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Abstract

In discrete quantum systems, quantum decoherence is the disappearance of simple phase rela-
tions as a result of interactions with an environment. For many applications, the question is not
necessarily how to avoid (inevitable) system-environment interactions, but rather how to design
environments that optimally preserve a system’s phase relations in spite of such interactions. The
formation of system-environment entanglement is a major driving mechanism for decoherence, and
a detailed understanding of this process could inform strategies for conserving coherence optimally.
This requires scalable, flexible, and systematically improvable quantum dynamical methods that
retain detailed information about the entanglement properties of the environment, yet very few
current methods offer this combination of features. Here, we address this need by introducing
a theoretical framework wherein we combine the truncated Wigner approximation with standard
time-dependent perturbation theory allowing for computing expectation values of operators in the
combined system-environment Hilbert space. We demonstrate the utility of this framework by
applying it to the spin-boson model, representative of qubits and simple donor-acceptor systems.
For this model, our framework provides an analytical description of perturbative contributions to
expectation values. We monitor how quantum decoherence at zero temperature is accompanied by
entanglement formation with individual environmental degrees of freedom. Based on this entan-
glement behavior, we find that the selective suppression of low-frequency environmental modes is

particularly effective for mitigating quantum decoherence.
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I. INTRODUCTION

Discrete quantum systems serve as elementary building blocks of devices for quantum
information,[I] quantum sensing,|2] and optoelectronic technologies.|3, 4] The inevitable
presence of environmental interactions leads to a loss of coherence; simple phase relations
between system states. Understanding this process is crucial for applications ranging from
quantum computing[5l, [6] to solar energy harvesting.[3, [7] In the former case it would be
desirable to approach the limit of indefinitely retained coherence.|[8] This limit is commonly
envisioned as that of minimal environmental reorganization energy and minimal tempera-
ture, which, however, renders implementations of quantum computing devices impractical.
A major driving mechanism of decoherence is the formation of system-environment entan-
glement, and it is conceivable that decoherence can be suppressed by rationally controlling
how this entanglement evolves, although the number of studies exploring these principles has
remained limited.[9-17] This would suggest implementation strategies akin to those found
in natural light harvesting, where discrete quantum systems in the form of coupled chro-
mophores experience an environment tailored to their functioning: the efficient dynamical

localization of quantum excitations on an acceptor state.|[I8], [19]

Modeling the transient behavior of discrete quantum systems and their environments
can provide mechanistic insight on how details of an initial state preparation and system-
environment interactions impact their evolution, [20] while offering an opportunity to op-
timize function by engineering these factors. There has been an enormous effort in the
development of efficient nonadiabatic quantum dynamics techniques that are capable of
reliably modeling decoherence processes following preparation of an initial nonequilibrium
state. In spite of this, however, there remains a lack of modeling techniques offering ex-
plicit insight into how individual environmental modes become entangled with the system
states. Such explicit insight becomes lost in standard quantum master equation techniques
such as Redfield theory,[21] Forster theory, [22] and the Lindblad master equation 23] as
well as their subsequent extensions,[24H28] where a reduced density matrix of the system
is obtained by “projecting out” the environmental degrees-of-freedom (DOFs). This adds
to the inflexibility of such techniques with regard to a smallness parameter used in their
perturbative expansions. Environmental details are similarly inaccessible in influence func-

tional formalisms, such as the numerically exact hierarchical equations of motion|29] B30]
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(HEOM), which only capture how a system evolves under the influence of an environment.
Semiclassical and phase space methods [31H37] may provide an unreliable description of
environmental entanglement by approximating the involved DOFs as being classical, which
may additionally lead to spurious results|38] when there are high frequency environmental
modes involved.[39] When one considers a system that is linearly coupled to an environment,
the problem can be mapped onto an effective one-dimensional system that is amenable to
time-dependent density matrix renormalization group techniques that preserve full detail of
the time-evolving state of the environment.[40, 41| Arguably, the most versatile technique
capable of describing system-environment entanglement in detail is multi-configuration time-
dependent Hartree[42 43| which, however, suffers from high computational cost, especially

with increasing number of environmental modes.

In this work, we present an approximate yet systematically-improvable framework for
modeling decoherence of a discrete quantum system interacting with an environment at low
computational cost while offering access to the entanglement formation of individual envi-
ronmental DOFs. The framework is based on the truncated Wigner approximation (TWA)
as derived through a phase space path integral analysis. We show for a ubiquitous harmonic
environment model how, under the TWA, one can obtain perturbative expressions to arbi-
trary order through a quantum momentum fluctuation analysis,[33] [34], 44] even when the
perturbative terms contain arbitrary order environmental operator dependence. This flexi-
bility allows one to consider, for example, non-Gaussian environments,[45] and to perform
rotations of the system basis, while being fully capable of capturing the resulting environ-
mental operator dependence of the associated Hamiltonian matrix elements. Our framework
also avoids the assumption that the initial density operator is of factorized form. This is in
contrast to many perturbative methods based on projection operator techniques, although
we note that certain examples have been extended to treat initial correlations.[46l 47| In-
stead, our framework only imposes that the initial environmental Wigner function be of
a Gaussian form that encompasses both the thermal density and (shifted) wave packets,
which may be utilized as a means to describe configurations of a single discrete quantum
system.[20] For the harmonic environment model considered here, our framework provides
a fully consistent avenue for deriving (nearly) analytical time-dependent expectation values
of operators in the system and environment Hilbert space, including that of entanglement

entropy.



To demonstrate the capabilities of our framework, we consider various versions of the
spin-boson model, representative of qubits and simple donor-acceptor systems. Simula-
tions are presented for a qubit interacting with a continuous harmonic environment at zero
temperature, where the ability of our framework to compute expectation values in the envi-
ronment Hilbert space is utilized by monitoring the time-dependent entanglement entropy
of individual environmental modes. Through this, the entanglement formation accompany-
ing quantum decoherence of the qubit is demonstrated to particularly involve low-frequency
environmental DOFs. Directed by this result, we show that the selective suppression of
low-frequency modes significantly mitigates quantum decoherence compared to the selective
suppression of high-frequency modes for a fixed reorganization energy, showing that reorga-
nization energy itself is an incomplete metric for an estimate of quantum decoherence. We
further demonstrate the flexibility of our framework in treating perturbations regardless of
their environmental operator dependence by considering a weakly interacting environment
as well as an environment consisting of a single (discrete) mode. To this end, we derive per-
turbative reduced density matrix expressions where the Hamiltonian is represented in two
contrasting system bases that lead to environmental operator independent and dependent
perturbations. The importance of this flexibility is highlighted by considering parameters

where the two perturbative expansions result in different accuracies at second order.

The present manuscript is outlined as follows: In Section [[I] we introduce the perturbative
expansion under the TWA that serves as the basis of our framework. Next, in Section [III| we
present a simple harmonic environment model for which we derive expressions for Nth order
perturbative contributions to the expectation value of operators in the combined system-
environment Hilbert space. In Section[[V]we evaluate the entanglement formation for a qubit
interacting with a continuous, harmonic environment, including the selective suppression of
environmental DOFs. In Section [V| we present results for the weakly interacting and single-
mode environments. Finally, in Section [VI] we provide concluding remarks and comment on

potential applications for the framework described here.
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II. PERTURBATION THEORY UNDER THE TRUNCATED WIGNER APPROX-
IMATION

We begin by considering a discrete quantum system in contact with an environment,
described by (diabatic) basis states {|n)} and phase space operators (X,p), respectively.

