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We study the non-equilibrium dynamics of two mechanical oscillators with general linear cou-
plings to two uncorrelated thermal baths at temperatures 77 and 75, respectively. We obtain the
complete solution of the Heisenberg-Langevin equations, which reveal a coherent mixing among
the normal modes of the oscillators as a consequence of their off-diagonal couplings to the baths.
Unique renormalization aspects resulting from this mixing are discussed. Diagonal and off-diagonal
(coherence) correlation functions are obtained analytically in the case of strictly Ohmic baths with
different couplings in the strong and weak coupling regimes. An asymptotic non-equilibrium station-
ary state emerges for which we obtain the complete expressions for the correlations and coherence.
Remarkably, the coherence survives in the high temperature, classical limit for 71 # T>. This is a
consequence of the coherence being determined by the difference of the bath correlation functions.
In the case of vanishing detuning between the oscillator normal modes both coupling to one and the
same bath, the coherence retains memory of the initial conditions at long time. An out of equilib-
rium setup with small detuning and large |77 — 72| produces non-vanishing steady-state coherence
in the high temperature limit of the baths.

I. INTRODUCTION, MOTIVATION AND GOALS

Progress in quantum information and quantum computing with continuous variables is receiving much attention
with platforms that implement quantum optics, cavity quantum electrodynamics ﬂ, E] and optomechanicsﬂg—lﬂ]. The
quantum mechanical degrees of freedom unavoidably couple to other environmental degrees of freedom, or bath, that
induce dissipation and decoherence. Therefore, their dynamics are treated as a quantum open systemﬂgﬁ]. The
motivation for a fundamental study of dissipation and decoherence by environmental degrees of freedom is bolstered
by the theoreticalm—lﬂ] and experimentalﬂﬁ, @] potential to engineer the properties of the environmental bath.
Quantum brownian motionﬂg, @, provides a paradigmatic model to study the dynamics of open quantum
systems. In this model a quantum mechanical oscillator is linearly coupled to a bath described also by a (large)
number of quantum mechanical oscillators; the properties of this bath are determined by its spectral density. This
simple yet illuminating model has yielded a deep understanding of the role of an environmental bath on decoherence
and dissipation of quantum mechanical degrees of freedom.

This model also provides a theoretical foundation for the emerging field of quantum thermodynamics@—@] and
quantum entanglement induced by coupling to environmental degrees of freedom@—@].

A remarkable experiment@] that uses an opto-mechanical resonator probed the spectral properties of an envi-
ronmental bath coupled to the micro-mechanical oscillators, thus paving the way towards a deeper understanding
of the effects of the coupling between quantum mechanical and environmental degrees of freedom in experimentally
controlled platforms.

The possibility of engineering the properties of the environmental degrees of freedom including coupling to several
different baths, tailoring decoherence and dissipative properties could allow novel cooling techniques of optomechanical
systemsﬂﬂ]. Recent experimental studies M] have demonstrated the feasibility of coupling various quantum sys-
tems to non-equilibrium baths, and of tailoring the environmental degrees of freedom. Recent theoretical analysisﬂﬁ]
of a V-type molecular system showed the possibility of long-lived coherences despite noise-induced decoherence, and
ref. HE] reports the emergence of steady-state entanglement in the case of finite dimensional coupled systems such as
superconducting qubits or quantum dots. Furthermore, coupling to different non-equilibrium environments has been
argued to lead to the persistence of entanglement in the high temperature limit m, 4, @] as well as to the coherent
mixing of mechanical excitations in nano-optomechanical structures @] Ref. Hﬁ] establishes bounds on the couplings
to the baths to maximize entanglement of the quantum degrees of freedom induced by these couplings. A widely
used approach to studying decoherence and dissipation relies on the quantum master equation for the reduced density
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matrix of the system, either in the form of influence functionals obtained in ref.[23] or of the Lindblad form|[810]
after tracing over the bath degrees of freedom. Recent articles @, ] study the dynamics of quantum coherence for
a system of two oscillators coupled with different couplings to a thermal bath within the framework of the quantum
master equation. These studies question the applicability of the Lindblad quantum master equation approach to the
non-equilibrium dynamics and suggest important modifications in the case of a system of several oscillators coupled
to a bath.

Motivation and goals:

Experimental advances in cavity electrodynamics and optomechanics along with the possibility of engineering the
spectral properties of environmental baths open new avenues for quantum information and quantum computing and
provide new platforms for fundamental studies of coherence, dissipation and quantum thermodynamics. Motivated
by these developments we study the non-equilibrium dynamics of two coupled “mechanical” oscillators, each one in
turn coupled to two different and uncorrelated baths at different temperatures. This model is a generalization of
those considered in refs.ﬂﬂ, , @, @, , which mostly focused on the influence functional, , @] or Lindblad
approach to the quantum master equation|&, @] Instead, we solve exactly the Heisenberg-Langevin equations for
general couplings and spectral densities of the baths. Additionally, we focus specifically on the Ohmic case, which
allows an analytic treatment, addressing in detail correlations and coherences in the asymptotic stationary regime.

Our main goals are:

e To provide a general solution of the Heisenberg-Langevin equations valid for two mechanical oscillators with
linear couplings to different environments with general spectral densities. We study the non-equilibrium dy-
namics as an initial value problem to reveal the approach to a stationary regime in the asymptotic long time
limit, allowing one to deal with cases in which correlation functions retain memory of the initial conditions in
this limit.

e To provide a complete analytic treatment in the case of Ohmic baths. In this exactly solvable case we study
the emergence of an asymptotic stationary but non-equilibrium state. We focus on two relevant cases: a strong
coupling case that includes vanishing detuning between the normal modes of the mechanical oscillators, and a
weak coupling case corresponding to weak damping on the scale of the normal mode frequencies.

e To obtain the correlation functions and coherence (off diagonal correlations between the normal modes) at
different times. Specifically we focus on the interesting and potentially observable survival of coherence in the
classical high temperature limit.

e To discuss renormalization aspects that arise from the coupling of individual oscillators to two different baths,
which results in “mixing” of the normal modes of the mechanical oscillators, requiring new renormalization
counterterms.

Brief summary of results:

e We obtain the general solution of the Heisenberg-Langevin equation for the case of two mechanical oscillators
with linear couplings to two different and uncorrelated baths. The different couplings to the baths lead to a
“mixing” of the normal modes of the mechanical oscillators. This mixing implies novel renormalization aspects
and the necessity for off-diagonal counterterms in the effective Hamiltonian of the mechanical oscillators.

e The case of strictly Ohmic bathsﬂg, @] yields an analytic solution for the time evolution of the correlation
functions. This solution allows one to obtain correlation functions and coherence (off diagonal correlations of the
mechanical normal modes) at different times without the need to invoke the quantum regression theoremﬂg, ]
A stationary non-equilibrium state emerges in the asymptotic long time-limit. We find both in the strong and
weak coupling regimes that coherence survives in the high temperature limit if the baths feature different spectral
densities and/or temperatures.

We show that this surprising and counterintuitive result is a consequence of the coherence being proportional
to the difference of the correlation functions of the baths degrees of freedom.

In the strong coupling case coherence survives in the high temperature limit if the baths feature different
temperature, whereas in the weak coupling case coherence survives in this limit if the temperature and/or the
couplings are different. Classical equilibrium equipartition follows in both cases when the baths are at the same
temperature; in this equilibrium case the coherence is suppressed in the weak coupling case.

e When the renormalized normal modes of the mechanical oscillators are degenerate and both couple only to one
bath, we find that the asymptotic long time limit retains memory of the initial conditions, possibly suggesting
a breakdown of a Markovian approximation.



e We conclude that this result opens the possibility of designing a setup of mechanical oscillators coupled to two
baths at different temperatures as a platform that maintains coherence in the high temperature limit of both
baths.

