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Generating transverse response explicitly from harmonic oscillators
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We obtain stochastic dynamics from a system-plus-bath mechanism as an extension of the Caldeira-Leggett
(CL) model in the classical regime. An effective magnetic field and response functions with both longitudinal
and transverse parts are exactly generated from the bath of harmonic oscillators. The effective magnetic field
and transverse response are antisymmetric matrices: the former is explicitly time-independent corresponding
to the geometric magnetism, while the latter can have memory. The present model can be reduced to previous
representative examples of stochastic dynamics describing nonequilibrium processes. Our results demonstrate
that a system coupled with a bath of harmonic oscillators is a general approach to studying stochastic dynamics,
and provides a method to experimentally implement an effective magnetic field from coupling to the environment.
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I. INTRODUCTION

Quantifying dynamical response is essential to understand-
ing stochastic systems. Recent studies on exploring a general
framework of stochastic dynamics [1-5] find that the response
function not only contains the symmetric longitudinal part
representing dissipation [6], but also has an antisymmetric
transverse part as well [1,7-10]. The transverse response
has multiple corresponding physical phenomena, such as the
geometric magnetism in classical chaotic systems [11], the
magnetic field in vortex dynamics [12,13], and its counterpart
in the quantum regime leads to the geometric (Berry’s) phase
[14,15]. For longitudinal responses, both Markovian and
non-Markovian have been obtained from coupling between
the system and the harmonic oscillator bath in the CL model
[16,17], where the bath consists of a set of harmonic oscillators
thereby having a wide application to the dissipative effects on a
class of physical problems [18-20]. For transverse responses,
the CL model has been studied by explicit introduction of
external static magnetic field [21-24]. Nevertheless, to our
knowledge, there has been no exact generation of the longitu-
dinal and transverse responses simultaneously from coupling
to a single bath of harmonic oscillators. This task is necessary,
because, for example, the simultaneous generation of both
responses affects the Landau-Zener transition probability in
the manner that cannot be realized from an incoherent sum
of purely longitudinal and purely transversal noises [25]. In
addition, an explicit expression for transverse responses in
terms of a bath of harmonic oscillators would allow us to
experimentally implement and control an effective magnetic
field by manipulating the coupling with bath similarly as that
for dissipation [19].
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In previous studies, the instantaneous transverse response
can be described by Berry’s geometric magnetic field [26-28].
When the time scale of interest is of the same order as or
faster than the environment, the transverse responses may not
be instantaneous [29,30], and then Berry’s approach could
not be applied due to the restriction of adiabatic condition.
Besides, the ultrafast processes in these systems lead to the
failure of Markov approximation [31,32]. Such memory effect
has been widely observed such as in the electron gas [33—
35] and the electrodynamics responses of the semiconductor
in the Penn model [36]. Therefore the generation of the
transverse response beyond adiabatic condition and Markov
approximation remains elusive.

In this paper, we obtain exactly a stochastic dynamics in
Eq. (16) where an effective magnetic field and time-dependent
responses with both longitudinal and transverse parts are
explicitly produced from the bath of harmonic oscillators
without Markov approximation. As an extension of the original
CL model, we consider a Hamiltonian (Lagrangian) with
a general bilinear coupling that includes both position and
momentum (velocity) variables between the system and the
bath in high dimensional space, and therefore generally breaks
the time-reversal symmetry. The effective magnetic field is
time-independent corresponding to the geometric magnetism
[11], and the time-dependent transverse response may have
memory [33-35]. Thus the velocity-dependent coupling intro-
duced in our model leads to new effects on the dynamics
including the presence of geometric magnetism. Besides,
the response function and the noise correlation function
obey the fluctuation-dissipation theorem [37—40]. We further
demonstrate that our model reproduces the previous stochastic
dynamics describing nonequilibrium processes [1,41].

The paper is organized as follows. In Sec. II, we present
the model of interest and review the influence functional
approach. The effective stochastic dynamics of the subject
system including equations of motion, response functions, and
noise is derived by the influence functional method in Sec. II1.
Then, we also analyze several special cases in which our
model reduces to previous representative examples. Finally,
we conclude our results and discuss them by comparing with
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previous works in Sec. IV and append the detailed derivation
of effective dynamics in Appendices.

II. MODEL AND GENERAL FRAMEWORK

In this part, we give the Hamiltonian of our system and
the corresponding Lagrangian and introduce the influence
functional method in a general manner [16,42].

