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We study the non-equilibrium dissipative dynamics of the center of mass of a particle coupled to
a field via its internal degrees of freedom. We model the internal and external degrees of freedom
of the particle as quantum harmonic oscillators in 1+1 D, with the internal oscillator coupled to a
scalar quantum field at the center of mass position. Such a coupling results in a nonlinear interaction
between the three pertinent degrees of freedom — the center of mass, internal degree of freedom, and
the field. It is typically assumed that the internal dynamics is decoupled from that of the center of
mass owing to their disparate characteristic time scales. Here we use an influence functional approach
that allows one to account for the self-consistent backaction of the different degrees of freedom on
each other, including the coupled non-equilibrium dynamics of the internal degree of freedom and
the field, and their influence on the dissipation and noise of the center of mass. Considering a
weak nonlinear interaction term, we employ a perturbative generating functional approach to derive
a second order effective action and a corresponding quantum Langevin equation describing the
non-equilibrium dynamics of the center of mass. We analyze the resulting dissipation and noise
arising from the field and the internal degree of freedom as a composite environment. Furthermore,
we establish a generalized fluctuation-dissipation relation for the late-time dissipation and noise
kernels. Our results are pertinent to open quantum systems that possess intermediary degrees of
freedom between system and environment, such as in the case of optomechanical interactions.

I. INTRODUCTION

Dissipative non-equilibrium dynamics of complex quantum systems comprising different degrees of freedom is a
subject of significant interest from the perspective of theory of open quantum systems, as well as, emerging quantum
information applications and devices [1-3]. While the dissipative dynamics of a reduced quantum system coupled
linearly to its environment has been studied extensively, the case of a nonlinear coupling between a system and its
environment via an intermediate degree of freedom and its effect on the resulting dynamics is seldom discussed [1—

]. A commonly employed assumption is that the time-scales associated with the different degrees of freedom are
sufficiently disparate so that their dynamics can be treated as being effectively decoupled from each other [7-9]. Such
an assumption precludes the possibility of studying the rich interplay between the different degrees of freedom, and its
effect on the non-equilibrium dynamics of the system of interest. Moreover, an adiabatic elimination of fast variables
does not allow one to see the effects of the non-equilibrium dynamics and quantum fluctuations of the fast degrees of
freedom on the system dissipation and noise.

A canonical example of such a complex open quantum system is the optomechanical interaction between a neutral
polarizable particle and a field, for instance, a moving atom, nanoparticle, or molecule interacting with the electro-
magnetic (EM) field [10-12]. As an essential feature these systems possess internal electronic degrees of freedom
that interact with the EM field and are located at the center of mass position represented by the mechanical degree
of freedom (MDF). While the MDF of the particle does not couple to the EM field directly, its internal degrees of
freedom (IDF) interact with the EM field at the center of mass position, thus mediating an effective coupling between
the MDF and the field. Considering the MDF as the system of interest, with the EM field and the IDF acting as an
environment, such an effective interaction leads to dissipation and noise in system dynamics. There is an interesting
interplay between the three degrees of freedom (the MDF, the IDF, and the EM field) that takes place in such a
scenario as has been previously explored in [13-16]. Considering the dynamics from an approach that includes the
self-consistent backaction of all the degrees of freedom on each other allows one to examine the role of IDF in the center
of mass dynamics. For example, it has been shown that the IDF can facilitate a transfer of correlations between the
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FIG. 1. Schematic representation of a mechanical oscillator of mass M and frequency €2 coupled to a massless scalar field &
via an IDF. The internal oscillator with position coordinate @ is described as a harmonic oscillator of mass m and frequency
wo and couples to the scalar field ® (z,¢) at the center of mass position X of the mechanical oscillator.

field and center of mass in the case of optomechanical interactions [13, 15] and affect the center of mass decoherence
[17]. On the other hand, it has also been demonstrated that including the quantized center of mass motion can affect
the radiation reaction and thermalization of the IDF [18].

We study here a minimal model that captures the interplay between different degrees of freedom in a composite
system and the nonequilibrium dissipative center of mass dynamics. Such a model forms the basis for optomechanical
interactions between neutral particles and fields, and more generally applies to open quantum systems that couple
to an environment via internal degrees of freedom. The remainder of this paper is organized as follows. In Section
IT we describe the model in consideration, in Section III we describe the derivation of a second order effective action
for the center of mass by integrating out the IDF and the field using a perturbative influence functional approach
[4]. In Section IV we write an effective Langevin equation for the center of mass, discuss the resulting dynamics and
present a generalized fluctuation-dissipation relation. We summarize our findings and present an outlook of the work
in Section V.

II. MODEL

Let us consider a particle with its center of mass described by a mechanical oscillator of mass M and frequency
), and its polarization described by an IDF as a harmonic oscillator of mass m and resonance frequency wg. The
composite system is assumed to be interacting with a quantum field, which we consider to be a scalar field ®(z,t) in
1+ 1 D. The total action of the system can be written as

S:S]V[-ﬁ-S]+SF-i—Sint$ (1)

where
1 2 1 2vyv2
Sar = fdf(§MX - S MOX ) 2)

refers to the free action for the mechanical oscillator with {X X } referring to the center of mass position and velocity,
while

1 . 1
Sr= f dr (§mQ2 - §mw§Q2) (3)
corresponds to the free action for the internal degree of freedom with amplitude @, and
Sp= [ ar [ 4o [0, - (2:0(w,7)] (4)

is the free action for the scalar field ® (z,t), €y being the vacuum permittivity. We consider A = ¢ = 1 throughout
this paper. The correspondence with the EM field is established by identifying the scalar field ® (x,t) as the vector
potential.

Considering that the particle interacts with the field via its IDF, at the position determined by the MDF, the
interaction action is given as

Sim:[dede@(x,T)a(x—X(T)) (5)



with the strength of the interaction defined by A\. We note that the above interaction action is nonlinear, with the two
degrees of freedom and the field interacting together. Such a model, previously referred to as the mirror-oscillator-
field model has been studied in the context of describing optomechanical interactions from a microscopic perspective
[13—15]. It provides a self-consistent treatment of the different degrees of freedom involved, in that one does not
need to impose the boundary conditions on the field by hand, and the mechanical effects of the field are consistently
described upon tracing over the IDF.

In typical experimental systems of relevance, such as those of atoms and nanoparticles confined in traps, the center
of mass motion is restricted to a region of the space smaller than the wavelengths of the field that interact resonantly
with the internal degrees. Thus motivated by practical considerations, we assume that the motion of the MDF is
restricted to small displacements about the average equilibrium position Xy, such that we can expand the interaction
action to first order in displacements from the equilibrium as follows

Sint % [ dr MQE(Xo,7) +AQ0, (X0, 7) (X = X0)]. (6)

The first term in the above action represents the linear interaction between the IDF and the field, similar to the ~ p-A
coupling in atom-field interactions'. The second term stands for the tripartite interaction between the IDF, the MDF
and the field. Thus, as we show in the following, the effective coupling of the center of mass to the field via the IDF
leads to its dissipative dynamics. From now on, for simplicity and without loss of generality, we assume X = 0.