II. THE MODEL AND THE GENERAL SOLUTION OF THE EQUATIONS OF MOTION

We consider two interacting oscillators of equal unit mass coupled to two different baths in equilibrium at different
temperatures, specifically

H=Hs+ Hp+ Hsp (IL.1)
with
2 2 2 2 2
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The Hamiltonian Hp describes two independent baths of harmonic oscillators to be taken in thermal equilibrium at
different temperatures 717, T5 respectively. The system-bath coupling is taken to be

Hsp = —(qq cos(0) + gy sin(0)) B1[{Q1}] — (q» cos(0) — qq sin(f)) Ba[{Q2}] (IL.4)

where 6 is an arbitrary mixing angle and

B1[{Q1}] Z Cp@pa 5 Ba[{Q2}] Z Dy Q2. (IL5)

This system-bath Hamiltonian generalizes the cases studied in refs.ﬂﬁ, @], and as will be seen below, it de-
scribes mixing and coherence among the mechanical oscillators similar to the coherent mixing of excitations in nano-
optomechanical structures described in ref. @] and the case of two-mode coupling in multimode cavity quantum
optomechanics@]. In ref. ] the case 2 = 0 was considered with only one bath; after phase redefinitions the system

bath coupling was taken as (gq ¢o + q» ¢6) B[{Q1}]. Writing ¢q = /02 + @7 cos(6), ¢p = \/d2 + ¢ sin(f) and ab-

sorbing \/¢2 + ¢7 into a redefinition of the couplings C), in the system-bath Hamiltonian ([LAILE), the model studied
in ref.[45] is equivalent to the generalized model described above with Q =0 and Dy = 0V k.

It is convenient to introduce the vector

§= (% ) (I11.6)

b
and the frequency matrix

02402 -2 1 10202 —202
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to write the potential term in Hg as ¢7 Q2 ¢ diagonalizing this quadratic form we obtain the normal modes of the
coupled oscillators. Introducing

Q2 — 02) 202
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(IL.8)

the matrix Q2 is written as

2 2 02 g
Q2 = (Q 07 ~0 ):%(Q§+Q§+ZQ2)1+%\/(QZ—Q§)2+4Q4 ( cos(2)) Smm)>, (IL.9)

-2 Q2 4+0? —sin(2)\) — cos(2))



which yields a straightforward diagonalization by a unitary transformation, namely

( cos(2)\)  —sin(2)) ) v (1 0 ) V() (IL.10)

—sin(2)\) —cos(2\) 0 —1
with
~( cos(A) —sin(A)
VA = (sin()\) cos(\) |- (IL.11)
Therefore
2 ~1 Q3 0
@ =V (g2 ) VO, (IL.12)
where
1 1
2 _ 1 (02 2 2) 4 2t 2 _02)2 4
0F =5 (Qa+Qb+2Q)j:2\/(Qa 02)2 + 40 (IL.13)

are the normal mode frequencies.
The coordinates and momenta of the normal modes (g+;p+), are related to the original ones (¢q.b; Pa,b) by

) =voy () s (D) =vey (B ). (IL.14)
q v p Py

The system Hamiltonian Hg ([L2]) becomes diagonal in the normal mode basis, the coordinates and momenta g, p+
describing independent, uncoupled harmonic oscillators of frequencies {2+ respectively.
The system-bath coupling Hamiltonian (ILATH)) is written in the original basis as

_ cos(0) —sin(0) \ [ Bi[{@1}]
Hsp = —(4a ¢v) (Sin(@) cos(0) ) (B;[{Q;}] ) ) (IL.15)
while in the normal mode basis ((¢+ ¢—) = (¢a @) V" 1())) it becomes
_ cos(p) —sin(¢) \ ([ Bi{@i}] ) . _
sn =) (0] ey ) (Bllad) ) v=re. (10
In the normal mode basis the total Hamiltonian is
p2 Q2 p2 Q2
Htot:7++7+qi+§+77q2,+HB+HSB (1117)

where Hgp is given by ([LI6) in the normal mode basis.

The main conclusion from this analysis is that the form of the total Hamiltonian ([LI7) is general even when the
mechanical oscillators are coupled.

The equations of motion in the normal mode basis are

iy +Qlqp = cos(y) Z Cp Qp,1 — sin(v) Z Dy Q.2 (I1.18)
) %
G- +9%qy = sin(y) Z Cp Qp1 + cos(t) Z Dy, Q2 (I1.19)
) k
Qpi1 + W21Qp1 = Cp [cos(v) q(t) + sin(th) g— (t)} (I1.20)
Oz + WEsQrz = Dy [cos(u) - (t) = sin(w) 4, (8)] (1L21)

Treating the dynamics as an initial condition problem will allow us to examine the approach to a stationary state
and correlations in this state in what follows. We proceed to solve the equations of motion for the bath variables and
insert the solution into the equations of motion for the system coordinates, namely

@it = Q%0+, [ IO sy g, 0) 4sinra- ) ar (122)
Quatt) = 0 + D [ ] (oo @)~ sintwyan ) (.29



where
1 , .
Qi) = T [ap e~ Wt 4 of eZW’“t} (I1.24)
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1 , )
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k,2

are the “free-field” operator solutions of the homogeneous equation in terms of independent annihilation (a,, Bk)

and creation (aL, [3};) bath operators. The independent baths are assumed in equilibrium at temperatures 77,75
respectively, with statistical averages

1 ; 1

W g b B2 = (11.26)
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Inserting the solutions ([L22T23) into ([LIRITTI) we find a system of coupled Heisenberg-Langevin equations,
namely

(>+—Q+q+<>+14 [t =) () + Sy (t = )a- ()] &t = €4(1) (11.27)
G-(t) + Q% q_(t) +/O [E__(t—t) () +32- (t—t’)q+(t’)} dt' = £_(t). (11.28)
The self-energy kernels are given by
Yo (t—t) = cos’ (W) Tyt —t') +sin? () Xa(t —t') (11.29)
Yo (t—t) = sin?(¥) T1(t —t') + cos* () Ba(t — 1) (11.30)
e (t—t) = S_(t—t') = cos() sin(t)) [21 (t—t) — ot — 1)) (IL.31)

Here the self-energies 3 » for each bath are given by

El)g(t — tl) = % / 0'172(00/) eiw/(t—t') dw’ (1132)

— 00

in terms of the spectral densities of the baths given by

1) =3, g[8 = Wi) = 8+ Wy )] (I133)
02(') = Y s [6(w' = W) = 6w’ + Wik2)] | (I1.34)
and the noise terms
(£0) = (26 ) (88) =ve (&) e
where
=300 &)=Y D)) (11.36)
P k

We note that the spectral densities 01 2(w’) are odd functions of w’.
The thermal baths at temperatures 71, T5, respectively, are independent and uncorrelated, and the noise correlation
functions for each bath are obtained simply from ([L24IIT.28IT.26). We find

(60N =0 (GOEEN =6+ [ ) m@) e O i) = 5 i=12 (1130)

T J—c0

where ({(---))) correspond to statistical averages over the bath variables and o 2(w) are given by ([L33IL34),
respectively. This relationship between the noise correlation functions and the self-energies in ([L32)) is a manifestation
of the fluctuation-dissipation relation independently for each bath.



We note that as a consequence of the couplings to the baths, the equations of motion ([L2TML2Y) are off diagonal
in the normal mode basis; in other words the coupling to the baths induces a “mixing” between the normal modes.
This mixing is at the heart of the bath-induced coherence@], namely off diagonal correlations between the normal
modes.

The Heisenberg-Langevin equations of motion ([L2TML2]) are solved via Laplace transform, with

G+ (s) :/ e Stqp(t)dt ia,@(s) :/ e Sap(t)dt gi(s) :/ e St eL(t)dt, (I1.38)
0 0 0
with o, 8 = +. From equation ([L32) it follows that
= & o1 g(w’) dw'
Sio(s)=— | B2 X IL.
12(5) /_Oo w +is w (IT.39)

In terms of the Laplace transforms ([L27T.28)) become

oo (84)- (45

where
iy (S22 (s) i (s)
G™(s) = ( i+,+(s)++ EIn i(s)) (IL41)
and
J1(8) = 4(0) + sq(0) + Ex(s) . (IL.42)

We note that the couplings to the bath induce off diagonal entries in the matrix equations of motion; as discussed
below these off-diagonal, bath-induced terms will lead to coherence between the different normal modes.

