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Abstract. The dynamics of the reduced density matrix of the driven dissipative two-state system is studied
for a general diagonal/off-diagonal initial state. We derive exact formal series expressions for the popula-
tions and coherences and show that they can be cast into the form of coupled nonconvolutive exact master
equations and integral relations. We show that neither the asymptotic distributions, nor the transition
temperature between coherent and incoherent motion, nor the dephasing rate and relaxation rate towards
the equilibrium state depend on the particular initial state chosen. However, in the underdamped regime,
effects of the particular initial preparation, e.g. in an off-diagonal state of the density matrix, strongly affect
the transient dynamics. We find that an appropriately tuned external ac-field can slow down decoherence
and thus allow preparation effects to persist for longer times than in the absence of driving.

PACS. 05.30.-d Quantum statistical mechanics — 05.40.-a Fluctuation phenomena, random processes,
noise and Brownian motion — 33.80.Be Level crossing and optical pumping

1 Introduction

The dissipative two-state system (TSS) can model a great
variety of physical and chemical situations. The case in
which the TSS is a spin 1/2 particle interacting with a
heat bath is encountered in the context of spin magnetic
resonance and relaxation [1]. A more general class con-
cerns double-well systems where only the ground states of
the two wells are occupied. The dissipative T'SS can de-
scribe, e.g., hydrogen tunneling in condensed media [2],
tunneling of atoms between an atomic-force microscope
tip and a surface [3], or of the magnetic flux in a rf-SQUID
[4]. Recent experiments on submicrometer Bi wires have
measured transition rates of two-level systems coupled to
conduction electrons [5,6]. This model has been also ap-
plied to describe nonadiabatic chemical reactions in the
condensed phase, such as electron transfer [7-11] or pro-
ton transfer reactions [12,13]. In these particular cases,
the TSS describes the electronic or protonic motion be-
tween two diabatic potential energy surfaces. When the
polarization of the fictitious spin is bilinearly coupled to
a harmonic bath, one ends up with the so-termed spin-
boson model [14-16]. For a symmetric bistable potential
this problem is analogous to that of a spin 1/2 in a con-
stant magnetic field in the x direction and with environ-
mental fluctuating fields in the z direction, cf. e.g. [14].
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The analogy holds also for an asymmetric double well
potential under appropriate rotation of the “spin” axes.

In the spin-boson literature, the particle is usually pre-
pared in a localized diagonal state of the reduced density
matrix (RDM). In fact, if this initial condition is chosen,
the dissipative TSS is a paradigm to investigate the in-
terplay between quantum coherence phenomena and en-
vironmental influences. The coupling to the environment
results in a reduction of the coherent tunneling motion by
incoherent processes [14-16], and may lead to a transition
to localization at zero temperature [17]. Finally, when the
system is additionally subject to time-dependent external
forces, diverse remarkable effects occur [18]. In the ab-
sence of coupling to a heat bath, complete destruction of
tunneling can be induced by a coherent driving field with
appropriately chosen frequency and amplitude [19,20]. In
the presence of dissipation, this effect can still persist for
many tunneling periods [21-24]. The transition tempera-
ture above which quantum coherence is destroyed by bath
fluctuations is modified by a driving field [22-24]. Other
aspects concern, e.g., the possibility to control a priori
the proton or electron transfer by an electric field [25,26],
or the phenomenon of driving-induced large-amplitude co-
herent oscillations [27-31].

Here we study the reduced dynamics for arbitrary dia-
gonal/off-diagonal initial preparation. Within the path-
integral method, a set of exact equations for the elements
of the RDM are obtained. In particular, the diagonal
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elements of the RDM satisfy a closed generalized (non-
Markovian) master equation (GME) in which the par-
ticular initial preparation is in the inhomogeneity. Dif-
ferent approximations covering the interesting parameter
regimes of temperature and bath coupling are discussed.
We show that the asymptotic dynamics is independent of
the particular initial state. However, preparation effects
related to nonzero off-diagonal elements of the initial re-
duced density matrix are crucial at short times whenever
the dynamics exhibits underdamped coherent oscillations.
We address several features of the dissipative dynamics
which are sensitive to this initial state. In particular, we
show that a suitably tuned ac-field can slow down the
decoherence induced by the environment, so that prepa-
ration effects can survive on a longer time-scale than in
the absence of driving.

The “initial density matrix problem” is well known in
the context of spin magnetic resonance and relaxation.
Among the first microscopic theories are the pioneering
works by Bloch [32], Redfield [33] and Fano [34] on the
relaxation of dissipative spin systems subject to weak ex-
ternal magnetic fields. Common to these early works are
the simplifying assumptions of a Markovian bath and of a
weak interaction between the system and the bath. These
assumptions lead to Markovian equations of motion for
the RDM which can be solved in lowest order Born ap-
proximation. However, the Markov approximation for the
case of open quantum systems weakly coupled to their
environments may break the positivity of the reduced dy-
namics. It has been shown [35] that the weak-coupling
Markovian equations of motion (Redfield equations) are
a consistent approximation to the reduced dynamics only
if supplemented by a slippage in the initial conditions.
As already shown by Argyres and Kelley in 1964 [36],
who started from the Liouville equation of motion for the
global system, the description of the full time evolution
of the reduced system generally involves the solution of
non-Markovian equations of motion.

The problem of environment-induced decoherence has
found attention in different contexts [16]. A theme of top-
ical interest is the suppression of quantum coherence in
magnetic grains or of a giant spin coupled to a phonon
or spin bath environment [37]. Here, the case in which
decoherence originates from the coupling to a harmonic
thermal bath is considered.

