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Abstract. For studying the dynamics of a two-level system coupled to a quantum oscillator we have
presented an analytical approach, the transformed rotating-wave approximation, which takes into account
the effect of the counter-rotating terms but still keeps the simple mathematical structure of the ordinary
rotating-wave approximation. We have calculated the energy levels of ground and lower-lying excited states,
as well as the time-dependent quantum dynamics. It is obvious that the approach is quite simple and can
be easily extended to more complicated situation. Besides, the results are compared with the numerically
exact ones to show that for weak to intermediate coupling and moderate detuning our analytic calculations
are quantitatively in good agreement with the exact ones.

1 Introduction

The physics of a two-level system coupled to a quantum
oscillator (spin-oscillator model, SOM) is of wide inter-
est because it provides a simple but ubiquitous model for
numerous physical processes, such as the superconduct-
ing qubit of Josephson junction [1–6], the semiconduc-
tor quantum dot [7,8], the coupling between a qubit and
a nanomechanical oscillator [9,10], and a toy model for
Holstein polaron [11]. The Hamiltonian of SOM reads

H =
1
2
Ωσx + ωb†b+

g

2
(
b† + b

)
σz . (1)

Ω is the level difference and σx and σz are Pauli matri-
ces to describe the two-level system. b† (b) is the creation
(annihilation) operator of the quantum oscillator with fre-
quency ω and g the coupling constant between the two-
level system and the oscillator. The model seems quite
simple. However, an analytical solution has not yet been
found and various approximate analytical and numerical
methods have been used.

The Hamiltonian (1) is equivalent to the famous
Jaynes-Cummings model with inclusion of both
the rotating-wave terms and the counter-rotating
terms [12,13],

HJC =
1
2
Ωσz + ωb†b− g

2
σx

(
b† + b

)
; (2)

if a rotation around the y axis is taken for the Pauli matri-
ces, eiπσy/4σxe

−iπσy/4 = σz and eiπσy/4σze
−iπσy/4 = −σx.

Then, b† (b) is the creation (annihilation) operator of the
cavity mode and Ω is the atomic transition frequency (g is
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the vacuum Rabi frequency). Besides, the Hamiltonian (1)
is also of interest in the research area of matter-field in-
teraction because it is the following atom-field interaction
HAF in the rotating frame [8,14],

HAF =
1
2
ω0σz +

1
2
Ω

(
σ+e

−iωf t + σ−eiωf t
)

+ ωb†b+
g

2
(
b† + b

)
σz , (3)

where σ± = 1
2 (σx ± iσy). Here ω0 is the atom transition

frequency (or the exciton energy in quantum dot) and
ωf = ω0 is the frequency of laser field (in resonance with
ω0), and Ω the Rabi frequency. The dynamical evolution
of the interacting Hamiltonian HAF can be described by

P (t) = 〈ψAF (t) |σz |ψAF (t)〉 = 〈ψ(t) |σz |ψ(t)〉 , (4)

where |ψAF (t)〉 is the wave function of HAF and |ψ(t)〉 =
eiωf tσz/2|ψAF (t)〉 is that ofH (Eq. (1)). The initial state of
the system is assumed to be |ψ(0)〉 = |ψAF (0)〉 = | ↑〉|0〉,
where σz | ↑〉 = | ↑〉 is the eigenstate of σz and |0〉 is
the vacuum state of the quantum oscillator. When the
coupling g = 0 it is easy to get the typical Rabi oscillation
P (t) = cos(Ωt). For g �= 0, the Rabi oscillation may be
modulated by the interaction with the quantum oscillator
and it is an interesting problem related to the quantum
manipulation of the interacting system [6,10].