A. Scalar field as bath of harmonic oscillators

The above separation of the total interaction action (Eq.(6)) suggests splitting the field into two separate oscillator
baths such that one of the baths interacts with the IDF, while the other is coupled to both the internal and mechanical
degrees. We thus make an eigenmode decomposition of the field to rewrite it in terms of a bath of oscillators as follows

[20]
O(z,7) = Z\ / 60% [q,([) cos(wnx) + qff) Sin(wnx)] , (7)

where L is the mode volume of the field, w,, refers to the mode frequency, and q,(f) and q,(l_) refer to two independent

set of eigenmodes of the field, assuming periodic boundary conditions. One can thus rewrite the free field action as
as a sum Sy = S§,+) + SI(;), where

1
§&) f ar Y ; |:q-7(li)2 2 qgi)z] ®

with Sz(:) corresponding to two separate baths of (+) and (-) oscillators. Thus, for Xy = 0 the interaction action in

Eq.(6) can be written as a sum of two separate interaction terms Si,; = Si(n_t) + Si(;t), with

SO - / drAQ Y ¢ (9)
s - f ArAQ Y wa Xl (10)

Thus the interaction action Si(I;t) linearly couples the (-) bath of oscillators of the scalar field to the IDF, leading to the
()

dissipative dynamics of the IDF. The interaction action S}

couples the center of mass to the (+) bath of oscillators

via the IDF. We note that Si(gt) is essentially responsible for all the mechanical effects of the field, such as radiation
pressure due to optical fields and vacuum-induced forces [21, 22]. For instance, one can see that eliminating the IDF

from the interaction action Si(;t) yields an effective nonlinear interaction between the MDF and the field, similar to
the intensity-position coupling in optomechanical interactions [13]. For periodic boundary conditions w, = nwy, the
non-linear coupling coefficient increases for higher modes. However, we note that higher frequency modes are off-
resonant with the particle’s IDF and therefore contribute less to the time-averaged dynamics of the system. We also
remark here that the above separation of the field into two uncorrelated baths is akin to the Einstein-Hopf theorem
that establishes the statistical independence of the blackbody radiation field and its derivative [23, 24].

1The present framework can be extended to 3+1 D with vector EM fields, which will involve generalizing our procedure to one that can
describe a quantum field with gauge symmetry [19]. Additionally, the coupling between the particle and the field involves the canonical
momentum of the particle, which will further modify the results.



III. EFFECTIVE ACTION DERIVATION FROM PERTURBATIVE INFLUENCE FUNCTIONAL
APPROACH

The nonlinearity of the interaction action Si(;t) limits the possibility of obtaining an exact analytical solution for
the center of mass dynamics. We therefore follow a perturbative generating functional approach as prescribed in
[1], assuming that the characteristic nonlinear coupling strength (~ Aw,) can be treated perturbatively to write the
resulting dynamics of the center of mass.

Let us consider the evolution of the system density matrix py; as follows

par (8) = TryTrpsTrp- [Ll(t 0) (par(0) ® pr(0) ® 557 (0) ® 5 (0)) U (1, 0)] (11)

where we have assumed that the density operators for the different degrees of freedom are initially uncorrelated with

each other, with p; and ﬁ%) referring to the density matrices for the IDF and the (+) bath, and ¢ (¢,0) corresponding
to the time evolution operator. We write the density matrices in a coordinate representation such that

par(r) = [ AXAX'par (X, X37)X) (X'], (12)
p1(7) = [ 4QAQ'pr (Q.Q57)IRN(Q, (13)
P (r) = H/dq<i> 0'p ({49,017 10 (8

such that the system evolution in Eq. (11) can be rewritten as

(14)

pur (Xp, Xfit) = f dQsdgdq’) f dX;dQidg. dq',) f dX}dQdqS) dgl;)’
[PM (X5, X[50)®p1 (Q;,Q5;0) ® pp ({qm g } )®pF ({qﬁu)7qu) }70)

T (X5 Qs a7 .05}t A 650} 0) gt (Xf,Qf {a$7.45)} 51

ian {qf;) aqf,(nl) },O):I7

(15)

2]

where {X;, X/} and {X X J’c} refer to the initial and final coordinates corresponding to the center of mass variables

respectively, {Q;, Q}; ’ i - ) & @ @
pectively, 1Qi, Q5 Qr, @ f} are those for the internal oscillator, and { g Qnf [ are the initial and final

ni >Ini” 5 nf7
coordinates for the n'® oscillator of the (+) bath. We assume that the initial states p(i> ({qf;),qgf) }, ) of the

field and py (Q;, @%;0) of the IDF are thermal with a temperature T and T respectlvely The forward propagator

is defined aSJ(Xf Qr { nf)7qu} t|Xz,Qz,{q,(;),q,(m)}7 ) = Mo (Xf|(Qf|<q7(l}) (q uit, 0)|q Hq(+)>|Qi)|Xi>-
Thus the first and last terms in the integral refer to the forward and backward propagators that can be expressed in
path integral representation to write the evolution as

o (0 X550) = [ 4, [ axtpw (6, x50) [ [ T e sz x x) )
’ X(0)=X; X'(0)=X

where F [ X, X'] refers to the influence functional of the field and the internal oscillator acting on the MDF [25], which
can be written explicitly as

FlIX,X']=
H fdedq(”dqm}fdQ deﬁ)dqu)fdQ dg$?'dg$) pr (Qi, @};0) @ oS ({qfﬁ),qfﬁ) }’0)®p§£)({q7(m),qm }»0)
— (Y= » By,
[Q(t)—QfD [Q(t)—Qj DQ’ei(S’[Q]’S’[Q']) 0§ (t)= qnf qu qa, (t)—qnf (+) <+>[ <+>}] <+>[ <+> ]
Q0)=Q: Q'm)—@' P 0)=¢ " q;+>'(0)=q<+_>'

[y [ O s )5 [ D sl )

<)(0)_() 0 (0)=¢%)"
(s [x (e} s [x"@ {a o 1), (17)



Thus we have treated here the MDF as the system and the IDF and the field as the bath, with the influence
functional capturing the influence of the bath on the evolution of the MDF. We will now evaluate the influence
functional in a perturbative manner, by first tracing out the (=) bath modes that couple only to the IDF, and then
the (+) bath modes and the IDF that couple to the center of mass.

