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Abstract. We study the Markovian process of a multi-mode open system connecting with a non-equilibrium
environment, which consists of several heat baths with different temperatures. As an illustration, we study
the steady state of three linearly coupled harmonic oscillators in long time evolution, two of which contact
with two independent bosonic heat baths with different temperatures respectively. We show that the inter-
mode transitions mediated by the environment is responsible for the long time behavior of the dynamics
evolution, which is usually considered to take effect only in short time dynamics of the system immersed
in a equilibrium heat bath with a single temperature. These inter-mode transitions are essential to the
non-equilibrium flux between subsystems, thus they cannot be neglected.

1 Introduction

When a small system contacts with a simple environment,
i.e., a heat bath in canonical equilibrium with a tempera-
ture T', it would approach its canonical state with the same
temperature T'. This dynamics process is called thermal-
ization [1-5]. However, non-equilibrium systems are more
general in nature, and exhibit more rich physics. A typi-
cal example is a composite system connecting with more
than one heat baths with different temperatures. For a
long-term evolution, the open composite system would not
approach its canonical thermal state, but still it would be
stabilized to a certain steady state. We call this process
non-thermal stabilization.

Such composite system coupling with multiple inde-
pendent heat baths appear in many artificial systems, like
the superconducting circuit and quantum dots, and also
natural systems, like the excitons in photon-synthesis sys-
tem [6-8]. In these composite systems, the interaction be-
tween the subsystems is always on, and that may affect
the response of the system to the environment.

A rigorous treatment of the interacting composite
system should be based on the normal modes of the
system. In an open system, both the equilibrium and non-
equilibrium cases as we mentioned above, the energy ex-
change with environment would mediate the transitions
between these normal modes of the total system, which we
call the inter-mode transition. It was usually believed that
this inter-mode transition only takes effect on the dynam-
ics of transient evolution within the time scale determined
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by the time-energy uncertainty [1,9-12], and averagely it
has no effect to the steady state behavior after a long time
evolution. This is also known as secular approximation or
rotating-wave approximation (RWA).

However, in this paper, we find that indeed such inter-
mode transitions have long-term effect in non-equilibrium
system even for Markovian process. As an example, we
study the steady state of three linearly coupled harmonic
oscillators (HOs), two of which contact with two indepen-
dent bosonic heat baths with different temperatures re-
spectively. We find that if the inter-mode transition were
ignored, there would be some counter-intuitive results in
the long time steady state. We show that the inter-mode
transitions are essential to the non-equilibrium flux inside
the composite system. As a comparison, we also show that
such effect does not appear in equilibrium environments.
We emphasize that the omission of these inter-mode tran-
sitions is consistent with conventional equilibrium reser-
voirs as studied in previous works [1,9-12].

The paper is arranged as follows. In Section 2, we
setup the model of the coupled system and give a mas-
ter equation. In Section 3, we give the stabilization result
and make some analytical discussion by eliminating the
degree of freedom of the mediating data bus. We show
that the omission of the inter-mode transition is consis-
tent with the equilibrium reservoirs, and give a physical
explanation. In Section 4, we propose a possible imple-
mentation. The calculation is assisted by some properties
of the characteristic description of Wigner function and
Fokker-Planck equation. We leave these tricks in the ap-
pendices. Finally, summary is drawn in Section 5.
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Fig. 1. Demonstration of the coupled oscillators system. Two
remotely located HOs are indirectly coupled by another medi-
ating one. The HOs at the two ends contact with independent
heat baths with different temperatures 77/ .

2 Model setup

To study the long-term dynamics of a composite system
coupled to a complicated environment, we use the coupled
HOs system as an illustration. The system we study here
is illustrated in Figure 1. Two HOs with frequencies wr r
contact with two independent heat baths with different
temperatures. In experiments, microscopic devices with
mutual interactions are separated from each other for only
several micrometers, thus it is unclear to discuss their local
temperatures. Here we introduce a third HO as a data
bus to mediate their coupling, which makes it possible
to separate the two HOs for a certain distance and we
can discuss their local temperatures clearly. Effectively,
we suppose the mediating HO does not contact with any
environment.

