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A reduced dynamics representation is introduced which is tailored to a hierarchical, Mori-chain type
representation of a bath of harmonic oscillators which are linearly coupled to a subsystem. We con-
sider a spin-boson system where a single effective mode is constructed so as to absorb all system-
environment interactions, while the residual bath modes are coupled bilinearly to the primary mode
and among each other. Using a cumulant expansion of the memory kernel, correlation functions
for the primary mode are obtained, which can be suitably approximated by truncated chains rep-
resenting the primary-residual mode interactions. A series of reduced-dimensional bath correlation
functions is thus obtained, which can be expressed as Fourier-Laplace transforms of spectral den-
sities that are given in truncated continued-fraction form. For a master equation which is second
order in the system-bath coupling, the memory kernel is re-expressed in terms of local-in-time equa-
tions involving auxiliary densities and auxiliary operators. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4752078]

. INTRODUCTION

Harmonic oscillator models play a central role in the
modeling of dissipative effects on quantum systems. Among
the vast number of applications are the spin-boson model, ">
explicit models for (generalized) Langevin dynamics,>”’
models for the decay of a metastable state,® and multidimen-
sional transition state theory.””!! These models provide mi-
croscopic realizations of system-bath dynamics from which
different reduced dynamics formulations can be derived, e.g.,
master equations like the Caldeira-Leggett form'? and its non-
Markovian generalizations,'? influence functionals,?!'* 1>
stochastic algorithms,'®!” and hierarchical approaches to
non-Markovian dynamics,'?! to provide a non-exhaustive
list.

A variant of these highly versatile models are Brownian-
oscillator representations which can be derived from the con-
ventional harmonic-oscillator bath models by re-casting the
system-bath interaction in terms of collective environmental
modes.'%?2-27 These models have been used, e.g., to describe
reaction coordinates defined by the environment, i.e., gener-
alized “solvent coordinates.” Such environmental coordinates
provide a simple and intuitively appealing realization of non-
Markovian dynamics, where the environment’s intrinsic time
scale can be similar to the system time scale and the limit
of fast fluctuations does not apply. Analogs of these models
can be found in various fields, notably in solid-state physics
where so-called cluster modes or interaction modes®? have
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been used to describe dynamical Jahn-Teller effects. In a sim-
ilar context, such models have recently been employed to
describe collective environmental effects on the dynamics at
conical intersections.3%32 Furthermore, the Brownian oscilla-
tor model with its characteristic Lorentzian spectral density
has recently been applied to describe structured environments
in the context of quantum computation.*38

In this paper, we address generalizations of the Brow-
nian oscillator model, involving the construction of chains
of effective modes which result from orthogonal transforma-
tions within the harmonic bath subspace. This construction
closely resembles the chains of observables that are used in
Mori theory.>**! Further, analogies exist with respect to the
transformation techniques of the numerical renormalization
group approach which has recently been applied to bosonic
baths.*> Furthermore, the time-dependent form of the density
matrix renormalization group (DMRG) method,*? involving
a mapping of the system-bath Hamiltonian to a 1D harmonic
chain, was recently combined with the properties of orthogo-
nal polynomials.***

The present approach is particularly suitable to de-
scribe short-time dynamical effects in high-dimensional sys-
tems. A paradigm example is photoinduced dynamics in
extended molecular systems, which often falls into a short-
time regime where inertial, coherent effects dominate, and
the many-particle dissipative dynamics has not yet set in.
This generally precludes the use of standard system-bath ap-
proaches and necessitates a non-Markovian treatment, or al-
ternatively, an explicit dynamical treatment of the combined
subsystem-plus-environment supermolecular system. The
effective-mode approach presented here provides a systematic
reduction scheme in such situations and has already been

© 2012 American Institute of Physics
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successfully applied, e.g., to elementary charge and energy
transfer processes in organic materials.*¢~3

The hierarchical chain representation naturally leads to
truncation schemes based on including a limited number of
effective modes. In Refs. 49-53, we have employed such trun-
cation schemes to construct a series of approximate spectral
densities from an arbitrary given distribution of bath modes. It
was shown in Ref. 52 that for an arbitrary spectral density of
typical complex multi-peaked form, a simple one-term recur-
rence relation can be derived that defines a sequence of resid-
ual spectral densities that converge to a quasi-Ohmic form.
That is, the spectral density associated with the final member
of the chain coupled to the residual bath will be quasi-Ohmic
(i.e., of Rubin form?>'-33) provided a sufficient number of
effective modes are included. Furthermore, it was shown in
Ref. 53 that truncated chains with Ohmic closure for the nth
effective mode reproduce the memory kernel exactly to 4nth
order in time.

In the following, we use the same transformation tech-
niques in order to construct a non-Markovian master equation
representation that is specifically adapted to the hierarchy
of modes as described in Refs. 49 and 50. To this end, a
cumulant expansion of the memory kernel is employed in
conjunction with a truncated chain representation for the
residual bath.>*7 A series of reduced-dimensional bath cor-
relation functions are thus obtained. The cumulant expansion
described here corresponds either to a time non-local (TNL)
form, according to the so-called chronological ordering
prescription (COP),>> or to a local-in-time (TL) master
equation®*>%38:5% obtained by a suitable resummation. For
both the TNL and TL forms, a local-in-time formulation
in terms of auxiliary density matrices (or operators) can be
obtained at the second order of the cumulant expansion,
similar to Refs. 58, 60-62. The present work generalizes
related approaches”’ where second-order cumulant master
equations were formulated using a Brownian oscillator
representation of the bath.

The remainder of the paper is organized as follows. We
first describe the relevant transformation of the system-bath
Hamiltonian (Sec. II) and then formulate a non-Markovian
master equation using this transformed Hamiltonian in con-
junction with cumulant expansion techniques (Sec. III). Sec-
tion IV addresses a second-order master equation using an
auxiliary density/operator formulation. In Sec. V, we present
results for pure dephasing and population transfer dynamics
for a spin-boson model. Finally, Sec. VI concludes.

Il. SYSTEM-BATH HAMILTONIAN

This section introduces the spin-boson Hamiltonian in
a transformed, chain type representation (Sec. II A) and
presents the concept of truncated chain models (Sec. II B)
which are useful as reduced-dimensional representations of
the system.

A. Spin-boson Hamiltonian and effective-mode
transformation

Our starting point is a spin-boson Hamiltonian,

H = Hs + Hsp + Hp (1)

J. Chem. Phys. 137, 144107 (2012)

with the usual definitions for the two-level system (spin)
Hamiltonian Hy, the system-bath (spin-boson) coupling Hyp,
and the bath (boson) Hamiltonian Hp,

Hs = A6, + A6,

Np

Hsp =) cifpi6: 2
i=1
Np wpi

By = 352 (7 + )

where Hp is defined in mass and frequency weighted coordi-
nates with frequencies {wp;}.

The spin-boson Hamiltonian under consideration has
been extensively studied over recent years using path in-
tegral methods,"? 493~ pumerically exact wavepacket
methods like the multi-configuration time-dependent Hartree
(MCTDH) method®”7? and its multi-layer variant (ML-
MCTDH),”*7* semiclassical methods,”>’® time-dependent
coherent-state basis set methods,”® various mixed quantum-
classical techniques,’”3! Markovian reduced dynamics
methods like Redfield theory®? and semigroup approaches,
non-Markovian approaches like those referred to above,
renormalization group approaches,*” and various other ex-
plicit or reduced dynamical schemes. In this paper, we apply
the above-mentioned effective-mode approach which relies
on coordinate transformations that allow one to re-formulate
the Hamiltonian in such a way that a series of reduced-
dimensional models and associated spectral densities are
generated.