A. Tracing over the (-) bath

Let us define F(7) [Q, Q'] as the influence functional that accounts for the influence of the (=) bath on the IDF as
follows

D (0)=ai;) ' ()=
[ ) ) ) ) Oy o () by Do)
F Q Q qu qu dqmz pF ({qmz ’qmz }70) /(1\5,:)(0)=q(7.) qm f( )’(O) q( )r qm
(P [{a} -5 ({2 }]) i@ [ e} ]-si[e {2 ) ()

Performing the path integrals by considering an initial thermal state of the (—) bath oscillators with temperature Tr
corresponding to the temperature of the field, one obtains [20]

FOQ,Q = esinl2a], (19)

where the influence action due to the (-) bath is given as

s 10.@1=- [(an [ an[Q() @ (1N (n-m) [Q () + @ ()]

t T1
wi [Cdn [T anQ(m)-@ ()1 (=) [Q(m) - Q' ()] (20)
The above influence action corresponds to the case of quantum Brownian motion (QBM) model with a linear system-
bath coupling [27]. The dissipation and noise kernels, () (7) and v(7) () respectively, are

)\2
77(_)(7') =— Z — sin (w,7) O(7) (21)

2w,

22 w
- )

v T) = coth cos (wp,T) . 22
(1)=% 5o coth 5 eos (wr) (22)

The spectral density associated with the (-) bath is thus

2
0 (w—wy). (23)

We note from the above that the influence of the (-) bath on the IDF leads to its QBM dynamics, with a sub-Ohmic
spectral density, which necessitates a non-Markovian treatmeant of the resulting dynamics [2].

We now consider the effect of the IDF in turn on the dynamics of the center of mass. Using Eq. (18) and (19), we
can rewrite the total influence functional in Eq. (17) as

~T1 [ 4Qsdel) [ dida? [ aQide)" o (@i Qis0) @ 6 ({40} 0)
Q(t)=Qy Q'(1)=Q% 0§ (1)= q(” a$”" (t)=4? /
D f D ! 7,(51 S[ )[ D n[ | D §l+)
fQ(O) Q @ Q'(0)=Q} Qe 0= S =
Gsr[{a-sr[{a?}]) (s [, {a - [x @ {af” }]) is1 p[@.Q'] (24)

where the integrations over the IDF and the (+) bath of oscillators remain. Thus far the above influence functional is
exact in that we have not made any additional approximations with regard to the strength of coupling when tracing
over the (-) bath.



B. Tracing over the (+) bath and the internal degree of freedom

Next we would like to integrate out the (+) bath and the IDF, which are nonlinearly coupled to the system, using
a perturbative generating functional approach. The generating functional is simply the influence functional of the
environment where the bath oscillators are linearly coupled to the system. We define the influence action Sy 1w [ X, X']
corresponding to the influence functional F [X, X'] in Eq.(24) such that F[X, X'] = ¢?™.¥ | The influence action up
to second order in the coupling strength A can be obtained as (see appendix B for a detailed derivation) [4]:

RN (XA R S |
(s 22l )
Al e ) b))
s s ) s e s e ) e

where we have defined J = (J, {J,,}), J' = (J',{J0,}), and the expectation values (O[J, J']), = O[J, J'1GMP[ ], J']
The generating functional G(V[.J,.J'] for the (+) bath and the IDF is defined as

|J J'=0
GO T T, Y = [T FD [, J)F [0,07] (26)

with F }1) [J,J'] and F [Jn, J] as the influence functionals for the internal oscillator and the n*® oscillator of the
(+) bath respectively, with a linear coupling to the corresponding source current terms {J,J'} and {J,,J,}. An
explicit derivation of the generating functional is given in Appendix A.

We can calculate the second order influence action in Eq. (25) as shown in Appendix C to obtain a form similar to
that of linear QBM dynamics [27]:

Slg/?)IF[XX f dt1[ dts [X (t1) = X' (t1)] P (t1,12) [X (t2) + X' (t2)]

+1 - ! 1/(2) _ X'’
fo dt, fo dts [X(t1) = X' (0)] D (t1, 2) [X (£2) — X" (t2)], (27)
where dissipation and noise kernels are defined as
13 (t1,12) =50 (41— t2) {vae (t1,t2) + (Qn (t1) Qn (t2))} + V(+) (t1—t2) g (t1 —t2) © (t1 - t2), (28)
v® (t1,12) =§V(+) (t1 = t2) {vaa (t1,t2) + (Qn (t1) Qn (t2) )} - an (t1—t2) g (t1 —t2), (29)

with G(t) = g(¢)©(t) the propagator for the IDF defined as in Eq.(A13). The noise correlation of the IDF is given by

VG'G(tlth)E‘/O‘ d7'1‘/0 dTQG(tl_Tl)l/(i) (Tl_TQ)G(tQ_TQ). (30)

The noise arising from the dispersion in the initial conditions of the IDF is captured in the term ~ {Qp, (t1) Qn (t2)),
where @y, (t) is the classical solution to the homogeneous Langevin equation (Eq. (A12)) corresponding to the dissipa-
tive dyanmics of IDF in the presence of the (=) bath. The average (...} is taken over initial position and momentum
distribution of the IDF, as defined in Eq. (A11).

The dissipation and noise kernels associated with the (+) bath, defined based on a bilinear system-bath coupling
are

™M (r)=- % > N2wy, sin (w,7) O(7) (31)

v (1) 5% ; Mw, coth ( ) cos (wnT) , (32)

Wn
QkBTF



similar to those of the (=) bath (Eq.(21) and Eq. (22)) with a coupling A = Aw,*. The spectral density associated
with the (+) bath is thus

)\2

J) (w)=>" ;né(w—wn), (33)
corresponding to an Ohmic case [26]. We note that while the two baths (+) and (-) correspond to the same field,

due to a gradient coupling of the center of mass to the field the (+) bath has an Ohmic spectral density while the (=)
bath is sub-Ohmic (see Eq. (23)).

One can note a few important features from the influence action (Eq. (27)) and the dissipation and noise kernels
therein (Eq. (28) and Eq. (29)):

e The overall structural similarity of the second order influence action to that of the linear QBM extends to
structure of the dissipation and noise kernels as well. Meaning that writing the interaction Hamiltonian as
H~ X [3’, where B is the total bath operator (possibly nonlinear), one can write an effective action of the
same form as linear QBM with dissipation and noise kernels given in terms of the expectation values of the
commutator and anticommutator of the two-time bath correlation functions 7 (7) = ([B (r),B (0)]) and v (1) =
({Z% (r),B (0)}) This is a more general property of bilinear system-bath couplings. The influence functional of
Eq.(24) for X =0 = X’ results in a Gaussian path integral, so it is reasonable to obtain that the second order
results with a linear QBM form. One can further verify as a check that the unitarity of the evolution implies

Sihe [X, X] =0,

o The dissipation kernel contains two parts that can be interpreted as: (1) coming from the dissipation kernel
of the (+) bath (™) (t; —t2)) combined with the noise from the IDF (vgq (t1,t2) + (Qn (t1) Qn (t2)), and (2)
linear propagator of the IDF (G (t; —t3)) combined with the noise from the (+) bath (v) (£, —t,)). Notice
that the quantity vga (t1,t2) + {Qn (t1) Qn (t2)) stands for the full quantum correlations of the IDF under the
influence of the (-) bath alone. The term (Qp (t1) @n (t2))) accounts for the relaxation of the initial conditions’
contribution, thus carrying the information about the initial state of the IDF and determined only by the
dissipation caused by the (-) bath. On the other hand, the term vee (¢1,t2) stands for the fluctuations on the
IDF generated by the fluctuations of the (-) bath.

o The noise kernel has the combined noise from both the IDF (vgg (t1,t2) + {Qn (t1) @Qn (t2)) and that from the

(+) bath (v™) (t; —t5)). In addition to that the noise term also contains the two dissipation kernels from the
IDF and the (+) bath.