Furthermore, the analysis presented above shows that the coupling to the baths induces renormalization of the
frequencies (Lamb-shifts) along with the couplings between the oscillators. The resulting effective Hamiltonian can
again be brought to the normal mode general form ([LI7) by a rotation as discussed above.

Anticipating this renormalization of the normal mode frequencies and mode coupling induced by the interactions
with the bath, and following the arguments leading to the general form ([LI7) we write the system Hamiltonian
in the renormalized normal mode basis corresponding to the remormalized frequencies by introducing a matriz of
counterterms d€2 and write the total Hamiltonian as

p2 p2 QQ Q2
Hyot = 7* +5 ;R > + ;"' @+ (¢4 q_) 62 (g+ > +Hp+ Hgp ., (11.43)

where Q4 i are the renormalized normal mode frequencies and

6 00,
Q= <5QI+ 591 > (11.44)

is a counterterm frequency matrix that will be required to cancel the contributions from the real part of the self-energy
corrections (Lamb-shifts) that diverge in the limit of large bandwidths of the baths.

Where Hgp in eqn. ([[L43) is given by ([LI6]) in terms of the renormalized angle 1. Since the self-energies associated
with the normal modes are given by ([L29HL.31]) and the counterterms are chosen to cancel the divergent contributions

from these, we write following eqns. ([L29IT.3T])

60y = cos?(¢h) 69 +sin? (1) 6 (I1.45)
60 = sin®(¥) 6Q; + cos?(¥) 5y (I1.46)
8 = 0Q_, = cos(t) sin(t)) [591 - 592} , (11.47)

where 6€; o will be chosen to cancel the divergent contribution from 3; 5. This aspect will be discussed in detail
below for the case of Ohmic baths (see section [[TI)) but similar considerations should apply for any spectral density of
a bath with a bandwidth large compared to the (renormalized) frequencies in the system.



Including this counterterm matrix in Hg, the matrix G~!(s) ([LZI) for the equations of motion in Laplace variable
now reads

_ 2402 460, 4 Sy (s) 8+ 3 (s)
G l(s) = [ 5 THERT Ot 2y + +-18) . 11.48
(5) < 04 +3_4(s) S+, +00-_+X__(s) (IL48)

The solution for ¢4 (s) is obtained by inverting this matrix. It is convenient to introduce the quantities

W2(s) = 02 5+ 0041 + 344 (s) 5 W2(s) = Q2 +6Q__ +3__(s) (11.49)
M?(s) = 5% + % Wi(s)+W2(s) (I1.50)
0%(s) = 6Q4— + X1 (s) (IL.51)
po(s) = [(W2(s) - WE(S))2 n (2@2(3))2]1/ ’ (I152)
_ (WE(S) B Wi(s)) _ 2@2(5) L2 2 _
a(s) = ) ; B(s) o) a®(s) + B%(s) =1, (I1.53)
in terms of which one finds
-1 2 (s) —a(s) B(s
G l(s) = M%(s) 1 + pT < ﬁ(g)) agsg > . (IL.54)
It is now straightforward to obtain
ﬁ+R ﬁ—ﬂ
G(s) + (I.55)

where 1 is the identity matrix and
R = < afs) —B(s) > . (I1.56)

The matrix R is traceless with determinant (—1), hence its eigenvalues are A = £1. Therefore (1 £R)/2 are projectors
onto the eigenvectors of R with eigenvalues A = £1 respectively.
The solution of the Heisenberg-Langevin equations ¢4 (¢) can now be obtained by inverse Laplace transform, with

d

G(t) = / 25 st G(s). (IL57)
I 21

The Bromwich contour C is parallel to the imaginary axis in the complex s— plane to the right of all the singularities

of G(s). Stability requires that the singularities have Re(s) < 0; therefore the Bromwich contour corresponds to

s = iw + € with ¢ = 07 and

G(t) = / ;l—j: et G(s =iw+e). (I1.58)

In order to obtain the Green’s function matrix, we need the analytic continuation of the Laplace transform of the
self-energies ([L32) to s = iw + €, with € = 0% understood. With (IL39) we find

~ 1 o0 !
X12(w) = S1a(s = iw+€) = —/ UEICORPNS (I1.59)

T ) ono Ww—w —ie



with

1 o0
Ile,2(W) = 01,2(0.)) ; ReXLQ(w) = ;/ P

— 00

Im X1 2(«) ] du’ (IL.60)

w—w

and x.p are defined by the same linear combinations as X, for a, 8 = & given by eqns.([L29HL3T]).
Therefore the solution for the time evolution of the normal mode Heisenberg operators is given by

(310) =60 (1) +60 (30) +[oo0 ($) . oo

In order to highlight the separate contributions from initial conditions and noise terms, we write the solution ([L61])
as
q+(t) ) _ < q+(t) > < q+(t) >
_ n I1.62
< )=\t ), "L ), (11.62)

(o)), e (&) +eo (26) « (&0) - [ee-n (£6)) . @

Correlation functions of Heisenberg operators ¢, (t), @ = & require two different averages:

with

e Average over the initial conditions denoted by (gq (t)gs(t’))o correspond to averaging in the initial state in terms
of the averages of the Heisenberg operators at the initial time ¢ = 0. We will assume that the initial state is
uncorrelated for the normal modes with (g+(0))o = (¢4 (0))o = 0 leading to (gs(¢))o = 0. These assumptions
on the initial state of the system can be relaxed with the corresponding expectation values and initial state
correlations changing accordingly.

e Averages over the noise terms 1 (see eqn. [[L30) in terms of &, &, with the thermal noise averages given by
eqn. ([L37). We will denote averages over the noise as ({(---)))e. The bath averages ([L37)) also imply that

{{g())e = 0.

Because the theory is Gaussian, only the one and two point correlation functions must be obtained; higher order
correlation functions are obtained from Wick’s theorem.

The results above describe how to extract the real time dynamics of relaxation and coherence in the general case
of two mechanical oscillators coupled to each other as in ([L2)) and to respective thermal baths as in ([L4). For
general spectral densities, the analysis of the time evolution, correlation functions and coherences will likely involve a
numerical study. However, we can make analytic progress in the case of Ohmic baths described in section ([IIl) below.

IIT. OHMIC BATHS

We consider a Drude model for an Ohmic bath with

A? ,
0j(w) =Imx; (W) =wyj s 3 =12 (ITL.1)
J

from which we find

A2
J o=
iV Aot J=12. (I11.2)

Rey;(w) = —A
Alternatively, we also consider the case of sharp cutoffs for the respective spectral densities
0j(w) = Imy;(w) = 7w OA; — |w]) (111.3)

where A; are the cutoffs or bandwidths of the respective baths; in this case we find for the complex self-energy

2

w A —w
Xj(W):—;%Aj—;%ln ’

Aj—f—w

+awy 5 A > |wl. (I11.4)




In the limit A; > w both Ohmic spectral densities yield a linearly (o A;) divergent real part and the same imaginary
part. We are primarily interested in the low energy, long time dynamics which, after renormalization, should be
insensitive to the high frequency degrees of freedom of the bath. Therefore in the following we will consider the cut-off
spectral density ([IL3)) for which the self-energies simplify, namely

2 .
Xj(w) = - YA Fiwy;, (I11.5)

where it is implicit that w < A;. Following ref. ﬂg] we refer to this as the strict Ohmic case.
We choose the counterterms 0€2; to cancel the real part of the self-energies, namely

0 + Reyj(w) =0=6Q; = %’yj/\j , (I11.6)
yielding in the normal mode basis
004+ +Rexq4(w) =00__ +Rex——(w) = 604 +Rexy—(w) =0. (I11.7)
It is convenient to define
QR+=W—% ; QR_=W—|—%, (I11.8)

where A is the detuning between the normal modes. For A = 0 the renormalized normal modes are degenerate, we
emphasize that this is different from the non-interacting case where the (un-renormalized) normal mode frequencies
are given by eqn. ([LI3)) which become degenerate for Q, = Q, = 0; Q2 = 0.

