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We analyze the phase diffusion, quantum fluctuations and their spectral features of a one-dimensional
Bose-Josephson junction (BJJ) nonlinearly coupled to a bosonic heat bath. The phase diffusion is considered
by taking into account of random modulations of the BJJ modes causing a phase loss of initial coherence
between the ground and excited states, whereby the frequency modulation is incorporated in the system-reservoir
Hamiltonian by an interaction term linear in bath operators but nonlinear in system (BJJ) operators. We examine
the dependence of the phase diffusion coefficient on the on-site interaction and temperature in the zero- and
m-phase modes and demonstrate its phase transition-like behavior between the Josephson oscillation and the
macroscopic quantum self-trapping (MQST) regimes in the w-phase mode. Based on the thermal canonical
Wigner distribution, which is the equilibrium solution of the associated quantum Langevin equation for phase,
coherence factor is calculated to study phase diffusion for the zero- and mw-phase modes. We investigate the
quantum fluctuations of the relative phase and population imbalance in terms of fluctuation spectra which capture
an interesting shift in Josephson frequency induced by frequency fluctuation due to nonlinear system-reservoir

coupling, as well as the on-site interaction-induced splitting in the weak dissipative regime.
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I. INTRODUCTION

A dynamical system in contact with a reservoir has been a
subject of wide attention in dissipative dynamics [1,2]. Over
the years, the dissipative quantum systems under the effect of
random noise have been extensively investigated both theoret-
ically and experimentally [3—7] in widely different areas, such
as condensed matter physics, quantum optics, magnetic reso-
nance spectroscopy, etc. In recent years, the study of quantum
dissipation in ultracold atomic gases has attracted much atten-
tion due to the presence of various loss processes affecting the
coherence of the atomic matter waves [8—10]. Also, an ultra-
cold atomic system has become a test bed to study dissipation
in an out-of-equilibrium quantum many-body system [11-16].
Apart from dephasing and relaxation dynamics, the combined
effect of interaction and dissipation in open quantum systems
can give rise to nonequilibrium steady states and transitions
between them [17-20]. The Bose-Josephson junction (BJJ) is
an ideal system where both the effects of interaction and dissi-
pation can be explored to understand coherent and incoherent
quantum dynamics of matter waves [21,22].

There are various ways in which the dissipation can be
introduced in a system. The presence of an intrinsic coupling
between a Josephson mode and quasiparticle excitations can
lead to dissipation in a BJJ [23,24]. Dissipation also originates
from the finite temperature effects [25-27] and the coupling of
the system with external environment [28]. Phase fluctuation
and heating effect in a BJJ due to thermal fluctuations have
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been already observed in an experiment [29]. In this context,
phase diffusion plays a fundamental role in the dynamical
behavior of cold atoms in optical lattices and Bose-Einstein
condensates (BECs) [30—40]. There are many theoretical and
experimental works suggesting that the interaction between
the particles can lead to phase diffusion [30—33,41-47]. More-
over, dissipation and dephasing may be engineered in an
ultracold atomic system with lasers or with the assistance of a
cavity [48-51]. In particular, we refer to Ref. [22,52-65] for
recent investigations in theory and experiments on dissipative
BlJs.

The traditional treatments of dissipation concern bilin-
ear coupling between the system and the reservoir modes.
Pure phase relaxation, however, cannot be described by such
an interaction linear in both system and bath coordinates
since it causes dissipation of energy and no frequency fluc-
tuation. On the other hand, pure phase relaxations [66—70]
can result from fluctuations of the energy levels of the sys-
tem leading to the phase loss of initial coherence between
its ground and excited states. This can be incorporated in
the system-reservoir interaction by introducing a term of
the form F(a, aT)Zj(gjbj +g’;~b;), where F is a function
of the annihilation(creation) operator a(a') for the system
mode and b j(b;) refers to the same for jth reservoir mode,
g; being the jth coupling coefficient. Such a term arises
for coupling (which is linear in bath coordinates and non-
linear in system coordinates) of the type ¢*> Y ;8jXxj when
expressed as (a +a’)* )" g;(b; + bj) In molecular physics
g*x is responsible for Fermi resonance [69]. A coupling of the
form H, ) j (gjb; + g*-bj.) where H; is the system Hamiltonian

J
[67] may induce a coherent contribution to phase diffusion.
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The role of such nonlinear system-reservoir interaction in
two-dimensional spectroscopy [69], thermal rectification, and
differential thermal conductance [70] was studied earlier. The
recent advances in bath engineering using a relatively broad-
band laser has opened up new directions in open quantum
systems [50,51,71-77]. Guided by these considerations we
examine a minimal model for system-assisted nonlinear in-
teraction in which fluctuations of the BJJ modes become
coupled to the bath coordinates. Thus the interaction induces a
coherent contribution of excitation-deexcitation of the system
to phase diffusion in a one-dimensional (1D) dissipative BJJ.

Based on a two-mode Hamiltonian description we derive
the quantum Langevin dynamics of relative phase and pop-
ulation imbalance. The phase diffusion coefficient for zero-
and w-phase modes reveals its characteristic dependence on
the on-site interaction and temperature of the system. We
find that the phase diffusion coefficient is sensitive to the
variation of temperature for small dissipation. In the -phase
mode it exhibits an interesting phase transition-like behavior
between the Josephson oscillation and the macroscopic quan-
tum self-trapping (MQST) regime. Making use of the thermal
canonical Wigner distribution [78], we calculate the coher-
ence factor [79] which reveals that the 1D system-assisted
dissipative BJJ has a higher degree of coherence which is con-
sistent with the experimental observation [29]. The underlying
quantum fluctuations in population imbalance and relative
phase have been analyzed in terms of fluctuation spectra to
demonstrate the transition between the coherent and incoher-
ent behavior of the system from weak to strong dissipation
regime and to capture the frequency-fluctuation induced shift
of the Josephson frequency.

The paper is organized in the following way. In Sec. II we
derive the dissipative BJJ equations by coupling the two-mode
Hamiltonian to the bosonic baths in the presence of noise. In
Sec. III we analyze the theoretically phase diffusion coeffi-
cient in a 1D dissipative BJJ. In Sec. IV we derive the general
formula for the fluctuation spectra of population imbalance
and phase difference. In Sec. V we present and discuss our
results on numerical simulations of coherence factor, phase
diffusion coefficient, and the spectra of the fluctuation to
corroborate the theoretical scheme. The paper is concluded
in Sec. VL.

