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Abstract. Quantum stochastic methods based on effective wave functions form a
framework for investigating the generally non-Markovian dynamics of a quantum-
mechanical system coupled to a bath. They promise to be computationally superior to
the master-equation approach, which is numerically expensive for large dimensions of
the Hilbert space. Here, we numerically investigate the suitability of a known stochastic
Schrodinger equation that is local in time for the description of thermal relaxation and
energy transport. This stochastic Schrodinger equation can be solved with a moderate
numerical cost, indeed comparable to that of a Markovian system, but reproduces the
dynamics of a system evolving according to a general non-Markovian master equation. After
verifying that it describes thermal relaxation correctly, we apply it for the first time to the
energy transport in a spin chain. We also discuss a portable algorithm for the generation of
the coloured noise associated with the numerical solution of the non-Markovian dynamics.
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1. Introduction

Stochastic methods applied to the investigation of the dynamics of physical systems coupled
to external baths have a long history dating back to Einstein and Langevin [2]. The
idea behind these approaches is that the many degrees of freedom of the bath induce
random motion in the system [3H8]. Classically, this stochastic motion is due to collisions
between the particles of the system and of the bath and can be described by a Langevin
equation for certain system variables. Quantum mechanically, the randomness is introduced
by transitions between different states of the system induced by the bath and can be
described by a stochastic Schrédinger equation (SSE) [7L0HI3]]. Alternatively, one can derive
statistical descriptions averaging over many realisations of the stochastic process, leading
to the Fokker-Planck equation for the distribution function of a classical system and the
master equation for the reduced density operator of a quantum system [3H8]], respectively.
Assuming the equivalence between the master equation for the density matrix p(t) and
the SSE [71[12], which might not always hold [14], the latter has sometimes been seen as a
“quick and dirty” way to obtain the solution of the former. Indeed, the numerical solution
of the master equation scales poorly with the number of states kept in the calculation since
it is an equation of motion for a matrix in state space, whereas a Schrodinger equation is
an equation for a vector. This strongly limits the applicability of the master equation to
complex systems. In particular, if the quantum system consists of interacting particles, in
which case the state space is the Fock space, the scaling of the density matrix restricts the
range of system that could be tackled with numerical calculations and approximate methods
are needed [15]. Alternatively, one can establish a time-dependent density functional
theory of open quantum systems [14,[17,[18].

In general, the dynamics of an open system is non-Markovian, i.e., the change of the
state of the system at a certain time does not only depend on its present state but also
on its state at all previous times. Understandably, the solution of a non-Markovian master
equation [[19,[20] is difficult because it involves the evaluation of a convolution integral
which depends on the history of the system. Therefore, one often employs a Markov
approximation, which replaces the dynamical memory kernel in this convolution integral
by a d-function in time. In doing so, however, one looses the connection with the exact
dynamics and the ability to reproduce the correct steady state, unless one is capable of
constructing effective bath-system operators that recover the exact behaviour [21]]. It should
be noted that an exact time-convolutionless master equation can be derived [5]22-24].
However, this does not usually reduce the numerical complexity since one needs to evaluate
the generator of the time-convolutionless master equation describing the history of the
system at each time step of the numerical integration.

In order to study the non-Markovian dynamics it would be advantageous to have a
SSE that is local in time but is nevertheless able to reproduce the dynamics induced by a
non-Markovian master equation (NMME). Such an equation has been proposed by Strunz
and coworkers: first mentioned as a byproduct in [25], it has been applied to the spin-
boson model and compared to non-linear SSEs in [26] and also to a more realistic two-level
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model immersed in a photonic band-gap material in [27]. Here, we arrive at the same time-
convolutionless SSE (TCLSSE) of Strunz and coworkers starting from a non-Markovian SSE
obtained by Gaspard and Nagaoka [11]]. We show how the dynamics induced by the TCLSSE
and the NMME coincide up to third order in the coupling parameter between the system
and the bath.