The Hamiltonian can be partitioned as
H(t) = Hy + V (1), (1)
with a reference Hamiltonian, Hy, that is chosen to be diagonal in the system basis as
=3 S 0,8 ) . 2
k n

Here, py, is the mass-weighted momentum operator of the kth environmental DOF. For now,
we leave the system state-dependent potentials, U, (X), arbitrary with the understanding
that they are analytic functions of the environmental position operators, X. The remaining
term in the Hamiltonian, which accounts for off-diagonal contributions in the system basis,

is considered to be a perturbation of the form
V() =D Vin(k, 1) [m) (n]. (3)
m#n

Here, V,,,(X,t) is a perturbation operator matrix element in the system basis and is, in
general, a function of environmental position operators and time. With these definitions, all
transitions between system states are dictated by the perturbative operation. [4§]

The time-dependent density operator can be expanded in a perturbative series as

N
where the Nth order density operator, for N > 1, is provided by

ﬁN®==C%)N{fiqudw}fym[%UMJ%@Wq%~W%@ﬁﬁ@H~ﬂ eifior,
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Here, V;(1;) = enfoTV (7;)e~#H07 is the perturbation operator in the interaction represen-

tation and Ty41 = t. The Oth order contribution is given by po(t) = e~ #0tp(0)er Lot
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Given the definitions of the reference Hamiltonian and perturbation provided above, we
can express the time-dependent expectation value of an operator as a sum over perturbative
contributions, (O(t)) = Tr[Op(t)] = S2w_y(O(t))n. In defining this, we have simply used
Eq. (4) for the definition of the time-evolved density operator, so that (O(t))x = Tr[Opn (1)].
Since we have chosen the reference Hamiltonian to only contain contributions that are di-
agonal in the system basis, we can apply the truncated Wigner approximation (TWA) as
described elsewhere[44] [49] 50] along with a quantum momentum fluctuation analysis |33, 34]
(as outlined in Appendix [A]) to recover a generally-approximate functional form for the Nth

order contribution to the operator expectation value as

(Ot ~ (%)N {ﬁ/ml } > d;?gpo Wo,my (%0, Po)

{ng.nj}
|08 ({ (R 7) )01 6 094y )

T T s [Unj (<) ()0, () (s»} ] |

5p=0

(6)
where we have taken 79 = 0 and 7y; = t to represent the initial and final times, respec-
tively. Here and throughout, forward (backward) propagator matrix elements are labeled
with unprimed (primed) system state indices, and indices within curly brackets involve the
complete set 7 =0,1,..., N, unless noted otherwise. We further have that

Z i

Wn,n/(X, p) = /dZ <X + ga nl /30 |TL/, X = 5) eiﬁp.z (7)

is the system state-dependent Wigner function,[35] [51] and O%"I (x,p) is the system state-
dependent Weyl symbol[52] of the operator O that is defined analogously to the Wigner
function (with the operator, O in place of the density operator).

In Eq. @) we have introduced shifted environmental trajectories, x(j (s). These shifted
trajectories describe “classical” evolution supplemented with infinitesimal momentum fluc-
tuations that accumulate each time a perturbation operator acts on (and changes the state
of) the system. Their time-evolution during the jth time segment, between the jth and
(7 + 1)th perturbative interaction, is obtained by integrating Hamilton’s equations under

the influence of an average quantum force as [53]

%) (s) = pY)(s) (8)



B2(5) = 2V (Un () + Uiy (<51 ©)

Here, the initial point in phase space for the jth evolution segment is provided by the
endpoint of the previous (j — 1)th segment supplemented with an additional infinitesimal
momentum fluctuation, dp_ , as (Xg,)(Tj), pg,) (15)) = (ngl)(Tj), pgfl)(Tj) +(5ij). However,
phase space initial conditions for the first time segment are distributed according to the
partial Wigner transform of the initial density operator as defined in Eq. , and they do
not contain any explicit momentum fluctuation dependence.

Each Liouville space pathway (sequence of system state transitions) that contributes to
Eq. @ through a series of perturbative interactions is weighted proportionally to a tensor
element, @xlj’n;' ' ({(iggpp(Tj),Tj)}>. In general, these weights take on a different value
for each contribution to the nested sum over system states in Eq. @ Each element, in
general, depends both on the times at which each perturbation operator acts as well as
time-dependent Bopp operators defined as|34], (54|

(i - th O
%) () =x8 V(1) — S

J?Wpfj' (10)

The emergence of Bopp operators within this perturbative framework is necessary in order
to completely describe the impact of the perturbation’s environmental operator dependence,
as shown in Appendix [A] This analysis reveals that one must evaluate the phase factors and
Weyl symbol in Eq. @ along shifted trajectories as defined in Egs. and @, while the

perturbation operator at time 7; is evaluated along time-dependent Bopp operators as
Voun(%,75) = Vinn (R (13), 75 ) - (11)

In this expression, the Bopp operators given in Eq. are to be evaluated at S; = +1
when the perturbation operates on the left (ket) and at S; = —1 when it operates on the
right (bra).

In the implementation of Eq. @, the derivatives in the definition of the Bopp operator are
allowed to operate on everything containing dependence on the corresponding momentum
fluctuation. This, in general, consists of the phase factor and Weyl symbol as well as
any later-time perturbative operator’s dependence on the shifted environmental trajectory.

When the perturbation is chosen to be solely off-diagonal in the system basis, a tensor
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element is of the simple form

o™ ({(&8),(m).m) })

N . .
. 1) th 0 (j-1) th 0
o H ( N1 X(;; (Tﬂ) o EW’Tj)éng'—l”} - V”}—l"; (Xé’ (T ) + 5 ) 35PT )6”3"1 1

7j=1 Ty

(12)

The result is then evaluated at op, = 0 for all 7;.

For general potentials and Wigner functions, Eq. @ clearly has very limited utility
owing to an exponential scaling with respect to the perturbative order provided by the
nested time integrals. In fact, it would be significantly less efficient than simply mapping
the system projection operators onto bosonic raising and lowering operators and computing
the appropriate matrix elements as prescribed by the so-called Meyer-Miller-Stock-Thoss
mapping procedure.[55], [56] The resulting Hamiltonian is then amenable to semiclassical
algorithms, where the system and its environment are treated on an equal footing (i.e.,
through an ensemble of classical trajectories with quantum mechanically-distributed initial
conditions).[35, [36] [49] [55] However, any nonzero coupling between the system and its envi-
ronment is at least cubic in phase space operators and therefore not treated exactly within
a semiclassical framework. Because of this, the accuracy of such semiclassical treatments
relies on an inherent assumption that the system-environment coupling is weak or that the
coupled DOFs are sufficiently “classical”.[34], [57] While one may potentially describe quantum
corrections to such approaches through a quantum fluctuation analysis similar to that de-
scribed here, [34] the associated numerical convergence for large systems including hundreds
(or more) environmental DOFs has proven challenging in our preliminary studies. The ben-
efit of approaching the time evolution within a perturbative framework becomes apparent
when one is interested in solving problems with system state-dependent potentials, U, (%),
that foster analytical expressions for the classical time-evolution of the environmental DOFs.
This significantly simplifies the problem of solving Eq. @ and yields analytical insight into
time-dependent observables of quantum systems and their environments. [44] The expres-
sion in Eq. @ thus serves as the starting point for subsequent analyses in this manuscript
and, in what follows, we utilize it to derive perturbative contributions to expectation values

for a discrete quantum system coupled to a harmonic environment.



III. HARMONIC ENVIRONMENT MODEL

For the harmonic environment model considered here, we define the system state-

dependent potential as
A 1 . n)\ 2

where €, is the energy of the nth system state evaluated at its potential energy minimum, wy,

is the frequency of the kth environmental mode, and x(()z)

is the potential energy minimum
for the kth mode when in the nth system state. This bi-linearly coupled harmonic model
is ubiquitous in condensed matter and chemical physics, with the shifted potentials often
representing the interaction of a molecular normal mode (or phonon) with, for example,
electronic state n. When the system state-dependent potential is of the form above, where
any pair of harmonic potentials differ only by a relative shift in their minima (i.e., their
frequencies are independent of the system state), the time-evolution of environmental DOFs
as obtained through the TWA is given analytically and ezactly as a trajectory in phase space
evolving on the mean potential of the active (forward and backward) system states.|44], 149,
50, B8] In Figure , we provide a pictorial representation of two system state-dependent
environmental potentials and highlight the key parameters that contribute to expressions in
this our framework.

For a given sequence of system state transitions (or Liouville pathway), the time depen-

dent position of the kth environmental DOF during the jth time segment (i.e., the evolution

following j perturbative interactions) is found to be

, 1<
xgi))k(s) = xclk —k Z pTl sin(wg (s — 7). (14)

Here, the classical evolution following j system state transitions is given as

(J)

Clk

() = 0, cos(wi(s — 7)) + 2% sin(we(s — 7)) + Fp. [ — cos(wn(s — 7))

W
j—1 , (15)
_n
+ Z moinl [cos(wi (s — T41)) — cos(wr(s — 7)),
1=0
where s > 75, xgznf = (:U(()z]) + z(()nj )) is the mean potential minimum between system

states n; and nj, and the momentum is given by pcli( ) = xleZ( ). We remind the reader

that state labels without (with) a prime indicate states that are visited along the forward
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FIG. 1. Two potential energy surfaces contributing to the dynamics of the kth environmental

(J))

mode given by U; = €; + wk(xk — g, Key quantities entering the expressions in the framework

(J)

described in this manuscript are the mode frequency wy,, potential minimum x5, the mean potential

minimum j%lk = %( () + :z:ék)) the potential minimum difference Amok = xéjk ) x[()lk), and the energy

of system state-dependent potential when evaluated at the potential minimum e;.