The Hamiltonian Eq. (1) is transformed by an orthogonal
coordinate transformation, i.e., X = Tx, in such a way that
the system-bath coupling is entirely absorbed into a single ef-
fective mode X B1:

Np
Hgp = Zci)?si&z = DXp6; (3)

i=1

and the resulting residual bath Hamiltonian has the following
structure:

Ngp
+ Z dij(pBiISBj—i-XBif(Bj)i. 4)
=it

The new frequencies {€2p;} and couplings {d;;} result
from the coordinate transformation introduced above, such
that Qp; = Zivzﬁl (,()Bjtjzi and dij = Z;{V:Rl WBilkilk), where 1ji
are the elements of the transformation matrix 7. The residual
modes are thus seen to be coupled bilinearly to the effective
mode X, and among each other, but do not couple directly
to the spin subsystem.

Given the above, general form of the transformed bath
Hamiltonian I:IB, several realizations can be envisaged. A
particularly appealing transformation that has been detailed
in Refs. 49 and 50, and which we now outline, casts the
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bilinear coupling matrix into a band diagonal form, similar
to a Mori chain type construction.’*#!-83

B. Mori-type chain with Ohmic closure

For the Mori-type construction, the residual bath is trans-
formed to a band-diagonal representation exhibiting nearest-
neighbor couplings. We have referred to this variant as a hi-
erarchical electron-phonon (HEP) model.*”-3%35 The chain is
terminated at a chosen order k by coupling the kth chain mem-
ber to a dissipative bath. The bilinear interaction Hamiltonian
therefore takes the form

g% _ o Qi 52 &2 \4
B _ZT(PBi+XBi)1
i=1

k—1

+ Zdqul(PB: Ppivi + XpiXpis)1 + H, dlsS, 5
i=1

where I-Aléfs)b corresponds to a dissipative bath composed of

modes {k + 1, ..., N3} which are all coupled to the kth mode
of the chain,
Hcg(s)s Z dkl(PBkPBt + XBkXB,)l 6)
i=k+1

The Brownian oscillator model'®?>2° represents a special

case of this construction with k = 1. The distribution of dis-
sipative bath modes is usually approximated in terms of an
Ohmic spectral density, in which case the picture of a Mori-
type chain with Ohmic truncation at the kth order arises. As
demonstrated in Ref. 52, the model in fact provides a rigor-
ous description of non-Markovian dynamics, since the resid-
ual bath can be shown to converge toward a (quasi-)Ohmic
form under very general conditions.

We will assume throughout separable initial conditions.
This applies to both the pre-transformed and all of the trans-
formed versions of the system. At 7= 0 K, the orthogonal co-
ordinate transformations in question leave the initial density
operator separable if mass- and frequency weighted coordi-
nates are referred to.>?

lll. NON-MARKOVIAN MASTER EQUATION

The above, transformed spin-boson Hamiltonian will be
analyzed using a master equation that is derived via cumulant
expansion techniques.>>=>’ In view of our previous analysis of
the Hamiltonian moments (cumulants) characterizing the evo-
lution under a truncated effective mode Hamiltonian,3%47-8¢
we will be particularly interested in such truncated expansions
in a reduced-dynamics setting. This could lead to a significant
simplification of the dynamical problem at least on short time
scales where few effective modes determine the dynamics. To
start with, the general form of the master equation will be out-
lined.

A. Master equation in cumulant expansion form

The relevant non-Markovian master equation is the fol-
lowing standard integro-differential equation for the reduced

J. Chem. Phys. 137, 144107 (2012)

density operator, here in TNL form,

905

D5 _ ibswpso+ / ar 6. ps), ()

fo
where pg = Trpp is the subsystem density operator. The
double hat symbol denotes Liouvillian superoperators, and
#i = 1 is used throughout. Equation (7) corresponds to the con-
ventional master equation obtained, e.g., by projection oper-
ator techniques.®” We disregard here the so-called inhomoge-
neous term®” which accounts for system-bath correlations at
the initial time 7y, and we thus assume that the system and bath
are initially uncorrelated, p(#y) = ps(fo) ® ﬁf;f, with the refer-
ence bath state pl'. A special case corresponds to pisT = pgl,

e., the equihbrlum state of the isolated bath (as used in
Sec. III D. below). Initial correlations can be accounted for
as described in Refs. 57 and 90.

The master equation (7) can alternatively be derived us-

ing cumulant expansion techniques.*>7-3%89 This entails a
cumulant expansion of the memory kernel,

[o¢]
G'(t, 1)) = =0t 1)) + Y _(—i)"*?

m=1

t Tm—1 A
) l
X/ dTl”-/ dtmenH—Z(ta Tla"'7rmat)7
t t

®)

where the superscrlpt “I’ " in G (t t') refers to the interaction
frame ie., G’(t t') = S(r to)G(t t )Ug(t to). Noting that
G (t,t') is a superoperator acting on the system subspace,
the interaction frame transformation relating to the complete
system-plus-bath space reduces to the Liouvillian propagator
ﬁ s that is associated with the system Liouvil}ian Ii s.

The cumulants or connected averages 6, are related as
follows to the moments 7,,:

51(T1) =1 ()
9

02(t1, T2) = my(11, T2) — M ()M (12),

which are in turn defined as

) = TrB{[:SB(Tl) ce

~
N

l’;’:ln(l'l e L (Tn) Are’r}, (]O)

where the Liouvillian L sp derives from the Hamiltonian I:IS B
of Eq. (2) and is given as follows in the interaction frame:

Lsg(t) = Ut t0)LspUn(t, 1o). an
Here, l}o(t, to) is the Liouvillian zeroth-order propagator
Uo(t, o) = exp(—i Lo(t — 10))

= exp(—iLs(t — 1)) exp(—i Ls(t — 15)), (12)

which is associated with the corresponding Hamilto-
nian zeroth-order propagator Uo(t to) = UOS (t, to)U(f (t, o)
= exp(—zHo(t — tp)) Where Hy = HS + HAp.

Assuming separable initial conditions, the master equa-
tion (7) with the kernel (8) provides an exact representation
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of the system’s reduced dynamics. The form Eq. (8) of the
kernel corresponds to a COP series which is also known as
the time non-local (TNL), or time convolution approach as
mentioned above. The COP series of Eq. (8) can be equiv-
alently obtained by projection techniques and a subsequent
time-ordered perturbation expansion.>>’

Alternatively, the “partial ordering prescription” (POP,
involving partial time ordering) is often used in cumulant
expanswns55 56.88-90 which is also known as the TL, or time
convolutionless approach. The POP series represents a resum-
mation of Eq. (8) and leads to dynamical equations for the
reduced density operator that are local-in-time;>® %% in this
case, the memory effects are entirely contained in the cumu-
lants. The TL form can be formally obtained from the TNL
form by making the substitution gs(t') = UST(I, ps().>% In
the TL form the equation of motion corresponding to Eq. (7)
is given by

LY 2 ! A o
% = —iLgs(t)ps(t) +/ dr' K(t, 1) ps(1). (13)

)

The following development, which combines the cumu-
lant expansion technique with the transformed Hamiltonian
of Sec. II can be carried out for the TNL (COP) approach as
well as the TL (POP) scheme. In Secs. IV and V, we will com-
pare results obtained from the respective second-order master
equations.

B. Application to effective-mode Hamiltonian

The distinguishing feature of the transformed Hamilto-
nian described in Sec. II is that the system-bath couplmg is
restricted to the primary effective bath mode Xp1, ie., Hsp
= Dé6.Xp, see Eq. (3). Following the above development,
we thus obtain for the moment superoperators of Eq. (10),

T,) Ps(to)
= Trp{Lsp(r). .. Lsp(@)p5} ds(to)
= Trg{ [ D6, (x)Xp1 (). [ ...

