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Ground state and dynamics of the biased dissipative two-state system:
Beyond variational polaron theory
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We propose a ground-state ansatz for the Ohmic spin-boson model that improves upon the variational treatment
of Silbey and Harris for biased systems in the scaling limit. In particular, it correctly captures the smooth
crossover behavior expected for the ground-state magnetization when moving between the delocalized and
localized regimes of the model, a feature that the variational treatment is unable to properly reproduce, while it
also provides a lower ground-state energy estimate in the crossover region. We further demonstrate the validity
of our intuitive ground-state by showing that it leads to predictions in excellent agreement with those derived
from a nonperturbative Bethe-ansatz technique. Finally, recasting our ansatz in the form of a generalized polaron
transformation, we are able to explore the dissipative two-state dynamics beyond weak system-environment
coupling within an efficient time-local master equation formalism.
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I. INTRODUCTION

The thermodynamics and nonequilibrium dynamics of
quantum systems in contact with environmental degrees of
freedom is a topic of primary importance in physics and
chemistry,1–4 and is also becoming increasingly relevant in
biology for systems in which quantum effects may play an
important role.5–10 In typical experiments, it is impossible to
observe the degrees of freedom of the environment. The un-
measured correlations which build up between the system and
environment then lead to an effectively irreversible, nonunitary
dynamics of the reduced state of the quantum system. This is
often classified into two fundamental processes, the intuitive
relaxation of the system to thermal equilibrium, caused by
energy exchange with the environment, and the destruction
of quantum mechanical coherence between classical system
states, known as decoherence.

In situations where the environment is weakly coupled to
the system, methods such as Redfield or Lindblad theory
can be applied,11 and the dynamics of the reduced state
can be described using simple time-local master equations.
However, when the coupling is strong, or if the decay of
environmental correlations is slow, then the Born-Markov
approximation on which these techniques are based will fail,
and a more sophisticated treatment of system-bath correlations
and bath-memory effects is required. The development of
methods to treat such cases has recently been necessitated
by interest in a wide range of quantum systems in which
the environmental interactions and dynamics are nontrivial,
leading to complex reduced system state dynamics which
are intermediate between semiclassical energy relaxation and
purely quantum coherent (wavelike) motion. Important exam-
ples include superconducting and spin quantum dot qubits
for quantum computation12–14 and the recently discovered
long-lasting wavelike motion of excitons in photosynthetic
pigment-protein complexes.5–10

The extensively studied spin-boson model has established
itself as perhaps the most important system for developing

theoretical concepts and numerical techniques through which
we may understand the microscopic behavior of open quantum
systems in all of the regimes mentioned above. The model
consists of a quantum two-level system (TLS) that is coupled
to an environment made up of a bath (continuum) of harmonic
oscillators. The environment and its couplings to the system
are characterized by a spectral function J (ω), to be defined
later. In many important applications, the spectral function
behaves as a power-law at low frequencies J (ω) ∝ ωs , and this
is often used to classify system-environment coupling types
into three distinct groups: sub-Ohmic (s < 1), Ohmic (s = 1),
and super-Ohmic (s > 1). Despite its apparent simplicity,
the dynamics of the spin-boson problem cannot be solved
exactly, and the extremely interesting, and as yet unexhausted,
physics in the model continues to drive research into its
properties and the potential implications for quantum devices
and biocomplexes.14–21

The super-Ohmic case is arguably the simplest to de-
scribe and applies to a wide variety of physical systems,
such as in the electron-phonon interactions of impurities
in solids2,22 and quantum dots,23–26 and in atom-photon
interactions.11 However, even in this case a crossover from
coherent to incoherent dynamical behavior is expected as
the environmental influence becomes strong,22,27,28 and the
simplest weak system-bath coupling treatments will then
fail. The sub-Ohmic case leads to strongly non-Markovian
dynamics and also contains a quantum phase transition in the
ground state.29–38 Sophisticated numerical methods, capable
of treating the many-body correlations which drive these
phenomena,32,33,39–44 are often required to look at this case,
and several artificial systems have been proposed in which
these effects could be observed.45,46 The Ohmic case lies
on the boundary of the non-Markovian, many-body physics
of the sub-Ohmic regime and the effectively Markovian
(although not necessarily weak-coupling)22,27,28 physics which
emerges in the super-Ohmic case. Its importance lies in the
combination of its nontrivial dynamical properties, which
encapsulates a number of different phases, and the many
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physical realizations of this type of environment.1,2,11 A
particularly topical example is found in exciton transport
in pigment-protein complexes, where the (Ohmic) over-
damped Brownian oscillator model is widely employed as
a simplified way to model solvent environments and protein
fluctuations.16,47

To treat the dynamics of the spin-boson model, various ad-
vanced numerical and analytical methods have been proposed
and applied.1,2 Amongst these, a popular and powerful ap-
proach has been the polaron transformation technique,4,22,48,49

which uses a unitary transformation of the spin-boson Hamil-
tonian to treat part of the system-bath coupling nonperturba-
tively, and then employs perturbation theory in the residual
system-bath couplings to derive a dissipative master equation
for the TLS.27,28,50–55 The perturbative treatment of residual
interactions essentially drives thermalization among the renor-
malized states of the nonperturbative part of the transformed
Hamiltonian, and at low temperatures it is important that
the transformation correctly captures the ground state of the
system embedded in the environment. Unfortunately, the naive
application of standard polaron theory to Ohmic environments
fails, as all coherent matrix elements are renormalized to zero
in the nonperturbative part of the Hamiltonian for all coupling
strengths. This leads to purely incoherent dynamics in a time-
local master equation approach,56 even though more sophisti-
cated numerical and analytical techniques, as well as common
sense, show that damped coherent dynamics take place at
sufficiently weak coupling.57 An improvement on the standard
polaron theory is the variational polaron treatment of Silbey
and Harris (SH),58–60 in which the zeroth-order Hamiltonian
may describe coherent dynamics for weak coupling. However,
for biased TLSs this theory predicts an unphysical, discon-
tinuous crossover to incoherent dynamics at a finite coupling
strength.60

The failure of these approaches lies in the improper choice
of the zeroth-order Hamiltonian, which at low temperatures
results in the system relaxing to a ground state which is
qualitatively different from the true ground state. In this paper
we propose a new ground-state ansatz for the biased Ohmic
spin-boson model and show that it predicts results in excellent
agreement with nonperturbative treatments based on the Bethe
ansatz for this problem.61 As well as being conceptually
simpler than these often costly techniques, our ansatz is
itself based on a generalized polaron-type transformation
that permits the nonequilibrium dynamics of the TLS to be
explored using many of the advances recently made in polaron
theory.51–55,62–64

The paper is set out as follows: In Sec. II we introduce the
spin-boson model and formulate the problem. We then present
our microscopic ansatz for the ground state and compare
it to the SH theory and the exact Bethe-ansatz solutions
of an equivalent theory. In Sec. III we demonstrate how
the ansatz can be recast as a unitary transformation of the
original problem, and derive the effective Hamiltonian with
which we then compute the TLS dynamics. These results and
the comparison with the other theories are then discussed.
In Sec. IV we briefly comment on the application of our
ansatz to non-Ohmic spectral densities, before summarizing
in Sec. V.