(backward) evolution of the system. For this shifted harmonic oscillator model, the evolution
expressions for the environmental DOFs are obtained exactly within the TWA, irrespective
of the perturbation operator’s dependence on environmental operators.

With analytical expressions for the time-evolution of the environmental positions in-hand,

along with the definitions of the system state-dependent potentials, one can readily evaluate

the phase factors in Eq. @ as

+1 .
(En, — &) (71 — ngAw / ds g;g;<s>] (16)

75

6p(7f’ Z {Axo '[cos(wr(Tip1 — 75)) — cos(wi (T — Tj))]} ’

l=j

=

(n;)2

where €,, = €,; + % Dok w,%xoz is the energy of system state n; evaluated at the origin (i.e.,

Un; (X)|x=0), and A:zzginj = xé:j ) x(()zj ! is the difference between potential minima that the

kth environmental mode experiences when states n; and n; are occupied. We readily find
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that

) To, ;. : Po,
ds zy (s) = o —= [sin(wgTj41) — sin(wgTy)] — F[COS(Wij-Fl) — cos(wgTj)]
k
7j—1 nlnl

+§:a)smwkUH—nH»—mm%mﬂ—n»+$mMp¢~mywm@gq—nﬂm
k
=0

njn J
xok

Wi

o
sin(wi (741 — 75)) + fg,zn] (Tjs1 — 75),

(17)
where we have used that 79 = 0. Breaking the phase factors down into parts depending on

momentum fluctuations and on environmental correlation functions, Eq. @ is reformulated

as
N T]+1 Zi N e e V(riaq—T (NH)I r }N+1)
<O(t)>N ( ) {H/ } e hZ]:O( j nj)( J+1 J) {n; n}
{nJ7n }
y / dXOdpo e% Zk(Zg OAa:Ok [Sln(wk’r]+1) sin(wij)]>wkx0k
(27h)D
4 (S0 Ay eoswnry ) —costenrs)] oo,
X e k
{n 5 } n'y,mn N _i
x [@ (@ (m)m) }) O™ (i (0. P (1)) W@} Wy (X0, Do),
op=0

(18)
The momentum fluctuation-dependent phase factor is given by

Z Z 5pT];) Z {Am [cos(wk(Ti41 — 7)) — cos(wg (T — T]))]} , (19)

k j=1
while the influence of the harmonic environment is partially encoded through the combina-

tion of environmental correlation functions through

NH
(I)F{nj,n);.}({’r ;V—Bl h ZH TJ+1 )

. N j-—1
1 njn’ njn;. njn9
+5 > { i ! (Ty41 = Tig1) — Hopg (Tipr =) + Ho 0 (15— 1) = M (75— Tl+1)} :

j=1 1=0

(20)

Here, the environmental correlation functions are given by
1 [ 1 .
HO(t) = ;/ dw 2 (Jac(w) + Jag(w) = Jpe(w) — Jpa(w)) sin(wt), (21)
0
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with spectral densities (summarizing the interaction of a system with a harmonic environ-
ment) defined in terms of the frequency and contributing potential minima of each environ-

mental mode as

m a b
Jap(w) = 5 Z wzxék)xé;d(u) — Wg)- (22)
k

We note that, with the definition of the correlation function in Eq. , we get no contri-
bution when a = b, but when ¢ = d (while a # b) we retain finite contributions. Moreover,
under permutation of indices, the correlation function satisfies H%(¢) = —Hb(t) = HPL(t) =
—H?5(t). We further recognize that H%(0) = 0 and H%(—t) = —H%(¢). The expression in
Eq. serves as the starting point for the derivation of all subsequent perturbative ex-
pressions in this manuscript, and step-by-step instructions on how to proceed are provided
in Appendix [B]

To proceed analytically, one must specify details about the initial density operator, the
functional form of the perturbation operator defined in Eq. , and the operator whose
time-dependent expectation value one is interested in computing. For the analyses presented
here, although one can straightforwardly treat correlated initial conditions, we consider a
factorized initial density, p(0) = Psys(0) @ Penv(0), such that its partial Wigner transform

assumes a Gaussian form and is given by

A 7<I0k*12)27(170k *P;C)2

e 2% 205, , (23)

Wy (%0, P0) = pi0™0)(0) ]
k O-wko-pk

(no 7n/0)

where psys” ' (0) = (no| psys(0) |ng). We further impose that o,, = wyo,,. This seemingly-

restrictive specification encompasses two widely-used choices for initial densities where in

h

m fOI' all k, or to

thermal equilibrium [59] one would impose that o,, =
describe a minimum uncertainty wave packet centered at (x,p)) one would choose o, =

%. We note that polynomial terms (for example, the Laguerre polynomials used to
describe particular harmonic eigenstates) in the initial distribution can be incorporated

rather straightforwardly.[44]

IV. APPLICATION TO QUBIT DECOHERENCE AND ENTANGLEMENT

Since the perturbative framework introduced here is amenable to expectation values in

the combined system and environment Hilbert space, it serves as a consistent, systematically
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improvable means of monitoring how decoherence is accompanied by system-environment
entanglement formation. To this end, we consider a spin-boson model as a representation

of a qubit embedded in a harmonic environment. The Hamiltonian is given by
~ €. . 1 R . .
H = 502 + Ad, + 5 ; (p,2C + W]z(xk - wokUz)Q) ) (24)

where {6;} are the usual Pauli spin operators, ¢ = ¢ — ¢, = 50 cm™' is the detuning
energy between the spin-up (1) and spin-down ({) states, and A = 10 cm™! is the tunneling
parameter. The qubit-environment coupling is governed by a spectral density of the Drude-

Lorentz form,
w/we
14 (w/we)?’

is the total reorganization energy and w. = 100 cm™

J(w) =2\ (25)

1 1

where A = 50 cm™ is the so-called
cutoff frequency that is inversely proportional to the environmental correlation time. Here,
the spectral density does not have system state-dependence, as it is taken to be coupled to
the spin states in an anti-correlated fashion, proportional to 7,.

Within the present model the perturbation operator is environment independent and

given by
V = Ag,. (26)

As aresult, we can factor @{ ek ({ (xggpp (17),75) }) out of the integral over environmental
phase space initial conditions and immediately evaluate the expression in Eq. at 5p£’;) =
0 for all environmental modes & and perturbation operation times 7;. We then find that the

Nth order contribution to an expectation value is given by

) _ T+1 *i N (en;—e,1 ) (Tj1—T (NH)/ s
<O(t)>N = ( ZA) {H/ ! } hZJ:O( g nj)( Jj+1 J) {n; m; }({ } )

{nj.m /}
N / /
> {H < (njn;— 1)5 W, — O_;nj—ﬂlj)(snjnjl)}
j=1

dx dp nly.n
. / (27271)1(?] O™ (x02”(£), Py () Wag.a (X0, P0)

(S A intenry ) sinen, o, — (S Arf Y fontonry ) —costinry)] ) m,

(njn;—1)

where o, = (nj| 6, |nj_1) is a Pauli spin operator matrix element.
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In our analyses, we consider a zero-temperature initial density for the environment, as
described in Eq. , while assuming the spin system has initially been prepared in a
symmetric linear combination of the spin-up and spin-down states. The initial density is
then given by p(0) = [tho) (o] @ [T, [0x) (0x] with |tse) = \/g (1) + |4)) so that the initial
environmental Wigner function is given by Eq. 1D with (x/,p’) = (0,0) and o,, = \/% :
Given our choice of pure state initial conditions for the environment, qubit decoherence
is entirely driven by qubit-environment entanglement formation, which can be quantified
in terms of a decay of the purity of the qubit reduced density matrix as Pur(pss(t)) =
Tr[p2(t)] = 3(1+ |a(t)[?). Here, pys(t) is the qubit (system) reduced density matrix and
la(t)|* = (6.(¢))2+(6,(t))*+(5.(t))? is the squared length of the Bloch vector characterizing
the state of the qubit. The purity reaches a value of % for a maximally entangled state.