I’?ln(‘fl, ey

[ D6.(t)Xp1(T), A5 ® ps(to) | ]]}. (14)

where 6z(rl)=lAJOST(rl,tO)&ZUOS(r],to). For example, the
second-order contribution leads to
Mha(t1, 1) Ps(to)
= D’ [6:(11) . 6:(12)Ps(10) 1 Tr{ X g1 (1) X 51 (2) Py }
—D?[6.(11) . ps(to) 6:(t)] Tr{ X 1 (1) X 51 (11) 0"}

(15)
with the two-point bath correlation function
CY(11, 1) = D> Tr{ R p1(2) X p1 ()P}
= D*(Xp1(1)Xp1(12)). (16)

J. Chem. Phys. 137, 144107 (2012)

It should be noted that the “coupling-weighted” mode
DX (1) corresponds exactly (apart from a change in sign)
to the random force £(¢) in the Langevin equation,’ provided
that the dynamics of interest is that determined by the free
evolution of the bath,

D*(Xpi1(t)Xp1(12)) = (E(1)é(2)). (17)

More generally, n-point bath correlation functions Cg”

appear that are the following—scalar—quantities derived
from the bath operators:

CP, ) = DT X pi(m) .. X () At}

= D" (Xpi(11) ... Xp1(T0)). (18)

These expressions have a simple appearance since they
only involve Heisenberg operators of the primary bath mode
X 51. However, all complications of the many-body bath dy-
namics are contained in the time evolution of these operators,

Rp1(1) = UL(t, 1)) R 51 U5 (1, 10), (19)

where

Ug(t, to) = exp(—i Hg(t — to))
= exp(—i(Hy + Hy")(t — 1)), (20

where the bath Hamiltonian is as defined in Egs. (4) and (5)
and contains the bilinear couplings between the bath modes
according to the transformations discussed in Sec. II B. By
these couplings, the primary mode X g is coupled to the resid-
ual bath.

The simplest level of approximation would obvi-
ously consist in ignoring H™™, and thus the residual bath
modes X B2, - X BN, altogether, in which case a purely
coherent dynamics of the effective mode results with
Cg)(rl, ) = D? exp(—iQ2pi(t; — 12)). Even though this
crude approximation would reproduce the shortest-time dy-
namics accurately,’ all dissipative effects are then disre-
garded. In the following, we discuss a strategy to go beyond
this simplest approximation, which makes use of the chain
model described in Sec. II B.

C. Mori chain development for the secondary bath

The Mori chain model of Sec. II B is now used to derive
a hierarchical sequence of approximations for the secondary
bath. A truncated kth-order chain Hamiltonian corresponds to
an approximate propagator

03t 10) = exp(—i Ay (1t — 19)) Q1)

and likewise for the corresponding Liouvillian propagator
UP, 10) = exp(—i LY (¢ — 1))

When considering the zero-temperature cumulant (mo-
ment) expansion of the kth order propagator Tr{l?ék)ﬁg:o}
where 5= = |05) (05| (with |0p) the bath ground state), it
has been shown that this cumulant expansion agrees with the
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corresponding cumulant expansion of the exact propagator up
to the (2k + 1)th order.3>47-4%33:86 This implies that the dy-
namics is exactly reproduced by the approximate propagator
over a certain time scale, up to a point where the cumulant
expansions diverge. Even though the cumulant analysis does
not rigorously carry over to the case where the bath exhibits
initial excitations, the kth-order chain propagators can there-
fore be considered suitable approximants, involving a limited
number of bath modes.

With a kth-order approximate propagator, the two-point
correlation function of Eq. (16) now reads as follows:

Ci P, )
= D*Tr{X p1(x) X 51 (1) P}y }
= D? Tr{U(k)T(‘n tO)XglU (1:1, Tz)XmU (T2’t0) Aref}’
(22)

where C(Bz’k) carries a double index which denotes the (n
= 2)-point correlation function (i.e., second order in Hgg),
approximated at the kth order in the chain expansion of Hp.

D. Correlation functions from spectral densities

The most convenient way to calculate the relevant
two-point correlation functions for the equilibrium refer-
ence bath state P%f = p%', involves the Fourier-Laplace
transform relation to the corresponding spectral density

J(a)),24'25’91

CPa) = % f h doJ(@)ng(w)e®

= % /Oodwj(a))[coth(ﬂa)/Z) cos (wt) — i sin (wt)],
0

(23)

where ng(w) = 1/(e?® — 1) is the Bose-Einstein distribution,
B = (kgT)~!, kg is the Boltzmann’s constant, and T is the
temperature. The correlation function is taken to be indepen-
dent of the choice of the time origin, Cg)(r, T+ = Cg)(t),
due to the invariance of the reference (equilibrium) bath state
under the zeroth-order propagator. Further, Eq. (23) is in-
variant with respect to the coordinate representation—pre-
transformed versus post-transformed—that is chosen, and is

= Qpi[QF, R — 4 —idn)]

J. Chem. Phys. 137, 144107 (2012)

most conveniently derived in the
representation.

The above correlation functions are often expressed
in terms of a summation over Matsubara frequencies
v; = 2m1/B'>?* using the series expansion

=00 w
2y —— ), 24
Yoara) @

=1

pre-transformed

2 /(1
coth (Bw/2) = —<— +
B\w

which converges rapidly for finite temperatures (but requires
an infinite number of terms in the 7 = 0 limit).

In order to apply Eq. (23) to the Mori chain form of the
bath Hamiltonian, the relevant spectral density has to be ex-
pressed in terms of the transformed representation. As demon-
strated in Appendix A and in Refs. 49, 50, and 92, the spectral
density associated with the original, pre-transformed Hamil-
tonian of Eqgs. (1)and (2), J(w) =7/2Y", c28(w — »,), can
be re-written analytically in the form of a continued fraction.
Truncation and Markovian closure of this continued fraction
at the kth order yields the form of Eqs. (A10) and (A11) of the
approximate spectral density Je(?f)(a)).

Following the strategy of Sec. I B, we will thus calculate
successive kth order spectral densities Jé?(w) for truncated
Mori chains with Ohmic closure. From these spectral densi-
ties, the corresponding correlation functions (22) are obtained
from the relation (23),

O % / doJ ) (@)[coth (Bw/2) cos (wt)—i sin (o1)].
0

(25)

For the lowest-order case where only the primary ef-
fective mode is accounted for (k = 1), we have following
Egs. (A10)and (A11) for the spectral density,

IR (@) = I ) + T8 (@)

(26)
2nwD"

(251 F ) + 2nw)?
i.e., a Lorentzian form, with the antisymmetric property
gflf)( w) = —J () and the definition D' = D/+/2 which
is introduced in Appendix A.

The corresponding correlation function is obtained from
Egs. (23)-(26), with the following real part:

J ;(tl,lff(w) =

1
Re C5 V(1) = D’2<—ﬂQB1 +2 Z
=1

Bl(Q25, + vi(1 —4n))* +

—io(l —i2
16”2‘)14]>6Xp( ia(l —i2n)r)

+D/2< 1 ) ’f szBl [Q2, + v —4n? +idn)]
[ L VAL —4n2)2 + 1602y 4]

B

) exp(ia(1 +i2n)t)

[=c0 8D v [23 — (1 + 2n)*w?]

= Bl

— (4 @22 + 2Qpiv)?

] exp(—vit), 27)
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where o = Qp /(1 + 4n?). The imaginary part Im Cg’])(t) is
given by

(D2 (1 i
@0 . .
mCp () = > (1 T exp(—ia(l —i2n)t)
1412
~1 _—::4 Z exp(ia(l + lZn)t))

2
= %(Zn cosat + sinat). (28)

One should point out that the real and imaginary parts of
the correlation function are directly related through the rela-
tion (23), and can be derived from each other.2* 106

The above case again corresponds to the simplest Brow-
nian oscillator model. The higher order, k = 2, result C(2 2
given by Eq. (A14) of Appendix A.