II. MODEL

The spin-boson Hamiltonian can be written as

H = ε

2
σz − �

2
σx +

∑
k

ωkb
†
kbk + σz

∑
k

gk(b†k + bk), (1)

describing a TLS characterized by a bias ε and tunneling
amplitude � between basis states |1〉 and |0〉, linearly coupled
to a harmonic oscillator bath of mode frequencies ωk, with
strengths gk (assumed real). The standard Pauli operators used
above are σz = |0〉〈0| − |1〉〈1| and σx = |1〉〈0| + |0〉〈1|. As
has been well established by previous studies,1,2 for Gaussian
initial states the effects of the environment on the reduced state
of the TLS in this model are completely determined by the
spectral function J (ω), defined as J (ω) = ∑

k g2
kδ(ωk − ω).

In this paper we will consider the Ohmic spectral density,
which we parametrize as

J (ω) = (α/2)ωθ (ωc − ω), (2)

with α being a dimensionless measure of the system-
environment coupling strength, while θ (x) is the Heaviside
step function that provides a cutoff to the spectral function at
a typical frequency of ωc.

A. Ground-state ansatz

For computing nonperturbative dynamics in a standard
polaron-type theory, it is essential that the zeroth-order Hamil-
tonian possesses a ground state which is a very good approxi-
mation to the true ground state. We shall first construct such a
ground-state ansatz and present an equivalent generalized po-
laron transformation in Sec. III. The ansatz is composed from
the basis {|0〉∏

k D(αk,0)|vac〉,|1〉∏
k D(αk,1)|vac〉}, where

|vac〉 denotes the vacuum state of the bosonic bath and D(αk)=
exp[αk(b†k − bk)] are bosonic displacement operators.65

In the new (restricted) basis, we may write the spin-boson
Hamiltonian as

H̃ = (ε + A0 − A1)

2
σ̃z − �r

2
σ̃x + (A0 + A1)

2
, (3)

where σ̃z = |0〉∏
k D(αk,0)|vac〉〈vac|∏k D(−αk,0)〈0| −

|1〉∏
k D(αk,1)|vac〉〈vac|∏k D(−αk,1)〈1|, A0 =∑

k αk,0(ωkαk,0 + 2gk), A1 = ∑
k αk,1(ωkαk,1 − 2gk),

and the tunneling term has been renormalized such that

�r = �〈vac|
∏

k

D( ± (αk,0 − αk,1))|vac〉

= � exp

[
−1

2

∑
k

(αk,0 − αk,1)2

]
. (4)

At this point, the effective Hamiltonian of Eq. (3) can be
diagonalized and the ground-state energy minimized as a
function of αk,0 and αk,1 to find an optimal set of displacements
in the ground state. For sub-Ohmic baths with s < 0.5, this
procedure has been shown to correctly capture the physics
of the mean-field quantum phase transition of this model,
and reproduces results obtained by nonperturbative numerical
techniques.35 However, for Ohmic systems we find that this
procedure is unstable and deviates from the well-established
results for the Ohmic case for α > 1/2. The cause for this is
currently under investigation. Curiously, the correct behavior
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is found for the unbiased case (ε = 0) by the variational
transformation of Silbey and Harris,58 in which the constraint
αk,0 = −αk,1 is imposed. However, as will be discussed
further in Sec. II B, the SH procedure fails for the biased case.

We now propose a nonvariational ansatz for the mode
displacements for the biased Ohmic spin-boson model, appro-
priate for the scaling limit (�/ωc � 1), which incorporates
features of both the sub-Ohmic and SH ground states, yet fixes
the pathologies associated with both theories in this case. The
proposed displacements are given by66

αk,0 = gk(ε − ωk)

ωk(ωk + χ )
, (5)

αk,1 = gk(ε + ωk)

ωk(ωk + χ )
, (6)

where χ = (�2
r + ε2)1/2. This leads to a self-consistent equa-

tion for the renormalized tunneling given by

�r = � exp

(
−2

∫ ∞

0
dω

J (ω)

(ω + χ )2

)
, (7)

which for J (ω) of Eq. (2) becomes

�r = �

(
χ

χ + ωc

)α

eαωc/(χ+ωc). (8)

Equation (7) self-consistently predicts the renormalized tun-
neling matrix element �r . It should be noted that, in the
presence of a bias, the integral is essentially cut off at low
frequencies by the dynamical energy scale χ , which is always
nonzero for ε �= 0. This means that, in the biased case, a finite
solution to Eq. (8) can always be found, and �r is thus a
continuous function of α. Similarly, we find [again for J (ω)
of Eq. (2)]

A0 =
∫ ωc

0
dω

J (ω)(ε − ω)(2χ + ε + ω)

ω(ω + χ )2

= αωc

2χ (χ + ωc)
[ε2 + χ (2ε − ωc)], (9)

A1 =
∫ ωc

0
dω

J (ω)(ε + ω)(ε − ω − 2χ )

ω(ω + χ )2

= αωc

2χ (χ + ωc)
[ε2 − χ (2ε + ωc)], (10)

which gives R = A0 − A1 = 2αωcε/(χ + ωc). Hence, we
may now write the ground-state energy in the Ohmic case
as

λ0 = 1

2

(
αωc(ε2 − χωc)

χ (χ + ωc)
− η

)
, (11)

where η = {�2
r + ε2[1 + 2αωc/(χ + ωc)]2}1/2, while the

ground-state magnetization M = 〈σz〉 and coherence 〈σx〉
become

M = −ε [1 + 2αωc/(χ + ωc)]

η
, (12)

and

〈σx〉 =
√

1 − M2

(
�r

�

)
. (13)

The approximate ground state itself is written simply as

|�0〉 = − R + ε − η√
�2

r + (R + ε − η)2
|0〉

∏
k

D(αk,0)|vac〉

+ �r√
�2

r + (R + ε − η)2
|1〉

∏
k

D(αk,1)|vac〉.