A. Extended Caldeira-Leggett model

We consider a subject system interacting with a heat bath
that can be described by the Hamiltonian

H = Hsys + Hpath + Hing, (D
|
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where the subscript “sys” and “int” denote the subject system

and the interaction separately. The Hamiltonian of the system
is Hyys = —ﬁ ;—; + V(x), where £ is set as unit. The position
variable of the system is denoted by an N-dimensional
vector x. The system has one particle with mass m in the

external potential field V(x). The Hamiltonian of the bath is
Hpan(R) = =3, ﬁd%f + 5 Yt Voan(Ri, R;), which can
have an infinite number of particles with the mutual interaction
potential Vi (Ry, R ;). The position variable of the jth particle
with mass m; is given by the real number R; without loss
of generality that general dimensions can be reached by
choices of total oscillator numbers. The interaction between
the system and bath is described by the Hamiltonian Hi, =
Vin(x,—i0x; Rj,—i0g,), which can include different couplings
for the system and the bath, such as the momentum-momentum
coupling.
To achieve our purpose, we construct the Hamiltonian

T ~
H= [px + 3 (ExRe - mkIWkPRk):| %[px + 3" (ExR - mkIWkPRk)} TV
k

k

k

k

T
W
+Y |:px + Y (ExRe - m,;lkaRk)} 2m;l' {PRj —m~'w] |:px + Y (ExRi - m,;IWkPRk)“ + H.c.
j J

k

T
1
+) [PR,. —m~'W] |:px + > (ExRi — mklkaRk)} } M!PR/ —m~ W] |:px + ) (EcRe — mkIWkPRk):“
J k

mja)j

2
. CcTx
mj 5 J
+27w/~<Ri+ 2) »
J

where x and p, are the canonical coordinate and momentum
of the subject system, and R;s and Ppg;s those for the jth
harmonic oscillator of the heat bath. The coefficients C,E, W
are real N-dimensional column vectors and the superscript
T denotes transpose. Thus our analysis is valid for general
N-dimensional space not restricted to two or three dimensions.
The subscript “H.c.” denotes Hermitian conjugation to make
the Hamiltonian Hermitian in order to describe a closed
quantum system. Besides,

m=m+y W;W [mj. 3)
J

This mass matrix is positive definite and the additional
term to the bare mass m is used to eliminate the mass
shift [18].

By the Legendre transform, we get the Lagrangian of our
model:

L= [Eﬁ - V(x)i| + Z [7’1@ — TJwﬁRj.] — ®(x,x)
J

+ Y [=G"C+XTEHR; + 3T WR;, 4)
J

@)

(

where

d(x,x) = Z [xT(CjCjT/2mjw5)x — )&T(Wj WjT/ij))'c],
J
(5)

which is used to eliminate the potential shift in addition to the
mass shift [18]. For later convenience, we introduce

Lyys(x,%) = [mi?/2 = V(x) — ©(x,%)] (6)

with the subscript “sys” denoting the subject system.

The coupling in Eq. (4) is in the bilinear form including
three types: position-position, velocity-position, and velocity-
velocity, where the first variable and the second denote those
of the subject system and the heat bath respectively. Due
to simultaneous appearance of coupling C;s and Ejs, there
exists no canonical time-reversal symmetry for our model in
Eq. (4). The coupling with velocity of the subject system can
be physically realized in a black-body radiation field [17,43],
a Josephson junction [44], and a superconducting quantum
interference device (SQUID) [16,18]. Interacting with the
dynamical radiation field, the momentum of the subject system
is coupled with the bath oscillator creation operators [17,43].
Since the creation operator is a linear combination of both
coordinate and momentum operators, the system momentum
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is coupled with bath oscillator coordinates and momentums
simultaneously. In the original CL model [16], only the
couplings C; and E; are separately taken to be nonzero.
Therefore our model can be seen as an extension of the CL
model.

B. Influence functional approach

The influence functional approach in the Feynman-Vernon
theory [16,42] serves an appropriate and general starting point
to obtain the equation of motion for the subject system.
The density matrix of the total system in the coordinate
representation is given by

(x,Rlp(®)|x',R")
=/dedx(/)dRQdR(/)K(x,R,l;X(),Ro,O)
x K*(x',R',t; x0, Ry,0){x0, Rol p(0) x5, R}, (7)

where p(0) is the initial density matrix, x and x’ are position
variables of the subject system, and R (R’) is the abbreviation
of the position variables for the set of bath particles {R;}
({R}}). The propagator

K(x,R,t;x9,Rp,0) = / DxDRexpiS[x,R]
and
K*(x',R',t;x(,R;,0) = / Dx'DR exp —iS[x',R'],
where DxDR,Dx’DR’ denote the path measure [42,45], and
the action function S[x] = [; L[x(s),%(s), R(s), R(s)lds.