Since the correlation functions as defined above consist
of complex exponentials that result from the poles of the spec-
tral densities they take the general form

ny+2k

D" fik exp(prut). (29)

=1

Cyn =

where {f «, pi. «} are complex parameters. There are ny poles
resulting from the Matsubara summation which lie along the
imaginary axis and 2k terms from the k effective modes. The
exponential property is an important ingredient in the de-
velopment that is described in Sec. IV, by which the non-
Markovian memory kernel is replaced by a set of coupled
local-in-time equations. It will also be convenient to separate
Cg’k)(t) into its real and imaginary parts

ny+2k ny+2k
2k .
CE; (1) = E ar i exp(prit) —i E by i exp(prit),
=1 I=npy+1

(30)

where the {p; r, ai r, b; x} are complex parameters. The rela-
tion between the coefficients a; ; and b; ; again follows from
the relation between the real and imaginary parts of the corre-
lation functions, see Ref. 106.

IV. SECOND-ORDER MASTER EQUATION USING
AUXILIARY DENSITY FORMULATION

Using the above construction of the relevant correlation
functions, we now return to the master equations (7) and (13)
and focus on the second order form as a special case. As will
be shown below, the complex exponential form Eq. (30) of
the correlation functions leads to a useful formulation of the
reduced dynamics problem, allowing one to convert the con-
volution form of the master equation to a set of coupled local-
in-time equations. The approach bears some similarity to the
scheme introduced by Meier and Tannor® where the relevant
spectral densities were fitted to a sum of complex Lorentzian
functions; this scheme has meanwhile been successfully ap-
plied to various problems.’:6:62 The present approach, by
comparison, does not necessitate any fitting procedure since
the relevant spectral densities and the associated correlation

J. Chem. Phys. 137, 144107 (2012)

functions are determined by the transformations described in
Sec. IL.

We will address both the time non-local (TNL) and the
time local (TL) form of Egs. (7) and (13), respectively.

A. Time non-local approach

The weak-coupling non-Markovian master equation re-
sulting from truncation of the cumulant expansion of Eq. (7)
at the second order in H, sp, and taken to the kth order in the
interaction with the residual bath, reads as follows:

R r, R A
—— = —iLs(t)ps(?) —/ dt' Us(t, t)0(t, f’)U;(I,, 10)ps(t")
4]

—iLs(t)ps(t)

_ . A
— 6., / dt' Cg’k)(t,t/)lfls(t,t’)ézﬁs(t’)]
L 100

t ~
+1 6., / dr’ Us(t,t’)ﬁs(t’)ézcz(z”‘)(t,t’)]

L )

= —iLs(t)ps(t)

— 6., / dr’ Recg'k)(f,f/)[/s(t,f/)[ﬁuﬁs(f/)]:|

L ty

t ~
—i [&Z, f dt' ImCyP(t, 1)Us(t, 1) ps(t), o%h]

to

(€29

where Eqs. (15) and (16) were used, and it was assumed that
the first moments 771, () which appear in the second-order cu-
mulant according to Eq. (9) vanish. In the above equation,
[, ]+ denotes the anticommutator. Equation (31) can be for-
mally re-written as follows:

alé ny+2k

N _ =z 2 A _ ~ A(l,k)
— = —iLsps®) [oz, ; £% (r)]
ny—+2k

> %)} (32)

+i |:O‘Z,
I=npy+1

where the auxiliary density matrices ,6% &) and p A(I " were in-

troduced,

t
50w = [ atasexplpuate 1)

x exp(—iLs(t — )6, ps(t)]
(33)

t
APy = / dt'by g exp(pii(t — 1)

fo

x exp(—iLs(t — )62, ps(t)].
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From this definition, the equations of motion of these quanti-
ties are given as

apyt P L
;t = (pri — iL)PWP (1) + aril6., ps(0)]
(34)
aps 2k
8; = (pix — iL)p) 1) + b6, ps()]4,

where we used the general form Eq. (30) of the correlation
functions. Furthermore,® expressing Eq. (31) in terms of the
real and imaginary parts of the correlation functions reduces
the number of auxiliary density matrices from 2(ny, + 2k) to
(ny + 4k).

The coupled equations for the subsystem operator pg and
auxiliary operators {,6%’]‘), ,651”‘)}, Egs. (32) and (34), replace
the convolution form of the master equation (31). The kth or-
der auxiliary densities are generated from the corresponding
correlation functions Cg’k)(t, ).

B. Time local approach

As explained in Sec. III A, the TL master equation is ob-
tained from the TNL form of Eq. (31) by resummation. In the
TL form the equation of motion corresponding to Eq. (31) is
given by

d0s .2
— = —iLg()ps(t
a7 iLs(t)ps(t)

[ ~ ~
—| 6. / dr’ cg*%,r/)Us(t,r/)ézUkt,ﬂ)ﬁs(r)]

L 1o

+ 6., ps(t) / dt' Us(t, 1)6.C5, t/)}
fo

= —iLs(t)ps(t)

t ~
— |6 / dr’ Recg’k)(l,I/)Us(t,l')[éz,ﬁs(f)]]

L n

t N
—i [a / dr’ ImCF¥ (e, 1) Us(r, 1) ps (1), am}

4]

. ny+2k .
= —iLs(t)ps(t) — [az , [ > 1. ﬁs(t)ﬂ

=1

ny+2k
wilo | X 10.a0) |. (3)
+

I=ny+1

where the auxiliary operators Y%’k) and Y}I’k) were intro-
duced,

t A
TR gy = / dt'ay exp(pralt — 1Y) exp(—iLs(t — )8,
o
(36)

t N
11w = / di'by g exp(pri(t — 1)) exp(—iLs(t — 1))6:.

fo
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From this definition, the equations of motion of these quanti-
ties are given as

aTeLh N
81; =(p1x— iLs)TI(e' () + a6,
(37)
aTeh P A
8; = (pri — iLs)T"O@) + by 6.

As mentioned above, the advantage of the present scheme
as compared with the related approaches of Refs. 58, 60, and
61 lies in the fact that the decomposition Eq. (29) of the spec-
tral density in terms of complex exponential terms does not
result from a fitting procedure, but is a unique result of the
effective-mode transformations described in Sec. II.

V. RESULTS AND DISCUSSION

The results presented here refer to the TNL and TL mas-
ter equations, Eq. (7) and Eq. (13), using either analytical
solutions (Sec. V B) or else the auxiliary density/operator
approach (Sec. V C) as detailed in Sec. IV. We begin this
section by analyzing the two-point bath correlation function
Cg)(t, t'), in accordance with the discussion of Sec. IIT D.
In Sec. V B, we focus on a pure dephasing example, which
is interesting because the TL equations are exact for the
case under consideration, as also demonstrated in Ref. 93.
In Sec. V C, results are shown for the more general spin-
boson example of Eq. (2). For comparing the TL and TNL
form, comparison is made with explicit system-bath multi-
dimensional wavepacket calculations carried out using the
MCTDH method’%7%%% as further detailed in the supplemen-
tary material.'%®

A. Bath correlation functions

We focus here on the low-order correlation functions
Cg’k)(t, t") for k = 1, 2, which determine the short-time dy-
namics within the Mori chain model. The parameters of the
relevant correlation functions are obtained from the effective
mode transformation described in Sec. II. For each order k
the hierarchy is terminated by approximating the coupling of
the final member of the chain to the bath by an Ohmic spec-
tral density. The correlation functions are analytically deter-
mined from the corresponding spectral densities, as described
in Sec. lII D.