The time evolution of the qubit can be fully characterized in terms of expectation values
of the Pauli spin operators, which serve as a mapping of the time-evolving quantum state of
the qubit onto the Bloch sphere. In Fig. [2| we present the time-evolution of the qubit and its
environment, where the originally-factorized state is allowed to relax toward an equilibrium
state with finite entanglement between the qubit and its environment. Fig. [2(a) shows the
participation of individual environmental modes in the total entangled state, which is ob-
tained by computing a single-mode entanglement entropy as Sy = —k:BTr[p,(glfl)V(t) log pé’flz,(t)],
where pgfl)v(t) is the reduced density matrix for the kth environmental mode. For our ini-
tial density, where each environmental mode is in its ground state, this quantity reports on
deviation away from that initial state through the formation of entanglement between the
kth environmental mode and all other DOFs in the coupled system. That is to say that,
for each computation, we define a new partitioning for a bipartite system in which the kth
environmental mode constitutes one subsystem, while the qubit and all other environmental
modes constitute the other. However, the formation of entanglement between two indepen-
dent environmental DOFs can only occur as mediated through mutual interactions with the
qubit.

In order to calculate the reduced density matrix of an environmental mode, pgflz,(t), we
compute expectation values of projection operators within a basis of harmonic oscillator
eigenstates (including populations and coherences). For the simulations presented here, trun-

cating the environmental basis at the second excited harmonic oscillator eigenstate turns out

to be sufficient to characterize the time-evolved state of each mode under consideration. If
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one were to consider, for example, finite temperatures, stronger qubit-environment coupling,
or lower frequency environmental modes, then the truncated Hilbert space would need to be
expanded further. The reduced density matrix of an environmental mode can be computed
through direct application of Eq. by using the Weyl symbol of the harmonic eigenstate

projection operator for a mode with frequency w, as given by

(1) iy (2.7 j:,_zm{zm}m()()(k) (3wt oy

Here, a = /& (x +i2) and (}) = Wlk)' The detailed derivation of this expression is
presented in Appendix [C] Computing these reduced density matrix elements amounts to
inserting this Weyl symbol, evaluated at the classical trajectory endpoints, into Eq.
and analytically performing the simple Gaussian integrals over phase space initial condi-
tions. Here, we have computed the environmental reduced density matrices at second order
in perturbation theory. Note that each order in the perturbative expansion describes an
additional transition between states of the qubit and is not related to the strength of the
qubit’s interactions with its environment. Because of this, our analysis provides an exact
description of the environment’s time-evolution in the absence of coupling between qubit
states, regardless of the strength of coupling between the qubit and its environment.

The entanglement between the qubit and its entire environment|16] is understood in terms
of the aforementioned purity of the qubit reduced density matrix. In Fig. (c), we present
the time-dependent purity and spin operator expectation values (that fully characterize the
qubit reduced density matrix). As is clear by the rapid decrease of both quantities and
damping of the oscillatory behavior of spin operator expectation values, the qubit decoheres
and becomes nearly maximally entangled with its environment on the ¢ ~ 100 fs timescale.
The qubit expectation values have been computed up to third order in perturbation theory.
Since the third order result is nearly identical to the second order result on this timescale,
we safely assume that the second order expansion used for the environmental mode reduced
density matrices is at least qualitatively accurate.

The mode-specific entanglement entropy presented in Fig. (a) reveals that the formation
of entanglement between the qubit and its environment is dominated by low frequency
modes. The formation of entanglement between the qubit and its environment leads to a
rapid loss of the qubit’s purity, which quickly approaches a maximally entangled state on

the ~ 100 fs timescale, as shown in Fig. [J(c). We note, however, that the qubit begins
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FIG. 2. Time evolution of a qubit coupled to a harmonic environment as described by our per-
turbative framework. In panel (a) we compute an environmental mode-specific time-dependent
entanglement entropy as Sy = —kBTr[pgflz,(t) log pgflz,(t)] with kg = 1. In panel (b) we illustrate the
form of the spectral density describing qubit-environment coupling and highlight (through shaded
regions) the spectral ranges where qubit-environment coupling may be suppressed in our applica-
tions. In panel (c) we characterize the time evolution of the qubit through spin operator expectation
values, (6,(t)) (black line), (6,(t)) (red line, initially upper), and (G, (t)) (blue line, initially lower).
We also compute the purity of the qubit reduced density matrix as a measure of the entanglement
that it forms with its environment (grey line). In panels (d) and (e) we present the time evolution
of the qubit under a modified spectral density where certain environmental modes are completely

1

decoupled to the qubit. In panel (d), all modes above 1, = 173 cm™" are decoupled, while in panel

1

(e), all modes below 11 = 58 cm™ " are decoupled. In panels (c-e), lines represent the second order

approximation for the qubit dynamics, while the points represent the third order approximation.

to recover purity as it relaxes toward its equilibrium state, which is simply a result of the

equilibrium state’s large projection onto the qubit spin-down state.

As a simple demonstration of the potential impact of qubit-environment engineering, and
to understand how different environmental DOFs contribute to the loss of qubit purity, we

consider the cases where the qubit-environment coupling is selectively suppressed below and
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above certain threshold frequencies. We define a suppressed reorganization energy, A, which
we choose to be preserved among the two different environment engineering schemes. By

completely decoupling the qubit from high frequency environmental DOFs, we express the

L = % arctan (v, /w.) where the spectral

suppressed reorganization energy as A=
density J(w) is given in Eq. . As a result, the qubit experiences an effective spectral
density (defined for positive frequencies) of the form J(w) = J(w)O (v, —w) with ©(z) as the
Heaviside step function. One can then extract the upper bound, v, for a given suppressed

reorganization energy as

Uh = We tan(ga), (29)

where v = \ /A. Similarly, we can define an effective spectral density where the low frequency

Jw)

=) = X\ — 2 arctan(y/w.) so that the

environmental DOFs are decoupled as A= % f:o dw
effective spectral density can be expressed as J(w) = J(w)O(w — 1) and the lower bound,

v, for a given suppressed reorganization energy is found as

Y = wctan(g(l —a)). (30)

2

5 so that the suppressed reorganization energy is

In our application, we have chosen o =
A~ 33.33 cm~!. The resulting spectral density is depicted in Fig. (b) alongside the original
version. In Figs. [2(d) and [[(e) we compute the time-evolution of the qubit in the presence
of these engineered spectral densities. Since the reorganization energy is preserved between
the two suppression schemes, differences in the qubit dynamics are simply a matter of which
environmental modes are decoupled from the qubit rather than a relative difference in the
total reorganization energy. In Fig. (d), where high frequency environmental DOFs above

v, = 173 cm™!

are suppressed, we see that the purity is largely unchanged relative to the
unsuppressed case. Notably, even though the reorganization energy is reduced by a third rel-
ative to the unsuppressed result, the only significant difference between the two cases occurs
on the sub ~ 50 fs timescale, where the high frequency (fast) modes are responsible for the
early-time entanglement formation and the rate of purity loss in the suppressed simulation is
slower than in the full simulation. In Fig. (e), however, where low frequency environmental
DOFs below v, = 58 cm™! are decoupled from the qubit, we instead see a significant mit-
igation of the longer-time purity decay, including oscillations reflecting a sustained system

coherence. This is presumably because, even though the range of suppressed environmental

modes is smaller (w € (0, ] for the low frequency suppression compared to w € [, 00) for
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the high frequency suppression), the lower frequency environmental modes are the dominant
source of qubit-environment entanglement at timescales beyond ~ 100 fs. This much can
be seen in Fig. (a), where the modes below 11 have the largest entanglement entropy after
t = 100 fs. Our analysis thus reveals that, while the high frequency environmental DOFs
are responsible for the early-time formation of qubit-environment entanglement, they don’t
contribute substantially on the longer timescale, where lower frequency environmental DOFs
are the dominant source of qubit decoherence. Concerted with the purity behavior, the de-
coherence is also significantly suppressed upon decoupling the low frequency environmental
modes, as the qubit dynamics remains coherent throughout the entire timescale after an
initial drop at short times. Since purity scales as the square of spin operator expectation
values, it is seen to decay more dramatically than the magnitude of the sustained oscilla-
tions in individual spin operator expectation values. The comparative difference relative to
the high frequency suppressed case indicates that the total reorganization energy does not
represent a reliable metric for predicting qubit decoherence timescales. Rather, to under-
stand the impact of qubit-environment coupling on different timescales, one must consider
how the total reorganization energy is distributed among environmental modes of different

frequencies.