Implementing the renormalization conditions ([IL7), with the definitions (IIL8) we find for ohmic baths described
by the spectral densities ([IL3])

Wi(s)+W2(s) = 2W?+ %2 +s(n+72) (I11.9)
W2(s) — Wi(s) = 2WA + s(y2 — 1) cos(21) (I11.10)
20%(s) = —s(y2 — 1) sin(29) . (TI1.11)

It now remains to input these expressions into the Green’s function to obtain the real time evolution; see below.
Because there are several scales in the problem we focus on two limits of particular interest.

A. Strong Coupling

We refer to the case when the term 2WA in (ILI0) can be neglected as the strong coupling regime because the
contributions from the couplings to the bath, which determine the off-diagonal terms in the “mixing matrix” R in
(IL56) have the same magnitude as the diagonal terms. We study separately the cases A = 0 and A # 0 in the strong
couplirﬂ% rime because the case of vanishing detuning, A = 0, is particularly relevant and describes a similar case
in ref.[33, 45].

1. A=0

Vanishing detuning corresponds to degenerate renormalized normal modes for the mechanical oscillators. We
note that because of renormalization effects from the interactions with the bath, the conditions of degeneracy of
the renormalized normal modes are different from that for degeneracy of the “bare” (unrenormalized) normal mode
frequencies. From the relations given by equations (ILZGHLAT) and ([IL6) one can find the relation between the bare
frequencies and the spectrum of the baths that leads to the degeneracy of the renormalized normal modes.

In this case, setting A = 0 in eqns. ([ILOHIILIT)) and with the definitions ([L52HIL56]) we find

G '(s) = (32 + W2 g(% + 72)) 1+ g(w —m) ( :ijg:f)) _C(S)ISIE%’) ) : (IIL.12)
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from which we identify

M?(s) = (52 + W2+ g(% + ”yz)) s p(s) = s(v2 —m),
a(s) = cos(2¢) ; B(s) = —sin(2¢), (II1.13)

and
cos(2¢) sin(2y 10 1
- <siné2¢)) —00(5(21)/1)) = V() <0 _1> VT(Y), (I11.14)

where the matrix V() is given by eqn. ([LII)). Combining these results with the general expression for the Green’s
function matrix, equation ([L55), we find

_ gi(s) 0 -1 i . 1
G(s) = V(¥) ( 0 gals) ) V@) 5 g12(s) = [52 T 571,2} : (LIL.15)
which, upon using eqn. ([[L58)), yields
B Gi(t) 0 _ 1 1
G(t) = V(1) ( 0 Gatt) ) A OES [Gl (t) + Gg(t)]]l +3 [Gl (t) — Gz(t)}n{ (IIL.16)
with
Gi(t) = e it/? Smg{/ﬂ LW = [WQ - %1/2 i=1,2. (IIL.17)
The solutions given by ([LGT), with the noise terms given by ([L35]) and G(t) given by ([ILI6), become
a+(t) ) _ q+(0) ' q+(0) ' ( Gi(t =) &(t) > /
(50) —co (36) +e0 (26) +ver [ (GE7HE) o (%)
The form of G(t) eqn. ([ILI6]) indicates that performing the unitary transformation
a(t) | _ -1 q+(t)
( a1 ) =V ( 0 (1) ) ! (IT.19)
the solution in this new basis is given by
t
qi(t) = Gi(t) Qz(o) + Gi(t) Qz(o) + / Gi(t - t/) gi(t/) dt/ y 1= 1, 2. (HIQO)
0

The interpretation of this result is clear: For vanishing detuning the normal modes are degenerate, therefore one
can make a unitary transformation (rotation) that diagonalizes the coupling to the independent baths By, B in Hsp,
eqn. ([LI6). Equations ([ILI3) and ([ILIG) clearly show that the Green’s function is diagonal in the 1,2 bath basis.
The normal mode coordinates ¢4 (t) evolve as linear combinations of the 1,2 modes, which evolve independently in
time with simple complex frequencies.

We are now in position to obtain the correlation functions and coherences for the Ohmic case with zero detuning.
Assuming that the system is in the ground state |0) = |04) |0_) for the independent normal modes at ¢ = 0, and using
G+(0) = p+(0) it follows that

(0lg+(0)[0) = 0 ;5 (0[p+(0)[0) =0 (II1.21)
(0l42.(0)]0) = ﬁ 5 (0lg£(0)gx(0)[0) =0 (I11.22)
(0lp2.(0)]0) = Qf 5 (0lp£(0)p=x(0)[0) =0 (111.23)
Olps(0)g2(0)0) = = 5 (Olp=(0)g10) = 0. (I11.24)

2
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Because the initial conditions are given in terms of the normal mode basis, the representation of the solution given
by ([ILI8) is the most suitable to evaluate correlation functions. We are primarily interested in the two-point
correlation functions of the normal mode variables as these yield information on coherence and thermalization. Since
the statistical averages ((£1,2)) = 0, the two point correlators become a sum of the contribution from the average on
the initial conditions and the statistical average of the noise. The solution ([ILIS) is given in terms of the contribution
from initial conditions and noise as in eqns. ([I.62) with the initial condition term given in eqn. ([LG3]), and the noise

term given by
(), v [ (B050) w —vo (),

Of particular importance is the coherence@] or off-diagonal correlation function and a direct calculation using

([L63) along with (IL2IHIIL.24) yields
sin(24))

(o a0 = T [(G200) + W2GR(0) — (¢30) + WE31)] (111.26)
where the subscript 0 refers to expectation value in the initial (ground) state determined by ([IL22HIIL24). Since
G;(0) = 0;G,(0) =1, it is clear that (g+(0)g—(0))o = 0 as determined by the initial conditions of independent normal
modes (see second term in eqn. [IL22). The behavior of (g4 (¢)g—(t))o is shown in fig.(d)) for representative values of
the parameters revealing transient coherence. The small scale oscillations revealed in the figure are at frequency W.

0.00

(G1/W) = 0.1; (72/W)= 0.03

-0.05

W <g+ (V) 9- (1) >

‘Yl/W) =0.1; (‘yz/W) =0.01

-0.10

-0.15 —

2020 | | | |
0 50 100 150 Wt 200

FIG. 1: W {q4+(t)g—(t))o eqn. ([IL26) vs. Wt for (y1/W) = 0.1, (y2/W) = 0.01, 0.03, v = 7 /4.

The noise contribution to the coherence is obtained from eqns. ([(IL2BIL37) and is given by

(s -0 = gn0) [ iy [ ata[Gr1=1) Galt= (61 (1) € (12)) = Galt=11) Galt =) (altr) E(42))].