(14)

B. Comparison with the Silbey-Harris approach

We shall now compare our ground-state ansatz [Eq. (14)]
to that given by the variational treatment of Silbey and
Harris.58–60,67 In the present formalism, the SH varia-
tional ground state is obtained by setting αk,0 = −αk,1 =
−gk/(ωk + �2

SH/χSH) in Eqs. (3) and (4), where �SH is the
renormalized tunneling element found in the SH theory, and
χSH = (�2

SH + ε2)1/2. These displacements can be obtained
by minimizing the ground-state energy of the Hamiltonian of
Eq. (3) with respect to αk,0 and αk,1 subject to the constraint
αk,0 = −αk,1 (which implies that R → 0). In doing so the
self-consistent equation for �SH becomes

�SH = � exp

(
−2

∫ ωc

0
dω

J (ω)(
ω + �2

SH

/
χSH

)2

)
, (15)

which leads to

�SH = �

(
�2

SH

�2
SH + χSHωc

)α

exp

[
αχSHωc

�2
SH + χSHωc

]
, (16)

again in the Ohmic case. Note that the low-energy cutoff scale
is now given by �2

SH/χSH which can self-consistently vanish
above a critical coupling strength. This is the essence of the
SH theory at strong coupling. The SH ground-state energy is
given by

λSH = 1

2

(
αχSHω2

c(
�2

SH + χSHωc

) − χSH

)
, (17)

while we also find MSH = 〈σz〉SH = −ε/χSH and 〈σx〉SH =
�2

SH/χSH�.
In Fig. 1(a) we plot the magnetization of the present

spin-boson ground-state ansatz [from Eq. (12)] as a function
of the dimensionless coupling α and compare with that given
by the SH method for various values of the bias ε. As is
now well known, for small ε the SH magnetization MSH

displays an unphysical discontinuous “jump” to MSH = −1
(corresponding to a fully localized ground state) for some
value of α < 1. This behavior can in turn be attributed to a
discontinuous change from nonzero �SH to �SH = 0 in the
SH theory as α is varied. From Fig. 1(a), however, we see that
the ansatz presented in this work leads to no such “jumps” in
the behavior of M , and the magnetization smoothly approaches
−1 with increasing α. This behavior is in agreement with that
found from various advanced numerical methods,32,33,68,69 as
we shall show explicitly below using results derived from the
Bethe ansatz.

In Fig. 1(b) we plot the difference in ground-state energies
predicted by the two theories, λSH − λ0, as a function of α,
for the same values of the bias as in part (a). We see that for
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FIG. 1. (Color online) (a) Magnetization M as a function of
system-bath coupling α for the Ohmic spin-boson ground state.
Results from the Silbey-Harris variational treatment are shown as
open circles, while the solid curves are plotted using the ansatz
presented in this work [see Eqs. (12) and (14)]. Part (b) shows the
difference in the ground-state energies predicted by the Silbey-Harris
theory and the present ansatz (both of which are negative). In both
plots � = 10−2ωc, with the arrows indicating values of ε = 0.5�

(blue), ε = 0.1� (red), ε = 10−2� (green), ε = 10−4� (orange), and
ε = 10−8� (purple) in decreasing order.

all parameters considered here, the present ansatz corresponds
to a ground-state approximation with lower energy than that
given by the SH theory (both λSH and λ0 are negative for
these parameters), suggesting that the state given by our ansatz
is indeed a better approximation to the true ground state.
Interestingly, we see that the difference in the two ground-state
energies is maximized through the crossover region, where
MSH is changing most rapidly. We also note that the unusual
behavior of λSH − λ0 near the peak difference is due to the
discontinuities present in the values of MSH and �SH as α is
increased.

C. Comparison with the Bethe ansatz

As discussed in Refs. 1,2,61,68 and 70–73, a mapping
exists in the scaling limit (�/ωc � 1) between the Ohmic
spin-boson model, the anisotropic Kondo model, and a range
of interacting resonance-level models. Exploiting this mapping
and the existence of exact Bethe-ansatz solutions for the
resonance-level model, explicit formulas for the properties
of the biased spin-boson model can be obtained. To compare
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0.4

0.2

0.0
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M
Z
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M
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(b)

ωc

10 2

ωc

10 4

(a)

FIG. 2. (Color online) Magnetization M as a function of system-
bath coupling α calculated from the present ansatz (solid curves)
and calculated using the exact scaling-limit expressions obtained via
the Bethe ansatz (crosses), presented in Ref. 61. The arrows indicate
decreasing values of ε/�, as in Fig. 1. The two plots correspond to
different values of �/ωc, as indicated.

to the present ansatz results, we first take the Bethe-ansatz
expressions for 〈σz〉 given in Eq. (C1) of Ref. 61.

In Fig. 2 we plot a comparison of the magnetization
predicted by our ansatz (solid curves) and that given by the
Bethe ansatz (crosses) for the same parameters as in Fig. 1. We
see that the agreement between the two methods is generally
very good, although there are small deviations in the crossover
behavior at the weakest biases in Fig. 2(a). However, if we
move further into the scaling limit, by reducing the ratio �/ωc

as in Fig. 2(b), we find excellent agreement across all bias
values. This improvement with reducing ratio of �/ωc is not
too surprising, as we expect both the present ground state
and the Bethe ansatz to be most valid in the scaling limit. In
the former case, due to the restricted basis from which the
present ground state is constructed, in the latter case due to
the mapping that is utilized from the spin-boson model to
the anisotropic Kondo model, which is only valid in the limit
that �/ωc becomes very small.61,70–72 Still, it is remarkable
how well the two methods agree, particularly over the sharp
crossover region, given the simplicity of our proposed ground
state [Eq. (14)] in comparison to the full Bethe ansatz.

Similar behavior is seen for the ground-state spin coherence
〈σx〉, as shown in Fig. 3. Here, our ansatz leads to good
qualitative agreement with the Bethe ansatz but consistently
predicts slightly lower coherences. Again, these deviations
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FIG. 3. (Color online) Ground-state spin coherence 〈σx〉 as a
function of system-bath coupling α calculated from the present ansatz
(solid curves) and calculated using the exact scaling-limit expressions
obtained via the Bethe ansatz (crosses), presented in Ref. 61. The
arrows indicate the bias values ε = 0.5� (blue), ε = 0.1� (red), and
ε = 10−2� (green), in decreasing order. The two plots correspond to
different values of �/ωc, as indicated.

become smaller as we move further into the scaling limit. We
note that the slightly weaker agreement for these quantities
is likely to be due to the fact that they are nonuniversal and
vanish in the scaling limit.2 The finite values we obtain thus
depend on details of the high-frequency cut-off procedure.
While the Bethe-ansatz results for the Kondo and resonance
level models are still exact, the correspondence between
them and the spin-boson model results is also dependent
on the details of the high-frequency regularization used in
the mapping that links them in the scaling limit. As these
details do not necessarily coincide for our ansatz and the
Kondo mapping, numerical differences in coherences are
likely to occur. However, as shown below, the leading-order
functional forms of the nonuniversal properties are the same,
and the numerical agreement for the magnetization (a universal
property) is extremely good.

We can also compare the ground-state energy predicted by
our ansatz [Eq. (11)] with that given by the Bethe ansatz [see
Eqs. (C3)–(C9) of Ref. 61]. Examples are shown in Fig. 4,
where we need to add a term equal to αωc/2 to Eq. (11) to be
consistent with the ground-state energy definition in Refs. 1,61
and 70–72. Once more, we see that the agreement improves as
the ratio �/ωc decreases.
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FIG. 4. (Color online) Ground-state energy λ as a function of
system-bath coupling α calculated from the present ansatz (solid
curves) and calculated using expressions obtained via the Bethe
ansatz (crosses), presented in Ref. 61. The arrows indicate the bias
values ε = 0.5� (blue), ε = 0.1� (red), and ε = 10−2� (green), in
decreasing order. The two plots correspond to different values of
�/ωc, as indicated.