II. DISSIPATIVE BOSE-JOSEPHSON JUNCTION:
A PHASE DIFFUSION MODEL

The many-body Hamiltonian for a system of N bosons at
zero temperature is given by

Hyvip = Hy + Hi, (D

where
R R . PO .
m=/£r~—www+me
2m

. 2 ia
int =

[ avititi.

where @ﬁ and &T represent bosonic fields and Vi, is the exter-
nal trap potential [80,81] of the form Vi = V(p) + Vaw (%),

where V(p) = %mwﬁpz, which permits harmonic oscillations
with frequency w, along radial directions i.e., y- and z-axes
and a symmetric double-well (DW) potential Vg (x) along the
x axis. Here p?> = y?> + 7%, a, denotes the s-wave scattering
length, and m is the atomic mass. In the strong radial con-
finement regime (@, > w,) where , be the axial frequency,
we assume that all the atoms occupy the ground state of the
radial harmonic potential. To proceed further, we integrate
over the radial harmonic oscillator states and obtain an effec-
tive 1D Hamiltonian for the system. The lowest two energy
eigenfunctions are quasidegenerate. For symmetric DW, the
lowest eigenstate ¢, is space-symmetric [¢hg(x) = ¢o(—x)],
and the other quasidegenerate state ¢.(x) is antisymmetric
[9e(r) = —pe(—0).
The field operator v can be written as

W = é\lg‘pg + &e¢e 2)
with @, and a, (a] and &) being the annihilation (creation)
operators for a particle in the ground and first excited states,
respectively. The operators obey the standard bosonic commu-
tation relation [4&;, &j.] = J;;. By defining further two operators

ap = (@, +a,) and ag = —5(a, — &) and their Hermitian
counterparts, the effective 1D field operator becomes

~

Y =arp, +arp-, 3)

where ¢, = J5(d + ¢.) and _ = (¢, — ¢c). The valid-
ity of this two-mode approximation for BEC rests on the
fulfillment of the two conditions: (a) the temperature is much
below fiw, (and so also much below /iw,) and (b) both the
interaction energy per particle and the chemical potential
are much below /iw,. Making use of the field operators in
the many-body Hamiltonian of Eq. (1), we obtain a two-mode
Hamiltonian of the form

Ary = 4 aLE) + aarEy — (2] ag + ahar)K
Ut ioin » Ui
+ 7611;‘611}‘@]‘@[‘ + TaRalIgaRaRv (4)

where

h2
K= _/ [Z_(Vx¢+Vx¢) + &+ Vaw(X)$- |dx,
m

h2
E@) =/[%va¢+(—>|2+|¢+(—)|2de(x) dx,

and

47th2a5
Upr) = / || dx,

m

where V, = %, K is the tunneling amplitude between two
sites of the DW, and U, is the on-site interaction strength
for left(right) side of the DW arising out of nonlinearity. For a
symmetric DW potential, we write £; = E; = E.

A. Two-mode model coupled to bosonic heat baths

Usually Josephson oscillations in a DW potential are
nondissipative, implying that the dynamics of the atom num-
ber imbalance and relative phase remains undamped over time
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[82-84]. However, in recent years several studies reported a
dissipative BJJ which is analogous to a pendulum with friction
[85-87]. In order to study the effects of dissipation in BJJ,
we consider a model of a BJJ coupled to two bosonic baths
described by the total Hamiltonian

Hr = Hyv + i Z (B b))

k,m=L,R

+h Y gl an(Bly + b, )

k,m=L,R

where I3mk and B;k are the bosonic annihilation and creation
operators, respectively, corresponding to the kth bath mode
and mth well. w; represents the frequency of the kth bath
mode, and g; represents the coupling between the kth bath
mode and the on-site boson number. The bath-BJJ coupling
constants for the kth bath mode for both wells are assumed to
be the same. A key point in the present treatment is that the
coupling between the system and the bath modes is nonlinear.
Here the excitation in the bath modes is not accompanied
by energetic deexcitation of the system as in the usual lin-
ear system-bath coupling [81]. Thus the coupling leads to
fluctuations of the system energy levels, i.e., modulation in
frequency resulting in phase loss of the BJJ modes [66-70].
The influence of the bath and the nonlinear coupling of the
form (5) have been used earlier [28], and this gives rise to the
phase diffusion of the system. The Heisenberg equations of
motion for the system and the bath operators are given by the
equations

iE iK

ar = _?QL + 7611& - —aLaLaL - ngkb (Dag
—i Z gibri(t)a, (©)
&R = —%aR + %aL — %aRaRaR —1 ngbRk(t)aR
—i ) aibr(0)ar, Y
k
bux = —ienbyx — igedar(t), ®)
bre = —ionbre — igrdar(t). )

After applying Born-Markov and secular approximation
[88-90] and eliminating the high-frequency oscillation terms
using the transformation A; z = ;. ze’*"~), we eliminate the
bath degrees of freedom. The Heisenberg equations of motion
take the following form:

A iK . iUy . Yt poa A
AL = 7A — TA ALAL — EALALAL +F®Ma, (10
A lKA lU_AJ-AA )/ATAA N N
Ag = EAL — TA ARAR — EARARAR + Fr(®)ag, (11)
where
FL(t) = =iy gulto)bpi(tg)e =0 (12)

k

Fr(t) = =i Y gilto)bre(tg)e™ @D (13)
k

refer to the quantum noise due to the heat baths modulated
by oscillation of the system for the L and R modes. y rep-
resents the dissipation of the system modes and Q = E/h.
Equations (10) and (11) and the noise operators in Egs. (12)
and (13) appear as a natural consequence of system-reservoir
couplings. The detailed derivation of Eqgs. (10) and (11) is
presented in Appendix A.