In Section 2 we introduce the driven spin-boson model
and the relevant dynamical quantities. In Section 3.1 we
derive the exact formal solution for the RDM, and in Sec-
tion 3.2 we obtain a set of exact integro-differential rela-
tions among the elements of the RDM. General features
of the reduced dynamics, as well as of nonequilibrium
correlation functions, are outlined in Section 3.3. In Sec-
tion 4 we discuss several useful analytical approximations
for the reduced dynamics, and in Section 5 we draw our
conclusions.
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2 The driven spin-boson system

To start with, we describe the externally driven spin-boson
Hamiltonian H(t) = Hrss + Hext(t) + Hp + Hsp. The
first term characterizes the isolated two-state system. It is
conveniently written in the pseudospin form
Hrgg = —3h(Ag0s + €02). (2.1)
We choose basis states |R) (right) and |L) (left) as eigen-
states of o, with eigenvalues +1 and —1, respectively. In
the discrete representation, the position operator ¢ is re-
lated to o, by ¢ = %O’zd, with d being the spatial distance
between the localized states. The interaction energy i
is the energy splitting of a symmetric (¢g = 0) TSS due
to quantum tunneling. The term Hey () describes the in-
teraction with external time-dependent fields. To be gen-
eral, we introduce couplings to external fields which mod-
ulate the asymmetry energy between the two wells and the
coupling energy between the localized states [18].
The general Hamiltonian for the driven TSS reads
Hrss 4+ Hext(t) = —3h[A(t)o, + &(t)o2). (2.2)
Here, A(t) and e(¢) may or may not be periodic, depend-
ing on the characteristics of the driving fields. Finally,
the thermal bath is an ensemble of harmonic oscillators,
Hg = >",[p?/2m; + m;w?2? /2], and we consider bilinear
couplings that are sensitive to the T'SS position and to a
collective bath coordinate X describing the bath polariza-

tion energy, Hyp := —0.X/2, where X =d ), c;x; . The
time-dependent spin-boson Hamiltonian reads
H(t) = —1h[A(t)o, +e(t)o.] — 30.X + Hg.  (2.3)

In this model all the bath influence is captured by the
spectral density J(w) = (7/2) >,(c? /mw;)d(w — w;). We
assume a power-law form with an exponential cutoff,

J(w) = (27h/d*) @' S w® exp(—w/we). (2.4)

Here, s is a dimensionless coupling constant, and & a
reference frequency. The case s = 1 describes an Ohmic
bath coupling. We now study the RDM of the model (2.3).

2.1 The reduced density matrix of the driven
spin-boson system

We wish to compute the RDM p(t) = Trg{W (¢)} of the
driven damped TSS, where W (t) is the density matrix of
the global system. We assume for the global system at
time ¢o = 0 the product initial state W (0) = p,Wp. Here
Wp is the canonical density matrix of the bath, W =
e PHs /Ty {e=AHe} (8 = 1/kpT), while the TSS has been
suddenly prepared in the general RDM state

po = 31+ LPyo. + ao, + bo,

_ pr a—ib (2.5)
~\a+ib p, )
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Here, P, := pr — py,, where pp and p;, = 1 — pp are
the probabilities to find the particle in the right and left
well, and a, b are the coherences. In the second form, the
RDM p, o (t = 0) is written in the eigenstate basis of
o.. With a,b real, the condition Trp? < 1 leads to the
constraint a? + b? < ppp;. Knowledge of p(t) at times
t > 0 enables us to calculate the expectation value of every
observable relevant for the T'SS. The pseudospin form with
matrices o and I reads p(t) = I/2+ > ,_, , (0i)t0i/2,
where (0;); := Tr{p(t)o;}, yielding

(02 = p11(t) — p—1,-1(t),
(Oz)t = p1,-1 t) p-1,1(t),
(oy)e =i[p1,-1(t) —

The diagonal elements p_; _; and p;,; are the popula-
tions, and the off-diagonal elements p_1,1, p1,—1 are the
coherences. The position expectation value

(02) i= P(t) = Tr{p(t)o.} = Tr{o=(t)po}  (2.7)

provides central information on the dynamics of the TSS.
For adiabatically varying driving fields, the difference N(t)
in the population of the energy levels is

N(t) := cos[0(t)] (o)1 — sin[(t)] (o4 )¢, (2.8)

where tanf = —A/e. In particular, N(t) coincides with
(02)¢ for the case of a symmetric, undriven TSS.

We label the off-diagonal and diagonal states of the
RDM by £ = £1 and n = £1, respectively, and introduce
the conditional RDM propagators P(u,t; po, to) from the
initial state po at time ¢y to the final state p at time ¢,
where u, g = n or €. Then, the expectation value of the
position is expressed as

<Uz>t = Z n[pRP(nvtynO = 170)
n==1
+pr, P(n,t;m0 = —1,0)

(2.9)
+(a —1b)P(n,t; & = 1,0)
+(a + 1b)P(77a t; 50 - _]-a 0)]
Similarly, the coherence expectation value reads
(o2)i = Y [PrP(& t;m0 = 1,0)
E==+1
+py, P(§,t5m0 = —1,0) (2.10)