Although there is still no analytically exact solution
for (1) or (2), various approximate analytical solutions
for (1) or (2) already exist [9,10,15–18]. The most popular
may be the rotating-wave approximation (RWA), which
relies on the assumption of near resonance (|Ω − ω| �
Ω and ω) and weak coupling (g � Ω and ω). However,
the condition of near resonance may not be satisfied if we
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start from Hamiltonian (3), because Ω is the Rabi fre-
quency of the pumping field which may be much larger
or smaller than the oscillator frequency [8,14]. Besides,
quantum-limited solid-state devices are an alternative to
the usual atom-cavity implementation of the SOM, and
in these solid-state devices the coupling strength g and
the detuning |Ω − ω| may be outside the regime where
the RWA is valid (the coupling between a nanomechanical
resonator and a charge qubit may be in the intermediate
range g/ω ≈ 0.1 ∼ 1 [6,10,18]). This is the motivation for
approximate analytical solutions beyond the RWA to be
presented in last years.

Recently, Irish [10] proposed an analytical approxi-
mate solution for SOM, the generalized RWA which is
an improvement to the ordinary RWA. Since a displaced
oscillator basis is used to express the Hamiltonian matrix,
the generalized RWA is a good approximation for the case
of lower Ω (Ω � ω) and/or strong coupling g/ω > 1.

As the Hamiltonian (1) or (2) can be numerically
solved easily and quickly by ordinary PC, why do we still
need an approximate analytical solution? As far as we
can see, the purpose may be: 1) to see the physics more
clearly; 2) to test the accuracy of the analytical solution
for extending it to more complicated models where a nu-
merically exact solution is difficult to obtain. Hence, we
have the following criterion for the validity of an approx-
imate analytical solution: first, it should be as simple as
possible, so that it can be easily extended to more compli-
cated situations; second, the main physics should be con-
sidered, at least for the interesting and concerned range of
the parameters, and it should be as accurate as possible
compared with the numerically exact result.

Recently, one of us proposed an analytic approach [19]
to the spin-boson model, which describes a two-level sys-
tem coupled to a dissipative environment [20]. Roughly
speaking, Hamiltonian (1) is a simplified version of the
spin-boson model, that is, the single mode spin-boson
model. Our approach, which is a perturbation expansion
based on the unitary transformation, has been success-
fully applied to several problems related to the interac-
tion between the quantum-limited system and its environ-
ment [14,21–24]. In this work, we aim to show the validity
of our analytic approach by studying the numerically solv-
able model, which leads to the transformed rotating-wave
approximation (transformed RWA) for model (1). We will
focus on the dynamical evolution P (t), since the accuracy
of its calculation depends not only on the calculation of
ground state but also on that of the lower-lying excited
states. The dynamical evolution P (t) calculated by our
transformed RWA will be compared to the numerically
exact one, as well as to the ordinary RWA, to show that
for weak to intermediate coupling and moderate detun-
ing our calculations are quantitatively in good agreement
with the numerically exact results.

2 Theoretical analysis

The ordinary RWA for the SOM (Eq. (1)) is

HRWA =
1
2
Ωσx + ωb†b+

g

2
[
b†|s1〉〈s2| + b|s2〉〈s1|

]
, (5)

where σx|s1〉 = −|s1〉 and σx|s2〉 = |s2〉 are the eigenstates
of σx. It is easy to see that |s1〉|0〉 (|0〉: the vacuum state
of the oscillator) is the exact ground state of HRWA and
the mathematical structure of HRWA is quite simple.

We apply a unitary transformation [19] to H (Eq. (1)),
H ′ = exp(S)H exp(−S), and the purpose of the trans-
formation is to take into account the effect of counter-
rotating terms, where

S =
g

2ω
ξσz

(
b† − b

)
. (6)

A parameter ξ is introduced in S and its form will be
determined later. The transformation can be done to the
end and the result is

H ′ = H ′
0 +H ′

1 +H ′
2, (7)

H ′
0 =

1
2
ηΩσx + ωb†b− g2

4ω
ξ(2 − ξ), (8)

H ′
1 =

1
2
g(1 − ξ)

(
b† + b

)
σz +

1
2
ηΩiσy

g

ω
ξ
(
b† − b

)
, (9)

H ′
2 =

1
2
Ωσx

(
cosh

{ g
ω
ξ
(
b† − b

)} − η
)