To construct a quantum Langevin equation with c-number
noise [91,92], we return to Eqgs. (10) and (11) and carry out a
quantum mechanical average over the initial product separable
quantum states of the system oscillator and the bath oscillators
atto =0 |a) ) |m2) - |k - - - |uw). Here |a) refers to the
initial coherent state of the system, and {|u;)} corresponds
to the initial coherent states of the bath operators. We denote
the quantum mechanical averages for the system and the bath
operators as (A; g) = ap g, (A] ) = of ¢, and (FLg) = &L
Here &.r = —i Y, gi(to)tra ree @~ DU=0) The c-number
noise with zero mean follows the fluctuation-dissipation
relation, such that (£, x()) =0 and (& R(t)sL k(1)) =
y coth(h2/2kgT)5(t —t’). The thermal properties of quan-
tum noise are presented in detail in Appendix B. The
c-number amplitudes may now be written as a; = /Npe%
and ag = /Nge'®. Ny is the number of atoms in the left
(right) well. 6.z is the phase of the atoms in the left (right)
well. The complex amplitude equations for two wells are
given by

. iK iU

= Sag— TN — ENpw 4 EL(a, (14)
h h 2

. 7.4 iU_ Yy

Gp = FO[L — _h Nroagp — ENRO{R + Er(t)ag. (15)

In deriving the above equations, the mean-field approximation
is used whereby the coherent state average over the terms
like A'};ALAL is replaced by (AIAAL) (AL) or Npoy,i.e., we have
taken into account the quantum correlations in the lowest or-
der. The underlying assumption is that the fluctuation around
the mean is small. In terms of the Ginzburg criterion this
implies (SAZSAL) < (AAZAL), which is reasonably good when
the number of atoms in the condensate is not too low.

Separating the real and imaginary parts of Eqs. (14) and
(15) we obtain after some algebra the following equations in
terms of the normalized atom number imbalance z(z) and
phase difference 0(¢):

. 2K .
Z(t)=—7 1 —Z2(t)sin0(t) — yNz(t) + &, (16)
0(t) = 2K L cosO(t) + Noz(t) | + &0, (17)
I By yony 20 0 05

where éz—zsL(t)NL/N 286r(t)NR/N, & =
7= lop [>—lor|> __ Np—Ng
lag P+Hagl> — NL+N

ative phase defined by 6 =0 — 6;. Ao(= ﬁ) character-
izes the many-body interaction parameter with U being
the on-site mean two-body interaction energy where U =
Yt Now for symmetric DW, we consider U, = U_ =U.
Equations (16) and (17) represent the dissipative BJJ equa-
tion with noise. The detailed derivation of Eqs. (16) and (17)
is presented in Appendix C. In the absence of noise [£ z(f) =
0] the equations reduce to the dissipative BJJ equations in

‘i:R - SL,

The conjugate variable is the rel-
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which the dissipative coefficient term can be modified by
the linear contribution from 6(z), which is usually studied in
the standard dissipative BJJ [81,85,86,93]. In the absence of
dissipation (y = 0) Egs. (16) and (17) reduce to the standard
BJJ equations.

II1. PHASE DRIFT AND DIFFUSION

Equations (16) and (17) describe the BJJ equations with
quantum noise. These are nonlinear Langevin equations
which cannot be solved by any direct analytical method. The
traditional way to circumvent this difficulty is to resort to the

J

weak noise limit. To this end we consider first the steady
state of the system in the absence of noise and linearize the
dynamics around it. We are then led to a multivariate Ornstein-
Uhlenbeck (OU) process as considered below.

To proceed, we begin with the steady states of the
dynamical system (z;, 6;). These steady states are the zero-
phase mode (z; =0, 6, = 0), w-phase mode (z;, =0, 6; =
), and mw-phase self-trapping mode (z; = £v'1 — -5, 6, =

AZ ’
). Now linearizing the system around (zg, 6;) wi(t)h 7=
s+ 6z and 6 = 6; + 660, where 8z and 86 are small per-
turbations, we obtain the linearized Langevin equations in
c-numbers

5= — 2K T 2 cos0,80 + 2K 52 Gno,— yNoz 4 £.(0) (18)
i - s ———= SInvt; — s
Z 7 Z5 7 =2 yNéz + &,
. 2K Zs Sin 6 cos 6,
80 = =—| Agdz — —8z | + & (1), (19)
h 1 — 72 (1-22)2

where &,(1) = &.(t) — Er(t) + z,[EL.(¢) + Er(1)] and & (¢) = Eg(¢) — &.(¢). Here we have used the relations Np, gy = %V(l =+ z,).
N ks are the steady-state values of the number of atoms in the left and right wells. For y > 0, 6z gets equilibrated at a fast rate.
One can therefore resort to adiabatic elimination of the fast variable z, which results in

/T —22cos6,80 — &,

6z = :
2K z,sin b
T N
Now inserting §z in Eq. (19), we obtain after some algebra an equation in the form of linear Langevin dynamics for phase 6 (¢ ):
80 = =186 + C&(1) + & (1), (20)

where 7 is the linear phase drift. The general expressions for  and C are

. 2K | zysin6; cos 6,

V1 —z2cos b

TEIVE i)
and

cos b 1
C=-—

zsinfy _ yNh

1 —z2cos b
Vo TP 1)

— Mol e _ yNh

2K Jiz K

—

3
(1_23)2 1-22

respectively. It is important to emphasize that as §z saturates,
86 is governed by diffusion and drift. The drift n [Eq. (21)]
contains y. A closer look at the steady states (z;, 6y) and
their substitution in expression (21) indicates that n is always
positive. Thus 86 cannot grow indefinitely but is governed
by Brownian dynamics following the fluctuation-dissipation
relation, so that 6 equilibrates in time.

Making use of the fluctuation-dissipation relation for c-
number noise with zero mean [Eqs. (B6) and (B7)] it follows

(E@E)) = C*(1 + 22)2y coth(h2/2ksT)8(t — 1),

where &£(1) = C&.(t) + &y(t). The Fokker-Planck equa-
tion corresponding to the linear Langevin dynamics [Eq. (20)]
is given by [89]

AP(W, 1) 3 32P(V, 1)
— e (yW)P(W,t) + D———.
at gy TP

202 (23)

zsinfy _ yNh

, (22)

zsinfy _ yNh

1-22 2K

(

Here P(W, 1) is the probability of finding W at time ¢; we have
put 88 = W. D is the phase diffusion coefficient as given by

D =C?y(1 +z;) coth(i2/2ksT). (24)

A clear separation of the statistical part coth(/1€2/2kgT ) from

the dynamical prefactor is quite apparent in the above ex-
pression. The expression for phase diffusion coefficient is one
of the main results of this section. Equation (23) shows that
phase perturbation can be described as Brownian motion of
a particle characterized by phase drift and diffusion. At finite
temperature, the macroscopic quantum tunneling across 1D
dissipative BJJ is thus significantly affected by number and
phase fluctuations.