1. Analytical results

Figures 2–4 suggest that, in the scaling limit at least, the
present ansatz provides a very good approximation to the true
ground state of the Ohmic spin-boson Hamiltonian. We now
investigate this further by comparing the analytic expressions
obtained from this work with those presented in Ref. 61. To
recap, the magnetization of the ground state in the present
theory takes the form

M = −ε [1 + 2αωc/(χ + ωc)]

η
,

where η = {�2
r + ε2[1 + 2αωc/(χ + ωc)]2}1/2 and χ =

(�2
r + ε2)1/2. In the scaling limit, χ/ωc → 0, simple forms

for the magnetization and other parameters such as �r can be
obtained. When ε � �r , we obtain to lowest order in ε/ωc

M = −ε(1 + 2α)

�r

. (18)

The self-consistent equation for �r in the scaling limit for
weak bias is

�r ≈ �eα

(
�r

ωc

)α

,
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which can be solved analytically and substituted into Eq. (18)
to get

M ∝ −
(

ε

TK

)
, (19)

where we have used the definition of the Kondo temperature,
TK = �(�/D)α/1−α , and the further relation between D

and ωc given in Eq. (C8) of Ref. 61 to facilitate an easier
comparison with the Bethe-ansatz results. In this limit, we
also obtain for the coherences,

〈σx〉 ≈ TK

�

[
1 + α

2

(
ε

TK

)2 ]
. (20)

For strong bias (ε 
 TK ), we find that

�r ≈ �

(
ε

ωc

)α

,

and the magnetization and coherence become

M + 1 ∝
(

�

ωc

)2 (
ε

ωc

)2α−2

, (21)

and

〈σx〉 ∝ �

ωc

(
ε

ωc

)2α−1

, (22)

respectively, where, by our choice of notation, M = −1 is
the magnetization of the TLS in the absence of bath coupling
in the limit ε/� 
 1. In both limits, these functional forms
for the observables of the TLS coincide with the predictions
of the Bethe ansatz, and the cumbersome numerical prefactors
we have omitted appear from our comparisons in Figs. 2–4 to
be very close as well.

III. UNITARY-TRANSFORMATION APPROACH

Having now shown that |�0〉 given in Eq. (14) can provide
an excellent approximation to the ground-state properties of
the Ohmic spin-boson model, let us return to the original
spin-boson Hamiltonian of Eq. (1) to explore a unitary-
transformation approach to the problem. We shall show how
this can be made equivalent to the ground-state ansatz method
outlined above, and how the transformation also provides a
basis for computing the dynamics of the TLS beyond weak
system-bath coupling.

We perform the unitary transformation, H ′ = eSHe−S ,
where

e±S = |0〉〈0|
∏

k

D(±δk,0) + |1〉〈1|
∏

k

D(±δk,1), (23)

to give

H ′ = ε

2
σz − �r

2
σx +

∑
k

ωkb
†
kbk − �

2
(σxBx + σyBy)

+ |0〉〈0|(Bz,0 + A′
0) − |1〉〈1|(Bz,1 − A′

1). (24)

Here,

Bx = B+ + B− − 2B

2
, By = B− − B+

2i
,

Bz,0 =
∑

k

(gk − ωkδk,0)(b†k + bk),

and

Bz,1 =
∑

k

(gk + ωkδk,1)(b†k + bk),

while

A′
0 =

∑
k

δk,0(ωkδk,0 − 2gk),

A′
1 =

∑
k

δk,1(ωkδk,1 + 2gk),

and the renormalized tunneling is now given by �r = B�,
where we have defined B = trB(B±ρB), in terms of B± =∏

k D( ± (δk,0 − δk,1)) and a thermal equilibrium bath state
ρB = exp[−β

∑
k ωkb

†
kbk]/trB(exp[−β

∑
k ωkb

†
kbk]). The in-

verse temperature is β = 1/kBT .
Immediately, we see that if we choose δk,0 = −αk,0 and

δk,1 = −αk,1, we get the same definitions of A0 and A1 as those
used previously (i.e., A′

0 → A0, A′
1 → A1). Hence, we take

δk,0 = −αk,0 = gk(ωk − ε)

ωk(ωk + χ )
, (25)

δk,1 = −αk,1 = − gk(ωk + ε)

ωk(ωk + χ )
, (26)

where χ = (�2
r + ε2)1/2 as before. With these definitions, the

renormalized tunneling becomes

�r = � exp

(
−1

2

∑
k

(δk,0 − δk,1)2 coth
βωk

2

)

= � exp

(
−2

∫ ωc

0
dω

J (ω)

(ω + χ )2
coth

βω

2

)
, (27)

in the continuum limit, which is a finite temperature
generalization of Eq. (7).

Let us now split the transformed Hamiltonian as H ′ = H ′
0 +

H ′
I , where

H ′
0 = ε

2
σz − �r

2
σx +

∑
k

ωkb
†
kbk + |0〉〈0|A0 + |1〉〈1|A1,

(28)
and

H ′
I = −�

2
(σxBx + σyBy) + |0〉〈0|Bz,0 − |1〉〈1|Bz,1, (29)

which ensures that 〈H ′
I 〉H ′

0
= tr[H ′

I e
−βH ′

0/tr(e−βH ′
0 )] = 0.

The Feynman-Bogolioubov upper bound on the
free energy,74AB = −(1/β) ln[tr(e−βH ′

0 )] + 〈H ′
I 〉H ′

0
+

O(〈H ′2
I 〉H ′

0
), then becomes

AB ≈ A0 + A1

2
− 1

β
ln

[
2 cosh

(
βη

2

)]
, (30)

where η = [�2
r + (R + ε)2]1/2, with R = A0 − A1, exactly

as before, and we ignore contributions from the free-bath
Hamiltonian as we are interested only in the free energy of the
TLS. In the zero-temperature limit (β → ∞) Eq. (30) becomes

AB → λ0 = 1
2 (A0 + A1 − η), (31)

in agreement with the ground-state energy of Eq. (11).
Furthermore, approximating the thermal state density op-

erator in the transformed frame as ρth = e−βH ′
0/Z, where
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Z = tr(e−βH ′
0 ), we find that the thermal expectation values

of the Pauli spin operators may be written

〈σi〉 = tr(eSσie
−Sρth). (32)

Hence, we find at finite temperature

〈σz〉 = − (R + ε)

η
tanh

(
βη

2

)
, (33)

and

〈σx〉 = �2
r

η�
tanh

(
βη

2

)
, (34)

both of which agree with our previous expressions [Eqs. (12)
and (13), respectively] in the zero-temperature limit.

A. Dynamics: Master equation derivation

The advantage of the unitary-transformation approach is
that we are now in a position to efficiently explore the reduced
TLS dynamics within the model by deriving a master equation
in the transformed representation. The general philosophy
is that, given that we have shown that our zeroth-order
Hamiltonian H ′

0 provides a good approximation to the model
ground state over a wide range of system-bath coupling
strengths, we should expect (at low temperatures at least)
that the effects of the perturbation H ′

I remain small over this
parameter range, too. Thus, we shall treat HI in low-order
perturbation theory within the scaling limit and derive a
second-order master equation that should be valid at strong
system-environment coupling as well as in the more usual
weak-coupling regime.