+
1
2
Ωiσy

(
sinh

{ g
ω
ξ
(
b† − b

)} − η
g

ω
ξ
(
b† − b

))
,

(10)

where η is determined by the following vacuum average,

η = 〈0| cosh
{ g
ω
ξ
(
b† − b

)} |0〉 = exp
[
− g2

2ω2
ξ2

]
. (11)

Obviously,H ′
0 can be solved exactly because for which the

spin and the oscillator are decoupled. If the displacement
parameter ξ is determined as

ξ =
ω

ω + ηΩ
, (12)

then we have

H ′
1 =

1
2
ηΩ

g

ω
ξ
[
b† (σz + iσy) + b (σz − iσy)

]

= ηΩ
g

ω
ξ
[
b†|s1〉〈s2| + b|s2〉〈s1|

]
. (13)

Note that H ′
1 is of the same form as the RWA in equa-

tion (5), except for the different coefficient.
The transformed Hamiltonian H ′ is equivalent to the

original H and there is no approximation till this point.
In the following, the transformed Hamiltonian is approxi-
mated as H ′ ≈ HTRWA = H ′

0 +H ′
1, since 〈g0|H̃2|g0〉 = 0

(|g0〉 = |s1〉|0〉 is the ground state of H ′
0) and the terms in

H ′
2 are related to the double- and multiple-boson transi-

tion and their contributions to the physical quantities are
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O(g4). This means that through the unitary transforma-
tion we get the transformed RWA Hamiltonian HTRWA,
which is of the same mathematical structure as the ordi-
nary RWA HRWA in (5). |g0〉 = |s1〉|0〉 is also the exact
ground state of HTRWA (because of H ′

1|g0〉 = 0) with
ground state energy

Eg = −1
2
ηΩ − g2

4ω
ξ(2 − ξ). (14)

The eigenenergy for excited states can be easily obtained
from H ′

1 (Eq. (13)), since it contains the rotating-wave
terms only. For n = 0, 1, 2, ..., the eigenenegies for all ex-
cited states are

E2n+1 =
(
n+

1
2

)
ω − 1

2

√
(ω − ηΩ)2 + g′2(n+ 1)

− g2

4ω
ξ(2 − ξ), (15)

E2n+2 =
(
n+

1
2

)
ω +

1
2

√
(ω − ηΩ)2 + g′2(n+ 1)

− g2

4ω
ξ(2 − ξ), (16)

where g′ = 2gηΩ/(ω + ηΩ). We note that when we are
close to resonance at ω ≈ ηΩ, g′ ≈ g, and HTRWA is
nearly the same as HRWA except an overall energy shift
−g2ξ(2 − ξ)/4ω coming from our unitary transformation.
This is to say that close to resonance HTRWA is as good
as HRWA (but with better evaluation of ground state en-
ergy, see Eq. (14)). Hence, in the following we will mainly
consider the off-resonance case.

The calculations of the ground state and lower-lying
excited states with moderate detuning are shown in Fig-
ures 1 and 2. Figure 1 is for the case of Ω = 1 and ω = 0.5;
Figure 2 for Ω = 0.5 and ω = 1. For comparison, the
results of exact diagonalization and those of generalized
RWA [10] are also shown. For ground state energy our re-
sult of transformed RWA is very close to the exact result
and is better than that of generalized RWA. For excited
states we could not say definitely which one is better, but
we can say that for intermediate coupling g/ω ≈ 0.1 ∼ 1
our results of transformed RWA are quite close to the ex-
act results.

3 Dynamical evolution P(t)

We have shown that for the weak to intermediate coupling
our calculation of the ground state and the lower-lying ex-
cited state is quantitatively in good agreement with the
numerically exact results, which is a check of the validity
of our approach. Furthermore, in this section our approach
will be checked by calculation of the excited state proper-
ties, that is, the dynamical evolution P (t) of equation (4).