IV. LANGEVIN EQUATION AND FLUCTUATION-DISSIPATION RELATION

Having determined the influence action for the center of mass, we can now turn to studying its dynamics. This sec-
tion is devoted to the deduction of an effective Langevin equation of motion for the center of mass and a corresponding
generalized fluctuation-dissipation relation in the long-time limit.

A. Effective equation of motion for the center of mass

Considering the influence action obtained as a result of tracing out the IDF and the field (Eq.(27)), the total
effective action for the center of mass variables up to second order reads:

Snteft [X, X'] = Sag [X] - Sar [X']+ 5D

& XX (34)

The above action is quadratic and has the same form as in the case of linear QBM [20].
A Langevin equation can be worked out by implementing the Feynman and Vernon procedure for Gaussian path

integrals [19, 25]. First, we notice that iSﬁ )IF = iRe[Sﬁ )IF] - Im[SIE/f )IF], and that both, the real and imaginary parts

of the effective action are quadratic functionals of {X, X'}. Thus, exp(—Im[Sﬁ )IF]) is a Gaussian functional since the

2While we note that the higher frequency components of the dissipation and noise kernels have a larger amplitude, their time-averaged
contribution vanishes as a result of the oscillatory behavior.



kernel owing to the quadratic nature of the action. Considering that a Gaussian functional can be written in terms of
its functional Fourier transform (which is also a Gaussian functional), we can write exp( —Im[Sﬁf )IF]) as an influence
functional over a new variable £(t)

S X XT _ f De P [¢] e X=X ED][eCt)~fo dtan® (1.2 [X () X ()] (35)
where the distribution of the new functional variable is given by
Ple] = e i dn S dtnsen[ P )] tea), (36)

It is worth noting that the new variable £ (¢) comes to replace the kernel describing the quantum and thermal
fluctuations of the composite environment and drive the dynamics as an external stochastic force. To recover the
influence action as in Eq. (35), one needs to integrate over £ given the functional distribution P[], which is positive
definite since the noise kernel v(?) (t1,t5) is symmetric and positive. Thus, the stochastic variable £ (t) acts as a
classical fluctuating force, which can be interpreted as a noise with a probability distribution P[¢]. Furthermore, due
to the Gaussianity of P [£ ()] the noise is completely characterized by its first and second moments:

(£ (1)) = 0.
(€(t1)&(t2))e = W (1, 1), (37)

where (...); = [DEP[E](...). Now, we can re-define an effective action for the center of mass including this new
variable as:

Sutenr [X, X',€] = S [X] - S [X] + Re [ S [X, X1]] + fo Lty [X (1) - X' ()] €(1). (38)

Finally, associated with this new action we can derive an effective equation of motion for the center of mass
(65M.et/0XA)| x4 =0, where Xa(t) = X(¢) — X'(t), which now gives the Langevin equation:

X(t)+0°X (t) + % fot dr 77(2)(1?,7') X(1)=£(1), (39)

subjected to the statistical properties of £ (¢) as in Eq. (37). As has been shown previously in [28], the correlations of
the system observables can be obtained from the solutions of such a Langevin equation.

B. Generalized fluctuation-dissipation relation

We now analyze the relations between the dissipation and noise kernels of the composite environment. Considering
the definitions of the dissipation and noise kernels given in Eqgs.(28) and (29), respectively, we first take the long-time
limit. In this limit, the dissipation and noise kernels simplify to

1 1

0@ (£, t2) — [577(” (1 - t2) v (. 12) + 3 (6~ 1) V() 1y —tg)] O (t —t2), (40)
1 1

v (ty,t5) —>§u(+) (t1 - t2) vae (th, t2) — 19 (t1 —t2) ) (t, — t2), (41)

where the term (@ (t1) @Qn (t2)) associated with the relaxation of the IDF vanishes in the late time limit, and the
kernel vga(t1,t2) is given by Eq. (30). Notice that this limit holds regardless of the initial state of the IDF. This is
in agreement with the notion that the dynamics at late-times is determined by the field fluctuations only.

It can be shown that the Fourier and Laplace transforms of the dissipation and noise kernels corresponding to the
individual baths can be related in terms of the following fluctuation-dissipation relations (see Appendix D for details)

Qk:TF ) Im [7 ()] (42)

T ) Tm[G(w)], (43)

7 (w) = - 2coth (

Ve (w) =coth (

where F(w) represent the Fourier transforms of F(t), defined as F(w) = [ dte™*F(t). Note that both 7*) and G
are causal functions, as is also true for the dissipation kernel (®.



One can thus rewrite Eqgs.(40) and (41) in terms of the Fourier transformed kernels as follows

_ 1
1) = [7oe = 1 ] @)+ 1[G+ (@), (4)
7P (w :1 vac * v (W) + [Im (G * Im (7 7N (w). 45
2

The convolution product is defined for two functions [A * B](w) = [ ‘é‘;’r A(w - w")B(w"), which satisfies [A *

B](w) = [B x A](w).

Using the fluctuation-dissipation relations for the kernels of the two baths and the IDF, we can write the dissipation
kernel for the MDF in terms of those of the IDF and the baths in frequency domain as follows

Im [ﬁ(z)(w)] = fo (ZJ; 1 [ { (+)(w W' - V(+)(w +w )}Im G(W] + {Pge(w-w") - vag(w +w')} Im [ﬁ(+)(w')]] )
(46)

We note from the above equation that the contributions to the total dissipation come from the three body processes
between the MDF, IDF and the (+) bath, with the propagator of the IDF combining with the noise of the (+) bath
and vice versa. Each term in the above equation accounts for the four possible processes involved in the dynamics
at second order, wherein one of the thermal baths contributes the initial excitation, while the other bath acts as an
extra channel for partial energy exchange.