(II1.27)

This expression manifestly highlights that the coherence vanishes if the baths have the same spectral densities (y1 = 72)

and temperature and also suggests its survival when the baths have different spectral densities and/or temperatures.
We now take the cutoffs A; — oo and use the results ([L37ITAT] ) to find for the noise contribution

o0

(a0 N)e =sin20) [ 52 [t t) I ) ma (@) — Bt ) s (w) ma(w)] (111.28)

— 00
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where

t t’
Ij (W; t, t/) = / dtl / dtg Gj (f — tl) Gj (t/ — tg) eiw(t17t2) ; j = 1, 2. (11129)
0 0

We consider a two-time correlation function to display the emergence of stationarity in the long time limit. With
G,(t) given by ([ILI7) we find for vanishing detuning (A = 0) and in the asymptotically long time limit ¢, ¢ > 1/71 o,

eiw(tft’)
[(wZ _ W2)2 + (w%)z}

revealing the emergence of a stationary state at long times under zero detuning conditions. A similar calculation
yields

Li(w;t, ') — : (I11.30)

(0 @e = [ 2o () Rlwitot)) T ) m () + 520 ot Taa(w) ma(e)]| - (L)

— 00

—~
—
'-lQ
—~
~+
~—
>|Q
—~
~+
~
~—
~
~
oy
|

/OO o {Sinz (V) I (w; t, ') Tmy (w) ny (w) + cos® () o (w; t, ') Tmya (w) na (w)] . (I11.32)

— 00

Summarizing, in the stationary state, when ¢,¢' > 1/v; 2 the diagonal and off-diagonal correlation functions are
given by

({gr(t +71)g-(1)))e = sin(y) cos(y)|Fi(7) — Fa(7)] (I11.33)

({gr(t+7)ar(D))e = cos®(Y)Fi(T) +sin®(¢) Fa(7) (I11.34)

({g-(t+7)g—(t))e = sin®(Y)Fi(7) + cos® (1) Fa(7) , (I11.35)
where

Fir) = /°° dw  Tmy;(w)n,(w) e™” =1, (IIL36)

o 7 [(w2—W2)2+(W%‘)2}

For the Ohmic case (IIL3) in the limit A; — oo, one has Imy,(w) = v; w and the integrals are finite. This justifies
taking the infinite bandwidth limit first, since for A; > W,v; corrections are of order (W/A;)?, (v;/A;)? and can be
safely neglected. The detailed form of F;(7) is given in appendix (A]).
In the asymptotic long time limit ¢,¢' > 1/v1 2 we see the emergence of a stationary state in the sense that the
correlation functions become functions solely of the time difference.

In the high temperature (classical) limit, T; > W, v;, and to leading order in the small ratios W/T};v;/T; < 1, we
find the simple result

Fi(r) = % e~ 7/2 | cos|Wyr] + 27—v?g sin[W;7]] | (IIL.37)
leading, in the limit 7 — 0, to the relations in the stationary state
(B e = [0 @) Ts +s?() ] (1.38)
(e = [0 T + co?0) (1.39)
(lar@a ) = "2 [1, ). (11.40)

In the above expressions we have neglected subleading terms suppressed by powers of W/T; and +,/T; in the high
temperature limit.

Interpretation of results: Although the result (IL40) is perhaps surprising and counterintuitive, the physical
interpretation of equations ([IL38HIIL4Q) is fairly simple: in terms of the coordinates ¢i, g2, namely the bath basis in-
troduced by eqn. ([ILT9)), the classical high temperature limit yields equipartition at temperatures T}, Ts respectively,
in other words

Ty T
(@ (0))e = We ((a3(1))e = W (I11.41)
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The results (IL3SMIILAQ) follow from the relations g = cos(¢)) ¢1 —sin(¢) g2 ; g— = sin(1)) g1 +cos(v)) g2, and because
&1, & are independent, so that ((gig2))¢ = 0 in the correlation functions of the normal mode coordinates (see eqn.

(IT25)). In particular the coherence

({g+(H)a-())e = %Sin(w) [({af @) — (a3 (®))e ] - (ITL.42)

In the present case A = 0 when the normal modes are degenerate, the system Hamiltonian exhibits a rotational
symmetry in the gy, ¢_ plane and a rotation from the normal mode basis to the bath basis makes the total Hamil-
tonian diagonal in the bath basis ¢1,¢2. In this basis the asymptotic correlation functions describe a steady state
in equilibrium with each corresponding bath with classical equipartition at high temperature. However, the normal
modes are linear combinations of the coordinates g1, g2 in the bath basis, hence the correlation functions of the normal
modes display the “mixing” of the correlation functions of ¢ 2 in the bath basis.

Whereas the coordinates in the bath basis ¢ 2 reach a stationary state with high temperature equipartition at
the respective temperatures Ty, T, of the baths, the averages ((¢2)) may be associated with effective equipartition
temperatures

T = cos® () Ty +sin® ()T 5 T = sin® (V)T + cos? ()T . (I11.43)

Furthermore, this analysis clearly indicates that the coherence ((g+(t)g—(t)))¢ is a result of the off diagonal couplings
of the mechanical normal modes to the baths. Since the mechanical normal modes reach a stationary state with high
temperature equipartition at different (effective) temperatures, we refer to this as a non-equilibrium stationary state.

We refer to the stationary state when both baths are at the same temperature, 77 = Tb = T, as the equilibrium
case, wherein the averages ([IL38MIL39) agree with classical equipartition at high temperature 7' > W, and the
coherence ([IL40) vanishes to leading order in W/T; , ~;/T;.

We conclude that for vanishing detuning and in the high temperature (classical) limit of both baths in the non-
equilibrium case with Ty # Ts, the coherence between the mechanical normal modes induced by the coupling to the
baths does not vanish in the long time limit ¢ > 1/v7 2, and is large for |77 — T%| > W. Therefore, the survival of
coherence between the mechanical normal modes in the high temperature limit of both baths is a consequence of the
non-equilibrium nature of the asymptotic stationary state for 77 # Tb.

A similar analysis for the correlation functions and coherence of the canonical momenta p yields for the noise
averages in the stationary regime

{((p+(t+7)p-(1)))¢ = sin(¢) cos(v)) [Hl(T)—HQ(T)] (II1.44)
{(p4(t +T)p(t))e = cos® () Hi(7) +sin®(y) Ha(7) (IL.45)
({(p—(t+7)p—(1)))e = sin®(¥)Hi(7) + cos*(¢) Ha(7), (I11.46)
where
Hj(T)z/oo dor_w? Ly (w) €7 () :—j—;Fj(T) L j=1,2. (I11.47)

e T (w2 W) ()]

For the strictly Ohmic case with Imy;(w) = vjw, as 7 — 0 the extra factor w? in the frequency integral yields
a logarithmic divergence with the upper cutoffs A;. This divergence can be best seen in the 75 — 0 limit where
n;(w) = —O(—w) (with © the step function) by cutting off the integrals at A; > W, ~;. In this limit we find

2 2
=Yy W 70— _ N T P S Y B
HJ(O)—WIH(W) g 4Z+ In[-24) - Z-W[-2-)| : Zs=3|2- o+ 25 . (IIL48)
7

If instead we use the Drude form ([ILI]) we find the same result for A; > W,~;, namely a logarithmic dependence
on the bandwidth of the bath. The logarithmic dependence on A; is also a feature if an exponential cutoff is used, of
the form Imy;(w) = vj w e~ 1“l/A5 as can be easily verified in the limit A > W, ;. Therefore, this divergence is not
an artifact of a sharp cutoff but a general result of the Ohmic case when the bandwidth of the bath is much larger
than the typical scales (relaxation and oscillations) of the system. This results in a logarithmic dependence on the
bandwidth for the expectation value of the energy of the normal modes. This divergence with the bath bandwidth
has been recognized in ref.ﬂg, @], and for free Brownian motion in ﬂE], and more recently in @] In the sub-ohmic
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case when Imy;(w) oc w®, 0 < s <1 the integral is no longer divergent, but correlation functions with higher order
7 derivatives eventually will develop a divergent bandwidth dependence. The super-Ohmic case s > 1 will feature
stronger dependence on the bandwidth.

At finite temperature and 7 # 0 we find

Hy(r) = H{ (1) + H" (7), (IIL.49)
where
a d2 a

and F j(a) (7) is given by (A3)) and is obviously independent of the cutoff. Similarly, we find

(b v E
H; _?JZ

=1 1

(ITL.51)

This last contribution is subdominant for T; > ~,. Clearly each term in the sum over [ in ([IL5I) is finite in the
7 — 0 limit; however, the nature of the divergence in this limit is gleaned from the asymptotic 1/ behavior behavior
of the series for large [ recognizing that

© —2wlT;T 1
Z c =—In[l—e 257 750 Inf
2rTyT

=1

]. (I11.52)

Physically, however, time scales of order 7 < 1/A; probe the high frequency degrees of freedom of the bath; taking
as a minimum time scale 7 ~ 1/A; the result (IIL52)) yields

H (A7) = Zm | = A |+ (IT1.53)

2rT;

where the dots stand for terms that remain finite in the A; — oo limit. Hence, for 7 < 1/A; the leading logarithmic
dependence on the bandwidth of the baths is precisely the one obtained in the zero temperature limit ([IL4S).