+(Cl - lb)P(§7t7§0 = 170)
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In the absence of driving and dissipation, the RDM can
easily be evaluated. One finds

e A?
(0:) = (b — pr) | 5 + =L cos(wqt)| (2.11)
0 Yo
A A
+2a 0260 [1— cos(vyt)] — 26— sin(y,t),
i Yo
VAN
(0u)t = (pr — 1) =g [1 — cos(wpt)] (212)
0

Az & € .
+2a {—2 +— COS(I/Ot)} + 2b— sin(y,t),
w % Yo

1d

A_OE<Uz>tv (213)

(oy)e = —

where Ey = hy, with v, = (A3 + €2)'/? is the energy
splitting. As expected, N is 1ndependent of ¢ for any ini-
tial state, N = (pr —pr,)€o0/ vy +2al0/vy. By virtue of the
expressions (2.11-2.13), the evolution for different initial
preparations can be discussed. In the standard prepara-
tion, the TSS is set up at time ¢, = 0 in a (localized)
eigenstate of o, in particular when the tunneling dynam-
ics is investigated. We then have pp =1 (or p;, = 1) and
a = b = 0. After the system is released, (0,): and (04)+
will undergo quantum coherent oscillations with frequency
V. In contrast, when the system is prepared in the ground
state, we have py —p;, = €0/, 2a = Ag/vy, and b = 0. In
this case is N(t) = 1, (0.): = €0/, and (04)r = Ao/v
for all ¢, and hence there is no dynamics. Beyond these
limiting cases, one can think of other preparations. The
maximum amplitude of the oscillations is reached when
the system is prepared in an eigenstate of o .

In the presence of driving and dissipation, the quan-
tum coherent motion described by equations (2.11-2.13)
is modified. Let us now investigate these modifications.

3 Path-integral solution for the RDM

3.1 Exact formal solution

For the model (2.3), the trace over the bath degrees of free-
dom can be performed exactly. The RDM is then written
in terms of the spin path o(t) = 2¢(t)/d as

/DU/DU Alo|A* 0" Flo,0'] ps, .01 (to)-

0'0,0'0

Poo (t) =

The double spin path sum runs over all possible interme-
diate spin states 1, and the outer states are as indicated.
The quantity A[o] is the probability amplitude of the TSS
to follow the path o(¢') in the absence of fluctuating forces,
and Flo,0'] is the Feynman-Vernon influence functional
describing the environmental influences [38]. It is conve-
nient to introduce the linear combinations

§t) =3lo(t) =o',  nt)=3zlot)+o'(t')].

N[
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(4)
" e e .
to 13} 1) ton—1 tay, t
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PR o PRGN .
to t ta  t3 ton_2 ton_1 t

Fig. 1. Generic paths of class A and B contributing to the
expectation value (o.):. Paths of class A start and end in a
sojourn state (straight line). Paths belonging to class B start
in a blip state (curly line) and end in a sojourn state.

We then obtain Flo,o'] — F[n,&] = exp @[n, £] with
t t’ . .
@[n’g] — / dtl dt” {g(t/)Q/(tl _ t”)f(t”)
to to
HEW)Q (' — "))

&) [ A [Q' —)E) +iQ"(E — "))

to

AEEQ(t — to)}

to

~in(to) [¢1Q"() - | L)),

to

— &(to) [§DQ'(t —to) -

where Q(t) = Q' (t) +iQ" (t) is given by
2 [ J(w)
= — d
/0 o

Qt) (3.1)

R w?
x{coth(%) (1 - cos(wt)) + isin(wt)} .

We have n(¢')&(t") = 0. The periods the system spends in a
diagonal state, n(t') = £1, are referred to as sojourns. We
have 7 = +1 for the state p1,1, and n = —1 for p_1,_1. The
periods in which the system is off-diagonal , £(¥') = +1,
have been dubbed blips [14,16]. We put £ = 1 for the state
p1,—1, and £ = —1 for the state p_q ;.

We begin with studying (o, );. Consider first the case
where the system is initially and finally in a sojourn state
(Fig. 1, top). We refer to the corresponding paths as class
A. A general double path of class A with 2n transitions
at flip times ¢;, 7 = 1,2,..,2n has n + 1 sojourns and n
blips. The influence function for this path reads

n j—1
PO = HI 41> &K
j=1 k=0
= n g1 (3.2)
Z QQ] 2j—1 ZZ fjfk
j=2 k=1

where Qj 1 := Q(tj—tx), tant1 = t. The term H2 contains
the intrablip and interblip correlations, and Im @™ all
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blip-sojourn correlations. We have for & > 0
Q2j-1.26-1-

!’
Q2j,2k -

1"
Qaj2k —

/ /
ASy = Qojop—1 + Qaoj_1 25 —

A 1" 1" 1"
Xk = Qojonr1 T Qoj_12k — Qaj—1,2k+1-
The correlation term involving the initial sojourn, X2 S0
keeps track of the particular initial preparation [16]. When
the TSS is suddenly prepared in the state pg, the bath is
in the canonical state Wpy, resulting in the correlations of
the initial sojourn with the blip j
Xfo = Qa1 —Q"2j-11 +Qaj_10 — Qa0

In contrast, when the T'SS has been constrained in the
state g for a long period before it is released, the bath is
in the shifted canonical state Wg = Wg exp(03X/2) at
t=0. ThenwehaveX] —>XO—Q2], —Q"2j-11.