The reduced density matrix for the subject system is
obtained through tracing out the bath coordinates:

Pays (XX 1) = /deR’S(R — R)(x,Rlp®)|x",R)). (8)

We further suppose that the subject system is initially decou-
pled with the bath:

p(0) = Psys(0)Ppan(0), ©))

where pgys and ppam are the density matrices of the subject
system and the bath respectively. Then, the reduced density
matrix for the subject system is

Psys(x,x',1) = /dxodx(’)J(x,x’,t;xo,x{),O)psys(xO,xé,O),
where the propagator of the reduced density matrix
J(x,x",t; x0,x(,0) = / DxDx'Z[x,x"] expi(Ssys[x]-Seys[x'1)

with Sgy[x] = fol Lgys[x(s),%(s)]ds denoting action of the
subject system. The influence functional is

I[x,x’] = /‘dRodR(l)pbmh(Ro,R(,),O) /:/ DRDR/
x expi(Sinlx, R] — Sin[x', R']

+ Sban[R] — Svan[R']), (10)
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where Sy, and Sy are actions for the Lagrangian of coupling
and bath in Eq. (4) separately. The influence functional con-
tains the full information of the bath’s effect on the subject sys-
tem. We also take the initial density matrix of the bath pp, (0)
so that the ith bath particle is initially at equilibrium with
velocity-position coordinates (W] Xo/m;,—CI Xo/(m;w?)),
where X, is the initial coordinate of the subject system
[20,46,47]. Otherwise, there would be additional artificial
terms in the effective equation of motion [46] (cf. Appendix C).
The equilibrium temperature of the bath is 1/(kgf8) with kp
denoting Boltzmann constant.

III. EFFECTIVE STOCHASTIC DYNAMICS

In the following, we discuss the effective stochastic dynam-
ics of the subject system. The response functions and noise are
derived and analyzed in both the discrete spectrum and the
continuum limit.

A. Equation of motion

To derive the equation of motion, we first add the total
differentiation term

d
AL = Z E(—xTWjRj) an
J

to Eq. (4), and such addition will not change the equations

of motion in both the classical and the quantum-mechanical
regimes. Then, the total Lagrangian becomes

L= Ly(x. )+ ) (TJRJ? - 7’0)51&3)
J

=Y TCi+iTE; + TW))R;.
J

12)

The form of Eq. (12) is the same as the original CL model
except for that R;s are coupling with the combination of x, x,
and X in our model. Despite of this difference, the result of
influence functional of CL model [16] can be still applied to
our model (cf. Appendix A).

We next transform to the center of mass coordinate X =
(x +x")/2 and the relative coordinate ¥ = x — x’ for the
subject system following the previous path integral approach
[48] to dissipative systems. Then, the influence functional for
Eq. (4) is explicitly calculated out:

I[X + Y/2,X — Y/2] = exp(iIm + Re), (13)

where

t T
Im = _/ dr/ dsYI'| R(t — )X, + BX, + AmX,
0 0

=Y (€t fmje?) X, — f(x) (14)
J

and

t t
Re — _/ d,/ ds YT G(x — $)Y, /2. (15)
0 0
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The terms R(r — s) and G(r — s) are given in Egs. (18) and
(22). f(7)is eliminated by the choice of the initial equilibrium
distribution of the bath at arbitrary temperature in Appendix C.
The mass shift Am = > (W WJ.T /m ;) and the frequency shift
by — Zj(Cj C]T/mjwﬁ) are eliminated by ®(x,x) defined by
Eq. (9).

In the classical regime, the dominant contribution in the
propagator of the density operator comes from the path with
x(1) close to x'(¢) [49], which means |x — x'| < |x + x|, i.e.,
|Y| < |X|. Thus we expand J[X,Y] to the order of Y2 and
integrate out Y. Then we achieve one of the main results of
this paper, the equation of motion for the subject system:

mX, =—-VV(X;)— / ds R(t — S)Xs — BXr + Frana(7),
0
(16)

where the time-independent effective magnetic field is given
by the N x N dimensional matrix:

E Wl —w.ET
BZZ( Jg J ])’ (17)
j

m;

the detailed derivations and formulations of which are given
in Appendix B.