V. ENVIRONMENTAL OPERATOR-DEPENDENT PERTURBATIONS

In the previous section, the perturbation operator was taken to be independent of envi-
ronmental position operators and, because of this, the momentum fluctuation analysis was
never utilized. Oftentimes, the coupling between system states cannot be chosen to be inde-
pendent of environmental position operators. Alternatively, even if one is able to construct a
model Hamiltonian that has environment-independent couplings, reformulating the problem
in a basis that yields environment-dependent coupling may foster a perturbative expansion
that converges more rapidly. In these cases, we can implement the momentum fluctuation
analysis, as described in Appendix [A] to fully treat the environmental operator dependence.
In what follows, so that we can directly compare the environmental operator-dependent
and environmental operator-independent perturbative analyses, we consider a simple basis

rotation that allows us to perform these analyses in a fully consistent manner.

We first consider the Hamiltonian in a representation amenable to the environmental
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operator-independent perturbative expansion as

. P n) .
H = Z Ek Z <€n + Z SwWidy — lext()k)xk> [n) (n] + Z A [12) (], (31)

m#n

so that one may quickly recognize the system state-dependent potential to be of the
form given in Eq. . Naturally, the perturbation operator can be chosen as V =
Zf‘im Ay |n) (m], which contains no environmental dependence. We refer to this repre-

sentation as the local basis moving forward.

Another choice of perturbation operator follows directly from a change of system
basis. Within the eigenbasis of an isolated system Hamiltonian, i = 3 &, |n) (n| +
> nm B [n) (m], we find that

A~ A2 ~
H= Xk: % +) [Ea + %wiii — Wi } ja) (o] = > [Zwkx ] ) (3], (32)

a#f

where Greek letters, i.e., a and 3, label system eigenstates (where we note that the envi-

ronmental reorganization energy is included in the diagonalized Hamiltonian), and xok’ﬁ )

>om cncg*xok , where ¢ is a wave function expansion coefficient from the eigenvectors of the
isolated system Hamiltonian. Moving forward, we refer to this basis as the eigenbasis. With
this choice, we still obtain a system state-dependent potential of the form in Eq. . but
now the natural choice for the perturbation operator is V = — Y ass [Zk wkxok’ﬁ } la) (B,
which is a linear function of the environmental position operators. We note that we are not

restricted to linear environmental operator dependence and can, for example, apply arbi-

trary order polynomials in the bath operator in a consistent way by inserting Eq. into
Eq. .

As a concrete example, let us first consider the case where the operator whose expectation
value we seek is simply the system projection operator, O = |n/y) (ny|, so that, following

integration over phase space initial conditions, we recover the Nth order perturbative con-
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tribution to a reduced density matrix element in the local basis as

T]+1 — LS (en,—e, 1 ) (Tj41—Tj
(nv152() W:( ) {H/ } péss’ (o) F )

{n;.n /}

<I> (N, Tot) ({r }N+1 N
{njm%}
(Anjnj,ldn;_ln;. - 5njnj,1An;_1n;)
J

/

i N A . ’ i N njnj /
y eﬁ Zrwkl| 2520 A:cok [sin(wg7j41)—sin(wg ;)] azke—ﬁ >kl Xi=o Aa:ok [cos(wrTj41)—cos(wrT;)] | D)

(33)
This choice of operator is appropriate whenever one is interested in computing expectation
values of operators that act solely on the Hilbert space of the system, since <Osys(t)> =
Tr{Ogysp(t)} = Troys{OsysPsys(t)}, Where pays(t) = Tren{(t)} is the system reduced density
operator.

In Eq. , we have used Eq. for the environmental Wigner function and we have
defined

N, To N/H)
S (b = @0 (A + o (), (34)

which describes the total influence of the environment on the time-evolved reduced density

matrix element with

=2

1 njn;
D {mHS = 520 (G0 (51 = 7) = G0 (0

7=0

—_

N j—
1 n;n’. nin' n;n’.
— =D { G (1 = ) = G (i = ) + G (75 = ) = G (1 = ) }

=11

Il
=)

(35)

Here, we have defined additional correlation functions, G%(t), that are also related to spectral

densities as

i) = 2 [ o P (5, 0) — ) = i) + ) coswn), (30

where 0, (w) and o,(w) denote the continuous-frequency standard deviations for environ-
mental phase space initial conditions. In contrast to the correlation function H%(t) defined
in Eq. (21)), G2(¢) is zero any time a = b or ¢ = d and we note that G%(t) = —G%(t) =
—Ge(t) = Gh(t) with G%(—t) = G%(t) and, in general, G2%(0) # 0. Moreover, these correla-

tion functions depend on the details of the initial environmental density through the widths
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of the position and momentum distributions defined in Eq. . In total, the Nth order
perturbative contribution to the time-evolved reduced density matrix element is computed
by evaluating the contributing correlation functions at time delays between perturbative
operations, and is proportional to the product of perturbation matrix elements as given in
Eq. . Finally, the midpoints of the Gaussian Wigner functions describing the initial
environmental density contribute according to the phase factor in Eq. .

While the reduced density matrix for this model in the local basis can be written down
immediately to arbitrary order in the expansion (see Eq. ), the eigenbasis requires
an order-specific derivation (although one could likely generalize the result to arbitrary
order). This is simply because the phase space initial condition integrand now contains a
polynomial that is unique to each order in the expansion. Nonetheless, the derivation of
reduced density matrix elements within the eigenbasis closely mimics that of the local basis.
Proceeding analogously to the local basis result, we immediately arrive at Eq. upon
the substitution (nj,n}) — (a;,a}). In fact, Eq. is general for arbitrary choices of the
system basis. In the present case, it is given by

~ —q N (N Ti+1 —iSN (Ba.—E 1 )(Tjp1—75)
(O@)n = (7) H/ dr; Z L A A
i 0

Jj=1 {O‘jaa;‘}

QZ’Q ({m} /dxodpo
(2wh)P

: {oc-,ozg-} jalN,aw N N _i¢ P
X |: N] <{(xl(3]gpp( ]))}) w (x((;p)(t),p((;p)(t))e R N(6 ):|
dp=0

1 1
N N [ xye 'S . . o N [axye 'S
§ 5 (30 AV sintonry ) -sin(eny)] ) wneo, i (S0 Acg? ™ costunryn)—cos(enry)] oo,

X e ap,ay) (X()v pO)

X e

(37)

where E, = Ea—5 >, wkxoz 2 and the correlation functions contributing to CDEN_H), ({7 h

denoted as ’HW;( ), are of the same form as Eq. , but where the spectral densities are
now given by Jog(w) = 55 kaok xoi 6)5(“’ Wk) with @) o) = =3 Cach *I(()z ™ We

n,m “nCm
further define z§” = %(x(()k ) 4 x(ﬂ Py and Azg’ = xéj: ) xéi ) as the eigenbasis mean and
difference potential minima, respectively.

To make connection with the local basis reduced density matrix given in Eq. ,
we consider an expansion of the expectation value of the system projection operator in
the eigenbasis, O = |a/y) (ay|, corresponding to the time-evolved reduced density matrix

element, (an| psys(t) |ay), and we again assume the environmental Wigner function is given
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by the form in Eq. . With our choice of operator, the momentum fluctuation derivatives
in Eq. only operate on the phase factor, ¢ (dp), and the shifted classical trajectories
that appear as arguments in the Oy tensor. The result for the Nth order contribution to the
projection operator expectation value is obtained after taking the appropriate derivatives,
evaluating the resulting expression at (5p(¢]f) = 0 for all modes k and times 7;, and then solving
the integrals over phase space initial conditions, which are simply polynomials multiplied
by a Gaussian and which can therefore be solved analytically. Here, we derive explicit
expressions up to second order in the perturbative expansion.