All paths of class B start in a blip and end in a sojourn
state after an odd number of steps (¢f. Fig. 1, bottom).
The corresponding influence function with n blips reads

n j—1
P <P 113 Y X
=2 k=1
n—1 ! n j—1 (33)
- Z Q11,25 — Z Z &€k AjBk-
§=0 =2 k=1

The division of the correlations is as for class A. We have
B ! !
ATk = Qoj_1,2k—2 + Qoj_2.2k1
!’
—Qoj_1,2K-1 —

B o 1" 1"
X = Qo105 + Qaj_ook-1 —

!
Q2j72,2k727

Qaj—126—1 — Q2j—2,2k-
Finally, the sum over histories of paths is represented (i)
by the sum over all possible numbers of steps, (ii) by the
integrations over the corresponding flip times {¢;}, and
(iii) by the sum over all possible arrangements of the blips
{§; = £1} and sojourns {n; £ 1}. For the time integrals
and the associated transition amplitudes, we introduce the
compact notation

t t tn to
D7L{tj}"' = dt, dt,—1... dtlén{tj}"' ,
to to to to
onfts} =TT At)
Jj=1

The sum over the intermediate diagonal states can eas-
ily be performed. This leads to modified bias factors and
influence functions. The influence of the time-dependent
biasing forces is represented by the factors (i = A, B)

C(f) = cos ¢, , ) = sin i

n,i (34)
n = ZﬁjC(izj,tzj—l),
j=1

G =Y &C(t2j-1,t25-2),
=1
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where ((¢,t') = ff} dt”e(t"). The superscript (s/a) labels
terms symmetric/ antisymmetric in the bias. The dissipa-
tive influences are described by the influence functions

n—1

Fétz = exp(H, Hcosxnk, FéA —F(+)tanxn0,
k=0
n—1
Fr(LJrEZ = exp( Hf) H cosxf,k, (3.5)
k=1

in which the phases Xf%k = Z?:kﬂ @Xik describe the
sojourn-blip correlations.
Next, we introduce the partial expectation values

PO(t) =
PO (t) =

e {o.()o.}, P(t) = LT {o.(t)},
ITr{o.(t)oy}, PV(t) := 1Tr {o.(t)o.},

given in terms of the conditional propagators as

S n P, tm0,0) = no PO (1) + P (2),
n==x1

n==+1

+ieo P (8) + PV (). (36)

Substituting the forms (3.6) into equation (2.9), we obtain
for the general initial state (2.5) the position expectation
as

(0:) = (pr —pr) PO (t) + P (1)

+2aP$ (1) + 26PS (1), (3.7)

Collecting the various weight factors for the double spin
path, we find the exact formal series

POt —1+Z - /DQn{t y 3" EHeS),,

&}

POW = -3 (L / Doniti} S FC O,

n= 1 {&}

[ee]
P (t) = Z -3 /Dzn 1t} D aFes,,
n=1

{&}
PP(t) = i( % /D2n 1{t; }ZF:SB)CSEB

&}

The sum Z{gj} is over the 2™ possible states for the n

blips included in F,(lﬂi‘) and F,(liB)

The initial condition (0.);—o = pr — p;, is provided
by the first term in equation (3.7). The residual terms
are contributing for times ¢t > 0 only. In the special case
a=b= P, =0, equation (3.7) reduces to the form P(t) =
Pl(s) ) + Pl(a) (t), discussed in reference [14].

We refrain from writing down the corresponding se-
ries expressions for the coherences. We see from equa-
tion (2.10) that they involve the influence functional of
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those paths which start from a diagonal or off-diagonal
state of the RDM and all end in an off-diagonal state.
The explicit derivation for the standard initial prepara-
tion p;, = a = b = 0 is given in reference [39].

Using [ H,0.]—- = iAo, we find for any initial state

1

(@ =~ S 35)

Thus, (0y): can be interpreted as an average tunneling
current. The exact formal solution for (o), is more com-
plicated and is discussed below.

The above exact expression for (o), and the corre-
sponding ones for (o,); and (oy): have a very complex
form and cannot be evaluated analytically. Therefore one
has to resort to suitable approximations and correspond-
ing numerical computations. Before turning to approxi-
mations, we now show that the dynamics of (o,); can be
expressed in terms of an exact master equation, and (o, )¢
can be determined from an integral expression.

3.2 Exact master equations and integral expressions
for the RDM

The kernels of master equations are the irreducible com-
ponents. Irreducibility means that a kernel cannot be cut
into two uncorrelated pieces at an intermediate sojourn
without removing correlations across this sojourn. Follow-
ing references [29,39], we define irreducible influence func-
tions by subtracting all reducible components. We find for
paths of type i = A, B with n blips and time growing from
right to left

n

=F =31y

=2
« Z F(JF) F(JF) .

mi, [ ma, [
My, My

(%)
Fn,i

()
Fm 16m1+---+mj,n-

The inner sum is over all positive integers my,..,m;. By
definition, each subtraction involves again time-ordered
flips. In the subtracted terms, the bath correlations are
only inside of the factors F,(nﬂf)l, and there are no correla-
tions between these factors. The n = 2 terms read

Fy) (tasts,ta,t1) = By (ta s, o 1) (3.9)
— P8 (ta, 1) F (1, 11)
Fg(,iB)(t?ntQ,tl,to) = Fg(:jtg’) (t3,t2,t1,t0) (3.10)

— P8 (ts, 1) FU (11, o).