The three oscillators system can be described by a
quadratic coupled Hamiltonian Hg = Hy + V', where

Hy = WLdTL&L + LURCAL;%CALR + meTB,
V= gu (aLb+asdt) +gr (alh+ard’), (1)

and Hy describes the free Hamiltonian with local modes
respectively defined by annihilation operators ay, agr
and b; V describes the coupling among the local modes.

We assume the two oscillators locate remotely at differ-
ent places, thus they may suffer from independent baths.
We also assume each bath stays at a canonical thermal
state with a temperature 17,,z. The whole system can be
described by the total Hamiltonian H = Hg + Hp + Vsp,
where

_ AF oA A
Hp = g Wk, G, Ck, + Wk Cp p, Cer»
k. kr

> all, +a.ry, (2)
o=L,R

Vs =

and I, = de Ik, Ck, . Hp is the free Hamiltonian of the
two boson heat baths, each of which is modeled as a collec-
tion of boson modes, described by the boson annihilation
operators ¢k . Vgp represents the linear coupling between
the system and the environment.

We need to derive a master equation to study the
dynamics of the open system. Actually for the coupled
HO system, a correct treatment of the master equation
should be based on the normal modes of Hg, but not the
local modes ar,r and b. Otherwise, it may give rise to
some counter-intuitive results. Thus, we diagonalize the
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wr gL ar
Hs = (fl}, bt ak) gL Wm gR b
R WR ar
3
=a'Ra= Z 5/13/11, (3)
i=1
where a = (ag, b, ar)’, and we also denote it as

(@1, @z, az)T hereafter (with redefined indices 1,2,3 for
ar, b, an respectively). A = Ua = (/11, A, Ag)T for A;’s
being the normal modes. UQUT = diag {1, 2,3} gives
the eigen frequencies of the normal modes. Although the
normal modes are decoupled from each other in the iso-
lated Hg, we can see below that the environment could
mediately induce some effective couplings between these
normal modes.

With the above notations, in Appendix A we derive
a master equation to describe the long-term dynamics of
the open system via Born-Markovian approximation [1].
In Schrodinger’s picture, it reads as:

Oip =1 {p, Zszflj/ll}

Az PO AN
—I—Z 2” <2AipA;r- - {A;Ai»p}+)
ij
+
S (A= {adle) ).

where

A;S = ’Y; UilU_;‘kl [NL (51) + Np, (Ej)]

TR .
+ 9 U, i3 [NR(si)JFNR(Ej)]v

A5 =" UalU3y [NL (e) + Vi (¢5) +2

+ PULUL [NR (2) + Nr(e5) +2]. (5)

2 (2
Here, v,(g;) = 2wJ,(e;) characterizes the coupling
strength with each bath, and J,(w) = >} i, |? (w —
wk, ) is the coupling distribution. For the usual case,
we can assume that 7,(w) ~ 7, does not depend too
much on w and can be treated as constant. N,(w) =
[exp(w/kT,)—1]71 is the Planck distribution for o = L, R.

It is observed from the above master equation that the
environment indeed induces an effective coupling between
two normal modes A; and A;. Aiij measure the transi-
tions of the normal modes. This environment-mediating
effect can be understood in the following way. The cou-
pled system exchanges energy with environment through
the interaction Vgp. Immediately after the normal mode
A; of the system emits an energy quanta ; to the environ-
ment, another process may happen in succession that the
normal mode A; absorbs back ¢; from the environment.
Also, there is another possibility for the reversed process.
Thus, different normal modes A;’s of Hg are coupled with
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the mediation of the environment. In fact, this effect of
environment mediated coupling can be also found for two
modes coupled to a common heat bath [13,14].

The transition terms with ¢ # j describes the effective
coupling between different normal modes. In the interac-
tion picture, these terms would contribute an oscillating
factor exp [£ide;; t] resulted from the energy difference of

the modes A; and Aj;. This transition effect would be ig-
nored if we apply RWA by dropping these terms. How-
ever, as can be seen in the following, such ignorance would
give rise to counter-intuitive results for non-equilibrium
system.

