
highest excited state.

As we show in Appendix B, it is possible to derive QLEs
for the system, provided that the environment Hamiltonian is
described by a set of bosonic operators coupled linearly to
the system degrees of freedom. It is important to note that the
requirement of linearity concerning the system-environment
Hamiltonian is limited to the bath degrees of freedom, meaning
that its most general form can be expressed as

Hs e =y alF'(c.chex + Fc.chell, (6)
k

where ey and e represent generic bosonic operators associated
with the environment degrees of freedom. The form the
system-environment coupling represents a sufficient condition
for the derivation of a nonlinear QLE, along with the
assumption that the modes of the bath are noninteracting. In
other terms, it is necessary to assume a linear dependence
of the coupling Hamiltonian on the environmental degrees of
freedom, since in order to derive the QLEs for the system,
the solution of the Heisenberg equation of motion for the
environment degrees of freedom has to assume a specific form
in which the contribution of the system and the environment
operators can be represented as two separate additive terms
(see Appendix B).

III. EQUATIONS OF MOTION

It is clear that since the form of Hs_p and Hs_pp, can be
expressed in the form given by Eq. (6), with F(c, ch givenby c,
2, and ¢'*, and with e, = by and e, = dj forS — B, S — HP_,
and S — HP_, respectively, we can write the dynamics of the
system in terms of a (nonlinear) QLE as

¢ = —ilc,Hs] — (g +KNCTC>C + Vicein +2 KNCTC;{"ALS’

(7a)
¢ = —ilc,Hs] — (g - KNCTC)C + JKcin + 24/KNCTC51LST.
(7b)

PHYSICAL REVIEW A 96, 063830 (2017)

Equations (7a) and (7b), obtained considering the system-
environment coupling given by Hs_pp_ and Hs_pp, , respec-
tively, are the main result of our analysis. The presence of
a TLS bath leads to the appearance of nonlinear dissipative
terms (+«ncfec) and to purely imaginary parametric noise

terms (2 KNCTC;I;ILS(-]-)). We stress here that these terms are
the direct result of the modeling of the bath in terms of
two separate environments (Hs_g and Hs — HP..) and do not
represent an ad hoc modification of the linear QLEs that can
be derived in the absence of coupling to TLSs. In particular,
while the nonlinear dissipation term possibly represents a
natural extension to the nonlinear regime of linear QLEs, the
parametric noise term is a nontrivial contribution associated
with the presence of the TLS bath.

In addition, we observe here that, analogously to their
linear counterpart, Eqs. (7a) and (7b) are time local, i.e.,
the dynamics is Markovian. As detailed in Appendix B, this
property is related to the assumption that within the range of
frequencies of interest, the coupling strength between system
and environment is independent of the mode considered
(wide-band-limit approximation) [47].

If we further consider a pump probe representative of a
circuit-QED setup (e.g., a circuit optomechanical experiment),
we can assume that the dynamics given by Eq. (7) is linearized
around a strong coherent tone:

ap = oy exp[—iwpt].

The frequency wy, is detuned by A = w, — . from the cavity
resonant frequency. As a result of the linearization scheme,
we have that the amplitude of the cavity field oscillating at
wp is given by the solution of a nonlinear algebraic equation.
In Fig. 2 we have plotted the stationary value of the cavity
field for the two choices of the HP mapping (HP1). As
expected, for small values of the driving field a4y, the stationary
solution corresponds to the solution in the absence of nonlinear
dissipation. However, for larger values of o, the stationary
solution substantially deviates from the solution of the linear
system, with, for the parameters discussed here, a negligible
difference between HP.. cases.

Furthermore, the (first-order) dynamics of the fluctuations
¢ =« + a around the stationary value induced by the pump
(in a frame rotating at wp) is given by

a = |:iA — (% + 2KN|oz|2)i|a — kyetal

+ Viai, + 2/kya*alls, (3a)
. . K 2 2t
a= |:1A - (5 — 2k || )]a + kyata

+ Vkan + 2KnealST, (8b)

the HP_ and HP, case, respectively (see Appendix C). It
is possible to see that Egs. (8a) and (8b) include a purely
imaginary parametric term on top of a nonlinear dissipation
term, implying linewidth broadening or narrowing, depending
on the state of the TLSs bath. Recently, in Ref. [22] a term of
the same form was introduced as an ad hoc parameter in order
to match the experimental results of a cavity optomechanical
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FIG. 2. Amplitude (a) and phase (b) for the stationary value (in
a frame rotating at w,, see text) of the cavity field « in the presence
of a driving aj,. Parameters: xkx = 1.5x107%, A = 20 (all quantities
expressed in units of «).

experiment aimed at establishing squeezing below the SQL of
a nanomechanical resonator.

Our description, therefore provides a potential explanation
of such parametric effects in terms of nonlinear dissipation
phenomena associated with the nonlinear coupling to a bath
of TLSs. In order to characterize the effect induced by the
presence of the nonlinear coupling to TLSs, we evaluate the
fluctuation spectrum of the cavity field S¢ = 1/2({X% X% 1),
with X? = 1/5/2(a’ ¢!’ + a,e™?), assuming thermal fluctu-
ations both for the bosonic and the TLS bath. As hinted by the
structure of Eqgs. (8a) and (8b), the presence of a parametric
term induces squeezing, which can be experimentally observed
by homodyne detection of the output field, in the cavity
spectrum for both cases, as seen in Fig. 3, where the cavity fluc-
tuation spectrum exhibits a clear dependence on the phase 6.

IV. CONCLUSIONS

We have reported here how it is possible to deduce
nonlinear QLEs for the dynamics of an open quantum system
from a nonlinear system-environment coupling Hamiltonian.
Moreover, we have discussed how an effective nonlinear
system-environment coupling can emerge in the presence
of impurities modeled as TLSs. Ultimately, we have shown
that the TLS-induced nonlinearities can represent a potential

PHYSICAL REVIEW A 96, 063830 (2017)
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FIG. 3. Noise spectrum for the cavity field in the presence of
an external drive «;, = 700, for (a) HP_ and (b) HP, for (afna;n) =

TLST TLS
(ain ain >

0/m

0/m

= 1 (all other parameters as in Fig. 2).

explanation for the imaginary parametric terms reported in
Ref. [22].
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APPENDIX A: HOLSTEIN-PRIMAKOFF
TRANSFORMATION

We discuss here the Holstein-Primakoff realization allow-
ing us to replace the spin operators J;, J. obeying the usual
SU(2) commutation relations

[J5,JE] = 205, Y. 7K1 =20k, (A1)
with bosonic operators d, dli, for which
[di.di]=1. (A2)

As discussed in the main text, in order to map the spin
operators obeying Eq. (A1) with the bosonic operators d, d]i,
we have two possibilities, depending on the physical situation
we want to describe. If we assume that Jzk >~ — ji, this choice
is indicated in the main text as HP_, we can consider the
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following transformation: APPENDIX B: QLE FOR F(c,c")

le< = ik — Jks Ji = d;iv 2k — A, JE = /2 — Axdy, We discuss here the form of the QLEs generated by a
(A3) model for which, following the notation introduced in Eq. (1)

. i - of the main text, Hgs is left unspecified. The environment is
where 7y = dydy. Th? operators J, J can be shown to fulfill given by a set of noninteracting bosonic modes described by
the SU(2) commutation relations He=)", a)kelek, where e (e]t) are the annihilation (creation)
operators associated with mode k and the system-environment

ko gk] _rp gt ; A gk
[Jz ’J+] = [ d v 2jc — e = ., coupling is given by the following Hamiltonian:

[75.75] = V2 — AnlAv.dd = —J¥, (Ada)

Hs ¢ =Y alF(c.chel + Flte.ched, (B

(75,751 = dl(V2ji — ) di — V2 jic — i i v/ 2 — i k
= ﬁk(2jk—ﬁk + 1)—2jk+ﬁk—ﬁk(2jk—ﬁk)=2JZk. where F(c,c) is a generic function of the creation and
(Adb) annihilation operators of the system. Since Hs_¢ is a linear
operator with respect to the degrees of freedom of the bath
In the limit ji, — oo, we have that and e](j) commutes with Hg, we can follow the same strategy
N — . employed for the derivation of the linear QLEs [11] and write
Jy —d 2jx — fig —dt (1 o 4. ) ~dl the equations of motion (EOM) for the bath field operators in
N 2k : 4 jx « the Heisenberg picture as
Jk Jk ~ . - o i
27. ~d. @ i~ (AS) e(t) iwgex(t) —igeF(c,ch). (B2)
I S I Similarly, the EOM for the system can be written as
Therefore the bosonic excitations described by dj and dli
correspond to (small) excitations around the Jk = — ji state. c(t) =i[Hs,c(t)] +i Z gk([F,c]elT( + [FT,c]ek). (B3)
Conversely, we can write k
le" = jx — Ak, JE = dlI\/ij — Ak, JJE = /2 jx — fix d, Equation (B2) can be solved in terms of an initial condition ¢y,
(A6) yielding
. t
so that when ji — oo, e ()= e Mg (10) — i gi / e Elee), ] dr.
lei - Jk Jk Ay )