Using our partitioning of the total Hamiltonian given by
Eqs. (28) and (29), together with the time convolutionless
projection operator technique,11 we obtain an interaction
picture time-local master equation of the form

∂ρ̃v(t)

∂t
= −

∫ t

0
dτ trB{[H ′

I (t),[H ′
I (t − τ ),ρ̃v(t)ρB]]}, (35)

valid to second order in H ′
I . Here, ρ̃v(t) is the reduced

density operator of the TLS degrees of freedom in the
transformed frame interaction picture, and the interaction
Hamiltonian is H ′

I (t) = eiH ′
0tH ′

I e
−iH ′

0t = −(�/2)[σx(t)Bx(t)
+ σy(t)By(t)] + σz(t)Bz(t) + 1BI (t), where we have de-
fined the bath operators Bz = (1/2)(Bz,0 + Bz,1) and BI =
(1/2)(Bz,0 − Bz,1). We write σi(t) = eiH ′

S tσie
−iH ′

S t and
Bi(t) = eiHBtBie

−iHB t , for i = I,x,y,z (where σI = 1), with
H ′

S = [(ε + R)/2]σz − (�r/2)σx and HB = ∑
k ωkb

†
kbk. In

deriving Eq. (35), both the reference state in the projection
operator and the environment initial state (in the transformed
frame) are chosen to be the thermal equilibrium state ρB ,
resulting in the absence of any inhomogeneous terms.11,52,53,63

We now insert the interaction Hamiltonian into Eq. (35),
take the trace over the environment, and make a secular
approximation to remove fast-oscillating terms.11 This last
simplification is made in order to ensure that our system
relaxes to its ground state in the long-time limit (at zero
temperature), which is appropriate given the close agreement
we find between the properties of our ansatz ground state and
those of the Bethe ansatz. Moving back to the Schrödinger

picture, we then find

ρ̇v = − i

2
[(ε + R)σz − �rσx,ρv]

− �2

4

∑
λ

{[Ax,λ,A
†
x,λρv]�xx(λ,t)

+ [Ay,λ,A
†
y,λρv]�yy(λ,t) + H.c.}

− �

2

∑
λ

{([Ay,λ,A
†
z,λρv] − [Az,λ,A

†
y,λρv])�yz(λ,t)

+ δλ,0[Ay,λ,ρv]�yI (λ,t) + H.c.}
−

∑
λ

{[Az,λ,A
†
z,λρv]�zz(λ,t)

+ δλ,0[Az,λ,ρv]�zI (λ,t) + H.c.}, (36)

where δλ,0 is the Kronecker delta, and we have decomposed
the system operators as σi(t) = ∑

λ eiλtAi,λ, for λ = 0,±η.
In terms of θ = arctan( �r

ε+R
), we have Ax,0 = sin θ (sin θσx +

cos θσz), Ax,η = cos θ
2 (cos θσx + iσy − sin θσz), Ay,0 = 0,

Ay,η = − i
2 (cos θσx + iσy − sin θσz), Az,0 = cos θ (sin θσx +

cos θσz), Az,η = sin θ
2 (− cos θσx − iσy + sin θσz), while

Ai,−η = A
†
i,η. The bath response functions

�ij (λ,t) =
∫ t

0
dτeiλτ�ij (τ ), (37)

are defined in terms of the correlation functions �ij (τ ) =
trB(Bi(τ )Bj (0)ρB), for i,j = I,x,y,z.

We proceed by writing the transformation parameters as

δk,0 = ζk,0
gk

ωk
, (38)

δk,1 = ζk,1
gk

ωk
, (39)

such that ζk,0 = (ωk − ε)/(ωk + χ ) and ζk,1 = −(ωk +
ε)/(ωk + χ ) for our ansatz [see Eqs. (25) and (26)]. We may
now rewrite the renormalized tunneling as

�r = � exp

(
−1

2

∑
k

g2
k

ω2
k

(ζk,0 − ζk,1)2 coth
βωk

2

)

= � exp

(
−1

2

∫ ωc

0
dω

J (ω)

ω2
ζ−(ω)2 coth

βω

2

)
, (40)

where ζ±(ω) = ζ0(ω) ± ζ1(ω), with ζ0(ω) = (ω − ε)/(ω + χ )
and ζ1(ω) = −(ω + ε)/(ω + χ ) in the continuum limit. In
terms of ζ±(ω) the correlation functions are found to read

�xx(τ ) = 1
2

[
C(τ ) + G(τ ) − 2B2

]
, (41)

�yy(τ ) = 1
2 [C(τ ) − G(τ )] , (42)

where

C(τ ) = exp

{
−

∫ ∞

0
dω

J (ω)

ω2
ζ−(ω)2

× [(1 − cos ωτ ) coth βω/2 + i sin ωτ ]

}
,

(43)
G(τ ) = exp

{
−

∫ ∞

0
dω

J (ω)

ω2
ζ−(ω)2

× [(1 + cos ωτ ) coth βω/2 − i sin ωτ ]

}
,
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and B = �r/�, while

�yz(τ ) = −B

∫ ∞

0
dω

J (ω)

ω
ζ−(ω)

(
1 − ζ−(ω)

2

)
× (sin ωτ coth βω/2 + i cos ωτ ),

�yI (τ ) = +B

∫ ∞

0
dω

J (ω)

ω

ζ−(ω)ζ+(ω)

2
× (sin ωτ coth βω/2 + i cos ωτ ), (44)

�zz(τ ) =
∫ ∞

0
dωJ (ω)

(
1 − ζ−(ω)

2

)2

× (cos ωτ coth βω/2 − i sin ωτ ),

�zI (τ ) = −
∫ ∞

0
dωJ (ω)

ζ+(ω)

2

(
1 − ζ−(ω)

2

)
× (cos ωτ coth βω/2 − i sin ωτ ),

and we have already used the fact that �xy(τ ) =
�yx(τ ) = �xz(τ ) = �zx(τ ) = �xI (τ ) = �Ix(τ ) = 0 in de-
riving Eq. (36). We note that Eq. (36) and the subsequent
definitions are quite general, and the (secular) master equation
corresponding to any polaron-like transformation on the
Hamiltonian can be obtained by the appropriate choice of the
functions ζ0(ω) and ζ1(ω). For example, the master equation
corresponding to the SH transformation62,63 is given by set-
ting ζ SH

0 (ω) = ω/(ω + �SH/χSH) and ζ SH
1 (ω) = −ω/(ω +

�SH/χSH), which we shall use for comparison to our ansatz
below.

We now solve the ansatz master equation numerically to
determine the dissipative spin dynamics, concentrating on the
zero-temperature limit. At zero temperature, and for an Ohmic
spectral density, the correlation functions defined above do not
decay on a rapid timescale compared to the system dynamics
we wish to capture. As such, in the following we cannot extend
the integration limits in Eq. (37) to infinity. We consider the
system to be initialized in state |0〉 at time t = 0.