3 Long-term stabilization dynamics

Comparing with the long time Markovian thermalization
process in a heat bath with a single temperature, the
present environment with two temperatures 17, can-
not stabilize the whole system into a canonical thermal
state. In this section, we first calculate the steady state
of the open quantum system by straightforwardly solving
the above master equation equation (4). Then we consider
the mediating HO as a quantum data bus in the large de-
tuning limit. The adiabatic elimination of this oscillator
can formally induce a direct coupling between the left and
right HOs. In this case, the analytical results about the
stabilization can be obtained explicitly.

3.1 Steady state in long time limit

We now consider the indirect coupling case with a me-
diating data bus. The master equation without RWA
can be solved with the help of the characteristic func-
tion of Wigner representation, which is defined as (see
Appendix B),

x(1) = Tr [pexp (Afp — pfA)]
= Tr [pexp (a'k — k'a)]. (6)

Here, pr = (111, 2, pi3)" and k = (K1, ko, #3)" are complex

vectors with respect to the normal and local modes, and
p = Uk. The corresponding Wigner function with three
modes is defined as the Fourier transform of x(k),

W(a,a") = (Wi)

With this definition, we obtain the equation of y(u) as:

3/d2R€_a-rn+ﬂTaX(R).

Oex + zT = zDz" y, (7)

0
927 X
where z = (/Ll,,u27,u37 /[{7/’67#;)7 and

TiT*O D70P
o TH|’ |PTo
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T and D are 6 x 6 matrices with 3 x 3 blocks T+ and P
defined by:

1 _
Pij *4(Aij+/1ji)’

I .
T = 9 (AU — A;) — 7451'51']'7

i
1, .
Ty = o (A5 = A) +ieid;. (8)

The equation (7) is the Fourier transformation of the
Fokker-Planck equation about the Wigner function [15].
Formally we give the analytical solution for the steady
state in Appendix C. Its expression is given as:

X(0) = x(Uk) = exp [2V'D'(zV" 1],  (9)

where V diagonalizes the matrix T, ie., VIV™! =
diag {dl, R ,dﬁ}, and D;] = [VDVT]U/((L + dj)

All the steady state properties of the composite system
can be obtained from this formal solution equation (9).
Specially, we are interested in the steady state of the HOs
at the two ends. We can obtain x, (%) for each local oscil-
lator just by setting x; = 0 for all i # o. Notice that V1
and D’ in the exponent of equation (9) are block diagonal
and anti-diagonal respectively, thus it can be verified that
Xo(Ko) is always of the following Gaussian form,

i) =oxp |~ (74 Y InoP] (10

where N, ;;ﬁ' is a positive constant. In Appendix B, we show
that if x (ks £%) has the Gaussian form like equation (10),
the state of the oscillator is a canonical state, and there
is no squeezing. Since each HO can finally reach a canon-
ical steady state, we can treat it as an equivalent thermal
state and define an effective temperature from its average
occupation N = (af a,),

T = w,/1In <1+N1°ff) . (11)
g

In Figures 2a and 2b we show the effective temperatures

of the oscillators at the two ends calculated from equa-

tion (9), changing with the detuning A = wy, — wg and the

coupling strengths g,/ p. Here we set w = (wp +wgr)/2 =1

as the energy scale and wy, = 2.

When the detuning A becomes large or when their
coupling strength g;,r becomes small, the two oscilla-
tors tend to be thermalized with their own heat bath re-
spectively. The effective temperatures get to the closest
point around the resonance regime A ~ 0. This observa-
tion means that they are affected by the reservoir at the
opposite side and heat transfer happens greatly. When
gL = gRr, the extremum points locate exactly at wy = wg,
while they shift aside when g7, # gr. When the interac-
tion becomes strong, the effective temperatures of the two
oscillators tend to get closer and closer, away from that of
each heat bath.