= ~dy, ——xdl, S=1-—=x=1 (A7)
V2 V2 Tk Jk (B4)
which correspond to the description of small fluctuations By substituting Eq. (B4) and its Hermitian conjugate into
around the JZk = j state, indicated as HP, in main text. Eq. (B3) we obtain

t
é(t) = i[Hs,c(O] +i ) gk{[F,c][e"wk“—’“)el(to)+igk f e"wk“—”FT(/)dﬂ}
k

fy
. 4 . ’
+[FT,c] [e—lwk<’—’°>ek(to)—i gk / e =By d;/] } (B5)
1)

Like for the purely linear case, we introduce the density of states D = dk/dwy (supposing a continuum of states for the bath)
and assume that, in the relevant frequency regime, gx does not depend on the mode index k. If we define

K

= | —, B6
8k 72D (B6)
where « is the mode-independent constant, we can write Eq. (B5) as
; . . K iy (t—tp) 1 . K ' i (t—t' ’ ’
c(t) = i[Hg,c(t)] +1i ; IM{[F,C]<e K (1 ro)eli(to)_’_l ,27771)/&) plextt t)FT(,)d[)
t (1 —1o) L
F , —iwg(t—ty 1) — i —iwg(t—t F t/ dt/
+1 C]<e ex(fo) — i 2nD/,(,e () )}
K . K

— i[Hs.c(D] + vk {[Rc}(—cﬁ,(r) - {F%r)) +[F ,c](—cmm + {F(n) } (B7)
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where we have defined c;j,(¢) as

LY erientiog (1), (B8)
k

Cin(1) Vo)
The definition introduced in Eq. (B6) corresponds to what in the context of electronic transport is defined as “a wide-band-limit
approximation” and, allowing us to write the QLE given in Eq. (B7) in time-local form, can be considered equivalent to the
Markov approximation [47].

Let us focus on the case, discussed in the text, of two separate baths: a bosonic bath with operators by and a bath of TLSs
with HP-transformed modes di. We define two functions F, and Fry g of the system operators that couple to the bosonic and TLS

baths, respectively. The QLE (B7) then reads

¢(t) = i[Hs,c()] + \/E{[Fb,C] (—CL -
st _ VKN
2

+ M{ [Fris,c] (-Cin

Assuming a linear coupling between the system and the
bosonic bath and choosing the HP_ mapping for the TLSs, one
obtains F, = c and Fr g = ¢?. Substituting these into Eq. (B9)
gives

¢ =i[Hs,c(t)] — (% + KNCTC>C + JKcin + 24/KNC-)-C;£1LS,
(B10)

which corresponds to Eq. (7a) of the main text. On the contrary,
if the HP, mapping is chosen, one obtains Eq. (7b) with
Frs = c2.

APPENDIX C: LINEARIZATION OF THE QUANTUM
LANGEVIN EQUATIONS

Here we outline the linearization strategy that allows us, in
the presence of a strong coherent tone o, = ape™' ', to recast
Egs. (7b) of the main text in terms of equations describing the
stationary state (in a frame rotating at wj,) and the fluctuations
around this stationary state, given by Egs. (8a) and (8b) of the
main text.

Focusing on Eq. (7a),

¢ = —ilc,Hs] — (g + Kchc>c + «/;Cm + 2«/KNCTC?;1LS.
(C1)

In the presence of a strong coherent pump o, = atipe ', we
seek a solution of the form ¢ = @ + a,

—iwpa +a = —iw(a +a) — |:; + oen(o* +ah) o + a)i|
S (0[ + a) + \/E(ain + ain)
+2/kn (@ +ahals, (C2)
where without loss of generality, we have assumed that
Hs = w.c'c.

Neglecting the fluctuation terms, we obtain the equation for
the steady-state solution

0=iAa— %a — kyalal? + iain, (C3)

2
A/ KN

ﬁFJ) + [F,j,c](—cin + ﬁﬂ,)}

FT*LS> + [F}Ls,c]<—c§}s + TFTLS) } (B9)

where A = w, — w.. From Eq. (C2) the equation for the
fluctuation around the steady-state solution value of « given
above is thus expressed as

a= [iA - (g + 2/cN|oc|2>i|a — kyalal + Viain

+2 lcNoc*aiTnLS. (C4)

With a similar procedure one can also show that Eq. (7b)
leads to Eq. (8b). Notice that the nonlinear dissipative terms
F2in|al?a in Egs. (8a) and (8b) lead to the broadening or nar-
rowing of the linewidth associated with the linearized response
of the cavity field fluctuations, respectively (see Fig. 4).

APPENDIX D: FLUCTUATION SPECTRUM
OF THE NONLINEAR MODEL

Assuming that, in addition to the strong coherent tone, the
dynamics of the system is affected by thermal fluctuations
of both the bosonic and the TLS baths degrees of freedom,

- Linear
2.5—HP-
- - HP,

Keft /K

0 200 400 600 800 1000
Qin

FIG. 4. The total effective dissipation of the linearized models
Eq. (8a) (solid red) and Eq. (8b) (dashed green) that correspond to
the cases where the majority of the TLSs are in the ground state and
excited state, respectively. They are compared to the case of pure
linear dissipation (black dots). Here we assume the system to be a
simple cavity with Hs = w.cc. In units of «, the parameters are
A=w,—w.=20and ky = 1.5x107%.
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FIG. 5. The cavity spectra related to the Holstein-Primakoff couplings (a) HP_ and (b) HP.. for the largest uncertainty quadrature (6 = 7 /2
and 6 = 0, respectively). In (a) the linewidth widens as «;, becomes larger (larger values of «;, correspond to smaller values of the maximum
at w = (), whereas in (b) the linewidth becomes narrower (larger values of «;, correspond to larger values of the maximum at w = 0).

Here the thermal populations of the bosonic and TLS baths are ng, = ni-S

ky = 1.5x1074,

we evaluate here the spectrum of these fluctuations focusing
on the HP_ case (an analogous derivation holds for the HP .
mapping). The fluctuation spectrum

So = 3{X0 X2, }), (D1)

with X? = 1/3/2(a' e + a,e™?), can be obtained by
Fourier transforming the QLE given by Eq. (8a) and its
Hermitian conjugate

K '
[—i(a) + A)+ 5 + 2/<N|ot|2]aw + KNazalw

= «/Eam’w +2 /cNot*aiE“j, (D2a)
|:—i(a) — A+ g + 2KN|a|2]a*w +knaa,
= Jka}, _, + 2 /knaay . (D2b)

with the usual convention for the Fourier transform, according
. FT + FT ¢
to which a; — a, and a, — a

—w*

Defining
A=—i(w+A)+ g + 2y lal?, (D3a)
B = /cNot2, (D3b)
C = —i(w—A)+ % + 2y lal (D3c)

o = 1, and in the units of «, the other parameters are A = 20 and

the QLE for the system can be expressed as

()= e )
al,) AC—|BP\-B* A
Viain o + 2 /kyatals
x . (D4

b TLS?
\/Eain,—w +2 KNOQip

and

o = Xa(@)aino + Kx(@)aly _, + xJ-S(@)als

e
+ xS (@anSt (D5a)
aly = 4~ O)aine + Xj(—w)ah, _, + xS (—w)al
+ xS (—wap (D5b)
where
Xa(@) = VkC(AC — |B[»)™", (D6a)
Xx(@) = —/KB(AC — |B[))™", (D6b)
X1 (w) = 2/kya*C(AC — |B|)7, (D6¢)
X (@) = =2 /kiya B(AC — [BI)™!. (D6d)

If we assume that the thermal populations of the baths are

given by (am,wajn’w,) = (nm + 1)8(w — ') and (aﬂ%ﬁaﬁﬁ) =
TLS

(ng,”> + Dé(w — '), the cavity spectrum can be written as

8¢ = H(xa@) + (=) ) {dinor @iy 1) + (xa(—) 2 + [x(@)P){ah, —osttin—o)]
+ H(xa(@) xx(—@)e ™ + xi ()3} (—0)e™ ) {amn w.al, ,})

+ (=) xx(@)e ™™ + x (=) x (@)e ) ({ah, _ostin—o))]

@ + o) fals )

in,w*“%in,w

+ (I ol + [ @) a2,

in,—w’ai'[r‘ll,_‘fw } >]

+ %[(XdTLS(C())XELS(—(I))e_lQH + XdTLS*

(w)XELS*(_w)ei26)<{aTLS aTLST }>

in,w*“%in,w
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+ (XJLS(_w)X);[‘LS(w)e—iZG + X("IFLS*(_w)X;FLS*(w)et'ZG)<{a;1;11,afz,a;l;1{‘§w})]

1

= 5lxa@)]” + | xa(—0)* + [xx(@)]* + [ xx(—)I?
+2¢08(0 + )| xa(@) xx(—®) + xa(—) xx (@)1 (1 + 3)
IS + xS o) + @) + [ o))
+2c0s(0 + ¢ xs " (@)x P (=) + xS (=) @) (S + 3). (D7)

where ¢S =Arg[x ™ () x ™9 (—w)+ x "™ (=) x ™5 (w)]. In Fig. 5(a) we have plotted the cavity spectrum for the HP_,

X X

and the spectrum related to HP, coupling derived from Eq. (8b) is presented in Fig. 5(b).
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Abstract

We simulate coherent driven free dissipative Kerr nonlinear system numerically using Euler’s method
by solving Heisenberg equation of motion and time evolving block decimation (TEBD) algorithm,
and demonstrate how the numerical results are analogous to classical bistability. The comparison with
analytics show that the TEBD numerics follow the quantum mechanical exact solution obtained by
mapping the equation of motion of the density matrix of the system to a Fokker-Plank equation .
Comparing between two different numerical techniques, we see that the semi-classical Euler’s method
gives the dynamics of the system field of one among two coherent branches, whereas TEBD numerics
generate the superposition of both of them. Therefore, the time dynamics determined by TEBD
numerical method undergoes through a non-classical state which is also shown by determining
second order correlation function.