In Fig. 5 we plot the population dynamics, 〈σz〉t =
tr(σzρv(t)), using (a) our present ansatz, and (b) the SH theory,
as a function of the relevant scaled time (i.e., �rt and �SHt ,
respectively). The solid curves in Fig. 5(a) show coupling
strengths ranging from α = 0.1 to α = 0.6 for the present
ansatz, while in Fig. 5(b) the range α = 0.1 to α = 0.5 is
plotted using the SH theory (in this case the α = 0.6 curve
is not plotted as �SH = 0 already for the SH theory). The
other parameters are � = 10−2ωc, ε = 10−2�, and T = 0,
which correspond to the central green curve in Fig. 1. For
the smallest coupling strength (α = 0.1), we see that the
dynamics calculated from the present ansatz and from the SH
transformation agree almost perfectly. This is unsurprising,
as we know from our previous comparisons that, for these
parameters, the ground states given by the two methods are
very similar. Nevertheless, discrepancies do begin to become
apparent between the two methods at larger α, as shown by
the curves corresponding to α = 0.25, α = 0.4, and α = 0.5.
In particular, we see that, in these cases, the ansatz steady
states settle at long times to slightly lower values of 〈σz〉 than
the SH dynamics predicts. This is to be expected, given the
corresponding ground-state magnetization behavior shown in
Fig. 1 and the fact that the two-state system relaxes toward the

0 5 10 15 20 25
1.0

0.5

0.0

0.5

1.0

r t

z t

0 5 10 15 20 25
1.0

0.5

0.0

0.5

1.0

SHt

z t

(a)

(b)

FIG. 5. (Color online) Magnetization dynamics 〈σz〉t computed
within the secular approximation as a function of (a) �rt for the
present theory and (b) �SHt for Silbey-Harris theory. Solid curves:
the arrows indicate the coupling strengths α = 0.1 (blue), α = 0.25
(red), α = 0.4 (green), α = 0.5 (orange), and α = 0.6 (purple, shown
for our ansatz only) in increasing order. The dotted curves correspond
to the exact (scaling-limit) solution at α = 0.5, extracted from a
mapping to the Toulouse Hamiltonian and computed from the formula
given in Ref. 2. The dashed curves show the same exact solution, but
now plotted in units of Tkt , where Tk = �2/ωc is the Kondo scale for
the Toulouse problem.2 Other parameters: � = 10−2ωc, ε = 10−2�,
and T = 0.

relevant ground state at long times for T = 0 in the secular
master equation.

At coupling strengths beyond α ∼ 0.55, the SH theory
predicts a complete renormalization of the tunneling strength
to zero (i.e., �SH → 0), while for α < 1 the tunneling always
remains nonzero when using the present ansatz. Hence,
significant differences emerge in the population dynamics,
with the two approaches disagreeing on both the population
decay rates and steady states. In particular, as a consequence
of �SH → 0 for α > 0.55, the SH theory always incorrectly
predicts a system steady state that is completely localized in
this regime, which is not the case for our ansatz. For biased
systems at T = 0, this failing is also well known to be true
of the noninteracting blip approximation (for all α < 1).1,2

Again, the problem can be traced back to the incorrect choice
of zeroth-order Hamiltonian in the SH theory (and in effect
within the noninteracting blip approximation as well).
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1. The Toulouse point

We have shown that our unitary-transformation approach
(correctly) leads to significant changes in the spin dynamics at
strong coupling compared to the SH theory. However, to assess
the accuracy of the new dynamics, we now compare these
results to the exact expressions that are known at the Toulouse
point of the spin-boson model, which occurs at α = 0.5. At
this coupling, the spin-boson model becomes equivalent to a
noninteracting resonance level model in the scaling limit, and
the spin dynamics can be solved exactly.1,2

The dotted curves in Fig. 5 show the exact analytical
solution for α = 0.5 taken from Ref. 2, as a function of scaled
time �rt in Fig. 5(a) and �SHt in Fig. 5(b). We see that the final
value of 〈σz〉 within our ansatz coincides with that of the exact
Toulouse point solution in Fig. 5(a), while, as expected, the
SH theory dynamics in Fig. 5(b) tends to a substantially less-
magnetised, and incorrect, final state. We observe, however,
that the dynamics of the Toulouse point solution appears to be
slower than that predicted by our master equation approach.
We suggest that the origin of these different decay rates could
be related to the nonuniversal factors which appear in the
ansatz predictions for �r . Specifically, the exponential factor
that appears in the self-consistent equation for �r [Eq. (8)]
is not a universal feature, in the sense that it depends on the
way that integrals over the bath spectral function are cut off for
ω > ωc. For instance, using an exponential cutoff in the Ohmic
spectral function, J (ω) = (α/2)ωe−ω/ωc , yields the following
self-consistent equation for �r in the scaling limit:

�r = �

(
χ

ωc

)α

eα(1+γ ), (45)

where γ ≈ 0.577 is the Euler-Mascheroni constant, as com-
pared to �r = �(χ/ωc)αeα for J (ω) = (α/2)ωθ (ωc − ω).
In the absence of a bias, we see that the solution of the
self-consistent equations then leads to an effective Kondo
temperature TK = �r = �(�f/ωc)α/(1−α), where f is a nu-
merical factor (≈e) which depends on the form of the cutoff.
The factor f is nonuniversal, and this is also true of SH theory.
In the exact solution presented in Ref. 2 for the Toulouse
point, the Kondo temperature that appears has f = 1 and is
therefore smaller than the Tk predicted by our ansatz or SH
theory. Therefore, when we plot dynamics in units of �rt or
�SHt , computed from Eqs. (8) and (16), respectively, we are
not using the natural units for the Toulouse point solution.

The dashed curves in Fig. 5 show the Toulouse point
solution when plotted as a function of �2t/ωc, which is the
appropriate Kondo temperature at α = 0.5. The ansatz and
Toulouse point curves in Fig. 5(a) now show much closer
agreement, whereas SH theory still captures neither the right
dynamical timescale nor, of course, the final magnetization.

These results suggest more generally that variational or
ansatz-based polaron methods of the kind explored here
may suffer from artifacts arising from the treatment of low-
frequency modes, which lead to dependencies of the effective
Hamiltonian parameters on the details of the high frequency
cut-off procedure. As far as we are aware, this is usually
neglected. We have seen here, however, that this may have
a material effect on the dynamics of the system and would
therefore be an interesting issue to explore in future work.

IV. NON-OHMIC SPECTRAL DENSITIES

In this section we briefly comment on the application of
our generalized polaron theory to non-Ohmic environments.
However, for reasons to be set out below, we believe that the
particular form of our ansatz is likely only to be useful in
the Ohmic case. Although the sudden collapse of coherent
tunneling is not an issue with super-Ohmic baths, we could
expect that our ansatz may still lead to different dynamics
in such a case compared to the SH theory; for example,
through the change in dynamical cutoff in the renormalized
tunneling matrix element and the bath-induced bias (which
does not feature in SH theory at all). However, repeating the
calculations of Sec. II A for spectral densities of the form
J (ω) ∝ ωs (with s > 1) shows that the effects of asymmetric
displacements in the renormalized tunneling amplitude and
bath-induced magnetization vanish in the scaling limit. As
renormalization effects converge to those predicted by adia-
batic renormalization or, equivalently, standard polaron theory
(as they also do in SH theory), we therefore expect this theory
to coincide with full polaron theory for super-Ohmic baths as
ωc → ∞.