In Fig. 1, the correlation function cﬁf"” is depicted for k
= 1 and 2. At the k = 1 level that involves the primary effec-
tive mode coupled ohmically to the bath, ng’l) as defined in
Egs. (27) and (28) consists of (1) an expansion in exponen-
tially decaying terms determined by the Matsubara frequen-
cies and (2) it also possesses an exponential term that has a
single carrier oscillation of frequency 25,/(1 4 4n%) with an
exponentially decaying envelope—as depicted in Fig. 1. The
rate of decay is determined by both the friction parameter 5
and Qp;.

At high temperatures, Eqs. (27) and (28) yield

V) ~Re CF V(1)

_ 2D%kyT

exp(—2ant) cos(ar) + CP@),  (38)
Qp1
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FIG. 1. Bath correlation functions Cg’k) for the imaginary part (blue) and at various temperatures for the temperature dependent real part. (a) depicts the lowest
k = 1 order correlation function with parameters D' = 0.0007, Qp; = 0.0015, and = 2/15; (b) depicts the k = 2 order correlation function with parameters
D' = 0.0004 = dy5, Qp; = 0.0015, Q> = 0.0014, and n = 1/7. The inset figures in both part (a) and (b) depict Re Cg’k)(t, T = 0) evaluated with (black) and

without (cyan) C,(‘];).

where the contribution of Re Cg‘l) overwhelms that of
Im Cg’l) and the Matsubara sum gives the term C;})(t)
= —(D?/m)(4n/(1 4+ 4n*) In(1 — exp(—2mt/B)) which is
only important at short times.

As the temperature is lowered the Matsubara fre-
quencies get denser and the summation may be re-
placed by an integral over the Matsubara frequencies

Vv —> X:
o0
/ dx.
0

Evaluating this integral for Eq. (27) gives

23 1
lim — - —

T—0 f8 P b4 (39

2,1 iD? (—i+2n . .
Re C5V(e, T =0) = 5 (mexp(la(l—HZn)t)
i+2n

~ Thay exp(—ia(1— i2n)t)>+ c'.

(40)
The first two exponential terms on the right-hand side arise

from the complex exponential components of Eq. (27), and
fort >0

(1):D_/2 i+2n
M om | 144102
+ exp(ia(1 —i2n)H)I'[0, i(1 — i2n)t])

(exp(—ia(l —i2m))I'[0, —ic (1l —i2n)t]

—i+2n

T (exp(io(1 +i2m))I'[0, ice(1 4 i2n)t]

+ exp(—ia(l + i2n)HT[0, —ic(1 + i2n)t])} 41)

arises from the exp(—v;) part of Eq. (27). The term
I'la, b] is the incomplete gamma function. At short
times, Cﬁ) diverges but stays integrable, C}(‘,l,) @t —0)
~ —(D"?/m)(4n/(1 + 4n*)Int; the same holds, at all tem-
peratures, for the last term on the rh.s. of Eq. (37)
and Eq. (38). At long times CI(VII) decays algebraically
to zero, CP(t — o0)=@nD?/mQ)(1/1d). If C\) is
neglected the correlation function Cg’l)(t, T =0) then
consists of only a single complex exponential term
—iD"?(i + 2n)exp (—ia(1 — i2n)H)/(1 + 4n*).17

For the k = 2 case of the primary effective mode coupled
to the secondary effective mode which is ohmically coupled
to a bath, the explicit form of Cg’z) is given by Eq. (A14) in
Appendix A. The temperature dependency of cﬁ}” is quite
similar to the k = 1 case. However, as illustrated in the inset
of Fig. 1(b), at T = 0 K the short-time influence of Cf,) is
not very noticeable for the k = 2 case. cﬁ”
approximated as

is then very well

i4D2d}n <~ prexp(—ipst)

CHP) =
50 L+4n> = 1,.(p, = p))

(42)

where the term p, is defined in Eq. (A15) of Appendix A.

B. Pure dephasing

A pure dephasing situation is obtained when Hg = A8,
in Eq. (2). For this model &, is a conserved quantity and the
same holds for any function of it. The resulting equations of
motion for the reduced density matrix elements are uncoupled
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and only the coherences are time-dependent,

dpn 0= 0022
at ot
(43)
0p12 . .y Q. 3p3,
—— = —i2App@) —4 | dt'ReCyg(t,t)p1a(r) = —,
a1 . a1

where © = ¢ for the TL approach and T = ¢ for the TNL
approach. The equation of motion for the coherence in TL
form is easily solved to give

4 [°°
piy (1) = pia(to) exp <—2iAt - — / dwJ®(w)
T Jo

1 —coswt
« coth (ﬂa)/2)T>. (44)

In Appendix B, it is shown that the TL form defined in
Eq. (44) for pure dephasing is exact for the harmonic
oscillator thermal bath. It was also shown in Ref. 93 that
the TL form is exact if the bath modes are Gaussian. Exact
solutions for the TL form have further been discussed in
Refs. 88, 89, 94, and 95.

To investigate more clearly the influence of the bath on
the system dynamics we set A = 0. The system dephasing
dynamics is then completely determined by the influence of
the bath on the system.

1. k= 1 case

At T = 0 K the exact TL expression for the coherence is
given by

2

- 4D
P14, T = 0) = piaio) exp | =5~ [1 — exp(=2an1)

B1

x (cosat + 2nsinat) + M(l)]), (45)

J. Chem. Phys. 137, 144107 (2012)

where M is the term that arises from Cﬁ) of Eq. (41) and
for ¢t > 0 is given by

4
MWD = —n{VE +1In
T

+ i|:2<cos_1 —217 —cos™! ——217 )
81 V1 +4n? V1 +4n?
Qpit Q
Bi \ s 0. - Bt
—2n i—2n
Qpit Qpit
+ exp L F 0’ L
—i+2n —i+2n
—Qpit —Qpt
w20 oo (75 )0 735

Qpt Qpit
+6Xp<i+2n)r[o’i+2n}>]}' @0

The term y g ~ 0.577216 is Euler’s constant. Figure 2 depicts
pi(t, T = 0) and for the TNL case p:(t, T = 0), evalu-
ated using the parameters defined in Table I along with 7
= 1/15, and initial condition p1,(ty) = —i/2. The TL and TNL
form differ significantly. The TL case has a damped oscilla-
tion of frequency « followed by a long time decay of the co-
herence. The TNL coherence oscillation is shifted to a higher
frequency of

- \/4D/2(1 +4n?) + Q3

47
1 + 4n? “7)

o
In Fig. 2(a), piN-(¢, T = 0) evaluated with and without the in-

clusion of C\}) is depicted. By excluding C};, p]N“(z, T = 0)
is evaluated relatively straightforwardly by Laplace transform

— TL
— TNL

TNL no C,,"’

600 800

0.2
a0
(o
g — TLT=300K
= <02 — TNL T=300 K
TL T=1000 K
04 — TNL T=1000 K
\ \
0 200 400 600 800

Time /fs

FIG. 2. Pure dephasing dynamics at the k = 1 level using the parameters defined in Table I along with n = 1/15, and initial condition p2(ty) = —i/2 for the
TL and TNL approach. (a) depicts the T = 0 K case for p]rzL(t, T = 0) (black), and plTZNL(t, T = 0) evaluated with (red), and without (green) inclusion of C}VII)

of Eq. (41). In (b) p{X(r) and p{3"“(¢) are depicted at T = 300 K and T = 1000 K.
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TABLE I. Parameters, quoted in atomic units.

Qp) Qg D’ di»

Dephasing 0.0015 0.0014 0.0007 0.0004
Spin-boson 0.0015 0.0014 0.00025 0.0004
to give

TNL

P @, T=0)
Q2 4D"” exp(—2ant)
Bl
=t Ty o2 T cosa't
4D + Q7 4D 4+ Qg

(48)

2nQp sina't :H
JADR( ) + 23,

From the definition of o it is clear that ,oszNL(t, T = 0) be-
comes more accurate for high frequency (large Q25;) weakly
coupled (small D value) baths where « gets closer to «'.