B. Response functions and noise

The N x N-dimensional response matrix R(t — s) can be
decomposed as

R(t —s) = Ri(t —s)+ R(t — ), (18)

where the subscripts “I” and “f’ denote “longitudinal” and
“transverse” separately. The longitudinal and the transverse
responses take the form of

Rt —5)= Y U= 2p BT 4 (C) - w?w))

i Y
x (C;—w?W))], (19)
Re = = 3 O (0w, —C) ]
j J0
— Ej(0?W; —C)"]. (20)

The random force Finq Obeys a Gaussian distribution with
(Frana(t)) = 0 and

(Frand(T) Fga(8)) = G (T — ). @

rand

The N x N dimensional noise correlation matrix is

Gt —s)= ; %w_i coth %Rm(r -5, (22
where RY(t — s) denote the jth term in the summation of
R(t — ).

From Egs. (17), (19), and (20), the quantities B, R;(t —
s), and R,(t — s) can be independent with each other. Specifi-
cally, we can choose coupling constants C, E, and W to make
several of B, R;(t — s), and R;(t — 5) nonzero. We list three
typical cases in Table I.
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TABLE 1. The response functions under three different choices
on the coupling coefficients in the discrete spectral case.

B Ri(t —5) R/(t —s)
E =0,
C— W £0 zero nonzero zero
w =0,
CET — ECT £0 Zero nonzero nonzero
C—w*W =0,
nonzero nonzero zero

EWT —WET £0

Note that for the discrete spectral density if R;(t —s)
vanishes, B and R,(t — s) are zero as well. However, when
the bath consists of infinite many harmonic oscillators, these
three response functions can be nonzero alone [47].

We make several remarks here. First, both the effective
magnetic field B and the transverse response Rt —s) are
antisymmetric matrices, and can induce a curl flux. When C =
0, R(t —s)=— Zj w;Bjsinw;(t — s), where B; denotes
the jth term in the summation of B. Second, as indicated
in Eq. (17), the effective magnetic field B is generally
independent of spectral functions for R;, R;, and thus it can still
exist with a fast oscillating bath. In addition, we have imposed
no condition for the time scale of interest and thus the quantum
phase induced by the closed motion in this effective magnetic
field exposes the geometrical property [11,50].

The noise correlation function and the velocity response
function in Eq. (22) obeys the fluctuation-dissipation theorem
[38,39]. It can be described in the integral form:

1 oo " ﬁa)
G(t—s5)=— dw ) pp(w) coth — cos w(T — )
b 0 2
+00 B ,360 )
—1—/ dw ) pp,(w) coth > sinw(t — )|, (23)
0

where the symmetric matrix x /() and antisymmetric matrix
Xpr(w) correspond to the longitudinal and the transverse
response functions separately. The correlation matrix G(t — )
is symmetric under the combination of the matrix transpose
and the time reversal. Equation (23) has also been validated
in a matrix approach by the first-order theory of irreversible
thermodynamics [37]. In high-temperature regime Bw; < 1
for all j, it reduces to the fluctuation-dissipation theorem of
the second type [39]: G(t —s5) = R(t — 5)/B. In frequency
space, it takes the form of

(Frandol@lFLy ,[0']) = Rlw] 8@ + )/(h),  (24)

which is the Nyquist theorem [51].

C. Continuous bath spectrum limit

To show that Eq. (16) can reduce to representative ex-
amples of stochastic dynamics, we consider continuous fre-
quency distribution for bath oscillators: P f dw pp(w),
where pp(w) = Y j d(w — w)) is the frequency density. Then,
the longitudinal and the transverse response functions are
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TABLE II. Four choices on the coupling coefficients in Eq. (4) leading to the same effective dynamics, Eq. (33). C-bath denotes that C # 0
with other coupling coefficients vanishing, and the same notation goes for each choice.

J1((L)) q)(x,x)
el po(@C@)CT (@) (me) [ do pp(w)x"CCTx/2mw?)
E-bath [16] po(@)E(@)ET (w)/m o
CW-bath P@IC() = o W(w)] — [ dwpp(@)x" WWT % /(2m)

[C(w) — *W(w)]" /(mw) + [ dwpp(@)x" CCTx/2ma?)
denoted by J(w) = 2Sw/m)exp(—w/w.), and J(w) =0, our model

+00
Ri(t —s5) = / dwlJ)(w)cos w(t — s)]/w, (25)
0

+00
R(t —s)= / dolJ(w)sinw(t — s)]/w, (26)
0

where we introduce the spectral functions Jy(w) and J/(w).
By Eqgs. (19) and (20) with the coupling constants valued at
w=w s