At 0th order, where the perturbation does not contribute and we only get contributions

when (g, o) = (an, &y ), one simply finds

(] AA(E) lody)

) iy b (Bay =By gt 200 (1) oNeN
= (QNAN)(O)(? nBen =Eal ) Panaly Y o n kAT,

/
. . apno
sin(wit)zy,  —7 2op Axok Ncos(wrt)—1]p},
= Poye e

)

(38)

where we remind the reader that (z},p},) describes the center for a minimum uncertainty
wave packet describing the initial state of the kth environmental DOF.
The linear order (N = 1) contribution, where the perturbation acts only at time 7, can

be found following simple Gaussian integration as

~ «@Q,x El (Ea E/.)(T' —T')
(] (E) o) = /"dﬁ§j Pt (0) XDy () 3g) € F ol Bl

o,

1,To i ajal . .
% ia at/)}({ } 0) ﬁzkwk(Z;’:OAIOZ J[SIH(WijJrl)_Sln(Wij)})I;ﬂ

e*% Zk (ZJI':() Axg;aj [COS(UJijJrl)*COS(wij)])pgg7
(39)

where we note that (a1,0)) = (ay,y) and 75 = t in the expression above. The (now

explicitly time-dependent) Liouville pathway weight at linear order is found to be

Xjpary ({73}3=0) =

an,o ol .o (40)
—Z%%ﬂOM%—%m@“ﬂ@Wwé> LS ({r 0.
k

Here, the sign function that is determined by whether the perturbative operation acts on

the left or right is given for the purely off-diagonal perturbation operators considered here
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as S; = (5%71&9 — da;a,_,)- The terms contributing to Eq. are given, in their general
form, by

0% ({r N+l>=( o—xkokaAxo sin(we(ris — 7)) — sin(wn(m — 7))
(41)

/
 ycostnrs) + L)+ 1, ).
k

which is a result of the classical trajectory component of the ©y tensor’s argument in Eq.

, with the term

N

T (0) = D7, feos(unlt = 7341)) = cos(en(t = 7)) (42)

As a direct result of the derivative operation acting on the momentum fluctuation-dependent

phase factor, ¢ (0p), in Eq. (37)), we have that
(Y Z Az [cos(wi(Tip1 — 7)) — cos(wi(n — 75))]. (43)

At second order (N = 2), one readily finds

(o] A2 o) = = / dr [ 3 ok 0) X2 (Yo

ao,oco
al,al

(2 Tot)
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with (g, ab) = (an,dly), 73 = t, and where the second order Liouville pathway weight is

given by
(2) § : (an,a1)  (a1,a0) (an;a1) (@)
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This analysis can be systematically applied to higher order perturbations, but we restrict
ourselves here to the second order expansion.

The Liouville pathway weights, X?a)ja;}({Tj }5_0) and Xg)ja;_}({Tj }3_0), can be represented
entirely in terms of two-point autocorrelation functions related to generalized environmental
spectral densities. This has the distinct computational advantage of allowing one to calcu-
late these correlation functions one time, and then simply evaluate them at different time
delays while performing the necessary temporal integrals in Egs. (39)) and numerically.
The generalized spectral densities defining the correlation functions are proportional to the
delocalization of the system-bath coupling strength between eigenstates, and the Liouville
pathway weights can be expressed in terms of them as demonstrated in Appendix [D]

We note that, even though these expressions are derived for Nth order in perturbation
theory, they generally contain terms up to 2Nth order in system-bath coupling due to the
explicit equations-of-motion of the environmental modes as well as the result of Gaussian
integration over phase space initial conditions. Moreover, we emphasize that the preceding
analysis is not in any way restricted to the eigenbasis and rather can be considered as a
general method for incorporating linear order environmental operator dependence in the
coupling between system states in any basis. In fact, it would be quite straightforward to
extend this analysis to account for perturbation matrix elements that have higher order
dependence on environmental position operators using the momentum fluctuation analysis
presented in Appendix [A] and subsequently performing the necessary Gaussian integrals.

In Fig. [3)we demonstrate the application of each of the described perturbative expansions
in a parameter regime where one would expect reasonable agreement with exact results, due
to the existence of a well-defined smallness parameter. We consider a spin-boson model

L'and a coupling of A1y = Ay = 10 cm™!. Each

with an energy gap of €, — 5 = 100 cm™
state is coupled weakly to its own independent harmonic environment described by a Drude-
Lorentz spectral density, as given in Eq. , with w, = 53.08 cm™! and A = 1 ecm~!. Such
a model is appropriate for describing a donor-acceptor pair where each are weakly coupled

to their environments. We assume that the initial density is of factorized form, and that the

h

environmental Wigner function is thermal with (x’,p’) = (0,0) and o,, = S T (B 73)

for all k£ at a temperature of T" = 300 K.[26] Because of the weak environmental coupling,
the eigenbasis expansion outperforms its local basis counterpart when compared to the

numerically exact HEOM result.[60] However, the local basis result still provides a good
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FIG. 3. Time-evolution of reduced density matrix elements for a model spin-boson system with
weak system-environment coupling. In the top panel, we present the time-dependent expectation
value of the operator 6, = |1) (1] — |2) (2]. In the bottom panel, we present the real and imaginary
parts of the pg’sl)(t) reduced density matrix element. In all cases, the solid black line corresponds
to the numerically exact HEOM result, the dashed blue line corresponds to the second order local

basis expansion result, and the dash-dotted red line corresponds to the second order eigenbasis

expansion result.

description of the time-evolved density matrix even as A < Aqs.[20]

As previously mentioned, the described framework does not inherently make any assump-
tions about the decay times of the environmental correlation functions that are central to
the derived equations. As such, one is not restricted to unstructured environmental spec-
tral densities; something we have already exploited when modifying the spectral density in
Fig. (b) For demonstrative purposes, we proceed by considering the limiting case of a
single (discrete) environmental mode that is coupled to the acceptor state of a two-level
system at 7" = 300 K. In this application, we consider the mode to have a frequency of

! and the local basis energy gap is

wo = 500 cm™!, a reorganization energy of A = 25 cm™
given as €; — €3 = hwy so as to be resonant with the single environmental mode. In Fig.

we plot the time-dependent donor (state 1) population for multiple choices of the tunneling
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FIG. 4. Time-dependent donor population for a donor-acceptor pair with a single vibrational mode
coupled to the acceptor state for various choices of the donor-acceptor coupling strength. All other
parameters are described in the main text. In each plot, the numerically exact HEOM result is given
by the solid black line, the dashed blue line corresponds to the second order local basis expansion

result, and the dash-dotted red line corresponds to the second order eigenbasis expansion result.

parameter, A, scanning from a small value, where the local basis perturbative expansion
provides good agreement with exact results, to a large value, where this expansion breaks
down at second order due to secular divergences, while the eigenbasis perturbative expansion

continues to provide qualitative agreement.

VI. CONCLUSIONS AND OUTLOOK

In this manuscript, we have introduced a framework for combining the truncated Wigner
approximation with perturbative calculations of time-evolved expectation values of operators

for a discrete quantum system in contact with an environment. For the case where the
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environment is harmonic and where the system state dependent harmonic potentials differ
at most by a relative shift of the potential minima, we have demonstrated how one can utilize
the described framework to derive expressions for the Nth order perturbative contribution
to operator expectation values in the combined system-environment Hilbert space, even
including polynomial bath operator dependence in the perturbative operator. In contrast to
dynamical methods based on projection operator techniques|25], 27, 28], 58] [61] or influence
functionals|30], [62], [63], our framework retains full dynamical information for the system and
its environment while also avoiding common assumptions about the initial environmental
density.

Our framework is of particular interest to quantum information applications, which re-
quire a detailed understanding of how quantum decoherence is driven by a growth of system-
environment entanglement. [12H15], [17] We have highlighted the potential of our framework
to unravel such processes by computing decoherence of a qubit at zero temperature while
demonstrating a concerted entanglement growth of individual environmental modes. By an-
alyzing the qubit-environment entanglement behavior, we identify the low-frequency modes
to particularly drive decoherence and a specific suppression of their interactions considerably
suppresses decoherence compared to the selective suppression of high-frequency modes at
a constant environmental reorganization energy. This indicates that reorganization energy
itself as a relevant metric for environment-induced decoherence is incomplete. We believe
this finding to exemplify that our framework can reveal important guiding principles for
optimizing qubit coherence times. Such an analysis can trivially be extended to realistic
structured environmental spectral densities, obtained directly from experimental measure-
ments, for which the strongest-entangled environmental modes can be readily identified. It
should be noted that other factors have been suggested to drive quantum decoherence be-
yond system-bath entanglement, [9-11] something that would also be of interest to explore

with the framework presented here.

We have furthermore demonstrated the ability of our framework to treat reduced density
matrix dynamics under a Hamiltonian where a simple basis rotation allows us to interpolate
between an environment-dependent and environment-independent perturbation. In doing
so, bath operator dependent perturbations are described through a momentum fluctuation
analysis related to the so-called Bopp operators as derived within a phase space path integral

formulation, which is a general result for perturbation operators that are polynomials in
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environmental operators.[34], 44l [54] The flexibility of our method to include polynomial-
type perturbation operators allows for the investigation of system-environment interactions

beyond the commonly-adopted bi-linear form.