The numerical exact calculation for P (t) with
Hamiltonian H can be obtained by the numerical diag-
onalization. The following is the calculation of P (t) in our

0.0 0.5 1.0 1.5 2.0

-0.5

0.0

0.5

Ω=1, ω=0.5

E
/Ω

g/ω
Fig. 1. The energy levels of the ground state (Eg) and the
lower-lying excited states (E1, E2 and E3, from bottom to top)
as functions of the ratio g/ω. Ω = 1 and ω = 0.5. Our results
(dashed lines) are compared with the numerically exact ones
(solid lines) and those of the GRWA reference [10] (dashed-
dotted lines).
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Fig. 2. The energy levels of the ground state (Eg) and the
lower-lying excited states (E1, E2 and E3, from bottom to top)
as functions of the ratio g/ω. Ω = 0.5 and ω = 1. Our results
(dashed lines) are compared with the numerically exact ones
(solid lines) and those of the GRWA reference [10] (dashed-
dotted lines).

transformed RWA. From equation (4) we have

P (t) = 〈ψ(0)|eiHtσze
−iHt|ψ(0)〉

= 〈ψ(0)|e−SeiH′teSσze
−Se−iH′teS|ψ(0)〉

≈ 〈ψ′(0)| exp (iHTRWAt)σz exp (−iHTRWAt)|ψ′(0)〉
= 〈ψ′

I(t)|eiH′
0tσze

−iH′
0t|ψ′

I(t)〉, (17)

where |ψ′(0)〉 = eS|ψ(0)〉. Here the unitary transforma-
tions, eSHe−S = H ′ and eSσze

−S = σz , have been
used. |ψ′

I(t)〉 = eiH′
0t exp(−iHTRWAt)|ψ′(0)〉 is the wave
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function in interaction picture, which is the solution of
following Schroedinger equation,

i
∂

∂t
|ψ′

I(t)〉 = H ′
1(t)|ψ′

I(t)〉, (18)

H ′
1(t) = eiH′

0tH ′
1e

−iH′
0t

=
g′

2

(
b†|s1〉〈s2|ei(ω−ηΩ)t+b|s2〉〈s1|e−i(ω−ηΩ)t

)
.

(19)

The initial state is |ψ′(0)〉 = eS | ↑〉|0〉 = 1√
2
(|s1〉 +

|s2〉)eα(b†−b)|0〉 with α = gξ/2ω. Here the exponential
operator is expanded to the order α: eα(b†−b) ≈ 1+α(b†−b)
and, hence, the initial condition is

C10(0) = C20(0) =
1√
2
,

C11(0) = C21(0) =
α√
2
, C12(0) = 0, (20)

with the wave function [25]

|ψ′
I(t)〉 = C10(t)|s1〉|0〉 + C20(t)|s2〉|0〉 + C11(t)|s1〉|1〉

+ C21(t)|s2〉|1〉 + C12(t)|s1〉|2〉. (21)

The Schroedinger equation is [25]

i
d

dt
C10(t) = 0, (22)

i
d

dt
C20(t) =

g′

2
ei(ηΩ−ω)tC11(t),

i
d

dt
C11(t) =

g′

2
e−i(ηΩ−ω)tC20(t), (23)

i
d

dt
C21(t) =

g′

2
ei(ηΩ−ω)tC12(t),

i
d

dt
C12(t) =

g′

2
e−i(ηΩ−ω)tC21(t). (24)

Then, the solution for equation (23) is

C20(t) =
1√
2

{[
cos

Φ0t

2
− i

ηΩ − ω

Φ0
sin

Φ0t

2

]

−αig
′

Φ0
sin

Φ0t

2

}
ei(ηΩ−ω)t/2, (25)

C11(t) =
1√
2

{
α

[
cos

Φ0t

2
+ i

ηΩ − ω

Φ0
sin

Φ0t

2

]

− ig
′

Φ0
sin

Φ0t

2

}
e−i(ηΩ−ω)t/2, (26)

and the solution for equation (24) is

C21(t) =
α√
2

[
cos

Φ1t

2
− i

ηΩ − ω

Φ1
sin

Φ1t

2

]
ei(ηΩ−ω)t/2,

(27)

C12(t) = − α√
2
i
√

2g′

Φ1
sin

Φ1t

2
e−i(ηΩ−ω)t/2, (28)
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)

Ωt
Fig. 3. Time evolution P (t) for Ω = 1, ω = 0.5 and g = 0.4.
The dashed line is our transformed RWA calculation. The solid
line and the dashed-dotted line are the numerically exact result
and the ordinary RWA one, respectively.

where Φ2
0 = (ηΩ − ω)2 + g′2 and Φ2

1 = (ηΩ − ω)2 + 2g′2.
The dynamical evolution is

P (t) = 2Re
(
C∗

20(t)C10(t)eiηΩt + C∗
21(t)C11(t)eiηΩt

)
.