A promising application of the formalism is the investigation of the bath-induced
energy transport in the system. For this the system is coupled locally at its ends to two baths
kept at different temperatures. The temperature gradient induces a thermal force leading to
energy transport in the system. Before investigating this non-equilibrium situation within
the TCLSSE approach, we will first test whether the TCLSSE is able to reproduce relaxation
dynamics correctly: In contact with a single bath at a constant temperature, the system
should approach an equilibrium state with that temperature. It can be shown that in the
non-Markovian case there exists an exact condition that the memory kernel must satisf
for the system to reach thermal equilibrium, ie., p(t — o0) o exp(—BH) [5,28].
This condition is known as detailed balance since it relates the absorption and emission
probabilities. The detailed-balance condition is usually no longer satisfied if the Markov
approximation is made [5,28]. Hence, the history dependence of the equation of motion is
an essential ingredient for thermal relaxation. This begs the question of whether a TCLSSE
is also able to correctly describe thermal relaxation dynamics. To answer this question, we
study the relaxation of a simple three-level system employing the TCLSSE and compare
its dynamics to the one obtained from the NMME. This rather pedagogical study verifies
the applicability of the TCLSSE to thermal transport, where we study for the first time the
non-Markovian time evolution of the energy current induced by a thermal gradient.

The numerical solution of the TCLSSE requires the generation of complex coloured
noise to mimic the correlation functions of the non-Markovian baths [29]. Here we
introduce a portable and fast algorithm to generate any coloured noise whose power
spectrum is a positive function. The algorithm relies on the ability of performing a fast
Fourier transform and is therefore easily optimised. Other algorithms have been presented
in the past to generate real coloured noise [30-32]. In section[2.2] we compare our algorithm
to some of them and show that it performs better than these routines while having a broader
range of applicability.

I It is well known that the Hamiltonian H appearing here might be different from the one describing the
system dynamics, due for example to the Stark and Lamb shifts. For simplicity, we here assume that these
effects can be neglected, since they are normally proportional to A\*, where \ is the coupling parameter
between the system and the bath.
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2. Method

2.1. A time-convolutionless stochastic Schrodinger equation

Our starting point is a standard second-order NMME [[4/5/[8][19[20]. The coupling between
the system and the bath is taken to be bilinear,

f{int = A Z ga ® Baa (1)

in the operators S, and B, from the system and the bath, respectively. If any operator of the
system commutes or anticommutes with any operator of the bath, one can always expand
any coupling operator in this form.
In the following we assume that the bath and the system do not exchange fermions,
ie., S’a and Ea commute with each other. We further restrict ourselves to the case that S’a
and Ba are Hermitian operators; the extension to the more general case where only f[int
is Hermitian is straightforward. Under the assumptions of weak system-bath interaction,
factorisation of the full density operator at the initial time ¢ = 0 and vanishing averages of
bath operators to first order, the equation of motion for the reduced density operator p of
the system is given by [[4][5,[7,[8]]
) — ol p(0)] 422 3 (S0 VL) — N0 0), @

a

up to second order in the coupling parameter A\. We have set 4~ = 1 and defined
t R . P
M,(t) = Z/ dr cap(t, 7) e HET) Gy p(7) ), (3)
b 0

In this NMME, H is the Hamiltonian of the system and the correlation kernel is given by

~ A

cap(t, 7) = Trp[py Ba(t) By(T)], (4)

where the trace is over the bath degrees of freedom, Ba(t) = eiﬁBtBae_iﬁBt and H g is the
Hamiltonian of the bath. Here, p5' is the statistical operator of the bath. If p5' describes a
single bath in thermal equilibrium, ,6?301 o exp(— BI:I ), where [3 is the inverse temperature,
the system should relax towards thermal equilibrium, p(t — c0) o exp(—3H), with the
same temperature as the bath. The property that if a steady state exists, it coincides with the
state of thermal equilibrium must be encoded in the correlation kernel ¢, (¢, 7). Indeed, one
can show that the system relaxes towards thermal equilibrium if ¢,;(¢,7) = ¢4 (t — 7) and
the power spectrum Cy(w) = f_Jr;O dt cqp(t) e satisfies the detailed-balance condition

(5.128]
Cop(—w) = € Cha(w). (5)

Gaspard and Nagaoka [11]] have shown that the dynamics introduced by the NMME
can be obtained not only by a numerical integration of (2) but also by the solution of a SSE
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for a state |W(1)),