Jiw) =2 Z(C‘:) [(C() — W (@)C () — W ()"
+ o’ E(w)ET (0)], (27)
Jw) =2 Drfl“’) [E(@)(C() — 0*W(@)"
—(C(®) — *W()ET ()], (28)

where we treat these spectral functions as smooth functions.
Since we are interested in the long-time behavior of the
effective dynamics, it is sufficient to expand them to the lowest
order of the frequency w:

Jiw) = 2Swc/m)(@/w:)" exp(—w/w,), (29)

Ji(w) = Aw(w/w:)" exp(—o/w,), (30)

where w, is a cutoff frequency and «;, is the corresponding
lowest order. From Eq. (19), the friction matrix S and matrix A
are symmetric and antisymmetric separately, i.e., S = ST and
A = —AT . These spectral functions determine the equation of
motion since they give the response functions by Egs. (25) and
(26):

(25w, ()
Rz(t—s)—Re{ - [l—iwc(t—s)]'”} 31)
and
Tl + 1)
Ri(t —s) = Im{ Aw, . (32
= m{ ? [1—iwc<r—s)]“f+“} 2

where I'(x) is I' function and various diffusion properties
related with the longitudinal response R;(tr — s) have been
investigated in the quantum Brownian system [52-56].

D. Representative stochastic dynamics

The first example is to reproduce the original CL model
[16]. If we choose the ohmic bath for J)(w)(k; = 1):

when w, — +00 produces the Langevin equation describing
the quantum Brownian motion [16] by Egs. (31) and (32):

mX = —Vx vV — SX + Frand(r)’ (33)

where the noise correlation function
+00
(and(r)Fand(s)) = / (Sw/m) coth(Bw/2) cos w(t — s).
0

In the high-temperature regime PBw <1, it becomes
(Frand(r)Frgnd(s)) = (28/B)é(r — s). Furthermore, there are
many choices on the coupling coefficients C, E, and W in our
model that can give the same spectral functions J; ;(w) above.
Thus they lead to the same equation of motion, Eq. (33). We
list four choices in Table II. The redundant degrees of freedom
of choosing the coupling coefficients to generate Eq. (33) has
also been discussed [18,57].

Furthermore, Eq. (16) can reduce to the stochastic
dynamics for nonequilibrium processes [1]. If we choose
the ohmic bath for Jy(w) (k; = 1) and J/(w) (x, = 1): Ji(w) =
Q2Sw)/7 exp(—w/w.), J(w) = Aw’ o exp(—w/w.), by
Egs. (31) and (32), we obtain both of the longitudinal and the
transverse responses:

/ ds R(t — )X, = SX,, (34)
0

/ ds R(t — )X, = AX,. (35)
0

We now have different ways to choose the coupling coeffi-
cients. For example, let C, E be nonzero and W zero, and then
B = 0. The equation of motion takes the form of

with the noise correlation (Frand(r)Frgnd(s)) =28/B8)é(r — )
in the high-temperature regime. It has the same form as
the Klein-Kramers equation in previous works [1]. This
equation in three dimension also corresponds to the classical
equation of motion for a charged particle in superfluid with
vortices [12].

IV. CONCLUSIONS AND DISCUSSIONS

We compare our results with previous studies. First, the
effect of magnetic field in the system-plus-bath model has been
discussed [21-24]. However, the magnetic field there is put by
hand an external field or a vector potential in the Hamiltonian,
rather than explicitly generated by bath oscillators. Second,
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generating the transverse response from the system-plus-
bath mechanism has attracted sustained theoretical interest
[11,24,58-60]. However, those previous attempts typically
require the adiabatic approximation that the system variables
change very slowly compared with the bath variables, while
ideal adiabaticity is difficult to achieve in real experiments.
Third, all of the four couplings in Eq. (4) have been taken into
account [57,61], but it is restricted to one-dimensional space.
Therefore Eq. (16) that includes the effective magnetic field
and the transverse response with memory has not been exactly
obtained from the harmonic oscillator bath before. Moreover,
the simultaneous occurrences of the momentum-momentum
W; and the coordinate-coordinate C; couplings have been
applied to the quantum frustration where two ensembles of
independent harmonic oscillators are responsible for these
two different couplings separately [62]. Such setting can be
reduced to by our model in Eq. (4) if C; =0 for a set of
Jjs while W; = 0 for the rest of js. Therefore our model can
produce the phase diagram triggered by competing dissipa-
tive processes of two noncommutating operators [x, p,] # 0
[63,64]. Besides this generalization, the inclusion of transverse
responses is expected to enrich the possible phases in addition
to the previous picture of longitudinal responses alone.