While we stress that the framework described here is not restricted to deriving reduced
density matrix dynamics methods, we note that a direct application of the naive pertur-
bation theory utilized here is well known to suffer from secular divergences that grow as
~ tY at long times.[64] This does not negate the described framework, however, as one may
apply common techniques to diminish their impact,[65] or potentially derive iterative algo-
rithms utilizing the described framework for short-time propagation segments — something
that is awarded by the perturbation theory’s retention of the dynamical evolution of the
environment. For harmonic models, one could imagine achieving this though a Monte Carlo
evaluation of intermediate sums over system states, which can provide an efficient means to
reconstruct the exact time-evolved reduced density matrix.[66, 67| Alternatively, one could
consider implementing the framework described here to compute short-time expectation val-
ues where one can efficiently perform the numerical integrals at a sufficiently high order in
the perturbative expansion, and then utilize a non-Markovian transfer tensor method to

extend the results to longer times. [68H71]

Appendix A: Wigner analysis of the perturbative expansion and the emergence of

Bopp operators from the path integral

In order to obtain the expression of Eq. @ of the main text, it is sufficient to show the
result of the first order term in the expansion, as higher order terms follow trivially from this
analysis. For conciseness, we simply consider the following contribution to the first order

expectation value
™ Tren { (] O hU=mIY (7y)e=80m j(0) e 0 ) |

= Z Trenv { Z Z <nt’ OAB_%HO(t_Tl) ‘TL1> meo (3?7 Tl) <m0| 6_%H0ﬁ |n0> (Al)
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Given the definition of the reference Hamiltonian in Eq. (2) in the main text, we can simplify

the above expression to

> D Onin Butn, Treny { (nd] O |y )em# THUm @Y, (F e i (THUng ()
nt ng,ny

ny,nj (A2)

X <n0] /3(0) ’n6> 6%(T+Un6(i))T1€%(T+Un,l (i"))(tn)}

)

where T’ = > % is the kinetic energy of the environment. The product of delta functions
become (a part of) a Liouville space pathway weight that defines an element of the ©-tensor
in Eq. @ of the main text. To proceed, we focus on the portion of Eq. that contains
environmental operator dependence. For arbitrary potential forms, one may always rigor-
ously approximate the evolution of the environmental degrees-of-freedom (DOFs) as being
governed by classical equations of motion through the so-called truncated Wigner approx-
imation (TWA, also known as the Linearized Semiclassical Initial Value Representation).
This approximation can be easily formulated in both the cartesian phase space considered
here as well as coherent state phase space, and we refer to previous works for the details of
the analysis.[34, 35, 44, [49] Within this formulation, time-evolved expectation values take
a classical-like form (i.e., convolution of a function with a probability distribution func-
tion on phase space). However, rather than the purely classical function and Boltzmann
distribution, the TWA corresponds to convoluting the Weyl symbol of an operator with a
Wigner quasi-probability distribution, as defined in Eq. (and the subsequent text) in the
main text. From the path integral formalism, this derivation is performed simply by writing
the phase space path integrals directly in terms of mean and difference variables with the

substitution

/ Da(r)Da (+)Dp(r) Dy (7) — / D (r)D=(r)Dp(r) Dy(7). (A3)

Here, Z(7) = 1 (x(7) +2/(7)) and z(7) = z(7) — /(1) where z(7) (2/(7)) labels the “forward”
(“backward”) path. There are analogous relations defining the mean and difference momen-
tum variable, p(7) and y(7), respectively, in terms of p(7) and p’(7). Rewriting the action
in terms of these mean and difference variables and expanding the difference of forward and
backward actions to linear order in z(7) about the mean path Z(7) leads one to recover delta

functional-constrained classical trajectories following analytic integration over all difference

paths.
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For harmonic potentials of the type considered here, one can treat the environmental
difference path dependence of the perturbation operator analytically in an exact way within
the momentum fluctuation framework introduced by Polkovnikov, [33, B4] as previously
applied for the calculation of vibronic spectral line shapes.[44] In those applications, however,
the momentum fluctuations accounted for corrections to the time-evolution of DOFs to
treat higher order terms in the expansion of the forward-backward action difference. Here,
where there are no higher order terms, we utilize this framework to account for (potentially
arbitrary order) environmental operator dependent perturbations.

We start by expanding a perturbation matrix element as

Vs (2(7) % Z vim (a(r), r) EED (A4)

m!

where, for simplicity in notation, we have assumed a one-dimensional problem. The =+ sign in
the above expression arises as necessary from expressing the path integral in terms of mean
and difference paths. As such, if the perturbation operator acts on the left the expansion
adopts a “+” sign and when it acts on the right it adopts a “—” sign due to the definitions
below Eq. . This sign dependence ultimately generates the causal relations for time-
dependent Bopp operators used to evaluate non-equal time correlation functions.[34] To
proceed we express the environment-dependent part of Eq. in terms of a discrete time
path integral in mean and difference variables, taking 7 = 7y, = NyAT where A7 =t/N is

a discrete time element (with 0 < Ny < N), as
env

A=Tr.., {Ontnle—;’L(T+Un1(§))(t—n)vmno(x m)e” L(T+Ung ()71 An0,ml

% e%(T+Un6 (&) e%(TJrUn/l @) (t—m1) }

dpo dyo _dp; , dy, ey o
/d 09nh 2rh hd N (H/d Tigy %dJQ ;i O™ (Zn, PN—1)W ™" (20, po)

i 5 ATlUng (2) U (B =5 S0y 11 A7Uny (53) Uy @9)] 3 051 A [(F520) =]y

xe " eh
i pj—P (0) S(PiTPi—1 (1)2 z
x ek Zotn ATICIRE)=F 1z =3 KN, 0 ATl ]ano(le + %”’M)
(A5)
Here, Fj(i) = —%%(Um (z) + Up(2))]2=z, is the active force during the ith time segment.

One can immediately proceed by analytically performing integrals over difference variables
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other than the j = Ny position difference variable, {z;},.n, and {yj resulting in delta

Jj= 0 ’
functional constraints relating sequential mean position and momentum variables through

the velocity and force, respectively, resulting in

dp, d /
4= /d% b Fdzndzn, (H/dﬂgp;'L) O™ (T, pn—1) W0 (20, po)

Ni—1
" _iyM 1 AT[Ung (%)= Uyt (& )] 4 XNy 41 AT[Un, (&) - Unt ()] (H 5( — P — ATF(O)>>
7j=1
N—-1 N—-1
X ( H ) <]3j —233;1 — ATF’](U)) (H 5(£j+1 — i’j — AT]%))
Jj=N1+1 Jj=0

_ le —iAT[ﬁN —DN ,1—A7‘F(0)]2N
X Viyno (TN, + T,TNl)e Z 17PN NN

(A6)
Next, we recognize that one can utilize the final phase factor in the above equation as a
“source” term for generating zy, terms by taking derivatives with respect to py, so that,
using the result of Eq. (A4), and finally performing the integral over zy,, we recover
d dp I3 T T 1 (T
A= /dxo—po dZ N (H /d] 2p;i) O™ (Zn, pn_1)WTO" °(x07p0)6 25 ArlUng (25) - Upgy ()]

Ni—1

i N ST ) (3 - -
< e B >Ny +1 ATUn, (25) Uny ( 5)] <H 5 <pj — i1 — ATFj(O)>>
j=1
N—-1 N-1
(im0 s
j=0

Jj=N1+1
~ th 0 _ _
X anno(le + A o TNl)(S (le - lefl - ATF](V(?) .
2 (‘3le
(A7)
Finally, with this result, we can continue by performing analytical integration over all mean
variables other than py,, po, and Zy. By doing this, through the delta-constraints relating
sequential position and momentum values, all terms containing dependence on mean mo-
mentum and position variables at times later than 7y, become functions of py, (along with

Do, and Zp) and we can use the relation

def(z) 2b(z) = (—1)" [ dv 6(w) (e f (@) ). (AS)
/ oz / (6x )

which is simply a result of successive integration-by-parts. At this point we still can not

generally perform the analytic integration over py,. However, we can alleviate this issue
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through the momentum fluctuation analysis[34] by noticing that

anf(ﬁl\h + 5pN1) _ an.f<pN1)
aép%h dpn, =0 8257]1\71

(A9)

Thus, we introduce shifted environmental trajectories, where the momentum shift occurs at
the instance a perturbation operator acts on the quantum system. We take the nth order
derivative of the function that depends on the shifted trajectory, and ultimately evaluate
the resulting expression at dpy, = 0.