%mw Al () +Q)a5mm

—Z)\2ZS/dt Cap(t )e_iﬁt,§b|\lf(t—t’)>. (6)

In this non-Markovian SSE (NMSSE), the complex noises 7, () have the properties

’}/a(t) = 0? ’}/a(t)’yb(t/) = Oa 7; (t)’yb(t,) = Cab(t - t,) (7)

and one can obtain the dynamics of the open quantum system by taking the average over
realisations of the stochastic process, indicated by the overline. In particular, the reduced
density operator is obtained as p(t) = |V(¢))(V(t)|. However, any attempt to solve the
NMSSE (@) requires a large numerical effort due to the time integral, which needs to be
evaluated at every time step and for every realization. This begs the question of whether
there exists a simpler SSE that reproduces on average the dynamics induced by the NMME.
This is the case, as Strunz and Yu have shown .
Indeed, the TCLSSE

b0 = (43 05— 0070 ) 900 ®

with
ZS / dt’ cop(t') e Gy Y (9)

reproduces on average the dynamics induced by the NMME (2) up to third order in A
[25]. To prove this, we write @) i (1)) = et |W(t)) and

Sa(t) — ¢t et and expand the time-evolution operator up to second order in A,

|\If]( [ —Z)\Z/ dtl’}/a tl )
— )\2 Z/ dtl/ dtg Cab t2 (tl) Sb(tl — tg)

PP / s / it 7u(11) Sa(t) 1(82) Sy(t2) | [¥1(0))

+ O(/\3). (10)

This expansion is inserted into the expression for the reduced density operator p;(t) =
|W;(t))(W/(t)]. By performing the average, using the properties given in (7) and the identity
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cap(T, 1) = ¢, (t, 7), and differentiating with respect to ¢, we arrive at
d . e .
CUREDY | Lt ) (0 n(0) 5,00

— cap(t,7) Salt) Sy(7) pr(0)

+ ¢y (t,7) Salt) pr(0) Sp(7)

= cap(t7) r(0) Sy(r) Sa(t)] + O(XY). (11)
Note that the averages of the terms in A\® vanish. Furthermore, replacing p;(0) by
p1(7) + O(A\?) does not change the equation up to terms of order \3. Finally, by returning
to the Schrédinger picture we arrive at the NMME (@) up to terms of order \?, i.e., higher
than the order up to which these equations are valid anyway. Indeed, the NMME and the
SSE are usually derived as a second-order expansion in the coupling parameter . This
is remarkable since one might expect a more complex time-non-local SSE to be required
for reproducing the dynamics of the NMME (2). Still, the TCLSSE is local in time, i.e., the
operator T(t) does not depend on the state of the system at previous times and can thus
be calculated once before the numerical integration and be used for each realisation of the
stochastic process. Hence, the numerical cost of solving each realisation of the TCLSSE is
comparable to that of a Markovian SSE [[7,11].

We note that at the same level of approximation, \?, we can derive a time-

convolutionless master equation instead of the non-local equation (2). Indeed, in (1) we
could replace p;(0) by p;(t) + O(N\?), arriving at

%ﬁ](t) :,\ZZ/O dr [cap(t,7) Sp() pr(t) Sa(t)

— cap(t,7) Sal(t) So(7) pr(t)
+ (6, ) Salt) pr(t) Sp(r)
(8, 7) () So(T) Sa(t)] + OAY). (12)
However, since in general we expect the density matrix and the operators S, not to
commute, the integral over 7 still contains the density matrix in a complicated manner.
From a numerical point of view, the solution of this equation is therefore not simpler than
that of (@). The equivalence of @) and (I2) is a generalization of the result that a time-
convolutionless Pauli master equation, i.e., a master equation for the diagonal components
of the density matrix only, can be proven to be equivalent to a Nakajima-Zwanzig-Markov
Pauli master equation to second order in \ [24,33]].