Before closing this section, we digress a little bit about
the consistency check of the calculation. Putting the Fokker-
Planck equation (23) in the form of a continuity equation
P 4 88 =0, we identify the flux [89]

F = \IIP+D8P
=\ aw )
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At equilibrium F = 0, we obtain from the above equation the
equilibrium distribution function

-1
Pequ(W) = Aexp |:— (m) \1/2:| (25)

2kpT

I8 7_phase mode k = 1540

for the zero-phase mode k = =5 N
A3(A]
N

and m-phase self-trapping mode k = 27D 7 s the tem-
perature and A is the normalization constant, respectively.
The distribution does not depend on y as it should for the
attainment of equilibrium. Second, the width is governed
by the coth function, which carries the signature of Wigner
canonical thermal distribution (B4) employed in the course
of construction of the ensemble for c-number noise in the

J

2K z;sin 6,
N _ 48 <5 s
Y e 1=z

8z
(0
56 _27K<A0+ cos O,

(1-22)3

such that 88T = B x B is a direct product of the matrix
Bx = 8z(t)dz(t)  8z(t)86(t)
T \80(t)dz(t) 80(t)s0(t) )
Taking the average on both sides of Eq. (26) we obtain

(B()) = —B(B(1)) + (M(1)).
By virtue of the zero mean of c-number noise (&, z(¢)) = 0,
we have (M(¢)) = 0. Direct integration yields
(B@) = e~ (B0,

where (B(0)) gives the average of the initial value (B(¢)).
Now, according to the regression theorem the correlation
function decays in the same way as the average decay, which
suggests that

(B(1)B(0)) = e P (B0)B0)),
(B0)B(1)) = (BO)BO))e B, 27)

To obtain the low-frequency spectrum of various modes of
correlation, we calculate the Fourier transform of (8(¢)5(0))
and define

+00
S(A) = / e N BWP(0)) d, (28)

[e¢]

where A refers to the detuning around €2, 7 is the identity ma-
trix and t = O refers to the stationary state, i.e., we calculate
the correlation of fluctuation around the stationary state. On
further manipulation of Egs. (28) and (27), we obtain

S(A) = (B+iAD)(B0)BO0) + (BO0)BO) (B —iAD)~".

The stationary state contribution in the above equation can be
expressed in terms of the diffusion matrix of the form

D _ y(l + zf) coth(i2/2kgT) 0
7,0 — 0 y coth(nS2/2kpT)

so that the 2 x 2 fluctuation spectrum matrix becomes

S(A) = (B+iAD'2D. 4B —iAD™.

2K zysinf,
e 1=z

present treatment. Third, the occurrence of the W2 term in the
parentheses of the distribution is reminiscent of the potential
energy term of an equilibrium distribution.

IV. SPECTRUM OF FLUCTUATIONS

We now go beyond the adiabatic elimination of a fast
variable to calculate the spectra of the fluctuation of number
imbalance and phase difference associated with the BJJ dy-
namics. To proceed we recast Egs. (18) and (19) in matrix
form as

B(t) = —BB(t) + M(t), (26)

where

2K 2
=1 —z;cos by

_ (&
» M= (59)

Explicit evaluation of the matrix elements results in the fluctu-
ations of number imbalance as the S;; element, while the S»,
element represents the contribution due to phase fluctuation
[88].

The number fluctuation spectrum (S;; element) can be
written as

(

2Dy (B3, + A?) 4+ 2Dy,B3,
(B11Bx — B12Bay — A?)2 + A%(Byy + Bpn)?
(29)

SZ(A) =

Similarly, the phase fluctuation term (S,; element) can be
written as

2Dy B3, + 2D (B}, + A?)

Sp(A) = ,
‘ (B11By, — B12By) — A?)? + A%(By) + By)?
(30
where By = yN — %%,Bu = sz 1 —zZ2cosby, By =
2K 05 ) _ 2K zssinb; H :
—= (Ao + ﬁ), and By = Ti/%_z%' The diffusion ma-

trix elements are defined as Dy; = y (1 + 22) coth(hS2/2kpT)
and D,; = y coth(A2/2kgT).

V. RESULTS AND DISCUSSION

We now discuss three distinct aspects of the present work
highlighting the coherence factor, phase diffusion coefficient,
and fluctuation spectra for zero- and m-phase modes. The
conspicuous role of the on-site interaction and tunneling and
their interplay with the system-bath coupling in controlling
coherence, phase transition, and quantum fluctuation of num-
ber and phase are illustrated.

A. Coherence factor

In order to study the coherent and incoherent regimes of the
dissipative BJJ, we now define (cos W) as a coherence factor
[79] as it provides the degree of coherence of the system.
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— U/K=1
0.8 —U/K=2
06 —UK=3
=06 £l
2 2 0.4
<04 <
02 02
(a) (b)
0 0
1 2 3 4 5 0.1 1 10 100
U/K 25T /O

FIG. 1. (a) Variation of the coherence factor (cos W) as a function
of U/K at kgT /h2 = 1/10 in zero-phase mode. (b) Variation of
(cos W) as a function of 2kgT /A2 for U/K = 1 (blue solid line),
U/K = 2 (red solid line), and U/K = 3 (black solid line). Note the
logarithmic scale on the horizontal axis.

If the value of the linearized phase is localized around zero,
the value of the coherence factor is close to unity. If instead
the phase is fully delocalized and all its values are equally
probable, then the value of the coherence factor is close to
zero implying that the system is in the incoherent state. Since
at equilibrium the relative phase follows the Wigner thermal
canonical distribution [78] as described by Eq. (25), one may
define explicitly the coherence factor as follows:

J7. dWcos Wexp [ —=% ]

k coth( 2ka,.

J7_ dVexp [—COW ]

Kcoth(%)

(cos W) = 31

The appearance of the factor « in the canonical distribution
makes the coherence factor dependent on the on-site mean
two-body interaction energy U and the tunneling energy K.
In what follows we examine the coherence factor in the light
of these parameters.