To conclude, we have obtained a stochastic dynamics with
an effective magnetic field, the longitudinal and the transverse
response functions exactly from bath of harmonic oscillators
in the influence functional approach. Two representative
examples of previous stochastic dynamics in classical regime
has been reproduced from our model. The physical effects of
longitudinal and transverse response functions in subohmic,
ohmic, and superohmic baths will be classified in our future
work. Experimental implementation on the effective magnetic
field requires further investigations. Generalization of our
model to the system with non-trivial topology [65] and
quantum regime remain to be explored since the addition of
total derivatives in Eq. (11) can change quantum-mechanical
quantities, such as ground-state degeneracies in systems with
nontrivial topology [50].
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APPENDICES

In the following, we append the results used in the previous
sections, including the influence functional formulation and
the effective dynamics.

APPENDIX A: DERIVATION ON INFLUENCE
FUNCTIONAL

We first review the quantum influence functional of
Caldeira-Leggett model, which corresponds to Eq. (4) with
C;=¢;,E;=0,and W; =0.In the center of mass coordi-
nate and the relative coordinate X = (x + x')/2,Y =x — x/,
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the influence functional is [16,20]

TIX +Y/2,X — Y/2]

t
= exp/ dtf ds —iYT[R.(t — $)X; + he(t — $)X,]
0 0

t t
G.(t —
x exp/ dt/ ds —YTTgYX, (Al)
0 0 2

where we have defined
R.(t —s)=0, (A2)
ho(t — 5) = Zze(r—s){ Sm‘”’(r )c @T} (A3)

m;w;

_ 7COSw; (T — ) Bowj
GC(t—s)_Z[G 1 S ome i|c0th S (A

J

We can generalize this result of the Caldeira-Leggett model to
our model by the following substitutions:

where X; = (¥; 4 })/2 and ¥; = (¥; — ¥}), with ¥ defined
similarly to %; by

X =ClxX +Ej X+ Wi, (A6)

X =C/x+Elx+ Wi (A7)

The coupling between this transformed system coordinate X;
and the bath coordinates has the same bilinear from as that of
the original CL model [16], and thus we can directly apply
their influence functional approach.

Then the influence functional of our model can be
expressed as

T[X +Y/2,X — ¥ /2] = exp(ilm + Re), (A8)
where
! oo sinwj(t — )| &
Im = Z drv | dsY_  120(t —s)——— 1 X,
~Jo S0 2mjw, '
(A9)
and

Re—Z/ d‘L’/ dsYT =
{_cosa)j(r—

$) } coth @YS,,. (A10)
ija)j 2

We first simplify the notation in the following manner:

Im = /dr/dsYT{ze(r )Smw(r S)}X (A11)
0

Re—f d‘t/ dsYT { COsa)(T_s)}cothﬁ%wf/s,

(A12)

an
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where we have suppressed the subscripts “j”s and its summation ) ; just for convenience and we will restore them in the end.
We first evaluate the imaginary part Im by inserting the replacements in Eq. (AS) for ¥, :
sinw(t — §)
2mw

t t
Im=/ dr/ ds[YfW+Y'fE+ch][29(z —5) Xo=L+hL+ 1L (A13)
0 0

We have defined
cosw(t — s)}

I = /dr/dsYT [2@( )Smw(r_s)})?s= -

] x.
L= /df/ dsY!E [29( )Smw(f_s)}f( =/ dt/ ds—YTEdi[ze( Smw(f_s)}

I = /dt/dsYT [29(1 )S“‘“(T S)1|XA, (A14)

where we have integrated it by part and omitted the surface terms dependent on Y (¢) and Y (0) since these terms contributes
impulse forces proportional to §(t) or §(r — ¢) in the final equation of motion. We discard these surface terms because we are
interested in the time 0 K< 7 K ¢.

We sum up /) 5 3:

Im = /d‘l,'/ dsYT{W—|:29( )cosw(r )} %[ze(r_s)sinw(r—s)]

2mw

d
dsyI'w e [29@— s)

+C[29(r - s)w] }[CTXS +ETX, + W'k,
2mw

=1L+ Is+ I, (A15)

where we have further defined

Iy = / df/ dsYT{W—[ZG( )COS w(f )} - Ei[ze(r - s)—smw(r - s)] + C[ze(r - s)—smw(f — s)] }CTX
dt 2mw 2mw
/ dt/ dsYT W 20(t — 5)= w(f S)CTXS—F/YTT

f dr/ dsYT E20(t — )Sm")(r )CTXS—/YTEze( )Smmc Xo

Xo

Tcosa)(r s) T T cos wT
dr d vfcc 20(t — $)X, — drY CC' 20(t ) Xo
+ f dr/ dsyfcc’ 25(r — s)—X_Y, (A16)
Is = / dr/ dsYT{W—[ze( )COS“’(T s)] i[ze(z _ gySne( =) _S)} + C|:29(r _gySne =) _S):“ETXS
dt 2mw 2mw
- wsinw(t —s)
= dr dsY, W 28(t — s)— - W20(rt —s)————
0 0 2m 2m
—E20(t — s)w +C20(7 — S)M}ETX“ (A17)
2m 2mw