As comparison, we also show some counter-intuitive
observation resulting from the improper omission of the
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Fig. 2. The effective temperatures T5% (lower blue ones) and T&T (upper red ones) of the oscillators at the two ends calculated
from the result without (a) and (b) and with (¢) RWA. We set w = (wr + wgr)/2 = 1 as the unit, and T, = 1, Tr = 3,
~vr = 0.002, yg = 0.003, wm = 2. We set g1 = gr = ¢ in (a) and (c¢), and g = g, gr = 0.8¢ in (b). We plot four groups of
curves according to g = 0.02, 0.04, 0.06, 0.08, distributed from outside to inside in these figures. At the small regime around
the degeneracy point, RWA cannot give us a good enough result, especially when g is weak. The extremum points are shifted

aside when g1, # gr.

transition terms like 2flip/1; - {A;AZ, p} with ¢ # j
(see Fig. 2c). In the large detuning area, this approxi-
mation shows well consistence with previous result in Fig-
ure 2a. But the effective temperatures always equals at
the degeneracy point even when the coupling strength g
is quite weak, i.e., when the oscillators tend to be decou-
pled from each other. A similar problem was also stud-
ied in reference [5], where they considered two interacting
two-level systems respectively contacting two independent
heat baths with different temperatures, and they obtained
a result similar to ours shown in Figure 2c, which is valid
only when the coupling strength is quite large.

With the above comparison, we look back at the mas-
ter equation carefully, the transition terms like e %€t x
(2/11-;)/1; - {A;Al,p}+) with ¢ # j contribute to the en-
ergy exchange of different modes A; and /1]-, which can

be characterized by (AT A;). The oscillating factor at the
front describes the phase of this transition. The transi-
tion rate de;; = €; — €, is determined by the detuning and
coupling strength. When A and gy, r are quite small, the
omission of these terms seems doubtable.

Intuitively, the only reason why these inter-mode tran-
sition terms cannot be dropped is that they rotate too
slowly. However, remember that we only focus on the
steady behavior ¢ — oo. In this case, even a quite slowly
rotating term should be averaged to zero. Indeed, in the
following we would see that in equilibrium reservoirs, igno-
rance of such transitions does give the correct result even
when the transition rate de;; is small, and the real reason
lies in the non-equilibrium environment.

3.2 Effective coupling in adiabatic limit

When the detuning of wy, to wy /g is large, we can elim-
inate the mediating degree of freedom adiabatically to
simplify our analysis. We apply Frohlich-Nakajima trans-
formation [16-18], and obtain the following simplified
Hamiltonian, which describes a system of two directly cou-
pled oscillators,

Hg :w/L &TL&L +w§%dk&R+g (ﬁzdR‘F&L&TR) > (12)

where

9L.R

/ )
Wr. R = WL,R+ ’
WL R — Wm

1 < ILIR 9LIR )
g= + .
2 \wr —wm  WR—Wn

The coupling strengths g;, and gr contribute a correction
to the renormalized frequencies w} p.

(13)

For this simplified Hamiltonian, we can write down
the analytical expression of eigen frequencies ¢; and the

transformation U for the normal modes A.. Denoting
wp =w—A/2, Wi =w+ A/2, we have

- - AQ 2
er =wE Ay, Ag:< +92) ,

4
a B 203 29
U = - . 14
|:604]’ a? — 32 A (14)
It follows from equation (14) that the energy differ-
ence 0¢;; = 24, depends on the detuning A and cou-

pling strength g. When A and g are small, the factors
exp [£2iA,t] of the transition terms between the two nor-
mal modes oscillate quite slowly.

We carry out the similar calculation for this simpli-
fied two oscillators system as previously, which gives an
explicit expression for the steady state of each oscillator,
described by the characteristic function x. (ke ),

1
Xoliso) = oxp |~ (N7 ) ool
Neft = [AUNL(E_) +ByNL(e4)

4+ CoNp(e_) + DJNR(@)} /B (15)

Here N¢ is the occupation number of the effective ther-
mal distribution (¢ = L,R) determined by the linear
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combination of N, r(ex), and the coefficients are,