1. Zero-phase mode

For our numerical calculation in zero-phase mode, we set
the total number of atoms N = 1000. In Fig. 1(a) we show the
coherence factor (cos W) as a function of the ratio U/K for
the low-temperature limit kg7 /A2 = 1/10 in the zero-phase
mode for which k = HNA“. It is apparent that in the limit of
strong tunneling U/K « 1, the coherence factor gets close
to unity. This is because under this condition the system un-
dergoes a small oscillation around the equilibrium zero-phase
value. In this limit the fluctuation of the phase difference is
also small. In the opposite limit, when U/K > 1, the am-
plitude of the oscillation around the equilibrium increases
as a result of delocalization of the phase due to the large
on-site interaction. As the phase fluctuations are not small,
the coherence factor gradually decreases. This is similar to
the prediction of the coherence factor calculated using the
Josephson Hamiltonian [79]. In Fig. 1(b) we plot the tem-
perature dependence of the coherence factor. It is clear that
for a particular value of the interaction energy, the coherence
factor at low temperature is almost constant and then with
increase of temperature the coherence factor decreases. At
high temperature (2kg7 /hiS2 =~ 100), the curves coincide for
different interaction energies close to zero, i.e., the system
becomes incoherent. This general behavior of the coherence
factor is observed over three orders of magnitude of 2kT /A2

—U/K=0.006
08! 08 —U/K=0.01
506/ 506
8 8
<04 S04r
0.2 0.2
i@ (b)
- ‘ ol : .
001 002 003 004 005 0.1 1 10 1000

U/K 2%kpT/hQ
FIG. 2. (a) Variation of (cosW) as a function of U/K at
kgT /h2 = 1/10 in the m-phase self-trapping regime. The vertical
dashed-dotted magenta line corresponds to U/K = 0.004. (b) Vari-
ation of (cos W) as a function of 2kz7T /A2 for U/K = 0.006 (blue
solid line) and U/K = 0.01 (black solid line). Note the logarithmic
scale on the horizontal axis.

and is in good agreement with the experimental observation
[29].

2. m-phase self-trapping mode

In Fig. 2(a) we plot the coherence factor (cos W) as a func-
tion of the ratio U/K for the low-temperature limit kg7 /A2 =
1/10 in the m-phase self-trapping regime. In this regime «
is given by k = AGAGTT i Ao > 1. The coherence factor
quickly falls from unity to zero with small change in the U/K
ratio. When U/K < 0.004, the value of the coherence factor
is close to unity. In this regime the system oscillates around a
nonzero value of the population imbalance and phase differ-
ence, and the fluctuation in phase remains low. When U/K >
0.004 the coherence factor falls off rapidly from unity to zero.
In Fig. 2(a) the vertical dashed-dotted magenta line corre-
sponds to U/K = 0.004, which basically separates out the
m-phase self-trapping regime from the running 7 -phase self-
trapping regime [82]. In the running m-phase self-trapping
regime the population imbalance oscillates around a nonzero
mean value, but the phase difference between the two BECs
in the left and right wells evolves unbound as a result of which
the relative phase increases monotonically. So the phase is
delocalized and the phase fluctuations are not small. The sys-
tem becomes incoherent. Furthermore when U/K > 0.025,
the value of the coherence factor is almost zero signifying
the incoherent regime. In Fig. 2(b) we show the temperature
dependence of the coherence factor for fixed interaction ener-
gies by choosing U/K in the nearly coherent regime where the
system is in the running phase self-trapping mode. We observe
similar behavior when compared to the case of the zero-phase
mode. However, compared to the zero-phase mode the degree
of coherence increases by one order of magnitude. This study
of coherence reveals that the 1D dissipative BJJ has a higher
degree of coherence.

B. Phase diffusion coefficient

In this section we present our results for the variation of
the phase diffusion coefficient with temperature and its phase
transition-like behavior in 7 -phase modes.

1. Variation of ‘D with temperature

The dependence of the phase diffusion coefficient D on the
interaction parameter, dissipation constant, and temperature is
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FIG. 3. Variation of the phase diffusion coefficient D as a
function of 2kzT /A2 for different values of # with many-body
interaction parameter A, = 0.5 in the zero-phase mode.

clearly illustrated by expression (24). A representative varia-
tion of D as a function of temperature is shown in Fig. 3 for
the zero-phase mode for several values of  for N = 1000.
We set U/K = 0.001 such that the many-body interaction
parameter becomes Ay = 0.5 (weak interaction or the strong
tunneling regime). It is observed that D remains constant up
to 2kgT /A2 ~ 0.4. On further increase of the temperature,
i.e., (2kgT /hQ2 > 0.4) D increases but for lower values of
7 as shown by the blue dashed-dotted line in Fig. 3. The
variation is insensitive to the temperature for larger values of
dissipation coefficient as evident from the magenta and red
dashed-dotted lines in Fig. 3. The trend is qualitatively similar
to the corresponding cases for the w-phase modes.

2. Variation of D with A,

In the m-phase mode, there are three steady-state solutions

(a)zg—O Oy =m, (b) z3 =~ Oy =m, and (¢) z, =

AZ ’

—V1 - A2 , O, = . The first solutlon arises for Ay < 1; the
second and third solutions are acceptable for when Ay > 1. At
Ao = 1 abifurcation of population imbalance occurs which is
plotted in the inset of Fig. 4. This bifurcation in the m-phase
mode has been observed experimentally in internal BJJs [94].
To analyze the effect of this bifurcation on the phase diffusion
coefficient, we plot D as a function of the interaction param-
eter Ao in Fig. 4. We see that for Ay < 1, i.e., when z; =
0, 6, = m, the phase diffusion coefficient D o C 2)/ where
C = %—’;[Ao — 1]. With an increase of Ay, the phase diffusion
coefficient D decreases as represented by the solid magenta
line. At Ag = 1, the phase diffusion coefficient becomes zero.
For Ay > 1, there are two possible solutions of z;, and for both
cases C is given by C = ﬁ—[;[Ao - %]. For this, we observe
that D increases sharply with the increoase of A as represented
by the blue solid and red dashed lines. Ay = 1 is therefore the
critical point at which a turnover of the phase diffusion coeffi-
cient occurs due to bifurcation of z;. The phase transition-like
behavior here originates from the symmetry breaking in BJJ
in the m-phase modes. It is interesting to note that the two
branches of the bifurcation in z; shown for the steady-state
population imbalance (inset) coalesce on a single line for the
phase diffusion coefficient in the regime Ay > 1. This can be
understood from the expression for phase diffusion coefficient
D, which is a function of z2 rather than z;.

0.02} .

0.01} Ao

FIG. 4. Variation of D as a function of A¢ at kg7 /i2 = 1/10
with # =1 in the 7-phase mode. Magenta solid line depicts D vs

Ao curve for z, = 0,0, = 7 and for z, =+ /1 — 0, = m; the

A2 )
D vs Ay curve is depicted by solid blue and red dashed lines. The
vertical black dashed line corresponds to the critical Ay for the
transition between Josephson oscillation and MQST in the m-phase
mode. Inset: Variation of the steady-state population imbalance z; as
a function of Ay. The three different colors signify three different
steady states of the population imbalance. The vertical black dashed
line corresponds to Ay where the bifurcation of z; occurs.