:/ dt/ dsyT {W—[ze( )COS“)(T_S)} —E%[ze(f_s)sm%fw_s)] +c[29(r-@%]}wb}s

T , w?* cos w(t — §) 1

= dr dsYr W 25 (t—s)—— W20(t —s)———— — E25(t —s)—

0 0 2m 2m 2m

L E2(r — s)a)sma)(t —5) 200 — s)cos (Tt —5) WTXS

2m 2m
! - wsinwt sinwt T
— | arvI{-waec) +E20(r) 22T c[ze( S |fwT X, (A18)
0 mw
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We have set the initial values for X(s = 0) and X (s = 0) as X, and X, and omitted the term proportional to Y (r = 0) in the last
line above. These terms will contribute to the equation of motion by an external force f(z) [cf. Eq. (B5)], which is a finite force
at any time t. We have also done the integral by part, and neglect the surface terms dependent on Y (0) and Y (¢).

We sum up I 5 6 to get Im:
T
J

2 - [ (A19)
J

c

t T
Im=I4+15+I6=—/dt/ dsYr R(t—s)XS+BXf+Aer—§
0 0 X m]
J

where explicit expressions of the terms R(t — s), B, Am, f(t) are given by Egs. (19), (20), and (17),

w W C; E: si . w; W C E; ; )
f(r):Z —2cosa)jr—M CcTxy+ —]s1na)]r+M wTXx,, (A20)
. m;jw; mjw; J mjw; mj J
j J
and G(r — s) by Eq. (22).

Next, we evaluate the real part “Re” in the influence functional. We use integration by part, and neglect the surface terms

dependent on Y (0) and Y (¢):

Re—/ dr/ dsYT |: cosa)(r—s)} othﬁ—wYS

I - Coop I
/dr/ ds] wYTW+YTC]2[ coslr s)] othﬂ—w[CTYS—WTwZY]—i—/ dt/ ds Y] E5
0 0

2mw
| Cose@ =9 POET Ly +/ dr/ ds[— wYTW+YTC] Jsne@ =) POy
2mw 2 2mo 2
Tg sma)(r—s) Bw o )
dr dis coth—[C"Y, — W 0’Y,]. (A21)
0 2 maw 2

It can be further 51mphﬁed as
t t
G —
Re:/ dt/ ds —yT Gy (A22)
0 0 2

As a result, the influence functional takes the form of

T JIX +Y/2,X — Y/2] = exp(ilm + Re)

t 4 . . . C;C!

= exp —i/dt/ dsY?! R(r—s)X§+BX,+AmXT—Z LX: — f(0)
0 0 X
J

t t B
x exp{/ dr/ ds—YTTMYS}. (A23)
0 0 2

APPENDIX B: DERIVATION ON THE EQUATION OF MOTION

To get the equation of motion, we put the influence functional into the propagator of the density operator:
JIX,Y] = / DX DY exp (%{Ssys[x +Y/2] — SyyslX — Y/2]})I[X +Y/2,X —-Y/2]

We next expand the functionals to the first order of Y, and explicitly do the functional integral of Y, without the surface terms:

J[X] :/DXexp/dn/drz —% (m—}—Am)XT1 —}—V(V(X,l)—i—(D(X,l,Xrl))

T

. . c;cT ] .
+0x, ®(Xo, Xq) + / ds R(ti — )X, = Y ——L X, + BX, — f(m) | Gz — »)| (m + Am)X,,
J

mjj

. . c;ct
+ V(V(Xe) + O(Xe, Xp,)) + 5, O(Xe, Xo,) + fds Rm—9)X, =) m’ —Xo+ BXy — f(@) || (BD
j J

J
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where ®(x,x) is supposed to eliminate the mass shift and the potential shift [18]. Here, G~ !(t — ) is defined as
1
f Gt —w)G(w — s)dw = §(t — 3). (B2)
0
This gives the equation of motion of the subject system in the classical regime:

X.C; CjTX,

2

X, = (—AmX, — 9y (X, X)) — V| V(X)) + (X, X;) —
mX, = (—Am %, ®(X., X)) (X:) + &( )sz,,-wj