@ = vryr (7L + 7R)’
+ 16A~!2] (Oz2’yL + ﬂ2'YR) (52'yL + 052’)/3) ,

Ap = o ['YL’YR (v +vr)* +160° A2 (B°vL + @’ vr) VL}’
BL = 3° ['YL’YR (7L +7r) + 166242 (oL + B*yR) VL},
CL =16a’B2A2 (8*yL + *vr) VR,

Dp = 160”5 A} (a1 + 8°vr) VR,

and

Ar = 160°3> A} (3°vL + &®vr) VL,

Br = 160’82 A2 (a*vL + B*Yr) VL,

Cr=p? [’YL’YR (72 +vr)* + 1682A2 (oL + B*yR) ’YR},
Dg = o [’YL’YR (YL +vRr) + 1602 A2(3%y,, + 042712)’712} :

From equation (15) we see that each oscillator achieves a
canonical state. Especially, at the degeneracy point w} =
wh, we have o? = (% = 1/2, and the difference of the
populations is,

N§f Nl
[NL(e4) — Nr(e4)] + [Np(e—) — Nr(e-)]

- 2(1+ 492 /vL7r) - 19

The above equation (16) explicitly shows that the effective
temperatures of the two oscillators are not equal at the
degeneracy point when T, # Tg.

In the equilibrium case, we have T, = Tr = T and
Np(e) = Ngr(e) = N(e). The above result equation (15),
which is obtained without RWA, still holds. And we can
explicitly obtain N as:

N§T = N (e_) + BN (e4),

Neft = 32N (e ) + a®N(ey). (17)

However, a simple calculation by omitting the inter-mode
transitions also gives exactly the same analytical result as
equation (17), even when the transition rate A, = [A%/4+

g%]*/? is small. Both calculations, with and without RWA,
give the steady state of the two oscillators, i.e.,

1
pS*Z

1

o(eata +5+Am+)} (s

exp {

no matter how slowly the transition coefficients rotate.

3.3 Inter-mode transition and flux

Here we give a physical explanation why the omission of
the inter-mode transitions is consistent with equilibrium
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system but not allowed for non-equilibrium system. We
still consider the model of three oscillators. If we omit all
the inter-mode transitions in equation (4), we obtain the
following master equation,

Op =1 [p, Z slfljfll}

n Z /1211' (21211-ij - {AIA“,O}_i_)

At PN I
+ i (2Aiji{AiAj,p} ) (19)
2 +
In this equation with RWA, all the normal modes A; are
decoupled from each other. It can be verified that the
steady state of this equation is:

S LA,
Bi=n [45/43]

Such steady solution has a property that for i # j, we
have Tr[p, Al A;] = 0, which is also consistent with the
fact that there is no inter-mode transition.

Recall that A; = U;,ay,, generally we can write down
the transition amplitudes for the local modes as:

(f,a0) = > Uil <A§Ai> +3 Uil <AjAj> .
i i3

)

1
s = _ €X
P 7 XP

(20)

Since we can always choose a proper phase to guarantee
that all U,,;’s are real, if all the inter-mode transitions are

omitted, i.e., </Alj/1j> = 0 for i # j, immediately we obtain

(i) — (i) =0
Indeed, (al,a,) — (al @) is proportional to the energy
or particle flux between the local sites. For example, we

consider the particle exchange of the mediating mode b
shown in Figure 1. By Heisenberg equation, we have

o (b'b) = g ((alb) ~ (ard'))
+igr ((akb) - (ard')).
From this equation, we can define the particle flux from
b to the left/right site as J, = igy((alb) — (asb')), where
o = L, R. Thus, the omission of the inter-mode transitions
would always give J, = 0, which means that there is no
net flux between the local sites.