As the temperature increases the coherence decays more
rapidly to zero for both the exact px(¢) and p2“(¢). In the
high temperature limit and excluding the contribution of C;,ll)
in Eq. (38)

12 1200 )
/ B1

+ ofl(l — exp(—2ant)cosat)

— 4—)7 exp(—2ant) sin ozt:|). 49)
Qpi

In Fig. 2(b), p/y-(t) is depicted at T = 1000 K along with

pINE(+) which becomes more oscillatory and is shifted to even

higher frequency. For pszNL(t) the high temperature expres-

sion is quite complicated and its explicit form is not very in-

structive.

J. Chem. Phys. 137, 144107 (2012)

2. k= 2 case

The explicit analytical expression for p}(¢) is more com-
plicated than the corresponding k = 1 expression, and al-
though its evaluation is straightforward its analytical expres-
sion is not very instructive. Due to the dependency of p,(f)
on the primary and secondary effective mode frequencies, the
coupling between the modes and the friction term, the coher-
ence dynamics will be more complicated than the k = 1 case.
Figure 3 depicts ,oszL(t) and ,olTZNL(t) at(a) T=0K, (b) T
=300 K, and (c) T = 1000 K. Figure 3(a) also depicts p»(f)
evaluated with and without M®@; however, the coherences
are virtually indistinguishable because CI(VZI) contributes little to
Re Cg’z)(t, T = 0), as clearly illustrated in Fig. 1(b). As in the
k =1 case the TL and TNL coherences differ significantly,
especially at high temperature, as illustrated in Fig. 3(c). At
high temperature p/N"(¢) oscillates at a higher frequency and
possesses a relatively large amplitude which takes over 40 ps
to decay, compared to around 500 fs for o/ ().

C. Spin-boson model

This section focusses on the more general spin-boson
Hamiltonian ﬁg = A 6, + A6, where neither the second or-
der TNL or TL form are exact. The dynamics of p™L\(z)
and p™:(¢) are evaluated using the auxiliary approaches of
Eq. (34) or Eq. (37), respectively. The accuracy of the two ap-
proaches is assessed at 7= 0 K by comparing the dynamics of
o™k (t) and p™(¢) with multi-dimensional wavepacket calcu-
lations using the MCTDH method’*"? (Heidelberg MCTDH
package®®).

For the wavepacket calculations, a procedure similar to
the one described in Refs. 49-51 was employed. An explicit
discretized representation using 30 modes sampled from the
kth-order spectral density Je(ﬁf) (w) (see Eq. (A10)) with equally

a \ — TNLnoC,,”
a 0 900 1800
g
= 02 0.4
(b) T=300 K L (c) TF1000
0 021
0
0.2
-0.2
041 0.4
\ \ \ \
0 500 1000 1500 0 250 500
Time /fs

FIG. 3. Pure dephasing dynamics at the k = 2 level using the parameters defined in Table I along with n = 1/14, and initial condition p2(f9) = —i/2 for the TL
(black) and TNL (red) approach. (a) depicts the T = 0 K case for p]T2L(t, T = 0) (black), and p,TZNL(t, T = 0) evaluated with (red), and without (green for TL

and blue for TNL) inclusion of Cﬁ). In (b) ,oszL (t) and plTZNL(t) are depicted at T = 300 K, and (c) at T = 1000 K.
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FIG. 4. (a) Population and (b) coherence dynamics at the k = 1 level and temperature T = 0 K for the TL, TNL, and wavepacket MCTDH approach. The
parameters are defined in Table I along with n = 4/15 and initial condition p1;(f) = 1.

spaced frequencies was employed to simulate the system-bath
dynamics at T = 0 K, where all the bath modes are in the
ground state. The system-bath coupling coefficients ¢, (here,
in the pre-transformed representation) are related to the spec-

tral density by>!
_1%2m
Cn =4 = I (@Aw. (50)
bid

Further details are provided in the supplementary material.'%®

Results are presented for the lowest order kK = 1 case of
the primary effective mode 2| coupled directly to the Ohmic
bath, and for the k = 2 case which consists of the primary
effective mode coupled to a secondary effective mode Q2p,
which is directly coupled to the bath. Initial conditions p (%)
=1, p12(ty) = p21(ty) = p2(ty) = 0 were used for both the
k=1 and k = 2 case.

1. k= 1 case

Figure 4 depicts the population and coherence dynamics
at T = 0 K using the system parameters A = 0.0004 = X
and bath parameters defined in Table I along with n = 4/15
and initial condition p;;(fg) = 1. All three calculations are in
good agreement with each other. The TL approach is in closer
agreement with the MCTDH results than the TNL approach.
This is in stark contrast to the dephasing results of Sec. V B
where the TNL results differed significantly from the exact
TL results. However, in this case the system parameters were
set to zero and so the system dynamics was completely due
to the interaction with the bath. In this spin-boson case the
system dynamics masks some of the influence of the bath and
so the discrepancy between the TL and TNL form is not as
pronounced. Furthermore, a large D coupling parameter was

chosen for the dephasing results which amplifies the differ-
ences between the two approaches.

The population dynamics of Fig. 4(a) displays a decay-
ing almost Rabi oscillatory profile of frequency ~ /A2 + A2,
The imaginary part of the coherence pj, is depicted in
Fig. 4(b).

In Fig. 5, the population and coherence dynamics is
depicted for various temperatures. For the populations the
amplitude of the Rabi oscillation diminishes as temperature
increases and the populations relax almost to a Boltzmann dis-
tribution. The coherence decays more rapidly as temperature
increases.

2. k= 2 case

Figure 6 depicts the population and coherence dynamics
at T = 0 K using the system parameters A = 0.0004 = X
and bath parameters defined in Table I along with n = 2/14,
and initial condition p;;(fy) = 1. All three calculations are in
good agreement with each other. The TL approach is in closer
agreement with the MCTDH results than the TNL approach,
as was the case for k = 1.

Both the population and coherence dynamics of Fig. 6
is very similar to the corresponding dynamics illustrated in
Fig. 4 for the k = 1 case. This is not surprising because
we expect a low order truncation of the effective mode
chain to accurately reproduce the short-time dynamics of the
system.**=>3 The accuracy of the dynamics persists as the tem-
perature is varied, as illustrated in Fig. 7, which should be
compared with the kK = 1 model of Fig. 5.

D. Discussion

The above examples have focused on the analytically
solvable pure dephasing case (Sec. V B) and a more general
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FIG. 5. (a) Population and (b) coherence dynamics at the k = 1 level at temperatures T = 0, 100, 300, and 1000 K for the TL approach using the initial condition

plTlL(to) = 1 and parameters defined in Table I along with n = 4/15.

spin-boson dynamics where the second-order master equation
result was in very good agreement with numerically exact,
non-perturbative MCTDH results (Sec. V C). The cﬁf”‘), k
= 1, 2, correlation functions were calculated from the ana-
lytical expressions of Sec. III D (see Fig. 1), and the resulting
dynamics were compared. The results of Figs. 4 versus 6 and
Figs. 5 versus 7 illustrate the similarity of the k = 1, 2 calcu-
lations for a broad range of temperatures. These results, even

though restricted to low orders in k, are useful by themselves,
and could capture the dominant non-Markovian behavior in
a class of systems where the Brownian oscillator picture pro-
vides a good zeroth-order model.