(29)
For the ordinary RWA (Eq. (5)), the interaction is

H1(t) =
g

2

(
b†|s1〉〈s2|ei(ω−Ω)t + b|s2〉〈s1|e−i(ω−Ω)t

)
.

(30)
Then, it is easily to get the dynamical evolution,

PRWA(t) = cos
Φ0,RWAt

2
cos

(Ω + ω)t
2

− Ω − ω

Φ0,RWA
sin

Φ0,RWAt

2
sin

(Ω + ω)t
2

, (31)

where Φ2
0,RWA = (Ω − ω)2 + g2.

The calculations of P (t) with moderate detuning and
intermediate coupling are shown in Figures 3 and 4. Fig-
ure 3 is for the larger Ω case (Ω = 1, ω = 0.5 and
g = 0.4); Figure 4 for larger ω case (Ω = 0.5, ω = 1,
and g = 0.5). For comparison, the results of exact diag-
onalization and those of ordinary RWA are also shown.
one can see that our results of transformed RWA are
quite close to the numerically exact ones, much better
than those of ordinary RWA (especially for the case of
Fig. 4).

For some special cases the ordinary RWA is absolutely
invalid. Figure 5 shows the P (t) dynamics for large de-
tuning ω = 1, Ω = 0.25 and strong coupling g = 1. One
can see that the result of ordinary RWA is qualitatively
incorrect, but that of our transformed RWA is still in qual-
itative agreement with the numerically exact one.
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Fig. 4. Time evolution P (t) for Ω = 0.5, ω = 1 and g = 0.5.
The dashed line is our transformed RWA calculation. The solid
line and the dashed-dotted line are the numerically exact result
and the ordinary RWA one, respectively.
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Fig. 5. Time evolution P (t) for Ω = 0.25, ω = 1 and g = 1.
The dashed line is our transformed RWA calculation. The solid
line and the dashed-dotted line are the numerically exact result
and the ordinary RWA one, respectively.

4 Concluding remarks

We have presented an analytical approach, the trans-
formed RWA, for the SOM, which takes into account the
effect of counter-rotating terms but still keeps the simple
mathematical structure of the ordinary RWA. We have
investigated the energy levels of ground and lower-lying
excited states, as well as the time-dependent quantum
dynamics. It is obvious that the approach is quite simple
and can be easily extended to more complicated situation.
Besides, the results are compared with the numerically ex-
act ones to show that for weak to intermediate coupling
and moderate detuning our analytic calculations are quan-
titatively in good agreement with the exact ones.

The key point of our treatment is the unitary trans-
formation with generator S, where a parameter ξ =

ω/(ω + ηΩ) is introduced. The “speed” of atom is Ω and
the “speed” of oscillator is ω. When ω 
 Ω, the oscilla-
tor can follow the atom adiabatically and ξ ≈ 1. In this
region the generalized RWA of reference [10] works well
since it is good for higher frequency ω 
 Ω and strong
coupling g/ω 
 1. When ω � Ω, the oscillator cannot
follow the atom and ξ � 1, that is, an ordinary perturba-
tion treatment may be good enough if the interaction is
not strong. Our choice of 0 < ξ < 1 is in between to take
into account the nonadiabatic effect when the retardation
of the interaction between the atom and the quantum os-
cillator with moderate detuning and intermediate coupling
is important. In addition, the bare coupling g in original
Hamiltonian H is replaced by the renormalized coupling
g′ = 2gηΩ/(ω + ηΩ) in HTRWA because the effect of the
counter-rotating terms has been included.