For equilibrium systems, there is no net flux between
the subsystems, thus the omission of these inter-mode
transitions is consistent, even when the transition rate
is quite small. That is, as we mentioned before, when
we focus on the steady behavior ¢ — oo, even a quite
slowly rotating term should be averaged to zero. How-
ever, the existence of a steady flux is an essential element

of non-equilibrium systems. Therefore, we conclude that
for the non-equilibrium case, the inter-mode transitions

(21)

(22)
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Fig. 3. Two remotely located NAMRs are indirectly coupled
via a superconducting TLR. The bias voltage provides a differ-
ence between the NAMR and the TLR, so they can be coupled
by a capacitance. At the same time, the voltage noise provides
each NAMR with independent heat bath which has different
effective temperature.

would contribute to long-term effect even in Markovian
systems. This is different from the previous viewpoints
that the inter-mode transitions only have transient effect
within the time scale determined by the time-energy un-
certainty, which usually applies in conventional thermal-
ization process [1,9-12].

4 Physical implementation

In this section, we discuss a possible implementation
scheme, which is composed of two nano-mechanical os-
cillators (NAMR) connected via a superconducting trans-
mission line (TLR), in order to test the theoretical results
we have got here, as shown in Figure 3.

The electromagnetic field inside the TLR may be
treated as several boson modes whose frequencies are dis-
cretely distributed [19,20]. Only one of the TLR modes,
which is nearly resonant to the NAMRSs, can couple with
the NAMRs effectively. For example, the voltage distribu-
tion of the lowest even mode along the TLR is,

m 2 7 7
V(z) = \/uch cos Zx <b+ bT) ,

where wy, = 27T/L\/lc is the frequency of this mode, L is
the length of the TLR, and [, ¢ are the inductance and
capacitance per unit length.

The voltage gets maximum at the two ends, where the
NAMRs are coupled with the TLR via a displacement de-
pendent capacitance [21-25]. The vibration mode of each
NAMR may be also treated as a single boson. To the low-
est order, C, depends linearly on the movement of the
NAMR, C, ~ C%(1 + #/dy). Applying a voltage bias V
to the NAMRs, we have the interaction as

(23)

Hine = 102 (1 + 7 ) (V(z) = V,)°. (24)
2 do

Quantizing the coordinate of the NAMR as & = dzo(a +
al), we obtain an interaction term as Hiy = g(a+al)(b+
BT). For typical parameters, C? ~ 0.65fF, V, = 4 V,
dp ~ 50 nm, dzg ~ 5 fm, lc ~ 41F, w,, /27 ~ 5 GHz, the
coupling strength is estimated as g/27 ~ 6 MHz [24,26]. In

Eur. Phys. J. D (2014) 68: 45

this regime, it is appropriate to apply J-C approximation
to have Hiy = g(dl;T + &Tl;).

For the mediating TLR, wy, /27 ~ 5 GHz, Q > 10%,
and the lifetime of the photon inside the resonator is
7> 1 us [20]. The NAMR with w/27 > 1 GHz usually has
a lower mechanics quality, @ ~ 500 [27], and it depends on
the fabrication techniques [28]. Thus the relaxation time
of the NAMR is much shorter than the TLR, and we can
neglect the dissipation of the TLR. The voltage noises ap-
plied to the NAMRs at the two sides, which arise from
resistance and bring in the Joule heat, may provide the
NAMRs with independent heat baths with different effec-
tive temperatures, and this can be controlled and mea-
sured in experiment [29-31].

5 Summary

In summary, we have studied the long-term behavior of
a coupled HO system connecting with a complicated en-
vironment which consists of two independent heat baths
with different temperatures. We derived a master equation
with respect to the normal modes. With the help of the
characteristic description of Wigner function, we obtained
the numerical and analytical results for the steady state
of each local oscillator.

These results show that the inter-mode transitions me-
diated by the environment are essential to non-equilibrium
flux between the interacting subsystems, thus they would
contribute to long-term effect even in Markovian systems.
This is different from the case in conventional thermal-
ization problems, where only one canonical heat bath is
involved. The non-thermal stabilization process is deter-
mined by the competition between the rate of the inter-
mode transition and that of the energy exchange with each
private heat bath.

This work is supported by National Natural Science
Foundation of China under Grants Nos. 11121403,
10935010 and 11074261, National 973-program Grant

No. 2012CB922104, and Postdoctoral Science Foundation of
China No. 2013M530516.