The time evolution of correlation functions in the stationary (but non-equilibrium) regime becomes insensitive to the
bandwidth and high frequency degrees of freedom of the bath for time scales 7 > 1/A;. In the limit A; > Wj,v;, Q4,
namely exceeding the corresponding frequency or energy scales of the system, there is a wide separation of time scales.
For Aj7 > 1 and W; 7 ; ;7 =~ 1 the correlations do not reflect the high frequency modes of the bath, and one can
construct a universal (in that sense) effective low frequency/energy theory for the system after “integrating out” the
bath degrees of freedom.

The logarithmic dependence of the momentum correlation function in the short time (coincidence) limit in the
Ohmic case has recently been been exploited to yield a bound on the “logarithmic negativity” as a measure of
entanglement[33).

From these results we conclude that 7 # 0 effectively regulates the high frequency contribution from the spectral
density of the baths. Physically for ¢ > 1/v; 2 as 7 — 0 these correlations probe the dynamics of the high frequency
degrees of freedom of the bath in the stationary state. In order to obtain an effective low energy and long time
description of the system (after “integrating out the bath”), a coincidence limit of these correlations in the stationary
regime (t > 1/v1,2 ; 7 — 0) must be interpreted as 7A; > 1 and 7 Q4 , 7912 < 1.

2. One bath case, A =0

The case of the oscillators coupled to only one bath, say Bi[{Q1}] considered in ref.[45] is obtained by simply
setting Ba[{Q1}] = 0. In other words one sets Imxz(w) = 0 and & = 0 in the above results which, for the Ohmic case
translate into 2 = 0, yielding, in the case A = 0, one damped mode and one undamped mode with

9 sin [Wl t] B sin [W t]

Gi(t) =e 1Y W, ; Ga(t) = W

(I11.54)
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in the Green’s function ([ILI6). The undamped mode is expected because of the degeneracy of the mechanical
oscillators in the case of vanishing detuning. A unitary transformation to the bath basis 1,2 in which Hg remains
diagonal for A = 0, immediately leads to the conclusion that the mode 2 is undamped.

This conclusion also follows directly from the Green’s functions ([ILIBIILIA): setting v2 = 0 the diagonal compo-
nent go(s) features an undamped pole, this is also manifest in G2 (t) which is the Green’s function for an undamped
oscillator. The normal mode coordinates g+ () evolve in time as linear combinations of the bath basis modes 1,2, one
damped and one undamped.

In the asymptotic long time limit ;¢ >> 1 inserting ([IL54) into (IL26) we find

sin(24))
t)g_(t)yg > ———=. II1.55
(a+ (- (B))o — =5 (IIL55)
° 0.00
A
; -0.05
2
VvV  -0.10
3
@1/W) =0.1; (y2/W)=0
-0.15 —
-0.20 —
-0.25
0 50 100 150 Wt 200

FIG. 20 W {g+(t)g—(t))o eqn. ([IL26) vs. Wt for (y1/W) = 0.1, (y2/W) = 0, = w/4.

This equal time correlation function is displayed in fig. (2] for 72 = 0 and should be compared to figure (). For
the noise contributions we find,

«%wwwm=wMMMWEw4%“%@%®M=wﬂWﬂw4%«w@wwm=mﬂW%$$

where

N [T dw Iy (w)m(w) iw(t—t")
RiE-t)=[ % . e , (IIL57)
/—oo 0 {(wQ - W2)" + (wmn) }

which yields the results given by eqns. (A3 [A4) with j = 1.

Our results (ILGOIIL28) differ from those in ref.[45] in that we do not find a singularity in the asymptotic correlation
functions and coherence. We trace the origin of this discrepancy to the expressions (IL28ITT.3TIMT.32]) wherein we see
that all the correlation functions require the product ([IL29) which is diagonal in the product of Green’s functions; we
do not find an interference (cross term) of the form G; G which could yield such singularity. Also when Ba[{Q2}] =0
the full contribution from the self energy 2 vanishes identically.

An important corollary in this case with one undamped mode is that the system never loses information on the
initial conditions. Whereas the asymptotic equal time limit of the noise contribution is completely determined by
the spectral properties of the bath, had we chosen initial conditions different from those leading to ([IL2IHIIL24) the
asymptotic limit of the initial state contribution (IIL55) would reflect the different choice. This asymptotic dependence
on the initial conditions, an obvious consequence of the undamped mode, suggests that a Markovian approximation
to the time evolution of the reduced density matrix (neglecting the “history” of the dynamical evolution) may break
down in this particular caseﬂﬁ].
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3. Nomn-vanishing detuning, A # 0

For non-vanishing detuning A # 0 the degeneracy between the normal modes of the mechanical oscillators is lifted.
We have carried out a perturbative expansion for A # 0 in the ratio A/|y2 — v1]. The result of this exercise is
cumbersome and not very illuminating, with the only noteworthy feature that in the one-bath case the mode that is
undamped for A = 0 acquires a small damping rate oc A?/(]y2 — 71]), and the initial condition contribution to the
coherence is given by ([IL26) now with Ga(t) exponentially damped with a small damping rate oc A%/(|y2 — 11]).
Therefore, for A # 0, it follows that (¢4 (t)g—(t))o — 0 in the asymptotic long time limit consistent with the loss of
the undamped mode. However, figures ([Il) and (2))) indicate that in the limit of non-vanishing but small detuning
coherence will survive for a long time determined by the longest time scale o |2 — v1|/A . Furthermore, as A — 0
we find a smooth limit to the results presented above in the stationary regime. Therefore, whereas we do not find any
singularity in the limit A — 0, our results are in broad agreement with those found in ref. @] in that the vanishing
detuning case with both mechanical oscillators coupling to only one bath features an undamped mode, and that
this peculiar feature may signal the breakdown of a Markovian approximation for the quantum master equation of
the reduced density matrix. In the formulation followed here, we find that the undamped mode leads to correlation
functions that retain memory of the initial conditions; this is particularly clear in the case of the coherence which is
given by eqn. ([IL5H) for the initial conditions given by ([IL2IHIIL.24)). Other initial conditions will yield different
results for the asymptotic correlations and coherence. A small perturbation away from A = 0 yields a small relaxation
rate for the mode that is undamped in the case of vanishing detuning, and asymptotically at long time (much longer
than the inverse of the small relaxation rate) the correlations and coherence loose memory of the initial conditions.
The noise contribution to the averages (IIL38IIL39) and coherence ([IL4Q) are similar to that of the A = 0 case
with the addition of small perturbative corrections proportional to A%/(v, — 1)%. However, a noteworthy feature is
that these perturbative corrections yield a small but non-vanishing coherence in the equilibrium case 77 = To = T
in the high temperature regime 7" > W, A. Therefore, for A # 0 memory of the initial condition remains for a long
time and asymptotically the coherence does not vanish in the equilibrium case but is strongly suppressed by factors
A?/(y2 —71)? < 1. Another example of such perturbative aspect is discussed below.