Finally, we can check how “large” the dropped H ′
2 is

by calculating its contribution to the ground state en-
ergy. First, we already showed that equation (11) leads to
〈g0|H̃2|g0〉 = 0. Second, because of the chosen form of η we
can prove that 〈g0|H̃2|s2〉|0〉 = 0, 〈g0|H̃2b

†|g0〉 = 0, and
〈g0|H̃2b

†|s2〉|0〉 = 0. So, the lowest-order nonzero matrix
element is 〈g0|H̃2b

†b†|g0〉 = −0.5ηΩg2/(ω + ηΩ)2. Then,
the lowest-order correction to the ground state energy is

−

∣
∣
∣〈g0|H̃2b

†b†|g0〉
∣
∣
∣
2

2ω
=
ω

8
η2 g4

(ω + ηΩ)4
,

which is of the order of g4.
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References

1. I. Chiorescu, P. Bertet, K. Semba, Y. Nakamura, C.J.P.M.
Harmans, J.E. Mooij, Nature 431, 159 (2004)

2. A. Wallraff, D.I. Schuster, A. Blais, L. Frunzio, R.S.
Huang, J. Majer, S. Kumar, S.M. Girvin, R.J. Schoelkopf,
Nature 431, 162 (2004)

3. J. Johansson, S. Saito, T. Meno, H. Nakano, M. Ueda, K.
Semba, H. Takayanagi, Phys. Rev. Lett. 96, 127006 (2006)

4. D.I. Schuster, A.A. Houck, J.A. Schreier, A. Wallraff, J.M.
Gambetta, A. Blais, L. Frunzio, J. Majer, B. Johnson,
M.H. Devoret et al., Nature 445, 515 (2007)

5. A.T. Sornborger, A.N. Cleland, M.R. Geller, Phys. Rev. A
70, 052315 (2004)

6. E.K. Irish, J. Gea-Banacloche, I. Martin, K.C. Schwab,
Phys. Rev. B 72, 195410 (2005)

7. K. Hennessy, A. Badolato, M. Winger, D. Gerace, M.
Atature, S. Gulde, S. Falt, E.L. Hu, A. Imamoglu, Nature
445, 896 (2007)

8. I. Wilson-Rae, A. Imamoglu, Phys. Rev. B 65, 235311
(2002)

9. E.K. Irish, K. Schwab, Phys. Rev. B 68, 155311 (2003)
10. E.K. Irish, Phys. Rev. Lett. 99, 173601 (2007)
11. H.B. Shore, L.M. Sander, Phys. Rev. B 7, 4537 (1973)



478 The European Physical Journal D

12. E.T. Jaynes, F.W. Cummings, Proc. IEEE 51, 89 (1963)
13. B.W. Shore, P.L. Knight, J. Mod. Optics 40, 1195 (1993)
14. Z.J. Wu, K.D. Zhu, H. Zheng, Phys. Lett. A 333, 310

(2004)
15. T. Stauber, A. Mielke, J. Phys. A 36, 2707 (2003)
16. G. Levine, V.N. Muthukumar, Phys. Rev. B 69, 113203

(2004)
17. G. Liberti, R.L. Zaffino, F. Piperno, F. Plastina, Phys.

Rev. A 73, 032346 (2006)
18. T. Sandu, Phys. Rev. B 74, 113405 (2006)

19. H. Zheng, Eur. Phys. J. B 38, 559 (2004)
20. A.J. Leggett, S. Chakravarty, A.T. Dorsey, M.P.A. Fisher,

A. Garg, W. Zwerger, Rev. Mod. Phys. 59, 1 (1987)
21. Z. Lu, H. Zheng, Phys. Rev. B 75, 054302 (2007)
22. X. Cao, H. Zheng, Phys. Rev. A 75, 062121 (2007)
23. X. Cao, H. Zheng, Phys. Rev. A 77, 022320 (2008)
24. H. Zheng, S.Y. Zhu, M.S. Zubairy, Phys. Rev. Lett. 101,

200404 (2008)
25. M.O. Scully, M.S. Zubairy, Quantum Optics (University

Press, Cambridge, 1997)


	Introduction
	Theoretical analysis
	Dynamical evolution P(t)
	Concluding remarks
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