The turnover or phase transition-like behavior of D can
be explained as follows: For a small dissipation coefficient
(7 = 1) at low temperature (kg7 /2 = 1/10), it follows that
the dynamics of the dissipative BJJ is governed by the Joseph-
son Hamiltonian [82], which gives negative energy for the
zero-phase mode and positive energy for the m-phase mode.
Now, in the m-phase mode, the system initially has large
energy so that the increase of A( does not change the flow of
the relative phase between two wells in the DW potential as a
result of which D decreases. At the critical A, the interaction
energy, however, becomes equal to the steady-state Josephson
Hamiltonian energy, which implies that at this point there is no
flow of the relative phase between the wells. Further increase
of A( implies that many-body interaction energy becomes
large compared to the Josephson Hamiltonian energy so that
the flow is reversed and as a result D increases. This is also
similar to the case of the zero-phase mode because for this
case the initial Josephson Hamiltonian energy is negative and
with increase of A, D increases. For the sake of brevity the
behavior of D as a function of A in the zero-phase mode
is not shown. However, it is clear that as [D o (1 + Ag)*] D
increases with increase of Ag.

C. Quantum fluctuation spectra

From Egs. (29) and (30), the analytical expressions for the
spectra of number and phase fluctuations become

2 coth (2k 2)(4+ A?)
TR N )

27 coth () [/2(1 + Ao) + 77 + A?]
(a7 = 4 5) =+ (1772 )

respectively. Here 7 = yN and the oscillation frequency
f= 2TK«/I + Ao (zero-phase mode Josephson frequency),

S:(A) =

So(A) =
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FIG. 5. Variations of the number fluctuation spectrum S (A)
(a) and phase fluctuation spectrum Sy(A) (b) as a function of A
for zero-phase (solid blue line) and 7-phase mode (solid black line)
for U/K = 0.001, # = 1 with N = 1000, and k3T /2 = 1/10. The
blue and black dashed-dotted lines indicate the Josephson frequency
in the absence of dissipation for zero and 7 -phase mode, respectively.

f= 2TK«/I — Ay (r-phase mode Josephson frequency), and

f= 27'(«/ A3 — 1 (w-phase self-trapping frequency) of the
three modes.

From the above expressions we first note that when the
detuning A = 0, both number and phase fluctuations persist
(S;, Sg # 0) in zero- and m-phase modes of 1D dissipative
BJJ down to absolute zero. Second, it is clear that the peak
position depends on a y-dependent shift from the Josephson
frequency for zero- and m-phase modes and the self-trapping
frequency for the respective mode. We emphasize that this
frequency shift is a direct consequence of the nonlinear
system-bath interaction in which the fluctuation in energy
levels of the system causes a phase loss of initial coherence
without dissipation. Third, depending on the relative strength
of 7, i.e., the system-reservoir coupling and the on-site in-
teraction A, the phase and number fluctuation spectra may
exhibit a single- or double-peak structure. The interaction
(Ao) -induced splitting when 7 is small is reminiscent of the
Autler-Townes doublet in quantum optics. We now illustrate
the main results for the fluctuation spectra.

We first examine the general spectral characteristics in the
weak on-site interaction and weak dissipation regime in the
zero- and m-phase mode. For this we set kg7 /h2 = 1/10,
U/K = 0.001, and y = 1 with total number of atoms N =
1000. In Figs. 5(a) and 5(b), we plot the number and phase
fluctuation spectra as a function of detuning for the zero-
phase mode denoted by the solid blue line and for the 7 -phase
Josephson oscillation regime indicated by the solid black line.
For each mode, we observe that two peaks appear where
the dashed-dotted lines indicate the Josephson frequency in
the respective modes. It is clear that exactly at the shifted
Josephson frequency the amplitude of the number and phase
fluctuation spectra is maximum. In the 7 -phase mode the am-

0.01 : : :
7=2
— =2
< o.00s} e
3 7=
=5
(b)
-10 5 0 5 10

FIG. 6. Variations of S,(A) (a) and Sy(A) (b) as a function of
A for different values of 7 in zero-phase mode for U/K = 0.001,
with N = 1000 and kzT /i2 = 1/10. The green dashed-dotted line
indicates the Josephson frequency in zero-phase mode in the absence
of dissipation.

plitude of the number fluctuation spectrum is higher compared
to that in the zero-phase mode for the same A value, and the
opposite behavior is observed for the phase fluctuation spec-
tra. We also observe that the difference between the maximum
and minimum of the spectra at A =0 is large for the n-
phase mode number fluctuation spectra compared to that for
the corresponding zero-phase mode. The reason behind this
behavior is that for a fixed many-body interaction parameter
the Josephson frequency for the zero-phase mode is always
greater than that for the m-phase mode. As a result when
the Josephson frequency decreases the amplitude increases as
well as the depth increases. A similar but opposite behavior
for phase fluctuation spectra is observed. As noted due to the
presence of y the peak positions of the number and phase
fluctuation spectra are not exactly at the Josephson frequency
in the m-phase mode of the standard BJJ. This signifies that
the peak frequency is modified by . The modification is a
direct consequence of the frequency fluctuations in the energy
levels with excitation-deexcitation in the system mode and
is an important feature in the coherent behavior of the 1D
dissipative BJJ.

Next we examine how the phase and number fluctuations
change on increasing dissipation in the system in the zero-
phase mode. In Figs. 6(a) and 6(b) we plot the number and
phase fluctuation spectra as a function of detuning for several
values of dissipation coefficient  for N = 1000. It is apparent
that with an increase of  the two-peak structure reduces to
one peak in each case indicating a transition from coherent to
incoherent regime. The coherent regime implies the standard
BJJ picture where the system oscillates between the two wells
with a frequency close to the Josephson frequency, whereas
for the incoherent regime the tunneling is prohibited.

We now study the effect of dissipation on number and
phase fluctuation spectra in the 7 -phase mode Josephson os-
cillation regime. In Figs. 7(a) and 7(b) we plot the number and

034141-8



PHASE DIFFUSION AND FLUCTUATIONS IN A ...