As we have previously mentioned, the asymmetric dis-
placement terms are extremely important in the sub-Ohmic
case and may appear spontaneously even without a bias at
strong coupling and T = 0.35 Repeating the calculations of
Sec. II A shows this time that the effective bias induced by the
environment is proportional to (ωc/χ )1−s and thus diverges in
the scaling limit. This would predict complete localization for
any α and would be inconsistent with the known existence
of a quantum phase transition in sub-Ohmic systems.29–38

However, the variational ansatz proposed by Chin et al. in
Ref. 35 regulates this pathology and could also be used as the
basis for a variational unitary transformation that is similar to
the dynamical approach pursued here. This will be discussed
in a forthcoming work.

V. CONCLUSIONS

We have presented a new ansatz for the ground state of
the biased Ohmic spin-boson model which is of lower energy
than the Silbey-Harris state and cures the problem of the dis-
continuous collapse of the coherent tunneling matrix element
as the coupling strength to the environment is increased. The
key differences between our ansatz and the SH variational
state result from the different forms of the displacements αk,0

and αk,1 which are taken in these ground states. First, the
SH ground state has strictly (anti) symmetric displacements
and the bias only appears in the low-frequency energy scale
�2

SH/χSH. In our ansatz the displacements are asymmetric
due to the inclusion of the bias in the numerators of Eqs. (5)
and (6). Similar asymmetric displacements were shown to be
essential for describing the spontaneous magnetization of the
unbiased sub-Ohmic spin-boson model which characterizes
its quantum phase transition and in effect causes an extra
bath-induced bias to be seen by the TLS.35,38 Moreover, we
have shown explicitly that asymmetric displacements lead to
the appearance of the correct dynamical low-energy cutoff (χ )
in the self-consistent equation for �r for the biased Ohmic
case. The close agreement of results obtained through our
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ansatz and the Bethe ansatz provides evidence that our ansatz
is capturing a considerable amount of the essential physics of
the problem. However, the detailed links between the rather
simple form of the spin-boson model ground state we have
given and that of the equivalent Kondo model remain to be
analyzed, particularly for nonuniversal observables, such as
the spin coherence, and outside of the scaling limit.

Importantly, by showing that this ground state can be
obtained via a unitary transformation technique, it is now
possible to treat the dynamics of the Ohmic spin-boson model
using master equation techniques from polaron theory. The
examples given in this article already illustrate the dramatic
differences in relaxation behavior, particularly in terms of
steady states, when the zeroth-order Hamiltonian correctly
preserves a coherent tunneling matrix element at all coupling
strengths. This may be of relevance for parameter regimes
found in some biomolecular complexes, where biases,
environmental coupling strengths, and (bare) tunneling
amplitudes are comparable,47 conditions under which the
differences between SH theory and the present theory are
greatest (at T = 0). Although some deviation was found
between our results and the nominally exact dynamics at the

Toulouse point, it is clear that our theory still performs better
than SH theory at this point, and we were able to understand
where these differences arise. While our ansatz cures one of
the most important problems associated with SH theory in
biased Ohmic systems, insights such as those given above
also point the way to future refinements of the present theory.

Finally, our ansatz could also be applied using the more
advanced, non-Markovian master equation techniques, such as
those presented and analyzed in Refs. 52,53,63 and 75, which
can also include bath-relaxation effects. These improvements
in the handling of the dynamics could go some way to reducing
some of the differences we found with the Toulouse solution
and, along with effects due to finite temperatures and moving
beyond the scaling limit, are interesting areas for investigation
in the near future.
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38C. Zhao, Z. Lü, and H. Zheng, Phys. Rev. E 84, 011114 (2011).
39H. Wang and M. Thoss, N. J. Phys. 10, 115005 (2008).
40R. Bulla, T. A. Costi, and T. Pruschke, Rev. Mod. Phys. 80, 395

(2008).

224301-10

http://dx.doi.org/10.1103/RevModPhys.59.1
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1021/jp908300c
http://dx.doi.org/10.1021/jp908300c
http://dx.doi.org/10.1021/jp810757x
http://dx.doi.org/10.1126/science.1164016
http://dx.doi.org/10.1038/nature08811
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1088/1367-2630/8/1/001
http://dx.doi.org/10.1088/1367-2630/8/1/001
http://dx.doi.org/10.1103/PhysRevB.70.195340
http://dx.doi.org/10.1103/PhysRevLett.99.160502
http://dx.doi.org/10.1103/PhysRevLett.99.160502
http://dx.doi.org/10.1021/jz201189p
http://dx.doi.org/10.1016/j.cplett.2005.12.104
http://dx.doi.org/10.1016/j.cplett.2005.12.104
http://dx.doi.org/10.1016/j.proche.2011.08.011
http://dx.doi.org/10.1016/j.proche.2011.08.032
http://dx.doi.org/10.1063/1.3611050
http://dx.doi.org/10.1103/PhysRevA.84.052116
http://dx.doi.org/10.1103/PhysRevB.84.214304
http://dx.doi.org/10.1103/PhysRevB.84.214304
http://dx.doi.org/10.1103/PhysRevB.57.347
http://dx.doi.org/10.1103/PhysRevLett.104.017402
http://dx.doi.org/10.1103/PhysRevLett.105.177402
http://dx.doi.org/10.1103/PhysRevB.65.195313
http://dx.doi.org/10.1103/PhysRevB.65.195313
http://dx.doi.org/10.1103/PhysRevA.68.012310
http://dx.doi.org/10.1103/PhysRevA.68.012310
http://dx.doi.org/10.1103/PhysRevLett.103.146404
http://dx.doi.org/10.1103/PhysRevB.83.165101
http://dx.doi.org/10.1007/BF01009015
http://dx.doi.org/10.1016/0375-9601(96)00475-6
http://dx.doi.org/10.1103/PhysRevLett.94.070604
http://dx.doi.org/10.1103/PhysRevLett.102.030601
http://dx.doi.org/10.1103/PhysRevLett.102.030601
http://dx.doi.org/10.1103/PhysRevLett.102.150601
http://dx.doi.org/10.1103/PhysRevLett.99.126801
http://dx.doi.org/10.1103/PhysRevLett.99.126801
http://dx.doi.org/10.1103/PhysRevLett.107.160601
http://dx.doi.org/10.1103/PhysRevLett.107.160601
http://dx.doi.org/10.1103/PhysRevB.81.121105
http://dx.doi.org/10.1103/PhysRevB.81.121105
http://dx.doi.org/10.1103/PhysRevB.84.155110
http://dx.doi.org/10.1103/PhysRevB.84.155110
http://dx.doi.org/10.1103/PhysRevE.84.011114
http://dx.doi.org/10.1088/1367-2630/10/11/115005
http://dx.doi.org/10.1103/RevModPhys.80.395
http://dx.doi.org/10.1103/RevModPhys.80.395


GROUND STATE AND DYNAMICS OF THE BIASED . . . PHYSICAL REVIEW B 85, 224301 (2012)

41F. B. Anders, R. Bulla, and M. Vojta, Phys. Rev. Lett. 98, 210402
(2007).