2.2. Generation of coloured noise

The TCLSSE requires the generation of coloured noise and thus the method will only be
practicable if an efficient algorithm for the generation of this noise is available. Such an
algorithm indeed exists, as we show below, where we extend an algorithm presented by
Rice to the complex noise required here. We consider only a single bath operator;
the generalisation to several bath operators is straightforward.
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Some of the existing algorithms for the generation of coloured noise rely on the
numerical solution of a stochastic differential equation that has to produce noise with the
given target correlation function c(t) [29,34]. However, such an equation is a piece of
information that is rarely available, since even the analytic expression for ¢(¢) may not be
known. Except for a few simple models, it is more common to have access to the power
spectrum C'(w) = fj;o dt c(t) e~™"'. Indeed, C'(w) is connected to the quantum transitions
in the bath.

On the other hand, the algorithm presented in does not require the knowledge of a
stochastic differential equation. However, besides the power spectrum C'(w) is does require
the inverse Fourier transform of its square root. This quantity is then convoluted with
a white noise to generate the target real coloured noise. We will introduce an algorithm
that directly uses \/C(w) as input, thereby reducing the numerical cost compared to the
algorithm of [32]] and that generates a complex coloured noise with the properties given in
([@). Indeed, one can easily prove that the noise () can be generated by

= - e VO (w) z(w) ™! (13)
oo V2T ’

where x(w) is a white-noise process in the frequency domain satisfying

v(t)

r(w)=0, zwzw)=0 o (wrw)=70dw-—u). (14)

By substituting (I3) into 7*(¢)(#') and using (14), we immediately arrive at the third relation
of (7). The other relations are proven in a similar way. From a numerical point of view,
the generation of this coloured noise requires the calculation of the Fourier transform in
(13). We discretize the frequency domain with the uniform step Aw, and generate x(w)
by using two independent gaussian random noises with zero mean and unitary variance,
N(0,1), therefore z(w) = (N(0,1) +iN(0,1))/v2Aw. A similar algorithm restricted to
real coloured noise has been proposed in the past [30,31]].

In order to compare our algorithm with the two from and [30,31]], we choose a test
function for which we know ¢(t) and C(w) analytically, namely c(t) = (2mo?)~"/4e~*/20"
and C(w) = (2r0?)Y/*e«’7*/2. We fix ¢ = 1 as our unit of time and choose the interval
t € [—25,25] for the numerical Fourier transform. To quantify the agreement between the
target ¢(t) and the noise generated by the three algorithms, we use the statistical variance
6. = [T2dt|e(t) — 4(0)y*(t)|*/ =% dt|c(t)]®. In principle, these algorithms produce
an exact representation of the target correlation function. Discrepancies arise from the
finite mesh on which the Fourier transform is evaluated, the finite number of independent
realisations of the noise that we generate and the limitations of the white noise generation.

In figure [I, we report the variance 0. as a function of the number of independent
realisations of the noise. We see that the algorithm (I3) performs better for a large number
of runs (at least 2 x 10°), while being close to the other two for a small number of runs. The
algorithm proposed in suffers from the need of performing a double Fourier transform,
although for a large number of runs its performance improves consistently. On the other
hand, we can consider the total computation time to generate a given number of realisations.
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—eo— Ref. [32]
--#-- Refs. [30] and [31]
—s=—this work

104 10° 108
number of runs

Figure 1. Statistical variance . versus the number of independent realisations of the
coloured noise, calculated using a 16384 point mesh in time and frequency. The red (dashed)
line represents the optimised version of the algorithm presented in [32]], the green (dotted)
line the algorithm proposed by Rice and the black (solid) line the results obtained

from (13).

Taking the time needed by algorithm (13)) as a reference, the algorithm of is about
7% slower and the algorithm of [32] is about 50% slower. However, we stress that the main
advantage of the algorithm (I3) does not lie in the moderate numerical improvement but in
the simplification it brings about by only requiring the power spectrum as input.

For illustration, we show in figure 2] a single realisation of the noise (I3) with 16834
mesh points. Notice that due to the use of the fast Fourier transform, the noise is periodic
over the simulation time.