Furthermore, the above kernel can be alternatively expressed in a compact way as follows

We can similarly express the noise kernel in terms of the dissipation kernels of the IDF and the two baths as follows

+oo duw' 1 w' w’ - , R
7 (w) = / 53 [1 - Oth(k‘BTF)COth(QkBTF )] Im[G(w -w")] Im [77( N (w )] (48)

It is not possible to find simple relation between the above tranforms of the dissipation and noise kernels {7(?), 7(?)}
because of the presence of the integrals on w’, which are related to the convolution products. We therefore define
new kernels (2)(w w') and N (2)(0.1 w') that depend on two frequency variables, accounting for processes where a

given frequency-component contribution is modified by other frequencies such that 7 (w) = [ 4’ D) (4, w') and

oo 21
7P (w) = 1% Cé‘jr N®(w,w"). Thus we can find a relation between these new kernels that reads
2
N® (w,w) = 2(:oth|:w d ]Im [D(Q)(w w )] (49)
or inversely
[D(Q)(w w')] = tanh w2 N® (w,w'). (50)
2 2kpT

The introduction of an extra variable w’ stands for the complexity of the environment in terms of its energy
exchange with the system. The nonlinear coupling allows the two parts of the environment (the field and the IDF)
to simultaneously exchange energy with the system. From these relations, it becomes simple to prove that

_ too du' 1 w’ w-w

7 (w) = f [%BT]D@)( 5 ) (52)

The above equation corresponds to a generalized fluctuation-dissipation relation (FDR) for the late-time dissipation
and noise kernels.

and
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We can physically interpret the results by comparing the present situation to the case of linear QBM. The FDR
that holds between the dissipation and noise kernels in QBM can be stated in frequency-domain for a single frequency
component w in the general form that reads [ Noise]|(w) = [ Thermal Factor](w) x [ Dissipation](w), wherein a single
frequency connects both sides of the relation. In our case, the nonlinear nature of the coupling precludes such a
relation at a single frequency. Physically such a nonlinear coupling leads to processes wherein an excitation from one
of the baths interacts with the system while perturbed by the other bath. We can thus formulate a generalized FDR,
Eq. (49) by introducing two frequency variables to account for the nonlinearity.

V. DISCUSSION

We have derived the non-equilbrium dissipative center of mass dynamics of a particle interacting with a field via its
IDF. The model considered in this paper underlies microscopic optomechanical interactions between neutral particles
and fields, and is generally applicable to open quantum systems that possess intermediary quantum degrees of freedom
between system and bath. We show that the field can be separated into two baths, referred to as (+) and (—) baths,
with the (=) bath coupled linearly to the IDF, and the (+) bath coupled nonlinearly to both IDF and MDF (see
Eq. (9) and Eq. (10)). Such a decomposition allows one to systematically trace over (—) bath and express its resulting
influence on the IDF in terms of a exact second order effective action as given by Eq. (20). As the nonlinear coupling
between the MDF, IDF and the (+) bath poses a challenge in terms of writing the exact dynamics of the MDF,
we use a perturbative influence functional approach to trace over the IDF and (+) bath to obtain a second order
effective action for the MDF. We find that the effective action, the dissipation and noise kernels resulting from the
composite environment (Eq. (27), (28) and (29) respectively) are structurally similar to linear QBM dynamics. This
can be attributed to the quadratic nature of coupling between the system variable and the composite bath that goes

as ~ X B, where the bath operator B (~ QY. qgf)) can be nonlinear. We find a Langevin equation of motion for the

MDF, describing its dissipative non-equilibrium dynamics (Eq. (39)). The dissipation and noise kernels at late time
can be related via a generalized FDR as given by Eq. (49).
This work highlights three aspects:

1. Dissipation and noise of the open quantum system in the presence of an IDF — It can be seen from the dissipation
and noise kernels (Eq. (28) and (29)) arising from the composite bath of the IDF+field that the total dissipation
of the MDF is a combination of the dissipation kernel corresponding to the IDF and noise kernel corresponding
to the (+) bath, and vice versa. Similarly the noise kernel involves a combination of the noise of the IDF
and that of the (+) bath. Additionally, it also includes a contribution resulting from the combination of the
dissipation of the IDF and that of the (+) bath, which is needed to obtain a generalized FDR for the kernels of
our composite environment. As discussed in Sec. I1I B, the dissipation and noise kernels are similar in structure
to those of linear QBM up to the second order perturbative in action. The present approach can be extended
to higher orders in a systematic way, thus extending the results of Ref.[1] to complex environments.

2. Coupled non-equilibrium dynamics of different degrees of freedom with self-consistent backaction — The equation
of motion for the MDF given in Eq.(39) describes the quantum center of mass motion including the self-
consistent backaction of the various degrees of freedom on each other. The approach based on the separation
of the field into two uncorrelated baths is akin to the Einstein-Hopf theorem that establishes the statistical
independence of the blackbody radiation field and its derivative [23, 24]. The influence of the (=) bath on the
IDF is included via the effective action Eq. (20), and the perturbative second order effective action in Eq. (27)
includes the influence of the (+) bath and the IDF (affected by the (=) bath). In this way, the quantum
field influences the MDF’s dynamics by two means, by its direct interaction as the (+) bath and through the
fluctuations of the IDF as the (-) bath. Furthermore, considering the zero-temperature limit of the dynamics,
we find that a mechanical oscillator interacting with the vacuum field exhibits dissipative dynamics as a result
of the quantum fluctuations of its composite nonlinear environment. Such a vacuum-induced noise poses a
fundamental constraint on preparing mechanical objects in quantum states [29, 30].

3. Fluctuation-dissipation relations for a system coupled to a composite environment — We find a generalized FDR,
between the late-time dissipation and noise kernels, that has a similar structure to linear QBM (see Eq. (49))
albeit involving two frequency variables due to the nonlinearity of the interaction. This allows one to interpret the
single-frequency response of the effective kernels for the MDF in terms of contributions from various frequency
components of the IDF and field. Our result provides an example of FDR for an open quantum system with
nonlinear dynamics when linear response theory is no longer valid [4, 31].

As a future prospect our results can be extended to studying the non-equilibrium dynamics in a wide range of physical
systems, particularly when the time scales of the different degrees of freedom are no longer disparate. In the context
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of atom-field interactions, it has been shown for example that the internal and external degrees of freedom of atoms
in a standing laser wave can exhibit synchronization [32]. Furthermore, it is possible for the IDF dynamics to be
sufficiently slow for a dark internal state which can lead to highly correlated internal-external dynamics as in the
case of velocity selective coherent population trapping scheme [33, 34], and long-lived internal states in atomic clock
transitions [35]. It has also been experimentally observed that the internal and external degrees of freedom can be
efficiently coupled in the presence of colored noise [36]. On the other hand, when the center of mass dynamics is
fast enough to be comparable to the internal dynamics, one requires a careful consideration of the coupled internal-
external dynamics. Such a situation can arise in the case of dynamical Casimir effect (DCE) [37], when considering
the self-consistent backaction of the field and the IDF on the mirror [38, 39]. Finally, our results can be extended to
analyze the thermalization properties and non-equilibrium dynamics of the center mass of nanoparticles [11, 40].
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Appendix A: Generating functional derivation

The generating functionals corresponding to the IDF and the (+) bath can be explicitly written as

Q(t)=Q Q'()=Q X < ) p
O [ a0 [ a0 [ ot @uton) [2 p [0 pplsiarsaaytiia)
Q(0)=Q; Q'(0)=Q;,

ei_[ot dT[J('r)Q(T)—J'(T)Q'(T)] (Al)