Combining these two results and performing the mean momentum integration, we finally

find

d ! S I(O) S ! CU(O) S
A= /d ot TWMOM0 (34, po)e i Jot dslUng (20 (5))=Upg (2 (5))]
2mh

X |:Vn1n0 (0(m) — gm»ﬁvl)o%m (%;N (t)ypi(s;)Nl () (A10)

e EUT, dslUny () (9D)=Upy (a5 (5))

dpn, =0

While the above result is general for arbitrary system state-dependent potentials, we can

analytically express the shifted trajectories of harmonic environmental DOFs as
i ; 1 o .
Topn (8) = 20, (5) + - > 0p sin(en(s - 7)) (A1)
=1

in order to proceed with the analysis as outlined in the main text.

One can clearly recognize the emergence of Bopp operators in the argument of the per-
turbative operator in Eq. , and if the perturbation had operated on the right, the
derivative term would carry a positive sign. Hence, the general time-dependent Bopp op-
erator can be obtained as z; — xg;)k(nﬂ) — Si1 5m where S;;1 = +1 if the operator
acts on the left or S;,; = —1 if it operates on the right. This analysis can also be expressed
in terms of directional derivatives in order to remain consistent with time ordering. [34] We
note that, if the perturbation operator were dependent on momentum operators, the anal-
ysis is straightforwardly extended in the same way with position fluctuations rather than
momentum fluctuations.

It is easy to see how this result extends to higher order in the perturbative expansion. One
simply evaluates all expressions along the shifted trajectory defined in Eq. , replaces

each perturbative operator with its Bopp operator-dependent analogue as

N ih 0
Vi (#,75) = Vam(rg, () = 55

JEM—p.’Tj)’ (A12)
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performs all of the necessary derivatives on all terms containing momentum fluctuation

dependence, and finally evaluates the resulting expression at {dp., } = 0.

Appendix B: Utilizing Eq. (18] to derive perturbative expressions

In order to utilize Eq. to derive perturbative contributions to the expectation value

of an operator, O, the procedure is as follows:

1. Obtain the Weyl symbol of the operator O. This can be achieved directly through
the integral transformation as given by Eq. or by evaluating the normal ordered
operator in terms of Bopp operators. [34] The Weyl symbol should then be evaluated
along the shifted environmental trajectories given by Eq. (14).

2. Evaluate the contributing tensor elements of @j\?j’n; I ({(iggpp(fj),@)}> according
to Eq. , where the Bopp operators are defined in Eq. . For perturbations
that include environmental position operator dependence, the resulting expression
will contain derivatives with respect to the infinitesimal fluctuations of the conjugate
momentum, dp. Any functional dependence on these momentum fluctuations will be

provided by later-time perturbative interactions, the Weyl symbol of the operator-of-

interest, and the phase factor ¢ (dp) defined in Eq. (19).

3. If the perturbation operator contains environmental position operator dependence,
perform all momentum fluctuation derivatives and evaluate the resulting expression
in the limit that all momentum fluctuations go to zero. One should now obtain an ex-
plicit function of environmental initial conditions, f(xg, po), and geometric parameters
directly related to details of the shifted harmonic potentials that contribute along the
series of system states connecting the endpoints of the propagation. The functional
form of f(xg,po) depends on the form of the Weyl symbol of the operator-of-interest,
the order of perturbation theory under consideration, and the functional form of the
perturbation operator. Oftentimes, however, f(xg,po) can be simplified considerably

through simple trigonometric identities.

4. Perform the integrals over all environmental phase space initial conditions. These

integrals will amount to a convolution of f(xg,pg) from Step 3 with the Gaussian
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Wigner function in Eq. that describes the initial density of environmental modes
along with the remaining phase factors given in Eq. .

Appendix C: Derivation of the Weyl symbol for harmonic oscillator projection op-

erators

Although the Weyl symbols for (diagonal) projection operators onto harmonic energy
eigenstates are known to be of the form of Laguerre polynomials times a Gaussian, we are
unaware of an existing closed-form expression for the Weyl symbol of an off-diagonal pro-
jection operator. These “coherences” are crucially important for constructing, for example,
the reduced density matrix describing the time-evolving state of a harmonic environmen-
tal DOF. Here, we present a derivation of such an expression, while also highlighting the
equivalence between the Bopp operator analysis and the standard Moyal product analysis

for deriving the expression.

For a harmonic system, the projection operator, |n) (m/|, can be related to the ground state

projection operator, |0) (0|, via successive operations with raising and lowering operators as

1
vnlm!

(a")™|0) (o] (@)™, (C1)

[n) (m| =

which we partition as A = (a')" and B = [0) (0| (a)™. The Weyl symbol of a product of

operators is known to be given by the Moyal product as

(AB)w(a*,a) = Aw(a*, a)ez By (a*, a), (C2)

_ 939 93

= 9ada*  da* da
define the coherent state variable a = /53 (2 +12). In order to evaluate the Weyl symbol of
the operator in Eq. 1) we must first find the Weyl symbol of the operator B , as defined

where we have introduced the so-called symplectic operator as A and we

beneath Eq. (C1)), since it itself is a product of the ground state projection operator with
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a™. In the coherent state variables used here, this expression is found to be

I R e |
BW(a*’a) = 26720 a Z F (7> (
i=0

| J

—9g*a " /'m —1 g m—j
=2 Z_O:(] (7 a*) “ (C3)

— 26—2(1 a

_ om+1_—2a*a_m
=2"""e a™,

where we have used the fact that only one of the contributions to the symplectic operator
contributes (and only up the mth order) due to the derivative operations acting on the
lowering operator. Between the second and third line we recognize the binomial coefficients
that allow us to relate this analysis to the Bopp operators in the coherent state phase space
representation (where we have used the directional derivatives described in the preceding

section), and in evaluating the final expression we note that > =0 ( ) = 2",

Next, we take the total Weyl symbol as described in Eq. (C2)), which proceeds similarly

to the previous analysis, giving the final result as

() )y () = |y () (%1@) oagn

_ 2m+1 - : n i __1 Z( *)n—i E ’ m E o —2a*a
- n'm' =0 k=0 7 kf 2 @ 8& a4 8@ ¢

(C4)

For diagonal elements, n = m, the expression above reduces to those known to be given
by Laguerre polynomials while for off-diagonal elements, n # m, the expression describes

coherences.
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Appendix D: Correlation functions for environment-dependent expansion

We start by defining a set of environmental correlation functions as

a,b)
% =7 Zaxkapkw,zxék Axo sin(wyt) (D1)
Z wkx xok 4 cos(wyt) (D2)

Z wk$ T, 4 cos(wpt) (D3)

— Z awkapkwkx((f; b)xék D cos(wyt) (D4)
=h Z wk$(a b) xéid sin(wgt), (D5)

where the generalization of these expressions to continuum environments is straightforwardly
done by defining the necessary generalized spectral densities. With these definitions, we see
that the eigenbasis Liouville pathway weights for first and second order in the perturbative

expansion can be expressed as

x{aa ({73}20) = N1 (1 2i0)0aper — Ny2™ (177 1220) s (D6)
and

N oy ({73 F0) = (NE3™ (7300, = Mod ™ ({710 )

(D7)
( alao({TJ )60460/1 - N%al({Tj ?:0)5111@0) +P(r2 — 1)

Here, we have defined

N 7j—1
== (1 (T = )~ T = 1)} 3 (i s = ) = T = )}

1=0 =0

N
=35 D (K (s = ) — Koy (i - Tﬂ})

=]

36



and

Ot o 0o !

/
agpa o ag

T2 — T1 (£a2a1 Ty — T1) — 151./\/10[2 1(7’2 — 7'1)

a100 2 [e5ReTi]

<£a 7'2 — 7'1) — %SlMQQ 1(’7’2 — T1> 50&104060/10/2
1
< o) 7'2—71)—551./\/10” 0(7’2—’7'1)

604204150160/1

SN— — ———
)
=
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+ (anal (’7'2 — Tl) — —SlMaZ)al (7'2 — T1>

as Liouville pathway-dependent quantities that ensure the appropriate correlation functions

contribute.
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