B. Weak coupling

We now consider the weak coupling regime with W,|A| > ~1 2 and expand to leading order in the ratios
~vi/IAl;v; /W 5 j = 1,2. This case provides the groundwork for a future study of the master equation in the weak
damping limit. In terms of the normal mode average frequency and detuning W, A, introduced in eqn. ([ILY]) we find

p(s) ~ 2WA + s(y2 — 1) cos(2y) (IT1.58)
1 5 \? 2 2
a(s) ~ 1- §(m) (2 = m1)” sin™(2¢) (IIL.59)
s .
Bls) = —gyrx (2 = m) sin(29), (I11.60)
and
M?(s) — @ = 2+ Q% sy (IIL.61)
M?(s) + @ = 2402 45T, (I11.62)
where Q4 are the (renormalized) frequencies of the normal modes of the mechanical oscillators, and
Ty =7y c082 () + yasin?(¢) ; T_ = 9 cos’(¥h) + 71 sin?(v). (II1.63)
To leading order in v, /|A|,~v; /W we find
- L —B(s)\ . ~ Sy ~
Ry (g ) ¢ 86 =~y e =) s, (111.64)

where we have neglected terms of order (s(y2 —v1)/2WA)? in a(s). A straightforward calculation yields to leading
order

G(t) = (9+O(t) g_O(t) ) n % sin(2) h(t) (? (1)) , (I11.65)
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where
in(Q4t
gx(t) = e T2 sméii) (I11.66)
+
and to leading order in I'y /Q4 we find
h(t) = e T+t/2 cos(Q4t) — e T-t/2 cos(Q2_t). (I1L.67)

To leading order, the contribution to the off - diagonal correlator (coherence) from initial conditions is found to be

(g+®)g—(t))o = ¢ % sin(24)) {e‘r+t 4+ e T-t — g (T+HT-)t/2 [e‘m+t(cos(ﬂ_t) + 28—; sin(Q_t))

+ e (cos(Qpt) + 28—+ sin(Qth))} } . (II1.68)

This correlation function displays interference beats between the normal modes reflecting a coherence that emerges
from the mixing of the normal modes mediated by their coupling to the baths. An example is displayed in fig. (3)
for a range of parameters consistent with the weak coupling limit.

Although the contributions from the initial conditions do not lead to coherence in the asymptotic long time limit, in
the weak coupling limit for 'y +T_ = v +72 < |A|, it survives for a long time and displays interference between the
(renormalized) normal modes. The interference beats may be observable during several periods before being damped

out.

0.4

//f i —— Real Part

O o 11| T — Imaginary Part
2

\

=

-0.6 :

FIG. 3: W {q+(t)q—(t))o eqn. ([[IL6EY) vs. Wt for (y1/W) = 0.05, (y2/W) = 0.005, ¢ = 7/4, A/W = 0.25.

Since the spectral densities are proportional to ;, the leading order contribution to the correlation functions induced
by the noise (((--)))¢ is obtained by keeping only the diagonal term in G(¢) in ([IL6), leading to the result

)\ ([ ge(t — e (tat
<q+(t> )g B ( fj g+(t—t’)§+(t’)dt’> ’ (IIL.69)

where &4 are defined by eqn. ([L35).



18

Now, using equations ([L35] [L37 ML3) and ([ILG3), and taking the cutoffs A; — oo, we now find for ¢ > 1/71 2
the emergence of a stationary regime for which

(ar(t+m)apO)e = cos? () I () + sin(y) S (7) (TIT.70)
(g-(t+T)a-())e = sin®() JU (1) + cos?(v) TP (7) (ILIL.71)
(gs (t +T)q_())e = cos(®)sin(w) [T () — 72 (7)} (I11.72)

where the functions J gﬂ) (1),a, 3 =+ are given in Appendix (B]). Eqn. ([[IL72)) shows that the coherence depends on
the difference of the spectral function and occupation of the baths and vanishes if the baths feature the same spectral
function and temperature.

Using the results in this appendix, we find that in the asymptotic stationary state, for ¢t > 1/ 2, the correlation
functions of the momenta are related to those of the coordinates by

2
((palt + T)ps (1)) = o5 [{aalt + T)as()e]  a.8= -+~ (111.73)

In particular for 7 < 1/A; these correlation functions have the same logarithmic dependence on the bandwidth of
the baths as in ([[IL53]), which as discussed in the previous subsection, is a manifestation of the same logarithmic
dependence on cutoff found at zero temperature, (see eq. ([IL48)). A finite 7 regulates the high frequency behavior
of the integrals, and physically, as discussed above, a coincidence limit must be interpreted as the limit Aj7 —
o0 3 T, QrT—0.

In the limit v; 9t — oo but with A 27 — 00 ; Q47 — 0, we find to leading order in 71 2 < Q4 and in the high
temperature limit 77 2 > Q4,71 2, the following results (see Appendix (B) for details)

(g (t +7)qs()))e =~ Q%r% {0052(@ Ty vy +sin®(¢) Ty 72} (I11.74)
o (6 + 7)) = e [$020) Tim +cos?(6) To s (111.75)
(g (t +7)a-(B))e =~ cos()sin(x)) [%} (7o~ o] (I1L.76)

The corrections to the above results in the high temperature limit are obtained from the complex poles of coth[w /277,
and it is straightforward to find that these contributions are suppressed by the ratios oc (Q/7})%; (v;/T})? with
respect to the leading order terms ([IL74HIIL76) (for example compare the terms .J gﬁ;a) 0 J li £ ®) in Appendix @)).-

Using the relations (ITL63)) one finds that in the equilibrium high temperature case Ty = T = T > W, A and in the
coincidence limit 7 — 0, the averages (IILT4IILTE) agree with classical equipartition, whereas the coherence becomes

7%—7%}

(o (o (0))e = cos(s) sin() 715 [ (m77)

Although the coherence does not vanish in the high temperature classical regime in equilibrium and is enhanced by
the factor T'/W, it is strongly suppressed by the perturbative factor (v —v3)/A% < 1, but indicates a finite coherence
in the classical limit in general.

Interpretation of results: The result ([[IL76]) also seems surprising and counterintuitive, yet its main feature,
that the coherence survives in the high temperature limit for different baths also has a simple interpretation that
stems from the perturbative relations (ITLGY). From these it follows that

({4 ()g-(1)))e o ((€4+£-)) (I11.78)
where &4 are the linear combinations defined by eqn. (IL35). Therefore

((6+&-)) = cos(¥) sin(¥) | ((§1&1)) — ((€282)) | 5 (I11.79)

hence, the coherence must vanish if both baths are identical, namely if they have the same spectral densities and
temperatures 17 = T5.
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IV. DISCUSSION

The are several aspects of the results obtained above that merit further discussion.

e We have focused on the one and two point correlations functions only simply because the theory is Gaussian,
and, therefore higher order correlation functions can be obtained from Wick’s theorem. With vanishing initial
conditions for the one point functions, correlation functions of odd number of oscillator coordinates will vanish.
However, whereas the two point correlation functions are a sum of the contribution from the initial conditions
and bath correlations (see discussion following eqn. ([L62])), higher order correlation functions will feature
factorized products with mixed contributions from initial conditions and noise correlators. In particular for the
case of vanishing detuning when both oscillators couple only to one bath, the correlation functions will retain
memory of the initial conditions as a consequence of the undamped mode.

e In the case of a strictly Ohmic baths the coincidence limit of the two point correlation function of the canonical
momenta exhibits a logarithmic dependence on the bandwidths of the baths, namely, ((p2(¢))) oc In[A;] which
as shown above, is the same as in the zero temperature limit. This dependence survives in the asymptotic long
time regime when the system becomes stationary and is a consequence of the fact that probing correlations on
short time scales implies probing high frequency components of the spectral density of the baths. Although
we focused on the strictly Ohmic case because it allows a complete analytic study, the short time divergences
are of a more general nature, in particular we expect that in a super-Ohmic case the short time singularities
will yield stronger dependence on the bandwidths of the baths. Furthermore, correlation functions of higher
time derivatives of the system coordinates will also feature stronger dependence on the bandwidths, suggesting
a breakdown of universality in the coincidence limit of these correlation functions. The physical reason behind
these “divergences” is clear: Probing correlation functions at nearby time intervals probes the high frequency
components and higher moments of the spectral densities of the baths which are very sensitive to the cutoff
functions. The analysis above suggests that the near coincidence limit of the correlation functions in the
stationary regime must be defined by separations in time much larger than the inverse cutoff frequency of the
baths but much smaller than the inverse (renormalized) frequencies of the mechanical oscillators and relaxation
times, in other words, 7> 1/A; but 7 < Q4,7;.