PHYSICAL REVIEW E 107, 034141 (2023)

0.01f ]
— 7=2
4 7=3
S 0.005 IR
=5
0

0.08 . . . . . : :

0.06 =711
a —5=3
Zoo0a} I
3 _7’5

0.02f T2

(b)
o . . .
4 3 2 4 0 1 2 3 4

FIG. 7. Variations of S,(A) (a) and S4(A) (b) as a function of A
for different values of # in the -phase Josephson oscillation regime
for U/K = 0.001, with N = 1000 and kzT /hS2 = 1/10. The green
dashed-dotted line indicates the Josephson frequency in the w-phase
mode in the absence of dissipation.

phase fluctuation spectra as a function of detuning for several
values of dissipation strength. The results are qualitatively
similar to the earlier case. The difference, however, is that in
the 7 -phase mode one reaches the incoherent regime for weak
dissipation compared to the zero-phase mode for which one
observes a transition from the coherent to incoherent regime
for comparatively large values of 7.

Next we explore the fluctuation spectra for the weak and
strong dissipative regime for the 7 -phase self-trapping mode.
In Figs. 8(a) and 8(b) we plot the number and phase fluctu-
ation spectra as a function of detuning for weak dissipation

%10

0.06 T T T

. 0.04r1 1

Sy(A

0.02 1

0 H
-10 -5 0 5 10
A

FIG. 8. Variations of S,(A) (a) and Sy(A) (b) as a function of
A for =1 (solid blue line) and = 8 (solid black line) in the -
phase mode self-trapping regime for U/K = 0.003, with N = 1000
and kgT /h2 = 1/10. The blue dashed-dotted line indicates the self-
trapping frequency in the 7 -phase mode in the absence of dissipation.

(7 = 1) and strong dissipation (7 = 8). In the w-phase self-
trapping regime, we choose the value of on-site interaction
energy U/K > 0.002 such that the many-body interaction
parameter Ao becomes greater than unity. We observe that
for weak dissipation (7 = 1 the solid blue line) the number
and phase fluctuation spectra show the two peaks implying
the coherent behavior where the peak amplitudes of the fluctu-
ation spectra are at the w-phase mode self-trapping frequency
denoted by the dashed-dotted blue line in Fig. 8. This picture
qualitatively describes the coherent behavior of the 1D dissi-
pative BJJ in the range of small dissipation where both number
and phase of the atoms in the wells oscillate with nonzero
average value. For strong dissipation (7 = 8), we observe
that a single peak appears at A = 0 in the fluctuation spectra.
However, the amplitude of the phase fluctuation spectra is
always greater than that for the number fluctuation spectra.

VI. CONCLUSION

In this paper we have considered the dissipative BJJ within
a two-mode Hamiltonian description. The key point of the
study is the nonlinear coupling between the system and the
bath modes such that the coherent excitation-deexcitation of
the system modes brings out frequency fluctuation, which
later gives rise to decoherence in the system. We have derived
the associated quantum Langevin equations for the relative
phase and population imbalance for the two BJJ modes.
Quantum fluctuations around the three steady states of the
dynamics, zero-phase mode, m-phase mode, and m-phase
self-trapping mode, have been analyzed for several ranges of
interaction parameter Ao (measured in terms of the ratio of
the strength of on-site interaction and tunneling), temperature
T, and system-assisted dissipation coefficient 7, to explore
the coherence factor, phase diffusion coefficient, and fluctu-
ation spectra for population imbalance and phase difference.
Our observations on the variation of coherence factor as well
as the phase transition-like behavior of the phase diffusion
coefficient between Josephson oscillation and MQST regime
as a function of interaction parameter A( and the splitting
and frequency shift of the Josephson frequency in the spec-
tra are, we believe, amenable to experimental investigation
within the scope of bath engineering. As the dissipation here is
system-assisted it may be worthwhile to consider excitation-
deexcitation of the chosen BJJ modes driven by an external
field within the broadband of the frequency response of the
bath. The on-site interaction-induced splitting and the shift
of the Josephson frequency for the three modes are directly
measurable quantities from the measurement of fluctuation
spectra.

APPENDIX A: DETAILED DERIVATION OF HEISENBERG
EQUATIONS OF MOTION FOR THE SYSTEM
AND BATH OPERATORS

Formal integration of Egs. (8) and (9) yields
bri(@) = bri(t)e ™~

t
—ig / aLWHa e ar', (Al

fo
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bri(t) = bri(tg)e ™" =10

t
—igi / ah@ag(eHe ™= dr,  (A2)
fo
where the first term is the free evolution of bath operators,
whereas the second term arises due to the interaction with the
system. Inserting Eqs. (A1) and (A2) in Egs. (6) and (7) we
get
iE | iK iUy v,

a; = ——da; + —ar — —a;aray,
i hi not

—i Y gbui(to)e T Vay
p

t
- 4% / ay ()arar e dr', - (A3)
k fo

iE | N iK, iU- ..
ar = ——dg —dj — ——AdpdRAdR
h h n ok
—i) aibrilio)e "Wy

k

t
- Z g / ah(ag(tHag@)e T dr' . (Ad)
k fo

Changing the integration variable from ¢’ to T =t — ¢ in
Eq. (A3), we may write the last term in Eq. (A3) as
>, 8 Ot_to al (t — v)ag(t — t)ag(t — t)e ™ dr, where we
have approximated ay (t) = a,(t — t) for the last annihila-
tion operator, since the interference time 7, of Zk gﬁe‘i““
is much smaller than the time over which the amplitude
and the phase modulation of ap(r) take place. Thus for
times t —ty > t., T. — 0, the summation acts as a delta
function so that we may write the integral approximately
as a agay Jo dt Y gre " E/m=e0T Assuming that the bath
modes are closely spaced in frequency we replace the sum-
mation over k by an integral over w, i.e., Y, = [dw®(w),
where ®(w) is the density of states. This density and g(w)
are proportional to the powers of w and vary very little in the
frequency interval 7! over w. This leads us to the following
two equations for the reduced dynamics [the same procedure
is followed for Eq. (A4)]:

; iE | iK iUy 4, Voot a N
ap = _EaL + faR - YGLCILGL — ydrdar + fr®ag,
(AS)
. iE, K, iU_ . . V... oA,
(g = ——-ar + 7 4L — 5~ Aglrar — S apdrar + fr()ag,
(A6)

where y = anz(Q)G)(Q) represents the dissipation of the
modes and Q2 = E /h. ©(R2) is the density of the bath modes.
The terms f1.(1) = —i 3°, g(t0)bri(tg)e ™'~ and fr(1) =
—i) 2 (t0)bric(fg)e™ =10 refer to quantum noise due to
the heat baths for the L and R modes.