42J. Prior, A. W. Chin, S. F. Huelga, and M. B. Plenio, Phys. Rev.
Lett. 105, 050404 (2010).

43A. W. Chin, S. F. Huelga, and M. B. Plenio, Chain Representations
of Open Quantum Systems and their Numerical Simulation with
Time-Adaptive Density Matrix Renormalisation Group Methods
(Academic Press, Burlington, 2011).

44P. Nalbach and M. Thorwart, Phys. Rev. B 81, 054308 (2010).
45D. Porras, F. Marquardt, J. Von Delft, and J. Cirac, Phys. Rev. A

78, 010101 (2008).
46A. Recati, P. Fedichev, W. Zwerger, J. Von Delft, and P. Zoller,

Phys. Rev. Lett. 94, 40404 (2005).
47A. Ishizaki, T. Calhoun, G. Schlau-Cohen, and G. Fleming,

PhysChemChemPhys 12, 7319 (2010).
48G. D. Mahan, Many-Particle Physics (Plenum, New York, 1990).
49N. Bogoliubov, Polaron Theory: Model Problems (CRC,

Amsterdam, 2000).
50R. Silbey and R. Munn, J. Chem. Phys. 72, 2763 (1980).
51D. P. S. McCutcheon and A. Nazir, New J. Phys. 12, 113042 (2010).
52S. Jang, Y.-C. Cheng, D. R. Reichman, and J. D. Eaves, J. Chem.

Phys. 129, 101104 (2008).
53S. Jang, J. Chem. Phys. 131, 164101 (2009).
54A. Kolli, A. Nazir, and A. Olaya-Castro, J. Chem. Phys. 135, 154112

(2011).
55S. Jang, J. Chem. Phys. 135, 034105 (2011).
56C. Aslangul, N. Pottier, and D. Saint-James, J. Phys. 46, 2031

(1985).
57In fact, using a combination of the polaron transformation and a

perturbative time nonlocal master equation does lead to damped
coherent dynamics at weak coupling and has been shown to

be equivalent to the noninteracting blip approximation.1,76,77 The
ground state of the biased two-level system is still incorrectly
represented by such a theory, however.

58R. Silbey and R. A. Harris, J. Chem. Phys. 80, 2615 (1984).
59R. A. Harris and R. Silbey, J. Chem. Phys. 83, 1069 (1985).
60R. Silbey and R. A. Harris, J. Phys. Chem. 93, 7062 (1989).
61K. Le Hur, Ann. Phys. (NY) 323, 2208 (2008).
62D. P. S. McCutcheon, N. S. Dattani, E. M. Gauger, B. W. Lovett,

and A. Nazir, Phys. Rev. B 84, 081305(R) (2011).
63D. P. S. McCutcheon and A. Nazir, J. Chem. Phys. 135, 114501

(2011).
64E. Zimanyi and R. Silbey, Phil. Trans. Roy. Soc. (to be published).
65R. J. Glauber, Phys. Rev. 131, 2766 (1963).
66C. Gan and H. Zheng, Phys. Rev. E 80, 041106 (2009).
67D. P. S. McCutcheon, A. Nazir, S. Bose, and A. J. Fisher, Phys.

Rev. B 81, 235321 (2010).
68A. Kopp and K. L. Hur, Phys. Rev. Lett. 98, 220401 (2007).
69C. Guo, A. Weichselbaum, J. von Delft, and M. Vojta, Phys. Rev.

Lett. 108, 160401 (2012).
70F. Guinea, V. Hakim, and A. Muramatsu, Phys. Rev. B 32, 4410

(1985).
71T. Costi, Phys. Rev. Lett. 80, 1038 (1998).
72T. A. Costi and G. Zaránd, Phys. Rev. B 59, 12398 (1999).
73T. Costi and R. McKenzie, Phys. Rev. A 68, 034301 (2003).
74J. J. Binney, N. J. Dowrick, A. J. Fisher, and M. E. J. Newman,

Theory of Critical Phenomena (Oxford Science Publications,
Oxford, 1992).

75C. K. Lee, J. Moix, and J. Cao, J. Chem. Phys. 136, 204120 (2012).
76M. Grifoni, Phys. Rev. E 54, R3086 (1996).
77C. Aslangul, N. Pottier, and D. Saint-James, J. Physique. 47, 1657

(1986).

224301-11

http://dx.doi.org/10.1103/PhysRevLett.98.210402
http://dx.doi.org/10.1103/PhysRevLett.98.210402
http://dx.doi.org/10.1103/PhysRevLett.105.050404
http://dx.doi.org/10.1103/PhysRevLett.105.050404
http://dx.doi.org/10.1103/PhysRevB.81.054308
http://dx.doi.org/10.1103/PhysRevA.78.010101
http://dx.doi.org/10.1103/PhysRevA.78.010101
http://dx.doi.org/10.1103/PhysRevLett.94.040404
http://dx.doi.org/10.1039/c003389h
http://dx.doi.org/10.1063/1.439425
http://dx.doi.org/10.1088/13672630/12/11/113042
http://dx.doi.org/10.1063/1.2977974
http://dx.doi.org/10.1063/1.2977974
http://dx.doi.org/10.1063/1.3247899
http://dx.doi.org/10.1063/1.3652227
http://dx.doi.org/10.1063/1.3652227
http://dx.doi.org/10.1063/1.3608914
http://dx.doi.org/10.1051/jphys:0198500460120203100
http://dx.doi.org/10.1051/jphys:0198500460120203100
http://dx.doi.org/10.1063/1.447055
http://dx.doi.org/10.1063/1.449469
http://dx.doi.org/10.1021/j100357a010
http://dx.doi.org/10.1016/j.aop.2007.12.003
http://dx.doi.org/10.1103/PhysRevB.84.081305
http://dx.doi.org/10.1063/1.3636081
http://dx.doi.org/10.1063/1.3636081
http://dx.doi.org/10.1103/PhysRev.131.2766
http://dx.doi.org/10.1103/PhysRevE.80.041106
http://dx.doi.org/10.1103/PhysRevB.81.235321
http://dx.doi.org/10.1103/PhysRevB.81.235321
http://dx.doi.org/10.1103/PhysRevLett.98.220401
http://dx.doi.org/10.1103/PhysRevLett.108.160401
http://dx.doi.org/10.1103/PhysRevLett.108.160401
http://dx.doi.org/10.1103/PhysRevB.32.4410
http://dx.doi.org/10.1103/PhysRevB.32.4410
http://dx.doi.org/10.1103/PhysRevLett.80.1038
http://dx.doi.org/10.1103/PhysRevB.59.12398
http://dx.doi.org/10.1103/PhysRevA.68.034301
http://dx.doi.org/10.1063/1.4722336
http://dx.doi.org/10.1103/PhysRevE.54.R3086
http://dx.doi.org/10.1051/jphys:0198600470100165700
http://dx.doi.org/10.1051/jphys:0198600470100165700