Appendix A: Derivation of master equation

We show the derivation of the master equation equa-
tion (4) here. In the interaction picture of Hg + Hp, the
interaction with the environment becomes,
Vi(t) = V() + Vi),
VE(t) = al ()T () + ao ()1 (1), (A.1)

where

Go(t) = Ur, Aje e,
J

()= gi, e ket
ka
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Here A; = U;ja; are the normal modes of the interacting
oscillators system.

We take Born-Markovian approximation and put these
interaction terms into the following equation [1],

8tp = — AOO dr Trp [V[(f), [Vl(t - T),p(t) ®PB]]
- /OOO dr Trp [V (1), [Vt —7), p(t) @ ps] |

- / e Tep [VE(), [VE(E - 1), 0(0) © pi]]
’ (A.3)

Here we assume that the state of each bath is a canonical
thermal one and does not change with time, i.e., pp =
pE @ pR, p%L o exp[-HE/kT,] and HE = Wkgélaékgv
where T,/ is the temperature of the left /right heat bath.
Thus, terms like Trp[VE(#)VE(E — 7)p(t) @ pp] always
vanish, because they only contain the first moment of each
bath.

The rightside of equation (A.3) contains two integrals
of the same form. Each integral gives four terms, one of
which is calculated below as an example,

| e O 000) @ pia - D7)

_ /OOO dr 6l (8)p(ig (t — ) (TI(E—T)To(0) 5, (AA)
where

&L(t)p( Yao(t —7) ZU“’U ATpA eilei—es)tpieg

<FT(t77' Z|gk | <Ck k., > e Wig T
= / dw Jy(W)Ny(w)e ™7, (A.5)
0
Here, Jo(w) = >y |9k, ? §(w —wi, ) is the coupling spec-

trum, and N,(e;) = [exp(ei/kT,) — 1]7! is the Planck
distribution with temperature T,. The integral equa-
tion (A.4) gives

Z UwU ATpA eilei—est

o0
X ’YJ(EJ)N(EJ-) +iP/ dw JJ(M)NJ(M). (A.6)
2 0 g —w
Here, we denote 7, (g;) = 2wJ,(g;), which characterizes
the coupling strength with each heat bath. The principle
integral contributes to Lamb shift, and we omit this term
in this paper.

The physical meaning of equation (A.4) may be under-
stood in the following way. At time ¢ — 7, the coupled HO
system emits energy to the environment, and then absorbs
back at time t. However, the energy exchange with the en-
vironment during this process is done by the total normal
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modes Ai but not the local modes a;. Thus, when the emis-
sion and absorption modes are not the same one, there is
an oscillating factor expli(e; — ;)] left. de;; = e; — ¢
characterizes the splitting amplitude resulting from the
coupling. By the mediation of the environment, the differ-
ent normal modes A; of the system are coupled together.
Other terms of equation (A.3) can be also obtained
as above. Each of the two integrals gives the following
Lindblad-like form with an extra oscillating factor,

Z UieUjs (Yo (€i) [No () + 1] + 70 (€5) [No(g5) + 1)

x (Aijz -y (A} ) e

Z UwU* 'VU EJ)NU(Ei)"i_'yU(‘Sj)NU(Ej)]

 (dlpd - AL o ) e, (A7)

For simplicity, we assume v,(g;) ~ 7, does not depend
too much on w and can be treated as constant. In sum
of equations (A.3) and (A.7), we get the following mas-
ter equation in Schrodinger’s picture, and the oscillating
factors do not appear,

Op =1 [p, Zelflj/ll}
+ Z <2AZpAJf {/Al;/ll, p}+)

+

+ Agj (22%/1;' - {fljflfaph) :

(A.8)

where
A J; UnUjy [NL(e:) + Ni(e5)]
g, Na(e)]
1U;1 [NL(e:) + Ni(gj) + 2

_L

i = o Ui
TR

U;

* 2

3Uj3 [NRr(e:) +

i3 [Nr(ei) + Nr(g;) +2]. (A.9)

The terms with ¢ # j describes the transition between
different normal modes. These terms are often omitted by

RWA.