20 10 0 10 20
t/o

Figure 2. The real (black, continuous line) and imaginary (orange, dotted line) parts of
a single realisation of the coloured noise, (I3), for a mesh in time of 16384 points. The
function y(t) appears smooth as a function of time due to the fact that time enters in ~(¢)
via the oscillating term in the right hand side of (I3). Similar behaviours are obtained with
the other two algorithms.
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2.3. Thermal relaxation of a three-level system

Here, we test whether the TCLSSE is capable to describe thermal relaxation dynamics
correctly when connected to a single bath. This will then allow us to study energy transport
within the TCLSSE approach in section 3Bl

We consider the coupling of an electronic system to the electromagnetic field in a
three-dimensional cavity. In the dipole approximation, one can derive from first principles
the power spectrum for this system (we set the speed of light to unity),

Coav(w) = == [np(Blw|) + 0(-w)] for |w| < w,, (15)

where np(fw) = 1/(e’ — 1) is the Bose-Einstein distribution function, f(w) is the
Heaviside step function and w, is a cutoff frequency determined by the dimensions of the
system. This cutoff is necessitated by the assumption made in the dipole approximation
that the electromagnetic field is uniform in the region of space occupied by the system. The
derivation of this power spectrum can be found in the appendix. For |w| > w., the power
spectrum is set to vanish. Note that increasing w. does not change the relaxation dynamics
as long as w, is larger than the energy differences in the system and hence does not exclude
any transitions. One can show that the detailed-balance condition (§) is satisfied by this
power spectrum. Since for this model system the correlation function ¢(¢) is not given in
analytical form, we will use (13) to generate the noise.

In order to quantify the agreement between the noise generated by (I3) and the power
spectrum (15), we have performed a Fourier transform of the time-domain signal and
compared it to our target. Figure Blshows that the agreement is excellent.

10f
8,
——target Re(C(w))
—target Im(C(w))
__ 6] --—-numerical Re(C(w))
3 ----numerical Im(C(w))
O 4l
2,
0 F=lpatons ’
1.0 -05 0.0
w/we

Figure 3. Comparison between the target, (13), (solid lines) and the Fourier transform of the
correlation function obtained from (I3) by averaging over 90 000 realisations of the noise
(dashed lines).

For the electronic system we consider a three-site spinless tight-binding chain
described by the Hamiltonian

H = —T (éléy + cber + ches + élen), (16)
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where the operator ¢! creates an electron at site 7, and assume a single electron to be present.

This system is coupled to the electromagnetic field inside the cavity by the operator

S=—q> i (Wilf]W,)ele;, (17)
0]

where ¢ is the charge of the electron and |IV;) is the single-particle state localized at site i.
For simplicity, we assume that each relevant mode of the cavity has the same polarization
direction w, parallel to the tight-binding chain. Note that the form of this operator should be
immaterial for the establishment of thermal equilibrium, which is only determined by the
power spectrum. Indeed, we can check whether the detailed-balance condition is necessary
for the system to reach thermal equilibrium. To that end, we use the operator in (17) within
a Markov approximation for the correlation function, ¢(t) o 4(t). We have found that a
steady state is approached that does not correspond to thermal equilibrium [28]].

---p; SSE p1 ME

08\ .. p2 SSE p2 ME
—-— p3 SSE p3 ME

I
2}

probability
°
=

I

o
i
! o
I
1 H
°

o
o

0 50 100 150 200 250 300 350 400
T

Figure 4. Dynamics of the occupation probabilities p1, pa, p3 of the eigenstates of the
Hamiltonian (I6€) in the one-electron sector calculated from the evolution of the TCLSSE
(dashed lines) and the NMME (solid lines) with the power spectrum given by (I5). The
eigenstates are labeled such that the eigenenergies satisfy €; < €2 < e3. The red dots
represent the thermal-equilibrium probabilities calculated from (I8). The time ¢ is measured

in terms of the inverse of the energy constant 7'.

In figure @ we show the occupation probabilities of the three eigenstates of the
Hamiltonian in the one-electron sector as a function of time calculated using the TCLSSE
(dashed lines) and the NMME (solid lines), respectively. For the TCLSSE, the results have
been obtained by averaging over 90 000 independent realisations of the noise. We have
used the parameters f = 1, w. = 1,7 = 1, ¢ = 1 and A\ = 0.1 and we have
employed the Euler algorithm with time step At = 0.005 to numerically solve the
equations. As the establishment of thermal equilibrium is independent of the choice of the
initial state, we have chosen an arbitrary pure state, |U(0)) = 0.94 |1) + 0.2 |2) + 0.28 |3),
where |i) represents the i-th eigenstate of the Hamiltonian, where the eigenenergies satisfy