APPENDIX B: QUANTUM AND THERMAL PROPERTIES
OF NOISE

The noise properties of the operator £z and FLT’R in
Egs. (12) and (13) can be derived using a suitable canonical

thermal distribution of the bath operators at #y = 0. To this

end we define the quantum statistical average of any reservoir

operator O:

(O — Tr[O exp (—Hg /ksT)]
® " Trlexp (—Hg/ksT)]

(BI)

where I-7R=Zj hw;ij at tp=0 and #; denotes the
number operator in jth bath mode. Based on the above
considerations the noise properties of the operator may be
calculated using the canonical distribution of Egs. (12)
and (13). This immediately gives (Fp g(t))qs =0 and
(B p®))gs =0 and (F g()FLr(t))gs = yiiL r()8(t — 1)
and  (FLr(OF] g(t))gs = ylAiLg(R) + 118 — ). The
fluctuation-dissipation relation gives

(B e OFLr(t) + FLr(OF] 1 (1)) gs
= y[2i, () + 118(t — t)
=y coth(hQ/2kT)8(t —t'), (B2)

where the contangent hyperbolic factor in Eq. (B2) can be
identified with the Bose-Einstein distribution

1

i r(2) = T 1 (B3)

using the relation 27y g(€2) + 1 = coth(/n€2/2kgT) and the
plus one factor is responsible for the vacuum fluctuation,
which is always present on the quantum scale even at absolute
zero temperature.

Now to realize &, g(¢) as an effective c-number noise,
we introduce the ansatz that wpxre(0) and uj; p(0) are
distributed according to the Wigner thermal canonical distri-
bution of the Gaussian form [78,92] as follows:

Wek e litrk ri(0), 7y i (0)]

|k ki (O)2 ]

2 coth (%) '

= NpL BR €Xp |:— (B4)

Here Npy pr is the normalization constant for L and R wells

and coth(%) is the width of the distribution. For any ar-

bitrary quantum mechanical mean value of the bath operator
(Brk,re) Which is a function of ik gi(0), 7, g (0), its statis-
tical average can then be calculated as

((Brere))s = /(BLk,Rk)WLk,Rk[MLk,Rk(O),

X (i O] d i re(0) djagy g (0).  (BS)

Using the ansatz (B4) and the definition of statistical average
of Eq. (BS), one can show that the c-number noise satisfies the
following relations:

(ELR())s =0,
(& R0 =0, (B6)
and
(&7 RELR(E))s = y coth(hQ/2kpT)S(t — 1),
(6L R(EL g(1))s = y coth(RQ/2kT)5(t — ). (BT)

Equations (B6) and (B7) imply that the c-number noise &, g (¢)
is characterized by zero mean and follow the fluctuation-
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dissipation relation. The use of the Wigner canonical thermal
distribution function [92] is mainly motivated by the fact that
once the averaging procedure as carried out in two steps (first,
quantum mechanical average over the operators for the bath
variables; second, statistical averaging with Wigner canonical
distribution of the c-numbers) is fixed, one arrives at the
Langevin equation in c-numbers directly. By using the c-
number formalism, we may thus bypass the operator-ordering
prescription for the derivation of noise properties. Once
the noise properties are derived it is easy to formulate the
Fokker-Planck equation for c-number variables and to cal-
culate the correlation functions and fluctuation spectra. The
c-number noise &; z(?) as characterized by Eqs. (B6) and (B7)
is classical looking in form but essentially quantum mechani-
cal in nature [95].

APPENDIX C: DETAILED DERIVATION OF EQS. (16)
AND (17) FROM EQS. (14) AND (15)

We return to the classical field equations for the two wells
as given by Eqs. (14) and (15). The c-number amplitudes may
be written as a; = +/Nze', and ag = +/Nge”r, which give

el 8NL
o + i/N, ’QL
LT oJN o
) i9R aNR n \/_
[07 l
R= 2 UNg o1

From the above two equations and Eqgs. (14) and (15), we find

1 9N, a6, iU .
T N = T R — N N = NG (6 i)V (€
L
1 ONg . 00 iK —i(Br—61) iU- real | :sim
N T + l«/NRW = 7./NLe "6 —NR«/NR — —NR«/NR + (E8 4 igR")/Ng. (C2)
V' NR
Now equating the real parts of Eqs. (C1) and (C2) we obtain
oN, 2K
=~ /NN sin(r — 61) = YN} + 267Ny, ©3)
aN, 2K
a_;R = = V/N(Ng sin(6p — 61) — yNg + 265N (C4)
From the imaginary parts of Egs. (C1) and (C2) we find
06, /N
h? =K |— cos(@R —6,) — U Ny + hE™, (C5)
26 N, )
ha_tk —K /]7; cos(Og — 0,.) — U_Ng + K™, (C6)
Now, subtraction of Eq. (C3) from (C4) and division by the total number N = N, + N results in
4K /NiNg_ 26N, 26 Ng
)= —— Or — 01) — (N, — N, — .
z(t) = n (N, + No) sin(6g — 0L) — y (N — Ng) + N N
o 2NN :
Furthermore the substitution ™ +LNRR) = /1 — Z2(¢) gives
2K 2 realN 2 realN
4) = ——=/1 = 2(O)sin(0p — 0,) — y (V. = Ne) + sLN = - ERN =
As a result the equation for population imbalance becomes
. 2K T
z(t) = -y 1 —z2(t)sinO(t) — yNz(t) + &,. (CDh
Now on subtracting Eq. (C6) from (C5), we get
00g 00, Np Ng : .
WlW———]=K Or — 6, — = = U,N; — U_Ng + hER" — RE™.
<3t ar) cos(bg — 0L) ‘/NR ‘/NL +UsN, ® + hég &
We make use of the relation «/7 3 \/1# to obtain
2K Z(f) U+NL - U,NR ;
o(t) = ——cosf + —— R C8
1) = h{ et e | (C8)

Finally by noting

UN, —U_Ny U,

-U_ NU

2K

N+ —z(t
e +2Kz()
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Eq. (C8) becomes

o) = 2K 20 cosO(t) + Up —U- MU 0| +¢
R JT=20) 4K 2K ¢ ¢
For a symmetric DW, we write U, = U_. As a result, the above equation becomes
. 2K z2(1) NU
0(t) = — | ——=cosO0(t) + —z(t) | + &. (€9
n |:\/1 —z22(1) 2K :|
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