Introduction

The Kerr effect was discovered by John Kerr in 1875 [1], which exhibits quadratic electro-optic (QEO) effect, is
seen in almost all materials, but certain materials display more strongly than others, for example organic
molecules and polymers [2], Se-based chalcogenide glasses [3] and silicon photonic devices [4]. The non-linear
phenomenon introduced by Kerr effect has been observed experimentally and it has broad range application in
many optical and magnetic devices. For example, the optical Kerr effects have been useful for nonlinear signal
processing which has shown several applications including NRZ-to-RZ conversion [5], multi-casting,
demultiplexing, regeneration, monitoring, multiple-wavelength source [6, 7], and many more. The magneto-
optical Kerr effect (MOKE) has potential application in ultrathin magnetic devices, e.g. films [8], multilayers [9],
and magnetic superlattices [10], and, the surface magneto-optic Kerr effect (SMOKE) has remain a powerful tool
for in situ characterization [11] . All the setups have shown bistability as their predominant characteristics which
causes due to nonlinear susceptibility.

The multistability in the steady state solution of Kerr nonlinearity has been encountered theoretically in two
different ways: semiclassicaly where the state of the system is approximated to the nearest coherent state, and
quantum mechanically where we estimate the exact solution from the master equation formalism of the density
matrix of the system. The semicalssical solution of both dispersive and absorptive bistability has been derived by
using the quantum Langevin equation [12, 13], and the theory of quantum mechanical solution for the
absorptive case [14] and the dissipative case [ 15] has been obtained by mapping the master equation to the
Fokker plank equation. Both the techniques have been used widely to study the dynamics of open quantum
systems which is considered as one of the most fundamental problems in quantum mechanics.

The theoretical techniques for open quantum system have been developed over decades and applied
successfully for detecting and preparing quantum states of matter and radiation [16], sensing electromagnetic
fields [17], quantum communication [18] and detection of gravitational waves [19]. The recent development of
nanoscale fabrication techniques, in general, circuit quantum electrodynamics (QED) setups exhibit the
technological application of quantum mechanics, particularly in superconducting qubits and nanomechanical

©2019 The Author(s). Published by IOP Publishing Ltd
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resonators ([20, 21]). Within this framework, recently the theory has been used to study various nonlinear
systems, e.g. two state systems [22, 23], microwave quantum optomechanics [24] and impurities in solid state
systems [25]. In all cases, including Kerr nonlinear systems, linearized approximated theory has been
implemented to study the dynamical behavior of the system, where one transforms the nonlinear Hamiltonian
to alinear one by accounting the quantum fluctuation over nonlinear steady state field amplitude. Appreciating
its simplicity, the technique, however, cannot provide a satisfactory platform. The limitation of the analytics
provokes us for the numerical simulation of the time evolution of nonlinear systems, explicitly. In order to
implement the numerical model, we transform the environmental degrees of freedom to a one dimensional
many body system with nearest neighbor interaction and simulate the whole chain using time-adaptive density
matrix renormalisation group (t-DMRG) method. The computational method consists of numerical
diagonalization and renormalization process.

The t-DMRG technique is considered as one of the most powerful numerical schemes in optical, atomic and
condensed matter physics to be applied on strongly-correlated many-body quantum systems. The technique
have already been used for some of the renowned models of quantum mechanics, e.g. Hubbard model [26-29],
Bose—Hubbard model [30-32] and Ising model [33—-35], especially aiming to study the quenching dynamics,
magnetization and phase transition properties.

In this paper, we introduce a TEBD numerical model for the simulation of open quantum system, and use
the model for the first time to study the time dynamics of the Kerr nonlinear system. The article is composed by
starting with the theoretical model that explains how the continuous modes of the bath together with the
nonlinear system is transformed into a one dimensional discrete chain. Hereafter, we use two different
numerical methods: time propagation of the system field by solving the Heisenberg equation of motion using
Euler’s method and TEBD numerical method to determine the time dynamics and steady state behavior of the
system. We also compare between the numerics and with analytics, discussing in detail explaining the physical
significance of our result.

Model: theory

The Hamiltonian of a system that describes the Kerr effect is,
Hs = wsa'a + x"a?a* + i(a'Ee ™1t — gE*ei1t), (1)

where wg is the frequency of the cavity mode of oscillation, x'’ is the anharmonicity parameter which is
dependent on the real part of the third order nonlinear susceptibility tensor ([15]), and a(a) are the creation
(annihilation) operators of the system. E is the amphtude of an external driving field with an oscillation
frequency wy, expressing as E (t) = Eei! + E*ei1! In order to make the Hamiltonian time independent, we
switch to the frame of the driving field. Eventually, the detuned cavity frequency becomes A = wg — wy.
Considering the system is coupled to a thermal reservoir, the total Hamiltonian is given by,

Hyoy = Hs + Hp + Hsp, 2
where Hg = L x; g (x)d" (x)d (x)dx represents the Hamiltonian of a multimode bosonic reservoir which is at
zero temperature, and Hgg = f o (x)(a’d(x) + h.c.)dx is the interaction Hamiltonian. We consider wy is the

x,

central frequency of the reservoir, d; (d,) are the creation (annihilation) operators, and g(x) and h(x) are the
frequency of oscillation and the coupling strength between the system and environment, respectively, for the
environmental mode x. The properties of bath can be characterized by a uniquely defined spectral density
function J(w). Considering the linear dispersion relation (g(x) = g. x, where gis the inverse of density of states),
and implying wide band limit approximation (h(x) = ¢,) [36], we get the spectral density function [37]

J) = %W(w + Wb — w), 3)

where y = 2mc is the decay rate of the system and 6 is the Heaviside step function. With this choice of hard
cutoff, we fix the frequency limit w, = g x,,, to run over the entire spectrum of bath.

Model: tebd numerics

To simulate an open quantum system numerically, we transform the Hamiltonian of the system/bath coupling
model to a semi-infinite chain model, by mapping the bath operators to the operators of lattice chain, using a
unitary transformation: b, = f U, (x)d (x)dx. In a case where the spectral density is defined by the
equation (3), the normalized shifted Legendre polynomial is a natural choice as the unitary operator:

U,(x) =, [— (2" 0y 2(x/x,,) which is defined in the range of x € [—x,,,, X,,,] and satisfies the orthogonality

2
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Figure 1. (a) Transformation of system/bath coupling Hamiltonian to a semi infinite chain Hamiltonian. (b) Diagrammatic
expression of the real time evolution where the operators applied on alternating pair.

condition [38]. The transformed Hamiltonian of the semi infinite chain is

N N-1
Hchain = HS + 77/(‘;170 + ﬂhg) + I\}lm |:Z wnb:bn + E nn(b;;rb‘wrl + bnbz+1):| (4)
X n=0 n=0
where the coefficients are 1)/ = ¢y/2w,, w, = 0and, 7, = w, (#@).The schematic diagram of the

transformation is given in figure 1(a). Similar mapping is introduced recently in [38] to simulate open quantum
systems aiming to be applied to spin-boson models [39] and biomolecular aggregates [40].
Hereafter, we express the state of the chain as a matrix product state (MPS) to do the numerical simulation
using TEBD. The MPS state is expressed by ([41])
X M . , ,
)y = > o AT ARITRIS o NI ANy gy iy ). (5)

a o Q03
Qay e ON41=0 4 ... iy=0
The I and A tensors are obtained through the Schmidt decomposition of the pure state of N sites where x is
the Schmidt number and M is the dimension of local Hilbert space. Figure 1(b) shows the method of numerical
simulation for the real time evolution diagrammatically, where we choose 2nd order Suzuki Trotter (ST)
expansion ([42]) which expresses the unitary evolution operator as

Udt — efidtH[;mm — efith/ZefiGdtefith/Z + le) [dtS] , (6)
where F = 37, 14 H, f,;‘;{; and G = Y, en H, c";,’;nl. The ST expansion minimizes the error in 3rd order of the time

step by evolving the pairs of alternate sites.

The simulation parameters are estimated by minimizing errors which appear in two ways: during the
modeling of the S/B formalism to a 1D chain and the simulation of each step of the real time evolution. We
discuss the errors extensively in appendix with an estimation of simulation parameters.

Model: time propagation of semi-classical equation

Since the bath is at zero temperature, the time dynamics of the system field is obtained by the Heisenberg

equation of motion:
a=—ilAa — %a — 2ixala" — 4dix|alta (7)

which is a first order differential equation. Therefore, using Euler’s method ([43]), we do the time propagation of
the system field numerically to obtain the time dynamics and steady state.