The flip times for the n > 2 terms can be taken from
Figure 1. Removing from class A the outer sojourns, we
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find for the symmetric (s) and antisymmetric (a) kernels

% (s/a)(t t/) (3.11)

t3
+z / O
tl

ol Y
{&==1}

K (t,t) =

Here we have the identifications ¢; = ¢/

lowest order in A, we obtain

and t9, = t. In

KEQ(t1') = AW AE)RD (t ') cos[((t, )], 12
K (t,t) = ADA@RO ¢ — ) sinf¢(t, )],
where
WO (1) = =9 W cos [Q" (1)), (313)

R (t) = e~ O sin [Q(1)].
The kernels connected with paths of class B are found by
removing from these paths the final sojourn. The antisym-
metric kernel is given by the series (we put to,—1 =t)

K@@ t) = (3.14)
t to

KW (t t)
dth 2" dtl

+Z
X52n 1{t }_ Z 51 nB

{g==1}

The symmetric kernel K](BS)(t,t') is found from equa-
tion (3.14) upon substituting

GERON, — FLBCT. (3.15)
The lowest order is again without internal steps,
KOt t') = At)e=Q =) cos[¢(t, )],
~B( ) = A() [C(¢, )] (3.16)

K@ (t,1) = A(t)e@ =) sin[C (¢, ).

The full dynamics of (c,); is established by iterative suc-
cession of these kernels and an additional time integration.
Next, we take the time derivative of equation (3.7) and re-
arrange the resulting series into sequences of irreducible
clusters. The resulting series can be summed to the exact
generalized master equation (GME),

d t a S
Goe= [ARP e — KD

+2aK(t,0) — 20K 5 (t,0). (3.17)

To calculate the dynamics of {(o;);, we introduce kernels

Yf(‘s//;) (t,t") which differ from KS//;) (t,t') in the influence
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weights. For type A, we find (we put ¢t =t/ ta, =1t)

Y (1) = VY (1)

) t ts
+D (=0 dtgpa e [ dE
n=2 v 4
1 (= s/a
*XOon-1{t;} 5 Yo bt esy,
{&==*1}
and the terms without internal steps read
YOt 1) = AWt~ ) coslc(t,1)],
(3.18)

V7 (8 1) = AR (¢~ ¢)sinlc(t, 1)

The symmetric kernel of type B is given by (to,—1 = t)

o0 t to
+Z(—1)"*1/ dth,Q--./ dt;
n=2 0 0

{&5==%1}

Yt t) = (3.19)

1
X(Sgnfg{tj}2—n

The antisymmetric kernel of type B, Y]éa)(t,to), is
obtained from equation (3.19) upon substituting

Q6 PO, — e B o, (3.20)

In lowest order, the system stays in the same blip state,

YO (t, 1) = =@ 1) cos ¢t t),
s () o &) (3.21)
Y () = =@ sin[(¢,1)).

The exact formal expression for (o) is readily found as

t
(oa)e = [ A[YP )+ YV (1) (0.)w)

; (3.22)
+2aY$) (,0) + 26Y ) (¢,0).
Here, (0.)r may be calculated from equation (3.7)

or equation (3.17). Thus, once we have calculated

both (o.); and the kernels Yi(s/a) (t,t'), we obtain (o)
by quadrature.

3.3 General features of the reduced dynamics

In the absence of time-dependent driving, the expressions
(3.17) and (3.22) are in convolutive form and can be stud-
ied by Laplace transformation. We now summarize several
general features:

(i) The equilibrium state reached asymptotically is
obtained from equations (3.17, 3.22) as

X @(0)
26)(0)’

(Ta)oo = Z(0) + Z5V(0) (02) e

<Jz>oo =Py =

(3.23)
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with the ‘self-energies’

SE/(\) = / dre K™ (1),
. (3.24)
s = /O dre MY (7).

The states reached asymptotically are independent of the
initial state, as expected. In the transient regime, the rele-
vant dynamical quantities are the frequency and damping
rate of the coherent oscillation, the coherent-incoherent
transition temperature 7™, and the relaxation rate to-
wards equilibrium. All these quantities are determined by
the zeros of the equation

A+ X\ =0. (3.25)

Since equation (3.25) is independent of the particular
initial state, these quantities are universal.

(ii) Effects of the initial preparation on the dynam-
ics drastically depend on the particular initial state cho-
sen. We see from equations (3.17, 3.22) that off-diagonal
preparation effects (a, b # 0) die out on the time scale
Tk on which the bath correlation function Q'(t) decays.
For strong enough damping, and/or high enough tempera-
ture, 7 is very small compared to the time scale 1/5()(0)
for incoherent exponential relaxation into the equilibrium
state. Thus, there is a huge time domain in which effects of
the initial coherences have already died out, and the sys-
tem relaxes with the rate I, := X®)(0) to the equilibrium
state as

P(t) := (0.); = [(pr — pr.) — Poo]e " 4+ Po. (3.26)
Thus, only track of the diagonal states of the initial RDM
is kept in the incoherent regime.

(iii) The particular initial preparation is crucial in the
underdamped regime at short-to-intermediate times. We
shall study this regime in the next section.

(iv) The above methodology for expectation values can
be extended to the computation of correlation functions
for a general factorized (i.e., nonequilibrium) initial prepa-
ration of the global system. Here we study the family of
correlation functions

C;;(t) = <0i(t)aj (0)) =Tr {Ji(t)ojpo}

C(t) == (o

(3.27)
ij ;(0)o;(t)) = Tr {o,(t)pyo; }-

Upon defining p; := 0;py, the correlation functions Cf; (t)
can be written in the form of expectation values,

Ci(t) = Tr{o;(t)p;},

3.28
C; (1) = Tr{o,()7]}, o2
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Using the form (2.5) for p,, we obtain the expressions

~ 1 P, . . p a—1ib
P, = 502 + 701—|—1a0y —ibo, = (—aliib . ),
- 1 iPy . a+ib pp,
px:§oz_70y+a-[+lbo—z:( pR a—lb s
- 1 iPy . b—ia —ipy,

We wish to emphasize that the {p;} are not proper density
matrices since they are not positive definite. Therefore,
the similarity of the correlation expression (3.28) with an
expectation value is only formal.