€1 < €3 < €3.
The dynamics induced by the NMME and the TCLSSE are in good agreement: The
small discrepancies in the numerical solutions are due to the finite number of realisations
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we have used; the solution of the TCLSSE still contains some noise, as expected. For long
times, both formalisms converge to the thermal-equilibrium probabilities

6_651'

pi - 6_551 + 6_562 _|_ 6—653 ’ (18)

If we were only interested in the long-time limit, we could have averaged over all times after
some equilibration time ?,,;, to obtain better statistics, using the ergodic theorem to replace
the average over many realisations by an average over time of a single realisation.

3. Application to energy transport

To show that the TCLSSE can be used to investigate energy transport in open quantum
systems, we consider a spin chain in contact with two baths at different temperatures. The
baths are locally connected to the terminal spins of the chain [21.37]. Energy is transferred
between the high-temperature bath, via the spin chain, to the low-temperature bath. Here
we assume the baths to be represented by an ensemble of harmonic oscillators with a
continuous spectrum. In the long-time regime, we expect the appearance of a steady state
of constant energy flow.
The total Hamiltonian of a spin-1/2 chain coupled to two baths L and R reads

Hy = Hg + Z (FIS’ + Flé%), (19)
i=L,R

where the system Hamiltonian is given by

n n—1
0
Hs =5 > oWy g g, (20)

u:l =1

=

with ¢ = (0, 0,,0.) and the index 1 indicating the spin site. The Pauli matrices are given

by
oy (o = (1 0 o
=1 0) " \i of 7 \o -1)

Hence, the spin operators for the n-site chain are

1 2 W n
PACOR | ® 1 ®® 0 @@ 1

J

(22)

In (20), €2 is the energy associated with a uniform magnetic field aligned along the 2
direction and I is the spin-spin Heisenberg interaction.
The baths are coupled to the spins at the ends of the chain,

A =280 @ B =\ @ BO, (23)

where o{'=" = ¢, 6= — 5{" and ) is the coupling strength.
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In line with (@), we need to assign the correlation function c,,(7). Here we use a bath
correlation function describing the electromagnetic field of a one-dimensional cavity [5]],

(1) [ dw w {COS(WT) coth (5(;)w) — z'sin(um‘)} , (24)

2e0 Jo

where () is the inverse temperature of bath i = L, R. Accordingly, one can calculate the
power spectrum of this bath correlation function as

C(i)(w) = @ [nB(ﬁ(i)|w|) + 9(—w)} for |w| < we. (25)
0

This is the one-dimensional analogue of (13). One can immediately prove that this
correlation function does fulfil the detailed-balance relation and therefore we expect the
system to be driven towards thermal equilibrium if the temperatures of the two baths are
the same.

To investigate the energy transport, we identify the energy current according to a
continuity equation for the local energy. We define a local Hamiltonian according to

B %Ugm n g (60 g0 4 g1 L 5) (26)
if v is different from n and 1.
We also define Q r
}Al(l) — 5 Ugl) + 5 71 . 72 (27)
and
B % o) 4 g Fn-1) . 5 (28)

so that Hg = > B h). The time evolution of this local Hamiltonian is given by

dh ) o . .
— = —i[Hg, h(“)] = W +1) _ 5=, (29)

dt ’

where energy-current operators have been defined as

500.041) i' [Q (o) — gD, T 5l . 5], (30)
Equation (29) has the form of a continuity equation for the energy at site y and is valid for
sites inside the spin chains that are not coupled to a bath.

In figure ] we report the energy current flowing from the second to the third spin
of a three-site spin chain. In the equal-temperature case (3 = 3% = 5, green solid and
grey dashed lines in figure ), a steady state is reached for long times that coincides with the
thermal equilibrium and hence no current is flowing through the system. On the other hand,
for the case of unequal temperatures (3° = 2 and 3% = 5), the steady state shows a non-
zero energy current from the warmer to the colder bath, as expected (black solid and red
dot-dashed lines in figure [B)). For the TCLSSE we have averaged over 100 000 independent

realisations of the noise and for both calculations we have used the parameter values {2 = 1,
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0.0008}
0.0006 |
3 i — Bt =2, % =5 NMME
~0.0004 —— Bt =2, g% =5 TCLSSE
— BE = BR = 5 NMME
0.0002} -—— Bl = gR = 5 TCLSSE
0.0000
0 50 100 150 200 250
Ot

Figure 5. Dynamics of the energy current of a three-site spin chain coupled locally to two
baths for the cases of equal and unequal temperatures, calculated with the NMME (solid
lines) and the TCLSSE (dashed and dot-dashed lines). The agreement between the two sets
of lines is excellent, in particular at short times. The time ¢ is measured in terms of the
inverse of the energy constant €).