Results: steady state situation

The exact analytical expression of the moment calculating generalized functions of the system field operators are
derived by mapping the master equation into the Fokker-Plank equation [15], which determines the steady-state
field amplitude and second order correlation functions:

3
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Figure 2. (a) Steady state field amplitude and second order correlation function, (b) phase plotted for A = —10, " = 3, v = 6.3
with the variation of driving field amplitude. All quantities are in the units of gand the TEBD simulation parameters: N = 50, x = 25,
M =156t=10"2g "

(@) = ( [Eo/iX"1F(p + 1, g, 2[Eo/X""F) ] 59)
PE(p» > 2[Eo/X"'P)
20) = (qu(p, a4 20Eo/X"P)F(p + 2, + 2, 2[Eo/x”]2>) (sb)
(p+ D@+ DIF(p + 1, q + 1, 2[Ee/X"PIF

whereEy = E = E* p= [% + ﬁ], q= [% - ﬁ]andP(p, q>z) = F([], [p, q], z)isthe (F,
hypergeometric function. Furthermore, the relation between the input drive and the semi-classical stationary

value of the system field, determined from the Heisenberg equation of motion given in equation (7), is given by
2
EI = IOéIZ((A +2x"|al)? + 7:) )

where o is the steady state system field.

Since the TEBD numerical model for the Kerr nonlinear system is introduced for the first time, we justify its
applicability by comparing with the analytically estimated results. Here, we plot the steady state system field and
the second order correlation function in figure 2 which presents both the numerical results determined through
TEBD and the time propagation of the system field using Euler’s method, along with the analytically determined
semi-classical and quantum mechanical solution, which shows how the TEBD numerical result is analogous to
classical bistability. For the numerical simulation of the time dynamics, the initial state of the system is chosen to
be in a ground state, and therefore, no photon existed initially. We see the stationary value of the system field
loses its linear nature when the driving field is increased far. It is also to be noted that the semi classical solution
exhibits bistability whereas the exact quantum mechanical solution does not. The peak in the plot of g(0)
indicates the increase of the quantum fluctuations near the transition point, which happens due to the
superposition of two coherent states in the quantum mechanical solution; and, as the coherent states are not
mutually orthogonal, the state loses its classical nature. The TEBD determined numerical result matches to the
quantum mechanical exact analytical solution, whereas the numerical time propagation of the system field using
Euler’s method follows the analytically determined semi-classical solution, and the branch shift occurs within
the boundary of analytically predicted transition region. The extent to which bistability is observed depends on
the fluctuations of the input driving field, which in turn determine the time for random switching from one
branch to the other. The time scale of the change of driving field must be larger than time intervals of the random
switching between branches.

Results: time dynamics

The time dynamics of the Kerr nonlinear system is generally estimated analytically by linearizing the quantum
fluctuation over nonlinear steady state field amplitude. Anticipating its simplicity, however, this does not
provide accuracy when the impact of nonlinearity is predominant which is observed, especially when the system
is driven by a stronger pump. Even though an effort to study the classical dynamics of Kerr system has been made
in [44], but this does not provide sufficient information regarding quantum dynamics; which provokes us to opt

4



I0P Publishing

J. Phys. Commun. 3 (2019) 105004 S Agasti

0 02 04 06 08 3 2 14 16 18 2

Time(g ‘)

(a)

Tlme(g")

0 02 04 06 08 1 12 14 18 18

Time(g™") Time(g™")

(d) (e)

Figure 3. Time dynamics of the system field with the variation of driving field amplitude ((a)1, (b)3, (¢)5, (d)7, (e)15, (f)19). The blue
solid line and the red dashed lines correspond to the time propagation using Euler’s method and TEBD numerical method,
respectively. In inset we plot the trajectory of the system field, along with the phase. All other parameters remain same with figure 2.

numerical methods. We plot the time dynamics of system field in figure 3 which shows that the field stabilizes
after suffering initial oscillation . However, the plots exhibit difference for two different methods, which comes
from the fact that the semi-classical Euler’s method determines the coherent field of the system which lies on one
among two branches, whereas TEBD determined result gives the superposition of both the branches, and asa
consequence, the difference enhances around the transition region (figures 3(c) and (d)) . The interesting
phenomenon is also noticed when we plot the trajectory of the time evolution of the system field in phase space.
From the plots given in insets, we see that two different branches reach different steady states following a
completely opposite trajectory. However, in case of the TEBD numerical result, we don’t find any particular
pattern in the transition region, for the trajectory of the system field due to the dominant superposition of both
the coherent states.

Results: second order correlation function

We also plot the time evolution of the second order correlation function using TEBD algorithm, in figure 4
which shows that the correlation function does not deviate much from unit value when the system relaxes closer
to astable classical branch. However, as anticipated due to the superposition of two coherent states, around the
transition region, the time evolution of the correlation function differs much from the unit, which indicates that
the evolution of the system goes through nonclassical states.

Conclusion

We have used TEBD numerical technique and Euler’s method successfully for the time propagation of the
system field of a Kerr nonlinear system, and studied how the numerical results are analogous to classical
bistability. Analyzing the steady state behavior of the system, we see that the TEBD numerical result follows the
quantum mechanical exact solution obtained by mapping the equation of motion of the density matrix of the
system to a Fokker-Plank equation, whereas the time propagation of the system field obtained using Euler’s
method follows the semi-classical solution of the Heisenberg equation of motion. The time dynamics
determined by two different numerical techniques show that the semi-classical Euler’s method determines the
coherent field of the system which lies one among two branches, whereas TEBD determined numerical result
keeps the superposition of both of them. As a result, there comes a difference in the system field for two different
methods, which enhances around the classical transition region. The TEBD determined second order
correlation function does not evolve as unit valued, especially around the transition region which is an
indication of the generation of non-classical state due to the superposition of the two coherent states. The
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Figure 4. Plot of the second order correlation function with the variation of the driving field. All other parameters remain same with
figure 2.

importance of our work, the analysis of the dynamical behavior of the externally driven Kerr nonlinear system,
has been visualized in recent experiments. For example, studding the influence of different magnetic fields on
electrical conductivity in a nonlinear media has drawn attention for exhibiting interesting quantum effects
[45,46]. Analyzing the performance of the numerical techniques, we conclude by saying that the techniques
chosen here are quite promising to work with for the analysis of nonlinear systems, and could be useful for the
investigation of nonlinear dynamics reported in [24, 25].
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Appendix: Errors in tebd simulation and estimation of parameters

We investigate the error here introduced due to the finite values of the simulation parameters, and show how
they modify with the variation of those parameters. This study will help us to estimate and optimize the
parameters in order to do the simulation efficiently.

Modeling error
The modeling error is contributed by the canonical transformation of S/B coupling to 1D chain. In practice, we
choose a model where the chain has a finite length considering the fact that the number of modes of the bath is
finite, which causes the recurrence of the particle from the end of the chain. Here, we discuss how the recurrence
time changes when those parameters change.

dw

* Length of the chain: The recurrence time is dependent on the group velocity which is defined by v, = S
N

where wis the frequency, and ky is the wavenumber determined by the number oflattice sites (kyy < N). In
figure A1(a), we see the recurrence time increases with the increment of the length of the chain, which happens
due to the fact that the increment of the number of sites reduces the group velocity for the particle to travel.

* Cut off frequency: The increment of the cutoff frequency increases the group velocity, forcing the particle to
travel faster in the lattice, causing the reduction of the recurrence time which is seen in the figure A1(b).

Numerical error
Apart from modeling error, there are two other major sources of simulation error appears due to the finite sizes
of the time step and the truncation of the Hilbert space.
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Figure A2. (a) Time evolution of the system field with the variation of step size in TEBD simulation. (b) Plot of cumulative probability
of aregular Poisson distribution for different mean values. The black line shows the truncation point in the Hilbert space. (c) Plot of
the time evolution of the von Neumann entropy of the first site. (d) Plot of the eigenvalues of the reduced density matrix when the
entanglement is maximized, and the black line shows the truncation point. For (a) E = 4and (¢, d) E = 20, and all other parameters

remain same with figure 2.

Suzuki Trotter error:In case of real time evolution, the Suzuki-Trotter error which is introduced due to the
finite size of the time step, tends to concentrate in the overall phase ([42]). In figure A2(a), we show how the
accuracy of the simulation improved with the reduction time step. As time step decreases the curves approach
each other, and beyond the time step 10> ¢!, we do not see any substantial improvement in the plot of cavity

field amplitude.
Truncation error:The TEBD numerical method is involved with the truncation of Hilbert space in every step of

time evolution ([41]). The reasonable size of Hilbert space is such a size that has the ability to express the cavity
field with negligible error. The coherent field generated in the system has a Poisson probability distribution
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which demands infinite local Hilbert space to complete the set which is clearly not possible. The occupation
probability of boson of a coherent field (|n)) is distributed in Fock basis according to

[(n|a)? = %(|a|2"e* laP), The cumulative probability distribution is shown in figure A2(b), which estimates
the reasonable size of local Hilbert space, anticipating accuracy upto a significant extent.

In order to estimate a reasonable size of the Schmidt number, we plot the von Neumann entropy associated
with the entanglement between the system and the first site (S = —Zaz()\ij)z logz()\gj)2) in figure A2(c). As
the evolution of the state starts from a product state, the von Neumann entropy was zero at the beginning. It
increases initially and reaches to the maximum value, and then, reduces with time.