Consider now explicitly the position autocorrelation
function CZ (¢). Substituting into equation (3.28) the par-

pls/a)

tial probabilities P/, (t), we obtain

CL(t) = PP () + (pg — )P (1)

(3.29)
+i[2aPP(t) — 20PS) (1) ].
In the special case pg — p;, = Pao, we find
+ (1 _ ps) (a)
ReCZ(t) = P (t) + Px Py (1), (3.30)

originally discussed in reference [44].
Also the correlation functions CZ (t) and Czﬂ; (t) can be

expressed in terms of the functions Pl(s/ =) (t) and PQ(S/ =) (t).
Using the above forms for p;, we find
CL(t) = P (t) + 2aP™ (1)
(2P () — (pr — p) P57 (1)
CL (t) = P (t) + 2bP{ (1)
+il(py, —pp) 3 (1) — 2aP{7 (1)).

We see that the correlation functions (3.29), (3.31), and
(3.32) are complex in general and that the probabilities
and coherences are mixing their roles. The symmetrized
correlation functions are real, and the antisymmetrized
parts x;;(t) = (i/h){[0i(t),0;(0)]-) describe the linear
response of (o;)¢ to the d-perturbation H = —4(t) fjo;,

6(oi)e = x4 () f;-

We now turn to useful approximations.

(3.31)

(3.32)

4 Approximate treatments
4.1 The noninteracting-blip approximation (NIBA)
The noninteracting-blip approximation (NIBA) [14] has

found broad application in studies of the tunneling dy-
namics. The extension of the NIBA to the driven case is
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reviewed in reference [18]. In the NIBA, the blip-blip inter-
actions A; ;, are neglected, and also the sojourn-blip inter-
actions X ;, are disregarded except those of neighbors, k£ =
j—1, and they are approximated by X; ;_1 = Q" (7;), with
blip length Tj = to; —taj—1 (class A) or 7; =tg;_1 —taj_2
(class B). Hence in the NIBA, the influence functions in
equation (3.5) factorize into the individual blip influence
factors. In the absence of interblip correlations, the irre-

ducible influence functions F}, [t ) are zero for n > 1. Then

the series expressions (3.11- 3 18) for the irreducible ker-
nels reduce to the terms of lowest order in A(t), given by

the kernels without internal flips f(i(s/a) in (3.12, 3.16),

and }’;;(S/a) in (3.18, 3.21). Evaluation of equations (3.17,
3.22, 3.8) with these kernels gives the complete dynamics
of the spin-boson model in the NIBA.

The NIBA is appropriate at sufficiently high tempera-
ture and/or large friction, and/or large bias. For zero bias
and absence of driving, the interblip correlations in (o, );
are of order damping strength squared. Then the NIBA
for (o,): is also systematic for very weak damping down
to T' = 0, whereas it is inconsistent for (o, )+ at low T (see
below). This has been independently confirmed numeri-
cally by a direct comparison of NIBA results with those of
the interacting-blip chain approximation (IBCA) [40], the
real-time quantum Monte-Carlo simulation method [41],
and the QUAPI method [42].

In the absence of driving, the NIBA predicts complete
destruction of the coherent motion above the crossover
temperature T* [14,16,43]. Above T*, the effects of off-
diagonal preparation die out on a much shorter time scale
than the characteristic time scale for incoherent decay, and
therefore are irrelevant. In the NIBA, the TSS approaches
the equilibrium state

<Jz>oo = Poo = tanh(h60/2kBT),

()00 = (Ao/€0) tanh(hieo/2k5T), (4.1)

exponentially fast with the relaxation rate X (0) = I,

I, =A2 / drh ) (1) cos(eoT). (4.2)

0
For weak damping and low T, the NIBA breaks down for a
biased system. We see from equation (4.1) that the NIBA
predicts at T = 0 incorrect symmetry breaking for arbi-
trarily small bias ey, Ps, = sgn(€g), and also a violation
of the unitarity bound (0,) < 1.

Off-diagonal contributions in the initial state may in-
fluence the dynamics considerably in the coherent regime
T < T*. The related discussion is postponed after the dis-
cussion of the systematic weak-damping treatment which
is free of the NIBA’s flaws.

4.2 Systematic weak damping approximation

For weak damping, nonzero bias and low temperatures,
the bath correlations A;j; and Xjrx;—1 contribute al-
ready to terms which depend linearly on the spectral den-
sity J(w). These correlations are dropped in the NIBA,
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and therefore the NIBA breaks down in this regime. The
kernels Kf/a)(t,t’) and ngs/a)(t,t’) in (3.11) and (3.18)
have been studied for weak damping in references [29] and
[39], respectively. The kernels KS/ =) (t,t') and Y];S/ =) (t,t)
are given by similar expressions. The weak-damping form
of (0,): is obtained by solving the GME (3.17) with the
related weak-damping kernels, (o) is found from equa-
tion (3.8), and (0, )+ is obtained from the integral relation
(3.22). Consider now first the undriven dynamics.