e We find that when the normal modes of the mechanical oscillators are initially uncorrelated, their couplings to
the baths induces coherence that not only survives in the stationary regime but also in the high temperature
(classical) regime if the temperatures of the baths are different. It is physically reasonable to infer that if the
normal modes are initially uncorrelated, entanglement between the normal modes of the mechanical oscillators
mediated by their couplings to the baths would be the only explanation for a non-vanishing coherence in the
stationary regime. This suggests, more generally, that entanglement will also survive both in the stationary
and the high temperature regimes under the same circumstances. We relegate the question of bath-mediated
entanglement to a future study@]. Our results for the case of both mechanical oscillators coupling to a single
bath, also studied in ], are broadly consistent with the results of this reference in that for vanishing detuning
there is an undamped mode. However, we do not find any singularity in the correlation functions as the detuning
vanishes, and we find asymptotically at long times a finite, constant contribution to the coherence from initial
conditions that reflects these conditions. For small detuning we find that the undamped mode obtains a very
small damping (relaxation) rate, and at asymptotically long times the contribution from the initial conditions
vanishes. This is expected: For any non-vanishing damping rate for the two modes, however small, memory of
the initial conditions will vanish at asymptotically long time. It is only in this sense that there is a discontinuity
in the case of vanishing detuning, a natural consequence of the non-commutativity of the long time and vanishing
detuning limits, but otherwise we do not find any singularity in the correlation functions ﬂﬁ]

V. CONCLUSIONS AND FURTHER QUESTIONS

In this article we have studied the non-equilibrium dynamics of two coupled mechanical oscillators with general cou-
plings to two uncorrelated baths with different spectral densities and temperatures. Our study is motivated by recent
advances in cavity electrodynamics and optomechanics as continuous-variables platforms for quantum computing and
information, and the experimental possibility to engineer the environmental degrees of freedom to control decoherence
and dissipation in these systems. We obtained the general solution of the Heisenberg-Langevin equations as an initial
value problem to understand the time evolution of correlation functions towards an asymptotic stationary state. The
normal modes of the mechanical oscillators “mix” through their coupling to the different baths, and this phenomenon
leads to the emergence of coherence (off diagonal correlation functions) when the normal modes of the mechanical
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oscillators are uncorrelated in the initial state. The mixing of the mechanical degrees of freedom mediated by the
baths introduces novel renormalization aspects which are discussed in detail. The case of Ohmic baths with different
spectral densities and temperatures provides an arena for an exact analytic treatment, and we focus on two relevant
limits: a strong coupling regime that includes the case of vanishing detuning of the normal modes of the mechanical
oscillators, and a weak coupling regime characterized by weak damping and dissipation. In both cases we find that a
non-equilibrium stationary state emerges asymptotically at long times for 77 # T5. We obtain the complete expression
for the unequal time correlation functions both for coordinates (normal modes) and their canonical momenta in the
strong and weak coupling regimes. We find that the coherence (off-diagonal correlation functions) survives in the
non-equilibrium case for the high temperature (classical) limit of both baths if the baths feature different spectral
densities and/or temperatures.

The main physical explanation behind the survival of coherence, an unexpected and perhaps counterintuitive result,
is the fact that the off-diagonal correlations in the normal mode basis are related to the difference of the correlation
functions of bath variables. As a result, the coherence survives in the high temperature limit if the baths feature
different temperatures but is strongly suppressed if the baths feature the same temperature, vanishing exactly if the
baths feature both the same spectral density and temperatures.

In the high temperature but equilibrium case, Ty = T = T', with 7" much larger than the normal mode frequencies,
the asymptotic long time averages of normal mode coordinates obey classical equipartition, and the coherence is
suppressed both in the strong and weak coupling cases. Therefore, the survival of coherence in the high temperature
regime is inherently a consequence of the non-equilibrium nature of the asymptotic stationary state for T} # T5.

In the case of weak couplings, implying that the relaxation rates are much smaller than the typical frequencies of
the normal modes, the contribution to the coherence from initial conditions leads to interference beats that may be
observable in an intermediate time regime.

We discussed the dependence of the correlation functions on the bandwidths of the baths arguing that for the low
energy (frequency) effective description to be insensitive to the high frequency details of the baths, the coincidence
limit of the correlation functions in the stationary state must be interpreted carefully. The particular case of vanishing
detuning between the normal modes of the mechanical oscillators along with having both oscillators coupled to only
one bath is peculiar in the sense that the degeneracy leads to an undamped mode, and the asymptotic long time
limit of the correlation functions retain information on the initial conditions. This may signal the unsuitability of
a Markovian approximation to the dynamics within the framework of the quantum master equation for the reduced
density matrix.

We conclude with the suggestion that designing an experimental setup with mechanical oscillators coupled to two
baths at different temperatures may provide a platform to maintain coherence in the high temperature limit.

The result of this analysis suggests further questions. The exact solution reveals several subtle aspects such as the
non-equilibrium nature of the asymptotic stationary state in the case of different bath temperatures and/or couplings
and the persistence of memory of the initial conditions in the case of vanishing detuning with both oscillators coupled
to only one bath. These subtle aspects will require a careful derivation of a quantum master equation, that would
correctly account for the “mixing” between the normal modes and the off-diagonal energy shifts. The current study
provides the groundwork for a consistent derivation of such quantum master equation. Further investigation of these
aspects will be reported elsewhere.
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Appendix A: Functions Fj(7)

In the strictly Ohmic limit with Imy;(w) = 7, w, the integrals in eqn. ([IL36) can be carried out by using the
identities

11 w p
= —= 4= coth[——=] ; coth[z/2] = = Al
n(w) = =5+ cothlgz] 5 cothlz/2] z+; 27rl +22 (A1)
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featuring simple poles in the upper and lower half complex w plane. We consider 7 > 0 selecting the poles in the
upper half plane. We find

Fi(r) = F*)(r) + F}"(r) (A2)
with
@y L e Wj +i% —iW;T Wi—igy
FyV (1) = 5w, 2 e"iT coth [T} + e T coth {T} — isin[W;7]| , (A.3)
and
> 2T T
(b) € !
By = 47r3 JQ Z o\ 2 2| (A-4)
=1 w j
& (1+ (27rsz) ) - (27?ij]~) 1
Appendix B: Functions Jiﬂ (1)
The functions Jiﬁ (1), a, 8 ==+ in eqns. ([ILTOHIILT2) are given by
Gy~ [ w e yin;(w)
Jii(r) = / - To.2 5 o2 S (B.1)
—o0 {(w—zT) —Qi} {(w—l—zT) —Qi}
Dy — [ w ey () i
J—l——(T) - / ? T2 5 T .2 o ) .]_172 (B2)
- {(W_ZT) —94 [(WHT) —Q—}

In the limit of infinite bandwidth these integrals are finite and can be carried out by residues using the relations (A)).

For 7 > 0 we find that the functions Jgﬁ), «, 3 = +,— above can be written respectively as J(gi;a) +J (gi;b) where to
leading order in the ratios I'y /Q4 we find for 7 > 0
J(J a)( )= _ Vi Tar/2 | isin(Q47) + cos(Q4.7) coth [Q—iH (B.3)
2T Q4 2T;
6727rlT]'7'
T () = > (B4)
4 3T2 r 2 Q 2 r 2 Q 2
T J = 113|: 471'[25—‘]') +(27le'}']) j||:(1+4FEJ) +(27Tl:§—vj) :|
JJ(rj’,a) (1) = 2(”7/#)2 e T2 Li(WA) cos(Qy7) — i aalil Q4 sin(Q_7)
Q
+ coth [ﬁ} (71 ;72 Q4 cos(Qyr) + WA sin(Q+T)) (B.5)
J
. e—27rlTjT
JJ(rJf)( _ Z ) (B.6)
4 3T2 Ty 2 Q. \2 T_ 2 Q2
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