F [Jns T3] f dg{}) f dg / a4 ) ({qfﬁ),qfﬁ) },0)
) © X ) , ,
[ 207 ) [T 705 ) (SO NS N) g S ar 10 (e ()= (e ()
a$P (0)=¢? " Jd (0)=48) ’
(A2)
4
where ,0( ) (qr(;), qf;;) 0) represents the initial state of the n*™® oscillator of the (+) bath, and Sf;r)l is the corresponding

free action. We can then see from Eq. (18) and Eq. (19) that the generating functional for the (+) bath is simply the
influence functional for linear QBM given by

FO L, I = €5 U, (A3)

where influence action SI(;:)”[Jn, J) ] is defined as

Sl(l:)n Jn,J = - f dTlf dT2 J (Tl) J (7—1)]77(+) (7'1—7'2)[;]“(7'2)+J7IL(’7'2)]

+ifo dTlfo dra [T (71) =, (1)1 (71 = 1) [T (72) = T}, (12)], (A4)

with the dissipation and noise kernels

1
(1) = = — sin (wn7) (A5)
2w,
1
v (1) _E coth ( 2kBTF ) cos (W, T) . (A6)
Now to evaluate the generating functional for the IDF in terms of {J, J'}, we follow the approach in [28]. Consider

the effective action pertaining to the IDF in Eq. (A1)
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Sren[Q.Q' 1,01 =51 [Q] - Sr[Q]+S{ 1 [Q.Q] + [0 Lar (M) - I (R ()] (A7)
_ fot dr [%MQQ - %ngQQ + JQ] - [%MQQ - %ngQ’Q . J’Q’]
- [0 dn foT1 dr2 [Q(11) - Q'(m1)1n ) (11 - 1) [Q(72) + Q' (12)]
e fot dm foﬁ dr2 [Q(m1) - Q' (r)]v ) (11 - 2) [Q(72) - Q' (12)] (A8)
- [ ar [SM@s(r)Qa() - SMEQs(@s () + @s(1)Ta(7) + Qs (1) (7))

- [otdﬁ fon drQa ()0 (11 - 72) Qs (1) ”fotdﬁ [oﬁ ArQa () (11 - 72) QA(T(zj); |
9

where we have defined the new coordinates as Qs =Q +Q', QAo =Q - Q’', Js = (J +J') /2, and Ja = (J - J') /2. The
dissipation and noise kernels 7() (t) and v(7) (t) are as defined in Eq. (21) and Eq. (22).
Rewriting the generating functional in terms of the relative and center of mass coordinates, using the approach
outlined in [28], Eq. (A1) can be simplified to obtain
]_-§1) [J,J'] = <<62iJA~Qh >> e—2(JA~G)~1/(‘>'(JA~G)Te2iJA'G~J;’ (A10)
where

(.= findniw(Qi,Hi)(...), (A11)

denotes the average over the initial Wigner distribution W (Q?,II*). Qy, is the solution to the homogeneous Langevin
equation

L- Qh =0, (A12)

with initial conditions given by {Q",II'} and the differential operator L(t,t') = m(ﬂ—l +wd)o(t—t")+2n) (t-t"). The
Green’s function corresponding to the Langevin operator L is defined as

L-G=5, (A13)

where A- B = fot dTA(T)B(7).

Appendix B: Perturbative effective action derivation

Now having obtained the total generating functional as defined in Eq. (26) which contains the influence of the IDF
(Eq. (A10)) and the (+) bath (Eq. (A4)) on the system, we substitute and back in the total generating functional
to obtain the effective action perturbatively up to second order in the system-bath coupling parameter in a term by
term manner as follows.

19 (19 -1 [-1 9
FX,X'] = exp{i| S [X 07 {*7}]‘5-(” X, == WL T AT, T,
[ 9 :| exp{z( int 7Z~5J’ Z(SJn int ’ Z (SJ” ’L (;J{l g [ ) a{ ) n}] Je3r-0

= exp {iSM,IF[X7 X’]} (Bl)

So far the above expression would yield the exact effective action for the given system-bath interaction since we have

not invoked any weak-coupling approximations yet. We will now make a perturbative expansion of the interaction ac-

tion up to second order in the system-bath coupling strength in the exponent. Let us consider Si(rrt) [X , %%, {% 5? }] =
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sSl(I:rt) [ . 5,, {1 5T }] and Sl(r:rt) [X’ 57 ,{ 1 52 }] ’Sl(;t) [X’ 57 ,{ 1 6.‘;1,1 }], where the dimensionless param-
eters € and €’ characterize the system- bath coupling strength that we expand the influence action about

0
Slg/i)IF[X, X’] ~ SM,IF[X, X,]|E=5'=0 + & gSM’IF[X, X’]

62 2

262

)
+ 6, 7SM71F|:X, X/]
oe’

2

S X, X'
+5555,MIF[ ]

e=e’=0 e=e’=0

6/2 52
+ — SM IF[X X]

2 Sye[ X, X'] i

(B2)

e=€g’=0 e=e’=0 e=€g’=0

Let us consider the above expression term by term

L. Swmar[X, X']|._.._o = 0, this can be understood as the influence action corresponding to a non-interacting bath,
which trivially vanishes.

g /
2. L Snr[ X, X] - sfry[ ]g<1>[J 3]
e e=e’=0 J=J'=0
6 ! 4
3. — Swr[X, X'] =-S5 [X ,]g“)[J,J ]
e c=e’=0 J=J'=0

52 ) ’ Lo 2
4. 2 Syp[X, X S W, 3 [S(+)[ *] Oy ]
sl x| ([( G [xa5]) 9@ B R ] LAt
5. 0 o[, X (s“) [X’ ! ])29(1)[J 3]
e M,IF [, o int i 0J’ ’ 3=3/=0

(+) X' li] Mry. 3
[Slnt [ i 0J' g [ ’ :|

o)

1 5 ~ 19

5 /
sl o

2

0
6. S X, X'
5§,MIF[ ]

J=J'=0

e=€g’=0

o)

Putting all the terms together we can rewrite the influence action up to second order in the system-bath coupling as
in Eq (25).
Appendix C: Calculation of averages
1. First order average

The first order average in the influence action can be calculated as follows

16 (16 16 (16
s [ s el = s ey o e i)
(‘m i 60 idd, int i6J \idd, g ’"}]JJ,O

ot 1 s 1 . "
_fo dT;Awn[MJn(T)HZM( )]X( )HFUJP,JP]F [J,J]

(C1)

J=J'=0

where we have used the generating functional as defined in Eq. (26), and the interaction action from Eq. (10). Now
one can note that the first order derivative of the influence action which is quadratic in {J,,J),} brings in a factor
that is linear in {J,, J;,}, and thus vanishes when we set J,, = J;, = 0. Thus, we obtain that

(+) 15{15}]) (+) , 16 15 _
<Smt[ “i0J i dJ Siae | X o ied; ], 0 (©2)
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2. Second order averages

We calculate the second order terms in the influence action as follows:

(+) 1672 _ t 1 6 1 6
t 1 ) 1 é (1) ! 1 U
(fo dtQ;Akm[iM(tz)] [Mjm(tQ)]X(tQ)) Fll [J,J] HF; )[Jp,Jp] (C3)

p J=J'=0

1.