['=0.01, A =0.1, ¢ = 1 and w. = 6. Both for the equal-temperature case and for the case
with a thermal gradient, we have chosen an initial state populated with the probabilities
determined by the equilibrium distribution at the lower temperature. It can been seen that
the TCLSSE produces the same dynamics of the energy current as obtained from the NMME
in the equilibrium and non-equilibrium regime and hence can be seen as a reliable tool to
simulate energy transport with moderate numerical cost.

4. Conclusions

In conclusion, we have numerically investigated a time-local (time-convolutionless) version
of a non-Markovian stochastic Schrédinger equation, which correctly describes the approach
to thermal equilibrium and energy transport as obtained from the general master equation
@). We report two case studies, which show that the TCLSSE is a viable alternative
for obtaining the exact dynamics of a non-Markovian open quantum system. Moreover,
contrary to other approximations, e.g., the Born-Markov approximation to the Redfield
equation [5], this stochastic equation reproduces the full dynamics of the non-Markovian
master equation, and therefore could be used to investigate the transient dynamics and the
approach to equilibrium. The TCLSSE can be integrated with moderate numerical cost,
comparable to that of a Markovian system. It also shows more advantageous scaling with
the number of states compared to the master equation, which is particularly useful for
large systems. We have also introduced an efficient and portable numerical algorithm for
the generation of the coloured complex noise necessary to solve the time-convolutionless
stochastic Schrodinger equation. Our numerical algorithm is moderately faster than other
available algorithms and requires only the power spectrum, C'(w), of the bath-correlation
function as input.
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Appendix A. Derivation of the bath correlation function

In this section, we give a derivation of the bath correlation function for the coupling of the
electromagnetic field in a three-dimensional cavity of volume V' to an electronic system. In
the dipole approximation, the interaction Hamiltonian is

Hiyo=—q» 7 ® E(t), (A1)

where ¢ is the charge of an electron and E is the electric field inside the cavity. The
wavelength of the electromagnetic field is assumed to be large compared to the system

size, hence E is considered to be uniform in space. For simplicity, we suppose that each
mode of the cavity has the same polarization direction, @. Thus the second-quantized form
of this interaction term is

Hi = —q Y i (i) elé, ® Y ipg (™™ — ble™!) = S@ B, (A2)
l,p k

where (—:2r creates an electron in the system in the state [¢;). These states form an

orthonormal basis of the system Hamiltonian. The k-th field mode inside the cavity with
frequency wy, is created by b} and we define p, = +/wi/(2Veo), where ¢ is the dielectric
constant. We note, by comparing (A.2) and (d), that the coupling is already written in the
required bilinear form. From (A.2) we can immediately read off the form of the operators
S and B. After having assigned these coupling operators, one can calculate the bath
correlation function

clt,7) = Teg[py B(t) B(7)]

= —Trp |5 Zpkpj (Eke_i“kt — I;Leiwkt) (Eje_i“ﬂ — I;;[ei“ﬂ) . (A3
k?j
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Evaluating the trace in the bosonic many-particle basis of the bath and replacing the sum
over the bath modes wy, by an integral over frequency yields

1
2€0m2

c(t,7) = /Owc dw w3{ [np(Bw) + 1] e~ @) L ng(Bw) ei‘*’(t_”}, (A.4)

2

where we have inserted the density of states in the cavity, w?/m% We have introduced

a cutoff frequency w, to be consistent with the dipole approximation, which restricts the
wavelengths of the bath modes to be larger than the system size. In addition, we note that
the integral cannot be evaluated analytically, whereas the power spectrum of this function,
(@3, is analytically known.
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