Some focus was placed upon the comparison between the
TL and TNL dynamics. In particular, it was shown that for
the pure dephasing model the TL form is exact for thermal
harmonic baths, see also Refs. 88, 89, 94, and 95. The TNL

(a)
0.8
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FIG. 6. (a) Population and (b) coherence dynamics at the k = 2 level and temperature T = 0 K for the TL, TNL, and wavepacket MCTDH approach. The
parameters are defined in Table I along with n = 2/14 and initial condition p;(f) = 1.
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FIG. 7. (a) Population and (b) coherence dynamics at the k = 2 level at temperatures T = 0, 300, and 1000 K for the TL approach using the initial condition

plTlL(to) = 1 and parameters defined in Table I along with n = 2/14.

form only showed good agreement with the exact result for
weak coupling and high frequency baths. This observation has
also been noted in Refs. 101 and 102 in the study of optical
line shape widths of excitonic molecular aggregates.

For the spin-boson case neither the TL or TNL form
is exact, but in the results presented here the TL form was
more accurate than the TNL form and this was generally
the case for other caclulations that we performed (but did
not highlight in this paper) using different parameters for the
spin-boson model. However, one should not assume that the
TL form is globally superior to the TNL form; as noted in
Refs. 94, 96, 97, and 101 the accuracy of the TL versus TNL
forms is dependent on the system under study.

Future work will address higher-order correlation func-
tions, and their approximation by lower order Cg’k)’s. While
the analytical correlation function expressions become in-
creasingly demanding, and are in practice difficult to obtain
beyond k = 2, the numerical calculation of the correlation
functions is straightforward. Also, it is feasible to numeri-
cally obtain the complex poles that are required for the repre-
sentation Eq. (29), as a prerequisite for the auxiliary density
matrix/operator approach.

VL. CONCLUSIONS AND OUTLOOK

The hierarchical approach developed here can be
viewed as a Liouville-space analog of the Mori-chain
representation’® 183 which is generally applied in the
Heisenberg picture. This chain representation of the environ-
ment provides a natural approach to non-Markovian dynam-
ics, as is manifest already for its simplest realization, i.e., the
Brownian oscillator model. By the coupling of the primary
oscillator to the residual chain of bath modes, the dynamics
of the former becomes more complicated and eventually re-

veals all details of the many-body environment and its cou-
pling to the quantum subsystem. Note that the approach is
distinct from multi-mode Brownian oscillator models.?*

While the transformation techniques addressed here have
been explored in our recent work®*3246:47 and the useful-
ness of the method has been demonstrated, e.g., to describe
the photophysics of extended systems,**™® the interest of the
present work is to systematically construct a reduced dynam-
ics approach that builds upon the effective mode picture. Cu-
mulant expansion techniques are the method of choice since
they connect to our previous analysis in terms of moments
(cumulants) of the Hamiltonian propagator,’>*7 as well as the
analysis of Ref. 86 in terms of moments of the Liouvillian
propagator.

In keeping with earlier works, we have used
the fact that the central quantities appearing in the analysis
are correlation functions of the primary effective mode, which
is the only bath mode that is directly involved in the system-
bath coupling Hyp. The residual bath appears in terms of the
coupling to the primary mode, and can be accounted for using
various levels of approximation. In particular, the intra-bath
couplings are cast into a band-diagonal form resulting in a
chain of residual modes. In accordance with the Mori chain
picture, an Ohmic closure is introduced at the kth-order trun-
cation point within the chain.

The present analysis is parallel to our recent development
of Refs. 49 and 50 where we proposed to generate a hierar-
chical series of approximate spectral densities J;gf) (w), using
the same effective mode description with successive kth order
truncations. The two-point correlation functions Cg’k) which
are the central quantities of interest in the present study—at
the level of a second-order master equation description—are
obtained as the Fourier-Laplace transforms of these spectral
densities.

25-27,99,100
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Using the complex exponential property of the corre-
lation functions, we have further introduced a time-local
form of the second-order master equation which employs
a formulation in terms of auxiliary densities for the TNL
form or auxiliary operators for the TL form, similar to
Refs. 58, 60, and 61. Importantly, no fitting procedure to
a sum of complex exponentials is necessary in the present
approach.

This procedure, which would be able to capture impor-
tant aspects of the dynamics even at the level of the weak-
coupling (second-order) non-Markovian master equation, has
been illustrated for the first few orders in the chain expan-
sion. Analytical results have been obtained for the two-point
correlation functions C(Bz’k), k =1, 2, which are 2nd order in
Hgp and kth order in the chain expansion. In view of our re-
cent study of the convergence properties of the hierarchical
effective-mode approach of Ref. 53, we expect convergence
with respect to k to be rapid. Specifically, it has been shown in
the latter reference that the random force correlation functions
of the Langevin equation (which are essentially the same cor-
relation functions as those described in this work) are rapidly
convergent and accurately reproduce the memory kernel to
4kth order in time.

Although powerful numerical techniques are available to
explicitly provide exact solutions for the spin-boson problem
in many dimensions,®*¢7-73 the present transformation tech-
niques can be useful for more general system-bath problems,
as exemplified by our recent applications.*>>° An approxi-
mate, reduced-dimensional treatment of the residual bath can
thus bring significant advantages for ultrafast system-bath dy-
namics in markedly non-Markovian regimes.

Various extensions and applications of the present ap-
proach can be envisaged. First and foremost, the proposed
approximation schemes need to be carefully assessed and
compared with the approximations made in reduced dynam-
ics descriptions of the original Hamiltonian (prior to the ef-
fective mode transformation). A priori, the present approach
is not limited to weak coupling, provided that higher orders
in the cumulant expansion are included. This can in princi-
ple be done, based on the observation that the bath in the
chain representation represents a Gaussian process — as is
the case in the pre-transformed representation. Further, rel-
evant extensions involve the generalization to more compli-
cated quantum subsystems like conical intersections, where
several effective modes appear at each order of the Mori chain
hierarchy.*-3? Finally, interesting connections exist to numer-
ical renormalization group techniques, which have recently
been extended to bosonic baths, using very similar chain con-
structions as the one employed here.*> Overall, we hope that
the present approach could provide a useful alternative to
other hierarchical schemes that have recently been developed

in order to make non-Markovian reduced dynamics feasible
in practice,®20-58.60.103,104
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APPENDIX A: CONTINUED-FRACTION SOLUTION
OF MORI CHAIN EQUATIONS WITH MARKOVIAN
CLOSURE

In this appendix, we derive a general form of the spec-
tral density for a truncated Mori chain with Ohmic closure,
which yields by Fourier transformation the correlation func-
tions of Sec. III D. The resulting spectral densities are the
analog, in mass and frequency weighted coordinates, of the
spectral densities obtained in Refs. 49 and 50. Similarly to
these references, the spectral density pertaining to the chain
representation Eq. (5) is obtained in terms of the imaginary
part of a Laplace-domain propagator K z(z) which describes
the effect of the bath on the subsystem.

For a two-level system, we consider the Heisenberg oper-
ators {6,, 6y, 6;}. For convenience, we employ the operators
6+ = 1/2(6, £ i6,) which are found to evolve independently
under the coupling to the bath,

(2 £ 2A)64(2) T A6.(2) — i640 = K (2)64(2). (A1)

The operator 6, is independent of the bath, and its evolution
follows from the relation 6, = —i2A(64 — 6_).
From the propagator K fgi) (z), the spectral density is ob-

tained as follows:2>4%-30

J(@) = lim ImKg(w — ie), (A2)
e—>071

i.e., the spectral density is given as the imaginary part of the
dynamic susceptibility.?

As in Refs. 25, 49, and 50, we now employ a mixed
quantum-classical representation and replace the bosonic cre-
ation and annihilation operators Ap, =1 / \/E()A( Bn + iﬁBn)
and Agn = l/ﬁ()A(B,, — iISB,,) by their c-number analogs,

1

W(XBn — i Ppy),

(A3)

1 :
Opp = W(XBn + lPBn); (X;n =

noting that o, is the eigenvalue of the annihilation opera-
tor when acting on the corresponding coherent state, An loes)
= a,|o,), and likewise, (oz,,|fiT = (o, ;. We emphasize that
the classical approximation for the bath degrees of freedom
only concerns the construction of the spectral densities, and
does not impose any approximation regarding the dynami-
cal treatment of the bath. (See also the discussion of Ref. 92
where a full quantum treatment of the bath is addressed.)