- [0 "any fo Cdts 3 Nwmn X ()X (1) Cr (b t2) 3CD, (11,12) (C4)
m,n p

where we have defined the influence of the (+) bath and the IDF as

0 0 1 !
) = 570 sy L 1)

Jp=J,=0

=— iémpénp [77;2” (tl - tg) © (tl - tg) + 7’]1(:) (tg - tl) © (tg - tl)]
= OpOnp [VSD) (81— £2) © (t1 — t2) + ST (t2 = 1) © (t2 — 1) ] (C5)
:6mp6np [—Z.’U](:) (tl - t2) sign (tl - tg) - V1(7+) (tl - tg)] (06)

Crltnsta) =2 { i [F}”[J,J']]}

5J(t) |07 (t2)
:_%[.Athl \/(deg (G(tl—Tl)ll(_) (7'1—Tg)G(tQ—Tg)+G(t2—7’1)1/(_) (Tl—TQ)G(tl—Tg))]
- 216 (1 -12)+ G (12~ 1)) = (Qn (1) Qn (1)) (1)

Let us further define an odd function g (t) such that G (t1 —t2) = g (t1 — t2) © (t1 — t2), and

t1 to
I/GG*(tl,tQ)EfO dT1/(; dTQ[g(tl—Tl)V(_) (Tl—TQ)g(tg—Tg)], (08)

such that we can rewrite (s (t1,t2) as

Cr (t1,t2) = —vaa (t1,t2) — %g (t1 —to)sign (t1 —t2) = (Qn (t1) Qn (t2)) - (C9)

We have made use of the fact that the function g (s) = —g (-s) is odd, and the noise kernel v*) (s) = v(*) (=s)
is even.

This allows us to rewrite Eq.(C4) as
1677
({Sﬁ? 5] >
= /Ot dty fot dio ; NE2X (1) X (t2) [~in{" (t - t2) sign (t1 —t2) = S (t1 — 12) ]
[+ (102) + 2 (11 = 1) sign (11 - 1) (C10)
= fot dty fot dis ; NE2X (1) X (t2) [inSD (t1 — t2) v (tr, t2) sign (t1 — t2) + V5D (41— t2) v (1, t2)
—%g (tr —t2) S (t1 —t2) + ég (tr = t2) V5" (t1 — to) sign (t1 - tz)] ; (C11)

where v (t1,t2) = vag (t1,t2) + (Qn (t1) Qn (t2))-
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<{S§§3 [X-léi]})o [ dty [ dta 35 Vo X' ()X ()G (t1:02) DD, (n02). - (C12)

where

{0 (1, 12) = ’ { ’ [F(I[Jp’Jp]]}

6J7,(t1) (077, (t2) Jy=T,=0
=i8mpOnp 157 (t1 = 12) © (t1 —t2) + 0§ (ta = 11) © (t2 — t1)]

- 5mp5np [I/I()Jr) (tl - tg) © (tl - tg) + I/I()Jr) (t2 - tl) (C] (tz - tl)] (013)
=B rmpOnp [0S (t1 —t2) sign (t1 — t2) = v (4 — ta) ] (C14)

G0 5y iy 111

—%I:/O dTl\/(; dTQ (G(tl—Tl)I/(i) (7—1_TQ)G(TQ_t2)+G(t2_Tl)V(7) (Tl_TQ)G(TQ_tl)):I
+%[G(t1—t2)+G(t2—tl)]—«Qh (t1) Qn (t2)) (C15)

/ i :
=-vgg (t1,t2) + 59@1 —ta)sign (t1 - t2) (C16)
Substituting back in Eq.(C12)
(st vl
i0J’ 0
¢ ¢
= [dn [t DA (0)X (82) [ (11 1) sign (0~ £2) =17 (11 = 12)]
P
1
[—VE:G (t1,t2) = 59 (t1 — t2) sign (1 - fz)] (C17)
¢ ¢
:[0 dtl ‘/(; dtz Z)\szX,(tl)Xl(tQ) [ Z77p+) (tl —tz)I/GG (t17t2)81g1’1 (tl —tg) +l/(+) (tl —tQ)I/GG (tl,tg)
p

1 1
—=g(t1 —t2) S (t1 —t2) — =g (t1 — t2) ") (81 — to) sign (11 — ) |. (C18)
2 P 2 p

;16 o[ 16
(S&) [X, MJ,]Sfm) [X’?ﬁbo f dt, f s 3 Xomen X)X/ (1) (t1,82) L (t1.12) - (€19)

where

6 é
(p) t1,t2) =
( 1, 2) 5Jn(t1) {(SJ, (t2) [ [Jpvjp]]} Jomt =0
= = im0y [T (t1 = 12) © (t1 —t2) =" (t2 — 1) © (ta — t1) ]
+ 6mp5np [ (+) (tl - tg) © (tl - tg) + V(+) (t2 - tl) C] (t2 - tl)] (CQO)
=OmpOnp [—inST) (t1 = t2) + 15D (81 - 12)] (C21)
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and

:% I:/(;tdﬁ fothQ (G(h —7'1)1/(—) (1 -72)G (12 —t2) + G (t2 —Tl)y(_) (11 —TQ)G(TQ—tl))]
+ % [G(t1 —t2) = G (t2—t1)] + (Qn (t1) Qn (t2)) (C22)

, 1
=vga (1, t2) - 59 (t1 —t2). (C23)

Substituting the above in Eq.(C19)

+) f_li] <+>[ lip
(S‘“t [X’ T el R 0

t t )
= fo dt, fo dta Y NE2X (1) X (t2) [=inSH) (t1 —t2) + 08P (4 — ta) ] [ugc (t1,t) + 59 (1 —tQ)] (C24)
P
t t
= ./o dt; /0 dts ) Azk‘iX(h)X'(tz) [‘“7;@ (t1 —t2) vog (t1,t2) + V;(7+) (t1 —t2) vge (t1,t2)
p

1 .
~59 (t1 —t2) 77,(,+) (t1 —t2) - %g (t1 —t2) VI()+) (t1 - tz)] . (C25)

Putting together Egs. (C11), (C18), and (C25) in Eq.(25), we obtain the second order influence action as

S [X, X

2 t t ) )
:5 Z )\2]{32 ‘/0 dtl fo dt2 [X(tl)X(tz) {an()+) (tl - t2) l/éG (tl, tg) s1gn (tl - t2) + Vé+) (tl - tg) V&G (tl, t2)
p

—%g (tr —t2)n$) (t1 —t2) + %g (ty —t2) VST (t1 — t2) sign (¢ - tg)}
+X" (1) X (t2) {=inSD (t1 — t2) Vi (1, t2) sign (¢ — ta) + 5 (41— t2) Vg (t1,t2)
—%9 (t1 —t2) 771(7+) (t1 —t2) - %g (t1 - t2) V;(;+) (t1 —t2) sign (1 - tQ)}
—2X (t1) X' (t2) {~in{") (t1 — t2) Vg (t1,t2) + 087 (t1 = t2) v (t1, 12)