We estimate the Schmidt number when the entanglement is maximized. The Schmidt number should be
chosen in such a way that the eigenvalues after truncation contribute so less that they can easily be neglected.
In figure A2(d) we plot the eigenvalues of the reduced density matrices when the entanglement is maximum
between the system and the first site of the chain. The truncation line shows that the choice of Schmidt number
is reasonable in this case.
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Abstract

We transform the system/reservoir coupling model into a one-dimensional semi-infinite discrete
chain through unitary transformation to simulate the open quantum system numerically with the
help of time evolving block decimation (TEBD) algorithm. We apply the method to study the
dynamics of dissipative systems. We also generate the thermal state of a multimode bath using
minimally entangled typical thermal state (METTS) algorithm, and investigate the impact of the
thermal bath on an empty system. For both cases, we give an extensive analysis of the impact of the
modeling and simulation parameters, and compare the numerics with the analytics.

Introduction

Open quantum systems—i.e. quantum systems which are described as separate entities from the surrounding
environment while being somehow coupled to it— have drawn attention over the decades because of their
applicability in the foundation of statistical mechanics, quantum mechanics, and the realization of optical,
atomic and molecular physics. The dynamics of open quantum systems is one of the most fundamental
problems in quantum mechanics, encompassing concepts such as the boundary between quantum and classical
physics [1], and the measurement paradox [2]. On general grounds, the system/bath (S/B) interaction
represents an important aspect of the physics of condensed matter [3, 4], and complex systems, ranging from the
energy transport in photosynthetic complexes [5] to the physics of ultracold gases [6, 7].

The theory of open quantum systems has been merged with experimental activities in the field of quantum
computation and decoherence measurement in a two-level system, which has extensive applications in quantum
networks [8, 9] of mesoscopic systems, including superconducting circuits [10], ion traps [11, 12], and photonic
crystals [13]. The uses of the coupling between system and environment is rooted in measurement and sensing
applications, ranging from electromagnetic fields [14] to gravitational waves [15]. On the other side, the impact
of the external environment on the system represents a source of noise and dissipation when we look at from the
quantum-dynamical perspective. However, the technological applications of quantum mechanics have been
observed in the relatively recent development of nanoscale fabrication techniques, particularly in
superconducting qubits, nanomechanical resonators and, more in general, circuit quantum electrodynamics
(QED) setups [16, 17], where the dynamical quantum property shows dependency on the characteristic scales,
which is affected by the presence of coupling to the surrounding environment. Within this framework, it was
recently observed that a specific quantum state of the system can be generated by manipulating the properties of
the environment or even the nature of the system environment coupling itself, which is known as reservoir
engineering [18]. For example, the manipulation led to the possibility of measurement and control [19] of
quantum states, and to protecting certain quantum states (cat states) from decoherence by designing a specific
coupling (nonlinear) between system and environment [20, 21].

The dissipative dynamics of a Markovian system and the noise interference due to the linear coupling
between the system and environment have been described in terms of linear quantum Langevin equations (QLE)
[19], which are an extension of the classical Langevin equation to the quantum regime. However, the linear

©2020 The Author(s). Published by IOP Publishing Ltd
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coupling between the system and the environment does not appear as the most general situation; for instance,
nanomechanical resonators [22, 23], circuit QED setups [16, 17], optomechanical systems [24, 25] and the
impurity affected solid state systems [26]. In these cases, the theory has been implemented after transforming the
nonlinear Hamiltonian to a linear one by linearizing the quantum fluctuation over a nonlinear steady state field
amplitude. Appreciating its simplicity, this model, however, does not provide a satisfactory platform to obtain
exact dynamical behavior. The interesting effects, e.g. non-classical behavior of the nonlinear systems [27], are
often overlooked when we cannot handle the interaction between two systems in a perturbative manner. Apart
from nonlinear S/B coupling, the analytical model is also limited to providing the exact solution in case of
non-Markovian dynamical phenomenon, for instance phase transition in a two level system (TLS) between
dynamicallylocalized and delocalized states, at zero temperature for Ohmic and sub-Ohmic reservoirs [3,
28-30]. The limitation of the analytics explicitly provokes us to simulate the time evolution numerically. The
numerical approach consists of transforming the environmental degrees of freedom to many body systems and
simulate it in order to obtain the time evolution. The computational method includes a numerical
diagonalization and renormalization process.

The time-adaptive density matrix renormalization group (t-DMRG) is considered as one of the most
powerful methods in atomic, optical and condensed matter physics to study strongly correlated many-body
quantum system. The method have often been used for some renowned models of quantum mechanics, such as
the Ising model [31, 32], the Hubbard model [33-35] and the Bose-Hubbard model [36—38], especially aiming
to study the magnetization, quenching dynamics and phase transition properties. In order to implement it in
this case, we map the canonical S/B model to a one-dimensional harmonic chain with nearest neighbor
interactions.

Here, we present a numerical model for the analysis of the simple coupling between the system and
environment, along with the consequences associated with the modeling and the numerical simulation. We start
with simulating the dissipative dynamics of an open quantum system, an then we study the thermalization of the
system in the presence of a thermal bath.

According to quantum statistical mechanics, the thermal state is a mixed state, and therefore, it is
represented by an ensemble of pure states. It is naturally expressed by using density matrix p; = exp(—3H) for
the inverse temperature $and Hamiltonian H. A few numerical approaches have been employed to study the
impact of thermal bath on an interactive system, e. g. quasi adiabatic propagator path integral algorithm
(QUAPI) [39, 40] or solving hierarchical equations of motion (HEOM) [41], but in all cases, the influence of the
bath on the dynamics of the system is taken care analytically using well defined Feynman-Vernon influence
functional. The influence functional appears to be different for different types of coupling between system and
environment, and in some cases, it becomes extremely difficult to determine, especially when nonlinear
coupling appears. However, the method we discuss here has the ability to overcome this problem. This includes
generation of thermal bath numerically and evaluation of time dynamics of both the system and environment.
Even though the DMRG technique is designed to determine the ground state [42] and the time evolution of
many body systems, a different method has been used to study the thermal state. Here, we introduce a
complementary approach which includes taking a large number of sample pure states and determine an
observable by averaging over them, instead of expressing the state by a density matrix. The states whose
ensemble collectively generates the impact of thermal state, are determined through imaginary time evolution
and projective measurements, typically known as minimally entangled typical thermal states (METTS) [43]. In
this article, we impose the algorithm for the first time to generate the thermal bath, parameterize it and
investigate the consequences to study the thermalization of open quantum system.

Theoretical model

In this article, we discuss the dynamics of a simple coupling model between the system and the reservoir. We
start with the Hamiltonian of the system coupled to a thermal environment, which is given by

Hi,r = Hs + Hp + Hsp, (D

where Hs = w,c'c is the Hamiltonian of the isolated system, w, is the frequency, and ¢ (c) are the bosonic
creation (annihilation) operators corresponding to the mode of the system. Hg = ZkN:7 N Wk d,j' di and
Hgg = ZkN: N& (c'dy + cd,j') represent the Hamiltonian of a multimode bosonic reservoir and the interaction
Hamiltonian, respectively, where d,j (dy) are the creation (annihilation) operators, and wy and g are the
frequency of oscillation and the coupling strength between the system and environment, respectively, for the
environmental mode k. The frequency range of the reservoir, wi € [w; — €, w, + €],1s chosen to be symmetric
around the system mode (w,). The idea behind kind of modeling is the fact that, realistically, the system couples
to the few modes of the environment around its resonating mode (w,). The model also includes consideration of
the linear dispersion relation of the modes of the bath (wy o k).
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In order to characterize the properties of the bath, we define the spectral density function J(wy) [30],
implying the hard cutofflimit of the reservoir and wide band limit approximation (g, = co) [44], as

Jwp) = %WH(N — KON + k), ®)

where 0 is the Heaviside step function, and v = 2mwDc is the decay rate of the system where D = :—k = Nisthe

density of states (DOS). In case of a large cutoff limit (¢ — 00), the quantum Langevin equation (QLkE) is[19]

() = —iwee(t) — %c(t) + (), 3)

where ¢;,(t) = —1 ﬁ Yk e~ ™k, (0) is the input field to the system. If the reservoir remains at zero
temperature, no input field has contributed to the system. Therefore, the Heisenberg equation of motion (HEM)
of the system modeis ¢(¢) = —iw,c(t) — %c (t), which determines the free dissipative nature of the system
population (n(t) = (c'(t)c(t)))as

n(t) = e "n(0). (4)

TEBD numerical model

Transformation of the Hamiltonian

We transform the S/B coupling Hamiltonian to a one-dimensional lattice chain Hamiltonian for the numerical
simulation. The transformation is done by mapping the bath operators into the operators of the lattice chain by
defining a unitary transformation: b, = >N UK dy. The normalized shifted Hahn polynomial is a natural

choice for the spectral density defined by equation (2) as the unitary operator U¥ = piQ,, [(k+ N) / 2, N1,
where Q,,(k, N) is the Hahn polynomial, and p, = (—1)"(N!) | #ﬁ&w is the normalization coefficient.