Appendix B: Characteristic function
of Wigner representation

The Wigner representation often give us great convenience
to study properties of quantum oscillators. It can be de-
fined from a characteristic function [32],

Yo (Ii,:‘i*) — Tr |:endT

_"‘*ap} . (B.1)
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The Wigner function is defined as the Fourier transform
of xuw(k, K*),

L[ o rins
W(a, ™) = 2 /d ke R TRy (K, KY). (B.2)
For a system that consists of two oscillators, the charac-
teristic function can be defined as:

X12(/§17 Iig) _ r:[\r12 {enuﬂfﬁf&lenz&;fn;dzpu .
From this definition, immediately we can find that if we
had known yi2(k1, k2) for the whole system explicitly, it
would be quite easy to get the description of the subsys-
tems x1(2), just by setting rg(1) = 0in x12(k1, k2), without
having to calculate the reduced density matrix of subsys-
tems py (o). This provides a simple method for us to study
the state of subsystems.

Besides, for the thermal state of a oscillator ppr =
Z~exp|—,4.a'a), the characteristic function is,

xr (K, K*) = exp { <N+ ;) W} . (B.3)

Here N = [exp(w/kT) — 1] " is the Planck distribution.

As seen from the definition, x(k,x*) and W(a, a*)
can be mapped into each other through Fourier trans-
formation. It is also well-known that there is one-to-one
correspondence between a physical Wigner function and
a density matrix. Therefore, there is one and only one
density matrix p decided by a legal ., (K, £*).

Thus, if we have a characteristic function x(k, ")
which has a Gaussian form like equation (B.3), with
N > 0, we can always come into the fact that the cor-
responding density matrix is:

o0

1 3%
p= L3 e il

n=0

(B.4)

where 3°F comes from N = [exp(3°Tw) — 1] ~! This is a
canonical state for the oscillator with an effective temper-
ature 1/3°%. A more rigorous proof lies below.

Proof: From the definition of x,,(k, k*), we have

) = T e

. Pa .
:ezlﬁ\z/ Y ero’=r"a alpla). (B.5)

™

If we have a Gaussian formed characteristic function like
equation (B.3), we can correspondingly get (a|pr|a) by
reversed transformation of the equation above,

d*k —rka*+Kr 2
(alprla) = [ e exp [~(N + 1) |1

1
CON+1

jaf?

N+1 (B-6)

exp
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On the other hand, we can also expand (a|pr|a) as:

(alprla) =) (alm) (m |pr|n) (n]a)

m,n
*\ 1M n
)"

=3 mlprin) o)

Comparing with the expansion of equation (B.6), we can
get the matrix elements of pr,

T+ 3™
N+1

Denote exp[#°fw] =1+ ]{], we can see that pr is a canon-
ical state.

~laf*

(B.7)

(m|pr|n) = S (B.8)

Appendix C: Steady solution
of Fokker-Planck equation

The standard form of Fokker-Planck equation and its char-
acteristic equation are as follows,

oP 0 1 0%P
Ai iP) = ij ;
or + Z oy W) = o D D0y,

0 0 1
I Zx\ié}ag = _2fzaij§i§ja Re); <0.
(]

(C.1)
f(&,t) is the Fourier transformation of P(y,t),

&) = / 'y Py, t)e €.

The equation of f(€,t) is a first-order quasi-linear partial
differential one. It can be solved analytically [33], and the
solution is,

&

i 2
Gj/\i—f—)\j (C )

flg)y=o (fiek"t, .. ) exp 7; Z

&(---) is determined according to the initial condition,
and @(t — o0) = 1.

In our problem, the equation of the characteristic
function is
(C.3)

0
Oix + 2T =2zDz"Ty.

921X
The only difference with the standard form is that T is
not diagonal here. We first diagonalize it and make it a
standard form. Denoting VTV ~! = diag{dy,...,d,} and
z = £V, we can transform our equation into the standard
Fokker-Planck form,

0
Ox + &d e X = VDV TeTy. (C.4)
Now we could write down the steady solution as
Xx(z) = exp [zVﬁlD’(szl)T] , (C.5)

where

[vDVT]

/ ]

A di-i-dj
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