4.2.1 Expectation values
In the absence of driving the GME (3.17) is in convolutive

form and is conveniently solved by Laplace transforma-
tion. Putting ty = 0, the population is found as

P(t) = (N1 +n1)e ™" + (N2 + n2) cos(vt) e
+(—2bA/v +n3)sin(vt) e I 4 Py, (4.3)
with tunneling frequency v = (A2 + €2)'/2, and equi-

librium value Py, = (&/v) tanh(hﬂy/Q) The adiabat-
ically dressed tunneling coupling is in the Ohmic case,
A=A (Ao/wc)“/(l_“), and in the super-Ohmic case

1 o0
A= Agpexp <——/ dw J(C:)) . (4.4)
m™Jo w
The relaxation rate I'. and dephasing rate I' read
I = (A?/2v2)J(v) coth(hBv/2), (45)

I'=1T,/2+ 2rads 1 (eo/v)*ksT/h.

The second term contributes to I" only in the Ohmic case.
Finally, the amplitudes are

= (e0/V)? Py + 2ae9A/v? — Pu,
Ng = (A/v)?Py — 2aegAJV?,
n1 = —ng = —4bl.AJV?,
ng = (FTN1 ‘l‘FNQ)/l/,

(4.6)

where the n; are of linear order in the bath coupling.
The coherences are readily found upon substituting the
solution (4.3) into equation (3.22) as

(02)e = (My +mq) e It + (My + my) cos(vt) eI

+[2beo/v 4+ ma] sin(vt) e Tt 4+ (04)00,  (4.7)
with (04)00 = (A/v) tanh(ffr/2), and amplitudes
My = (e0A/V?) Py + 2a(A/v)? — (04) oo,
My = —(e0A/V?) Py + 2a€3 /v?, (4.8)

mp = —Mg = 4b€0F/l/2
ms3 = (Fer +FM2)/Z/

We gather from these results that the coherent dynamics
of P(t) = (0.): and (0,)+ at short-to-intermediate times
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is strongly affected by the chosen initial state. The evolu-
tion of the population difference P(t) is shown in Figure 2
for three different initial preparations. We consider (I) a
“standard” initial state in which the system is released
from the right well (py = 1, a = b = 0), i.e., an eigen-
state of o, (II) a preparation of the TSS in the ground
state (pr = 1/2 + €o/2v; p, = 1/2 — €o/2v; a = A/2v
and b = 0), and (III) a preparation in the excited state
(pr = 1/2 —e0/2v; py, = 1/2 4+ €o/2v; a = —A/2v and
b = 0). Figure 2 clearly shows that initial preparation in an
off-diagonal state is distinguished in the dynamics only in
the initial time domain. Effects related to an off-diagonal
preparation show up only in the short-time underdamped
dynamics. We have already noted in Section 3.3 that the
equilibrium value and the damping rate are independent
of the initial state chosen. Hence all curves approach the
same equilibrium value on the same time scale. Prepara-
tion in an eigenstate of o, gives rise to large-amplitude
damped oscillations (full curve). On the other side, when
the TLS is prepared at low T in the ground state, the ini-
tial population Fj is already close to the equilibrium pop-
ulation P,. In this case, P(t) shows only small-amplitude
damped oscillations around the asymptotic value Py, ~ B,
(dashed-dotted curve). When the TSS is prepared in the
excited state, we have Py ~ —Ps. Then the system per-
forms small-amplitude damped oscillations superimposed
to the slow exponential relaxation towards the equilibrium
population (dashed curve).

4.2.2 Nonequilibrium correlation functions

With the weak-damping expressions (4.3-4.6) for P(t), it is
straightforward to determine the partial expectation val-
ues. We find for Pl(s/ =) (t) the forms

POt) = (&/v?) e It + (A% /1?) cos(vt) e
—I—[e%l}/y?’ + AZF/VB ] sin(vt) e 1t (4.9)
PP (t) = Py[1— e Tt — (I /v)sin(vt) e 7], (4.10)

and for the partial probabilities PQ(S/ =) (t)

PQ(S) (t) = —2(FA/v?) e 1"t + 2(TA/v?) cos(vt) e 1

—(A/v)sin(vt)e 1, (4.11)
P (1) = (g A1) e Tt — (eyAJv?) cos(vt) e
+eg AL, — ) /v3 ] sin(vt) e 1, (4.12)

Substituting these forms into equations (3.29, 3.31), and
into equation (3.32), we obtain the weak-damping expres-
sions for the correlation functions C.;(t) (j = z, v, 2).
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10 20 30 40

Aot

Fig. 2. The population P(t) := (0.): is sketched as a func-
tion of time for a standard preparation in the right state (full
curve), preparation in the ground state (dashed curve), and
preparation in the excited state (dashed-dotted curve). The
parameters chosen are a = 0.05, w. = 3040, kT = 0.05h Ao,
and eg = 0.05A¢.

4.2.3 Driven dynamics

Finally, let us study the effect of a monochromatic ac-field
modulating the bias energy,

e(t) = eo + €cos(£2t), A(t) = Ao.

The full dynamics can be worked out by generalizing the
methods developed for the standard preparation [18] to
the general initial state (2.5). Here we only wish to an-
swer the intriguing question: Is it possible to slow down
the bath-induced decoherence in such a way that prepa-
ration effects persist for longer times than in the absence
of driving?