The transformed Hamiltonian of the 1-D lattice chain is

N N-1
Hchain = HS + n/(aTbO + aboT) + Z Wn b; bn + Z UM (bJ bn+1 + bn b;Jr 1) (5)
n=0 n=0
n+ DJN—mN+n+2)
D{@2n+1)(2n+3)
the transformation is shown in figure 1(a). Recently, similar mapping was introduced in [45] to simulate open
quantum systems aiming to be applied to spin-boson models [46] and biomolecular systems [47]. In all cases, the
model had remain successful to overcome the complexity of the deduction of non-Markovian dynamical
phenomenon, but the bath was considered to be at zero temperature. But, in the following section, we introduce
METTS algorithm for the first time, for the generation of thermal bath at finite temperature and the evolution of
system in the presence of the thermal bath.

where the coefficients are ' = ¢y/2N, w, = w.and 7, = ( ) The schematic diagram of

Real-time evolution
We use time-evolving block decimation algorithm (TEBD) to do the numerical simulation, which requires
expressing the state of the full chain as a matrix product state (MPS):

X M
_ [0l y[21pl21i [NIPINTin A [N+1Ty: 5 H H
|\I/> - Z Z A(yl ]-—‘al:zzz)‘az F<12<1133 T ')‘aN FaN W )‘uN 4 llll’ 1 > IN-1 1N> (6)
a1 aN+1=0 i in=0

The MPS state is obtained through the Schmidt decomposition of the pure state of N sites where M is the
dimension of local Hilbert space and  is the Schmidt number [48]. The method of numerical simulation for the
real-time evolution is shown diagrammatically in figure 1(b), where we choose the second order Suzuki Trotter
(ST) expansion [49], which minimizes the error in third order of the time step by evolving the pairs of alternate
sites. Using ST expansion, we express the unitary evolution operator as

Uy, = e dtHauin — o=iFdt/2=iGdtp=iFdt/2 | O[ds3)] 7)
_ ii+1 _ iit1
where, F = 3=, oqq Hijin and G = 32, oo Hijhy -

The simulation parameters are estimated by looking at errors which can appear in two ways: while modeling
the S/B formalism to a one-dimensional chain and simulating each step during the real-time evolution. The
errors are discussed extensively afterwards to estimate the parameters for numerical simulation.

Algorithm for thermal state
We imply the METTS algorithm by sampling over a huge number of pure quantum states [43]. Overall, these
samples contain physical properties of the system for a given temperature, which approximates thermal
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Figure 1. (a) Transformation of Hamiltonian from system/bath coupling model to semi-infinite chain model (b) Time evolution
operation on alternating pairs (c) Generation of a set of METTS through imaginary time evolution and projective measurement.

expectation values of any observable (O)g, are determined using a set of orthonormal basis { |n) } of classical
product states (CPS): [n) = )i|n;), where |n;) is an arbitrary orthonormal basis state of the lattice site i. The
thermal expectation value of an operator is

(O)s = — S~ (nle~ /201 /), ®)
B n
where Zis the partition function. The CPS |n) becomes a matrix product state (MPS) | @, ) after the imaginary
time evolution with the probabilities P, as

6) = ¢ ). B = (ale ) ©

In the next step, the METTS |¢,) collapses to a new CPS |n’) through a projective measurement with an
arbitrary measurement basis from which one can subsequently compute a new METTS |¢,), and, this process
keeps on going on to generate a large set of MPS which typically represents a thermal state altogether. Thus, the
generation of METTS samples undergoes a Markov process which is illustrated in figure 1(c). In this framework,
the thermal average is determined from the set of imaginary time evolved normalized MPS states (|¢,)) with the
probabilities P,,/Z

(0) = 2 X B(6/016,)) (10)

B n

The algorithm has been used widely to simulate the spin chain at finite temperatures [50-52]. However, we
use the technique to study the thermalization of the open quantum system numerically for the first time, which
includes generation of the thermal bath using the METTS algorithm, and afterwards, evolve an empty system in
the presence of the thermal bath.

The computation cost of TEBD increases with the entanglement of the quantum state, and hence the CPS s
the natural choice to start with for having least entanglement. The entanglement of the obtained MPS states
remains relatively low during real time evolution, which makes the simulation efficient.

Free dissipative system

We check the applicability of the TEBD algorithm in the dynamics of open quantum systems by comparing it
with the analytics of a simple system/bath coupling model, where we assume that one photon is kept initially in
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Figure 2. Plot of system population determined numerically by TEBD and analytically from the solution of QLE for different rates of
dissipation (a) ¥ = 0.031 4w.and (b) 7 = 0.125 6w,. The parameters for TEBD simulation are cutoff frequency € = 0.3w,; total
number of sites, including system and bath: N = 17; Schmidt number (y) = 5; size of local Hilbert space (M) = 2; time step
8t = 0.5w; " In the inset, the image plot of the population on the sites shows how the particle reflects back from the boundary.
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Figure 3. (a) Plot of time evolution of a free dissipative system for the variation of DOS, which is obtained by fixing the cutoff frequency
and changing number of modes/lattice sites (y = 0.031 4w,). (b)Plot of time evolution of a free dissipative system for different time
steps (Y = 0.125 6w,). All other parameters remain same for both the figures (a) and (b) with figure 2.

the system and the bath is completely empty at zero temperature. Transforming the modes of the bath to a chain,
we see that the first site is populated by a single quantum and all other sites remain empty. In figure 2, the
dissipative nature of the system, which is obtained numerically by doing real-time evolution of the full chain, is
compared with the analytics determined from the Heisenberg equation of motion (HEM) given by equation (4).
We see an increment in the system population obtained in the numerical result after a certain time due to the
reflection of the particle from the end of the chain, which is visible explicitly from the plots of the population of
the full chain given in the insets of figure 2.

Recurrence time and density of states
The recurrence time decreases with the increment of the group velocity, causing the phonon to travel faster in

Swy
Sky
determined by the number of lattice sites (kyoxIN). Eventually, the group velocity is inversely proportional to the
density of states (1, o D71, and therefore, the recurrence time increases linearly with the increment of DOS,
which is seen in figure 3(a), where we increased the DOS by increasing the number of sites, keeping the cutoff

frequency fixed.

the lattice. The group velocity is defined by v, = =, where wy is the frequency, and ky is the wavenumber
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Errors and estimation of parameters

The case of real-time evolution, the ST expansion introduces time error, which tends to concentrate in the
overall phase [49]. In figure 3(b), we show how the accuracy of the simulation improved while reducing the
time step.

Truncation of the Hilbert space is also an issue in TEBD simulation. However, we chose the size of local
Hilbert space to be 2 for having a single particle, and therefore the set is complete and we do not expect any error
associated with the truncation of local Hilbert space. Because the time evolution started from an initial product
state, the entanglement of the sites remains relatively low, and therefore the impact of the truncation in the
Schmidt spectrum is also negligible.

Thermalization of an open quantum system

Analytics of the thermalization of a system
Accounting for the back action of the environment, we determine the time dynamics of the field operator of the
system by integrating QLE of a simple S/B coupling model, given in equation (3) as

_ [ di(0)
6=~ ZWDZ

i(w w) - e {e—iukt _ e—(iw[+'y/2)t}' (11)
Kk k — We 2

The initial thermal population distribution of the bath is
1

(d[ (©)dn(0)) = ——, (12)
ek — ]
which determines the population of the system as
wete
n(t)y= Y Al + B (13)
WE=wWe—€
where
~v/27wD 1
Ik: - [ Bor 1]>
[ e+ ()]
Jo = (v/2mD) cos((wi —ﬂ iuc)t) ﬁwkl _, (14)
[(wk —we)? + (’7)] e =11
and
A=0+e ), B = —2e /2, (15)

As the coefficient B goes to zero at the steady state, the population of the system is determined by the function
I} given in equation (14). Realistically, the population dynamics of the system are dependent on a few modes of
the bath around the resonating mode of the system, and therefore, the cutoff limit (¢) should be considered in
such a way that the contribution of the modes of the bath, those which far away from the system mode, can be
marginalized. Hence, the function I; is expected to converge when the frequency (wy) goes far away from w...
However, figure 4 shows that even though the function I; exhibits a peak at the resonating frequency of the
system, it rises up again when the frequency of the bath mode is much lower than the frequency of the system
mode (wy < w), which comes from the fact that the exponential function of the thermal population

v /27D

[(wk —w)’+ (TZ)]
up to the limit of the second order perturbation for the theoretical formulation of an open quantum system, is
essentially based on the weak coupling between system and environment, ensuring the Lorentzian function acts
like a delta function around w...

Itis also seen from figure 4 that I; rises up faster towards the lower cutofflimit in the case of a bath which is at
alower temperature than it does in the case of a high temperature. Such situations can even be bypassed by
reducing ¢, but that increases the ratio between yand e. However, we can solve this issue by reducing the value of
~, but that demands more time for the system to reach the stationary state, and hence it might not be possible at
times to reach the steady state before the recurrence of the particle from the boundary. In that case, we increase
the recurrence time by increasing the density of states. However, in the case of a zero temperature bath, the
thermal population remains zero for all modes. Therefore, the relaxation of the system to the ground state is not
affected by the cutoff frequency.

distribution of the bath (;) dominates over the Lorentzian function

1] . The acceptance
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Figure 4. Plot of the function I for different temperatures and rates of dissipation of the system. The temperature is fixed for all
plotsin columns: # = 5,10[1/w,] for the first and second column respectively, and the dissipation rate changes over rows. y =
0.011 3,0.031 4,0.061 6w, for the first, second and third row respectively.