—%g (tr —t2) S (t1 — ) - %g (t1—t2) v$P) (t1 - 752)}] (C26)

é ;mg ! an J, Nty [(Xu(h) + Xa ()} (Xu(ta) + Xa(t)} {inf") (11~ 12) v (11, 12) sign (11~ 12)

+5) (4~ t2) Vg (t1, t2) - %g (tr —t2) S (41— t2) + %g (t1 — t2) VS (t1 — to) sign (¢ - tg)}
+{Xn(t1) - Xa(t1)H{Xx(t2) - Xalt2)} {=inf") (t1 = t2) viq (tr,t2) sign (t — ta)

+5D) (1 = o) Vg (tr,t2) - %g (t1 = t2) 0" (41— t2) - %g (ty = ta) v$P) (t — to) sign (41 - tg)}
~2{Xs(t1) + Xa(t1)} {Xx(t2) - Xa(t2)} {=in" (t1 - t2) v (t1,t2) + V57 (t1 - t2) v (1, t2)

—%g (tr —t2) S (t1 —ta) - %g (tr —t2) v (1 - t2)}] (C27)
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—EZAQkatdt ftdt
4 m o Mo TP
. )
[Xz(h)Xz(tz) {—”7;(>+) (t1 —t2) vge (t,t2) = 29 (t —t2) VS (11 - tz)}
+Xa(t)Xa(t2) {2087 (1 - t2) vl (tr,t2) — g (t1 — t2) ST (81— t2) —in") (t1 - t2) Vi (t1,12)
1
—59(ti—t2) i (- t2)}
+X5(t1) X (t2) {mz(f) (t1 — o) Vg (t1, t2) (sign (¢ —t2) — 1) + 59t =) i (t1 —ta) (sign (t —t2) - 1)
(+) ; 1 +)
vy (- t2) vge (trt2) = 59 (i —t2) 1 (t — 1)

+XA(t1)Xz(t2) {7,771()+) (t1 - tg) VéG (t1, t2) (s1gn (tl - t2) + 1) + §g (t1 - tg) V1(7+) (tl - tQ) (Slgn (tl - tg) + 1)

1
—US) (11 - ) Ve (tr 1) - 29 (tr = t2) 0" (1 - tz)}] (C28)
; t t
:i PPN /O dty /O dts [Xa(t1)Xa(t2) {2087 (t1 —t2) vie (t1,12) — g (1 — t2) S (41— 2) }
p
+X A (t1) X (t2) {2087 (t1 — t2) Vg (t1,t2) +ig (1 —t2) V5D (81— 12) } © (11 — 12) ], (C29)

where we have defined Xy, (t) = X (t)+X’ (t), and Xa (¢) = X (¢)-X’ (¢), and for the last line we have used the property
[y dty [ dtaf (t1) f (t2) F (t1 —t2) H (t1,2) = 0 provided that F (ty—t,) = —F (t1 —t2) and H (ta,t1) = H (t1,12).
Using the definitions of the dissipation and noise kernels for the (4) bath as in Eq.(31) and Eq. (32)

t t y
SIS/?,)IF = ./O dtl /(; dtQ I:iXA(h)XA(tQ) {2l/(+) (t1 - tg) V&?G (t1, t2) -4g (tl - tz) 771()+) (tl - tg)}
1
—1Xa(t)Xx(t) {g(tr =t2) v (11 = t2) + 20 (11 = 12) V5 (1,12)} © (1 - tz)] , (C30)

which reduces to Eq. (27).

Appendix D: Fourier transform of the dissipation and noise kernels

The Fourier transform of the dissipation and noise kernels corresponding to the baths associated with the scalar
field {n*), v} are

7 (w) =ilm [ (w)] = —ig [7®) (w) - T® (-w)], (D1)
ﬂ(i)(w) =7 COth(2k:TF) [J(*)(w) - J(*)(—w)] . (D2)

From these expressions, we immediately obtain a fluctuation-dissipation relation for the (+) baths as in Eq.(42).
We now consider the kernel vgg(1,t2) in the late-time limit (Eq.(30)) as follows:

400 d t . t .
vea(t, ta) = f %DH () fo “dm Gt - 7)o fo " dry G (ts - 70) €72, (D3)

where we have written v(7)(t) in terms of its Fourier transform. The time integrals on a finite interval are convolutions
that can be re-cast in terms of the Laplace transform of G (defined as F'(z) = j0+°° dte™*'F(t)) via its inverse as:

t . l+i00 e
f dr G(t-7)e™™7 = f 4z et G) (D4)
0 1

—ico 2w (2 Fiw)’

where [ has to be larger than the real parts of each of the poles of G to ensure causality. Specifically, as G has
poles {z;} with negative or vanishing real parts (Re(zx) < 0), implying [ > 0. Using Cauchy’s theorem, the causal
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property of the retarded propagator allow us to express the convolution in terms of a sum of the residue of the poles
of G(2)/(z Fiw) as:

t , = R
dr G (t - HWT _ HWE e Y Zt k , D5
Jy dr G-t =G + e s (D5)
with Ry, EBes[é(z)sz] and where we have used the relation between the Fourier and Laplace transforms of causal
functions G(+iw) = G(Fw).
Considering that Re(zx) <0, it is easy to realize that in the large-time limit ¢ - +oo:

t , too e~
[ A7 G (t=7) e 12220, privt Gy, (D6)
0

which immediately allow us to obtain for the long-time limit of Eq.(D3):

+o0o d . _
vea(ty, t) > f et G 5O (@), (D7)
) T

where we have used that G (-w) = G* (w) given that G is real. Similarly, we note that the last expression is a function

of t; —to only, which is generally not the case during the course of the evolution. In the late-time limit, we can define

the Fourier transform of the kernel as vgg(w) = |G (w)[?7(7) (w). We note that vge(w) is real and even, as expected.
Furthermore, considering Eq.(A13), we have that the Fourier transform of the retarded propagator reads:

G(w) = .

N mw - mw? + 27 (W)

(D8)

Noticing that ﬁ(_)(w) has real and imaginary parts, we leave the real part as a renormalization of the frequency of
the center of mass, while the imaginary part accounts for the dissipation. After implementing this, we consider the
renormalized frequency w? = wg + 2Re[7(7) (w)]/m, so we can re-cast the Fourier transform of the retarded propagator
as:

1
mw? —mw? + 2im[7(-) (w)]’

G(w) = (D9)

from which we obtain that Im[G (w)] = —2|G/(w)[*Tm[7(7) (w)]. Combining this with the fluctuation-dissipation relation
for the bath (=) of Eq.(42), we can directly arrive at the fluctuation-dissipation relation between rgg (w) and G as
in Eq. (43).
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