Consider high-frequency driving, 2 > Aq, v, I, I},
and the dynamics described by the field-averaged GME
obtained from (3.17) upon substituting the field-averaged

forms FES/") for the kernels Ki(s/ *) This is formally ob-

tained upon performing in Ki(s/ *) the substitutions
cos[C(t, )] — Jo[f(t —t")] cos[eo(t — )] =C(t — 1),
sin[C(t, t")] — Jo[f(t —t")]sinleg(t — t')] = S(t — '),

where f(t—t') = (2¢/£2) sin[2(t —t") /2]. For example, the

averaged weak-damping kernel f(j) takes the form

(4.13)

Kt —t)=22¢0t—t1—Q(t—t)] (4.14)
LA / dts / "4t St — t2)P(ts — 1)S(tr — t)
x[Q'(t =) +Q'(ta —t1) = Q'(ta —t') — Q'(t — t1)].

The first term represents the NIBA. In the residual con-
tribution, the term P(t2 — t1) is sandwiched between two
blips with intervals t; — ¢’ and ¢ — t5. This term describes
all possible transitions of the undamped system between
diagonal states during the period ty — 1,

P(t—to) = 1+§:( /Dgn{t }HC tgj —tgj 1)
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The resulting GME is convolutive. The respective pole
condition is conveniently studied using the relation

T (%m%) = 3 J2(e/2)cosn),  (415)

n=-—oo

which suggests to introduce the channel tunneling fre-
quencies Aegrn, = Jn(€/02)Ap, and side frequencies e;f =
€o = nf2. The weak-damping dynamics can now be inves-
tigated by generalizing the line of reasoning proposed in
reference [29], where to lowest order in é/§2 only three
effective tunneling frequencies and three side frequencies
occurred, to an infinite set of effective tunneling and side
frequencies. For small static bias ¢g < 2, and for the
ratio €/§2 chosen away from the zeros of Jy(é/f2), one
finds that the dynamics behaves like for a static bias, but
with effective tunneling matrix element A.g . Because
I, I Agfho < A2, both the dephasing rate I" and the
relaxation rate I;. can be strongly reduced by a suitable
choice of the parameters of the driving field. The same
reasoning is applicable when an ac-field is applied which
satisfies the resonance condition €;; = 0. In this case, when
€/12 is away from the zeros of J,(é/(2), the decay rates
are proportional to A%; =~ < A2. This implies again that

the field-averaged population difference P(t) and coher-

ence (0,), will be approximately given on a longer time
scale by

P(t) ~pr —pL, (02),~2a (4.16)
than in the absence of driving. Thus, the decay of the
field-averaged RDM towards the average stationary state
can be slower than in the absence of driving.

At the zeros of J,(€/2) (with n determined by the
resonant or near resonance condition e, | < £2), a more
careful analysis must be performed because several terms
of the series expansion (4.15) may be relevant for the TSS
dynamics. However, the important point now is that the
decay towards equilibrium, as well as coherent tunneling,
are strongly suppressed by the ac-field. The maximum
suppression occurring at the zeros of J,,(é/£2). For a stan-
dard initial preparation (pgr = 1), we recover from the first
relation in (4.16) an effect which has been termed “coher-
ent destruction of tunneling” [19]: a particle initially local-
ized in one well will remain localized over several tunneling
periods. The present results, however, are more general:
in the absence of dissipation and for parameters at the
zeros of J,,(€/£2), the ac-field acts in such a way that any
particular initial preparation is maintained. This driving-
induced effect also persists when the TSS is additionally
coupled to a thermal bath. This effect can also be studied
in the underdamped regime within the NIBA.

At this point, a more precise statement should me
made. Upon averaging over the driving field, the field-
induced oscillatory contributions about the field-averaged
dynamics are disregarded. Hence, the field-averaged dy-
namics describes the actual dynamics only well if the am-
plitude of these oscillations is small. For particular param-
eter regimes, it turns out that this approximation may well
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describe the dynamics of P(t) in the presence of a high fre-
quency field, whereas the coherences may perform already
large amplitude oscillations around their mean values [46].
In this case, time-dependent corrections to the average be-
havior of (0,),, equation (4.16), are relevant.

5 Conclusions

In conclusion, we have studied the dynamics of the driven
dissipative two-state system for an arbitrary factorized ini-
tial state of the reduced density matrix. We have shown
that complete information about the reduced dynamics is
contained in the position expectation value (¢, );. Namely,
(0.): obeys an exact generalized master equation, and
(04)¢ is related to (0.)+ by an integral relation. The other
coherence (o) follows from (o.); by differentiation. We
have also discussed the nonequilibrium correlation func-
tions ij (t) = (02(t)o;(0)). As a general feature, it turns
out that characteristic quantities of the dynamics, such
as the asymptotic expectation values, the dephasing and
relaxation rates, and the transition temperature T* above
which quantum coherence is destroyed are “universal”,
i.e., do not depend on the particular initial state cho-
sen. Above T, only preparation effects which are related
to a diagonal initial state of the reduced density matrix
show up in the dynamics. In contrast, below T* also the
coherences of the initial RDM may have significant ef-
fects on the dynamics at short-to-intermediate times. To
study these effects, we have presented different analytical
approaches appropriate in the whole interesting temper-
ature and damping regime. In particular, we have shown
that a suitably tuned high-frequency ac-field may prolong
any dynamical effect of the particular initial preparation.
The phenomenon of driving-induced coherent suppression
of tunneling, P(¢t) =1 in reference [19], turns out to be a
particular manifestation of the more general results given
here.
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