As a result of the Fourier/Laplace transform, we obtain
for the Heisenberg operators of the two-level system,

—i264(z) — 610 = £i2A61(z) Fir6,(z) £ iD' (o (2)
+aj(2)) * 6+(z)

—i267(2) — 62,0 = —i2A(64(2) — 6-(2)), (A4)

where the * symbol denotes the frequency domain convo-
lution and 64 ¢ and &, correspond to the operator initial
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conditions. For the bath variables, we obtain
—izo(2) = —iQpia1(z) — iD'6.(z) — id) 202(2)

—izon(z) = —iQpraa(2) — id oo (z) — idy 3003(2)

N
—izy(2) = —iQpro(2)—idi 1 k-1 (2)—=i Y dineta(2)
n=k+1

—12041(2) = — i1 Qprp10k+1(2) — idy jy10%(2)

—izay,(z) = —iQpnoan(z) — idy nor(z) (A5)

and a corresponding set of equations for the o quantities.
From the first equation of Eq. (AS), an expression for
a1(z) is obtained, which is to be inserted into Eq. (A4):
D /6z (2)

_ _ (@)’
2= Qp —ding

a1(z) = (A6)

With an analogous equation for «(z), and referring back to
Eq. (Al), we have

J. Chem. Phys. 137, 144107 (2012)

where we used 6,64+ = 64 and the convolution form on the
rhs of Eq. (A4) was approximated by assuming é4(z — z’)
~ &4 08(z — Z) in the interaction frame.”> To continue, an
equation for a,(z)/at1(z) is obtained from the third equation
of Eq. (AS), and similarly for the following orders. A contin-
ued fraction pattern thus develops.*°

When the kth member is reached, the hierarchy termi-
nates as follows:

ou(z) di—1, 7 (A8)

= - =
1@ g Q= 2 lis z_k_g;

where we used «,(z) = di, ,o1(2)/(z — Qp,) from the last
N — k equations of Eq. (AS).

In the limit where the last N — k modes conform to an
Ohmic bath, one can replace

Np 42
> k—Q — i2nz, (A9)
nekil < eBn

where 7 is the friction coefficient from a Langevin treatment.
Analogous expressions can again be obtained for the o vari-
ables.

With an Ohmic closure at the kth order, we thus ob-

K E;i)(z)c?i(z) tain the kth order spectral density as follows according to
Eq. (A2):%
= +D" ! + ! 64(z) IR () = lim ImKR P (w —ie) (A10)
- QBl—dl,zgfg 7+ QBl-i-d],zzi—g . €0t i
1
(A7) with K gk) given as a continued fraction of order &,
|
RY@) =Ry, @+ Ry (2
. D/2
Kpula) = - 2
Qpr Fz— L2 7
QpyFz— - k—2,k—1 .
Y. = VI
N Qpr Fz+12nz
_ D} diy B apl A4 (Al
11 Fz QmTFz Qpr-1 Fz Qe Fz+i2nzg

where the continued-fraction notation of Pringsheim'%

was used.

At the first order of the hierarchy, k = 1, the relation (A10) results in the Lorentzian spectral density of Eq. (26). The
corresponding correlation function is obtained by Fourier transformation and is given by Eq. (27).

At the second order, k = 2, we obtain the spectral density

I§ @) =2

+,eff

with

(@) + JZ (@)

2D"d}nw

(A12)

)]
I (@) = {

(g1 F 0)[Q2p2 Fo(1 —i2n)] — diH H(Qp1 F 0)[Qp2 F (1 + i2n)] — di, |

(A13)
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and the corresponding correlation function is given as

2,2) l2D/2d12n
GTO="T
4 exp(—ip,t)
I e L
=1 H#r(ﬁr - pj)

2 oo
— ED/zdlzzn Z vy, €Xp(— vy, 1)

n=1

J. Chem. Phys. 137, 144107 (2012)

qENard)

1

. ({(931 v 22 + ivn(1 — i20)]

- dlzz}{(QBl +iv,)[Qp2 + iv, (1 +i2n)] — d122}

1
+ 9
{( Q51 — iv)[Qp2 — iva(1 — i20)] — d, H{(Qp1 — iva)[Qp2 — ive(1 4 i2n)] — di, )

where
~ Qpr+Qpill+i2n]
P = T i
(@2 — Q1 +i27)2 +4d3 (1 +i2n) s
+) 2[14i2n] » (AL
_ Qp+Qp[1—i2n]
P = 201 —i2n]
/(932 — [l —i29])? +4d}[1 — i2n)
+ (- . (Al6)

2[1 —i2n]
APPENDIX B: ANALYTICAL SOLUTION FOR THE
PURE DEPHASING CASE
For the dephasing example,
H = Hs + Hsp + Hp

(A14)

We assume factorised initial conditions pg ® pg. The
harmonic oscillator bath is in thermal equilibrium with a den-
sity matrix given by?

(x 4+ x)? p B

1
) ,7 = - t A
P 2. ) /27 sinh Bw exp ( 4 an 2
O o P (B2)
4 2 )

where x represents the collective bath coordinates {)?n}ivg.
The presence of the interaction 6; ), c,x, shifts the har-
monic potential along the bath coordinate for state 1 to xp_,
= —cy/w, and the other is shifted to —x, , = ¢,/w,. Further-
more, Hy raises state 1 by A and lowers state 2 by an equal
amount. The total system plus bath density matrix for the off-
diagonal dephasing part is then given by a thermal coherent
state,

Wy
_Aaz—i—achnx,,—{—Z “(#2+ p2)1. B
|
(x,x', B) 1 (
X, x',B) = ———=exp|—
P2 /27 sinh fw P

[x + xo(1 — cos wt) + x" — xo(1 — cos wt)]? ,Ba)>
1 tanh —

[x + xo(1 — cos wt) — x" + xo(1 — cos wt)]? Bw
x exp [— 2 coth —

x exp(ixg(x + x") sinwt — i2At)

[x + x']?

1
= ——X ¢ —
/27 sinh Bw *p ( 4

n )
2

( [x — x" + 2x0(1 — cos wr)]?
x exp [—

4

x exp(ixg(x + x")sinwt — i2At).

Bw
th —
co > >

(B3)
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Taking the trace gives

1
o2 = /27 sinh fw

J. Chem. Phys. 137, 144107 (2012)

exp (—iZAt — xg(l — cos wt)? coth '%U)

X / dx exp (—x2 tanh '3760 ~+ i2x0x sin a)t)

T

. Bw
27 sinh Bw tanh 5+

4x2 sin® ot
P 4 tanh 57‘”

1

= [ ——————exp <—i2At — xg(l — cos wt)? coth 7)

. /Sw
2 sinh B tanh 5~

X exp (—xé sin” wt coth %0)

= exp <—i2At — xg(l — cos wt)? coth %U)

Bw

1 . 5 Bw
=5, &Xp —i2At — 2x5(1 — cos wt) coth — |. (B4)
2sinh 5 2

For N - o0

N C2
22 w—"z(l — COS w,t)

4 o0 C2
= —/ dw—';(l — cos w,t)d(w — wy)
0 ()

T n
4 (> J

= —/ dw@(l — coswt) (BS)
T Jo w

and so we have
1 4 *°  J(w)
)= —— —i2At — — d
f12(6) 2sinhﬁ7“’ exp( ' /4 /(; @ w?

% coth ’%‘”(1 — cos a)t)), (B6)

which is essentially what we have for the time-local form
piy (1)
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