Anticipating the fact that the Lorentzian function becomes a delta function for a given condition vy < <e,
the steady state population of the system is approximated to

1
n(oo) = —, 16
(00) = —— (16)

which is the thermal population of the bath corresponding to the mode of the system. So the steady state
population of the system is approximated to the population of the bath corresponding to the mode of the system.

Generation of the thermal bath

The quality of the thermal state generated by the METTS algorithm is dependent on two crucial parameters:
temperature and number of samples. The frequency spectrum of the thermal population of the bath is plotted in
figure 5(a), which determines that in the case of lower temperatures, as the thermal population reduces rapidly,
the fewer modes are required to be taken into account to express a thermal state. This is also suggested by

figure 5(b), which shows that the cumulative probability saturates faster for the low temperature bath, reducing
the requirement of number of METTS samples to represent the thermal state. The consequence is observed in
figure 5(c), where the plot of population distribution becomes smooth, and therefore defines a significant
pattern while reducing the temperature for a fixed number of METTS, which indicates a better quality of the
preparation of thermal state. In table 1 we compare the thermal population obtained analytically and
numerically by taking average over 50 METTS samples. However, anticipating better performance of the
METTS algorithm atlow temperatures, it is also seen that the overall thermal population reduces so significantly
that after a certain range, the number is not reliable for numerical simulation. Therefore, we prefer to generate a
thermal state higher temperature in order to obtain the thermal population to a significant level, which forces us
to take alarge number of METTS samples into account while doing real time evolution. In figure 5(d), we show
how the increment of the number of METTS samples modifies the population distribution over the entire lattice
chain. As anticipated, the quality of the preparation of the bath improves while increasing the number of METTS
samples, which is indicated by the improvement of the smoothness of the plot.

7
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Figure 5. (a) Population spectra, (b) cumulative probability distribution of photon occupation, and (¢) population variation on the
lattice sites for different temperatures (3 = 5, 10, 25,50 [1/w,] ). The number of METTS samples is 50. (d) Population variation on the
lattice sites with the variation of the number of METTS samples (50, 100, 500, 1000) for a fixed temperature (3 = 5[1/w,]). Density of
states (DOS) is 25[1/w,] for all cases. (e) Population distribution on lattice sites for higher density of states (DOS = 50[1/w,]). The
number of METTS samples is 1000, inverse temperature 5 = 5 [1/w,]. The frequency range of the reservoir is wy € [0.7, 1.3]w,, fixed
in all cases.

Table 1. Population of a thermal bath for different
temperatures in the frequency range wy € [0.7, 1.3]w,. The
density of states (DOS = 25[1/w.]) and the number of
METTS samples (METTS = 50) are kept fixed for all cases.

Bl1/w] Analytical population TEBD population
5 0.162 6 0.173 0

10 0.002 8 0.003 0

25 3.9723 x 10°® 3.9677 x 10°®

50 7.2920 x 107" 7.9524 x 107'¢

As we increase the density of states for a fixed frequency range, the number of modes and number of lattice
sites also increase, which essentially demands more METTS samples to represent a thermal state. Therefore, we
see a poor population distribution in figure 5(e) compared to figure 5(d)[iv], when we doubled the DOS and
keep the number of METTS fixed. However, the increase of the density of states increases the total population of
the bath, which is shown in table 2.

Real-time propagation of systems coupled to thermal bath

Hereafter, we study the thermalization of an empty system in the presence of a thermal bath at inverse
temperature § = 5[1/w,]. The time evolution of the system population for different cutoff frequencies and rates
of dissipation are shown in figure 6. As anticipated from equation (13), the oscillation in the population of the
system is introduced by the left tail of figure 4. The extension of the lower cutoff frequency contributes more
oscillation to the dynamics, and more population in the stationary state of the system, which is visible when we
compare figures 6(a) and (b). The higher value of yalso contributes more oscillation as an error to the dynamics

8
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Figure 6. (a), (b) Plot of the time evolution of the system population for different cutoff frequency: (a)e = 0.3w.isand (b)e = 0.6w,.
The length of the chain of the bath is 16 and 31, respectively, keeping the DOS fixed DOS = 25[1/w]. (¢) Plot of the time evolution of
the system population increasing the density of state DOS = 50[1/w,]. The length of the chain of the bath is 31, and the cutoff
frequency is (¢ = 0.3w,) . The temperature (5 = 5[1/w.]) and number of METTS samples (4000) are kept fixed in all cases. Thick lines
correspond to the TEBD numerical result and the thin lines represent analytical results obtained from equation (13). The black dashed
line stands for the thermal population corresponding to the mode of the system expressed in equation (16).

Table 2. Population of a thermal bath for different density of
states in the frequency range wy € [0.7, 1.3]w, and temperature
[ = 5[1/w,]. The number of METTS samples is kept fixed at
1000 for all cases.

DOS [1/w,] Analytical population TEBD population

25 0.162 6 0.163 0
50 0.308 2 0.308 8

of the system population. We see the steady state population of the system is comparable to the thermal
population at w,, which is indicated by equation (16). In both figures 6(a) and (b), the system has not been able to
achieve the steady state for the slow dissipation rate (especially y = 0.011 3w,). Therefore, we extend the
recurrence time by increasing the DOS in figure 6(c), which gives sufficient freedom to the system to relax to the
steady state.

The numerical technique, therefore proves a promising scheme to study the open quantum dynamics. In
order to investigate its applicability in the physics of quantum Brownian motion, we plot real-time dynamics of
the quadrature fluctuations in figure 7 with a comparison to its analytics. The arbitrary quadrature is defined as
Xo(t) = e%c(t) + e (). As (dr(0)) = (d;(0)) = (d¢(0)) = (d,fz (0)) = 0, the quadrature fluctuation
becomes phase () independent (6Xy(¢) = /1 + 2n(t)),and its time dynamics gives a pattern similar to the
population dynamics.
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Figure 7. Plot of the time evolution of the quadrature fluctuation for different rate of dissipation. All other parameters are kept same
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Conclusion

In this article, we intended to investigate the applicability of METTS algorithm in the thermalization dynamics
of open-quantum systems, anticipating the fact that the DMRG technique has the ability to extract out exact
dynamics without linearizing nonlinear Hamiltonians. The consequences of this approach are demonstrated in
terms of the efficiency of the algorithm with a discussion of advantages and disadvantages of this simulation. In
this spirit, we also compare the numerical result with analytical result determined using Heisenberg equation of
motion. We started with presenting a model that transforms the Hamiltonian of a quantum system coupled
linearly to a discrete set of modes of a bosonic reservoir, to a Hamiltonian of a one-dimensional chain with
nearest-neighbour interactions. We then used the model to study free dissipation and thermalization of that
open quantum system. We found the recurrence time of the real-time evolution increases linearly with the
increment of density of states. Our results also show that even though the minimally entangled typical thermal
states (METTS) algorithm performs better at lower temperatures, we preferred to work at higher temperature in
order to obtain the thermal population at a significant level and avoid unwanted error in the population
dynamics of the system contributed by the lower cutoff frequency limit. Therefore, more METTS samples are
taken into account, which consume more computation resources. In conclusion, one can say that the
numerically generated thermal bath shows promise, but, this requires a compromise between the quality of the
result and the computation resources. The numerical scheme presented here was mainly motivated by an
attempt to determine the exact solution in the case of nonlinear coupling between the system and the
environment [26], non-classical dynamics of non-linear systems [27], and reach out single photon limit in
optomechanical systems [24, 25]. The combination of real and imaginary time evolution of open quantum
system will allow us to investigate quantum Brownian motion of topological quantum matter [53, 54]. In
addition, the method will be useful to study the non-Markovian dynamics and critical behaviors of the sub-
ohmic or ohmic spin-Bosson coupling models [3, 4, 28, 29].
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Abstract. We transform the system/reservoir coupling model into a one-dimensional semi-infinite discrete chain with nearest
neighbor interaction through a unitary transformation, and, simulate the dynamics of free dissipative open quantum system. We
investigate the consequences of such modeling, which is observed as finite size effect causing the recurrence of particle from the
end of the chain. Afterwards, we determine a formula for 7 in terms of the matrix operational form, which indicates a robustness
of the connection between quantum physics and basic mathematics.

Introduction

An open quantum system (OQS), described to be a separate entity from its surrounding environment while being
coupled with it, has shown importance due to its applicability in the foundation of quantum mechanics, statistical
mechanics and atomic, molecular, optical and bio-physics. The theory of OQS has remained useful to describe ex-
perimental activities in the field of decoherence measurement and quantum computation, which has applications in
quantum networks [1, 2] in mesoscopic systems, which includes photonic crystals [3], ion traps [4, 5] and supercon-
ducting circuits [6]. The coupling of system mode to the environment has been used in the sensing and measurement
related applications, in a broad range from electromagnetic fields [7] to gravitational waves [8].

The dissipative dynamics of OQS due to the system/bath (S/B) coupling, has been studied with the help of
quantum master equation and Heisenberg-Langevin equation [9]. Both the equations are extensions of their classical
counterpart, in the quantum regime. Despite of their simplicity, these techniques exhibit limitations while extracting
out exact solution when OQS sufters non-Markovianity in the dynamical behavior or non-linearity in the Hamiltonian.
For example, the non-Markovian dynamical phenomena has been observed in a type of quantum phase transition
between dynamically localized and delocalized states of two level system (TLS) for zero temperature sub-Ohmic and
Ohmic baths [10, 11, 12, 13], where one cannot treat effective interaction between oscillator and TLS in a perturbative
manner. On another side, the non-linear Hamiltonian appears in case of Kerr nonlinear system [14] or cavity coupled
TLS systems [15], where the theory of OQS has been implemented after linearizing the Hamiltonian over nonlinear
steady state field amplitude. Therefore, the interesting effects are often missed out, and the limitation of analytics
provokes us explicitly to do numerical simulation. The numerical method requires transformation of the degrees of
freedom of the environmental modes to a many body system with nearest neighbor interactions.

The idea of such mapping was first introduced in Ref. [13] where a recursive numerical technique was performed
on discretised environment, and truncated to form a many body chain. Furthermore, using the properties of orthogonal
polynomials, an exact unitary transformation has been presented that maps the Hamiltonian of a linearly coupled
system to a continuum of bosonic or fermionic modes, to a Hamiltonian that describes a one-dimensional chain with
only nearest-neighbor interactions [16]. Considering applicability, the time-adaptive density matrix renormalisation
group (t-DMRG) [17] has been considered recently as one of the most useful tools in optical, atomic and condensed
matter physics for the numerical simulation of one-dimensional systems with short-range interactions.

In this paper we present how the S/B coupling model is mapped to a semi infinite chain with nearest neighbor
interactions. We construct the Hamiltonian matrix for a single particle located in the entire chain, and use that to
simulate the free dissipative OQS. We also discuss the recurrence of particle which comes from the finite size effect
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FIGURE 1. Transformation of Hamiltonian from system/bath coupling model to semi infinite chain model.

of the chain. Afterwards, we show that the famous quantity  can be computed from the dissipation dynamics of the
0QS, in terms of matrix operational form.

THEORETICAL MODEL

In order to discuss the dissipative dynamics of an OQS, we start with the full Hamiltonian

H=Hg + Hp + H;y (D

Here, the Hamiltonian of the isolated system is Hg = w.a'a, where w, is the frequency, and a(a") are the annihi-
lation (creation) operator of the system mode. The Hamiltonian of the bath is represented by a set of bosonic modes
Hgp = Zsz_N wkabk, and, the interaction Hamiltonian between system and environment is H;,, = Zsz_ N gk(bZa+a+bk),
where bk(b}i) are the annihilation (creation) operators, and wy is the frequency of k™ mode of the environmental field.
g« is the coupling strength between the system and k" mode of the bath. The frequency of the bath changes linearly
with the change of mode k : w; o« k, and the range is chosen to be symmetric around the system mode (w,) due to
the fact that, in most of the realistic situation, the system is coupled to the modes of the environment around its own
resonating mode (w,). Moving to a rotating frame of frequency w,, the frequency range of the bath is accepted to be
wy € [—¢€, €].

The dynamics of the bipartite system is determined by a positive function of the mode of the bath, is known as
spectral density [13]. In case of a hard cutoff range of the modes of the reservoir, implying wide band limit approxi-
mation, i.e. the coupling strength is independent of the mode of the bath (g; = ¢¢) [18], we obtain the spectral density
function as

Je = ADO(N — k)O(N + k) )

where 6 is the Heaviside step function and D = 7 ¥ is the density of states (DOS) of the bath.

In case of an empty bath, considering a large cutoff window (e — o0), the dynamics of the system is determined
by the Heisenberg equation of motion (HEM): a(¢) = a(t) [9], which gives a dissipative nature of the system
population (ng = {a'a)) as ng(t) = e ng(0), where y = 27rDc(2) is the rate of dissipation of the system. Therefore,
if the initial state of the system is a Fock state of only one particle, the occupation probability of the particle decays
down exponentially with time as

Ps(1) = exp(=y1) 3

NUMERICAL MODEL

Here, we transform the S/B coupling Hamiltonian to a semi-infinite chain model, using a unitary transformation of the
operators of the bath: d,, = Zsz_N U, (k)b [16]. In a case where the spectral density is defined by Eq. (2), normalized
shifted Hahn polynomial is a the natural choice as the unitary operator: Uﬁ = piQn[(k + N)/2,N], where Q,(k,N)

is the Hahn polynomial, and p, = (—1)"(N!) 4 /% is the normalization coefficient. One can check that the
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FIGURE 2. Occumation probability in system determined numerically for different rates of dissipation (a)cy = 0.6D~! and (b)cy =
1LD™'. Total number of modes of the bath N = 30. In the inset the image plot is given for the population on the sites which shows
how the particle reflects back from the boundary.

new modes of the bath satisfy bosonic commutation relation [d,,, d,T,,] = O,u,. Essentially, the transformed Hamiltonian
becomes

N-1
A =1/ (a'dy + ad}) + Z Mu(didnsr +d', d,) )
n=0

The diagrammatic representation of this transformation is shown in Fig. 1. Using the recurrence relation of

Hahn polynomial [16, 19], the coefficients are determined as ' = ¢y V2N and 7, = % A /%% The mapping
is useful for the simulation of the time dynamics of OQS using DMRG method. Recently, similar mapping was
introduced in Ref. [16] aiming to be applied on spin-boson models [20] and biomolecular systems [21]. However,
instead of using DMRG, we use the Hamiltonian for a system where one particle of boson is located in entire chain.

FREE DISSIPATIVE SYSTEM

In a situation where only one particle located in the entire system and environment, which is initially localized in sys-
tem, leaving the bath completely empty, the state of the corresponding 1-D chain is represented by |S) = [1000.....]7.
Essentially, the corresponding matrix representation of the chain Hamiltonian gives

0 o 0
n 0 no
no 0 n
A= n ©)
. 1IN-1
10 TIN-1 0 |

After time ¢, the occupation probability of the particle in the system is determined from the time evolved state
IS, = e ift ISY as Pg(r) = [(S|S,)]>. We determine the time evolved state numerically, and plot the dissipative nature
of the system population in Fig. 2, where we observe that the system population increases again after a certain time,
which comes from the fact that the particle reflects back from the end of the chain, which is visible from the population
plot of the entire chain shown in the inset of Fig. 2. The recurrence of the particle is dependent on the DOS, which is
explained explicitly in appendix.

Comparing to the Eq. (3), we estimate the rate of dissipation from the numerically determined population dy-
namics of the system as
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0 In(Ps (1))
= _—S|t<recurrence time (6)

ot

In the next step, we fix D = 1,c9 = 1 and r = 1 (which satisfies the condition ¢ < recurrence time), in order to
get the simplest formula of 7 in terms of the matrix operational form. It is to be noted that Eq. (3) is obtained by
considering a large cutoft frequency which is ideally infinite. Therefore, the accuracy of the value of 7 determined
by this new formula, is anticipated when we increase the size of the matrix, which indicates consistency between
numerical modeling and analytical formulation of open quantum system. Fig. 3 presents a comparison between actual
and numerically determined value of &, which shows how the numerically determined value gets closer to actual one
when we increase the size of matrix.

Remark: Note that the unitary transformation of S/B coupling Hamiltonian is done using Hahn polynomial
which is given by Q,(k; N) = 3F»(—n,—k,n + 1;1,—N + 1; 1), where 3F, is generalized hyper-geometric function
which is constructed by Gamma function [19]. Therefore, the value of 7 has not been used anywhere in the process
of transformation of Hamiltonian to 1-D chain. On the other side, in the analytically determined dynamics of open
quantum system, the quantity 7 appears in the rate of dissipation from the Fourier transformation of delta function.

CONCLUSION

We present a model that represents the transformation of Hamiltonian of an OQS coupled linearly to a discrete set
of modes of bosonic reservoir, to a Hamiltonian of a one-dimensional chain having nearest-neighbour interactions.
Using the model, we study free dissipation of a particle, located initially in the system, to a zero temperature empty
bath. We observe that the finite length of the chain causes recurrence of particle from the end. The mapping seems
promising to investigate the dynamics of OQS through the numerical simulation of many body systems. We also
determine a formula for 7 in terms of matrix operations through this method. As anticipated from the fact that system
bath coupling model considers a large cutoff frequency, the accuracy increases as the size of the matrix increases.
Such kind of formulation indicates the robustness of the establishment of quantum physics and its connection to the
fundamental mathematics.
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Appendix

The recurrence time of the particle is dependent on the group velocity in the lattice. The group velocity is defined by
Vg = gki;, where ky is the wavenumber determined by the number of lattice sites (ky oc N), and wy is the frequency.
The higher group velocity causes the phonon traveling faster in lattice. However, the group velocity is inversely
proportional to the density of states (v, o« D7), and therefore, the recurrence time increases linearly when the DOS
increases. In the Fig. 4, we increased the DOS by increasing the number of sites keeping the cutoff frequency fixed.
The increment of DOS forces to take more number of lattice into account, and therefore, which causes an increment
in the recurrence time.
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