~ [ dsR@ =9k = BX: + £+ foni) (B3)
0
The random force f;anq(7) has the following correlation:

(frand(D) filna(®)) = G(r — 5) (B4)

where (. ..) is the statistical average over the system ensemble.
To eliminate the mass shift Am and the frequency shift, we set the function ®(x,x) by Eq. (5):

c;ct 1., wW,w!
(ID(X,X):Z<XT | T TN
J

X —=x' —x|.
Then, the equation of motion takes the form as

2 .
2mja)j 2 m;j

mi. = —9V(X,) - / ds R(z — )X, — BX: + £() + frana(2). (BS)
0

APPENDIX C: CHOICES ON THE INITIAL BATH DENSITY OPERATOR

To eliminate the force f(7) in Eq. (B5), we can choose a proper initial distribution of the bath oscillators. We want to find
an initial state of the heat bath that is locally coupled with the system at the starting point, and the force f is combined into
the random force before the bath is traced out. We achieve this by solving out the part of the Euler-Lagrange equation, which
contains an expected random force. The general bilinear Lagrangian in Eq. (4) gives the equations of motion:

.. . WwWT . ) ccT
mX +WR+ X-—ER=-vV—-—5X-CR (C1)
m ma
and
mR+W'X = —mae®*R—-CT'X —ETX, (C2)

where E = D + U. For convenience, we have omitted the subscript “j” and the summation ;- To get the form of the random
force, it is convenient to solve this set of linear differential equations by Laplace transform techniques:

T

w . .
X — —(CT"X +E"X)=(w*W — C)R + ER, (C3)

mX + vV +—
maw m

where R has the image function solved by Eq. (C2):

R[p]l = x [m(Ro + pRo) + (ET + pWh)Xo + WT Xo — (CT + pET + p>WHX[pll. (C4)

m(w? + p?)
with Ry = R(r = 0). Then, put the object function R(t) of Eq. (C4) into Eq. (C3), we obtain the following equation:
. EWT —WET . - T cosw(t —s :
mX ==y V= —————X+ fun(Ro.Ro) + f(v) = / ds%[(c — &’ W)(C — *W)" + &’ EET]X(s)
0
T 4 _ .
— / ds ST ) 2w OVET — E@PW — C)T1X(s), (C5)
0 maw

where the velocity response parts are exactly the same those in the equation of motion, Eq. (B5), and the forces f;ana(Ro, Ro) and
f(r) are

sinwt

frana(Ro, Ro) = |:(a)2W -0) + E cos wr:|R0 + [(@*W — C)cos wt — Ewsinwt]Ry (C6)
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and

T T

sinwt wo . 5 . c
+ Ecoswt |—Xo + [(w0"W — C)cos wt —Ew51nwr]—2Xo. (C7)
mw mw

fo= [(wzw -0)
w
1. High-temperature regime

To eliminate the force f(7) in high-temperature regime, we adopt the method in Refs. [20,46]. The force f(t) can be combined
with fiana(7) above in the following way:

. : 2 sinwt . wrT .
Frand = f(T) + frand(Ro, Ro) = [ (@°W — C) —+ Ecoswt || Ry + WXO
CT
+ [(@*W — C)coswt — Ewsin wr](Ro + —2X0>. (C8)
mw
After applying the substitution
. . wT . cT
Ry — Ro+ —Xo, Ro— Ro+ —5Xo (€9
m me

to the equipartition theorem at high temperature, we get another set of equipartition theorem [66]:

. wT . cT T
<R0+—X0><R0+—2Xo> =0;
m mw
. wT . owT\" 1
(Ro + —XO) (Ro + —Xo) -1 (C10)
m m mp
cT c \' 1
R —X R —X = —I,
( ot maw? 0>< ot mw? 0) mw?p

where “0” and “I” are zero matrix and identity matrix, respectively.

This equipartition theorem implies that the bath oscillators are initially at thermodynamic equilibrium with the coordinate
(=CTXo/(maw?),—WT Xy/m) in position-velocity space and we can set the classical phase space distribution function
as pf,;th(Ro,Po) = exp(—B[(Py + WTXO)z/(Zm) + mw*(Ry + CTXO/(ma)Z))Z/Z]) with Py = mRO. Then, the newly defined
random force Fyyng has (Frana(t)) = 0, and after the summation ) i

[(C; = ?W;)(C; — W) + 2B ET]

<Frand(f)Fr€nd(S)> = Z o B

F ﬂ mja)j

1 {cosa}j(r —5)

n sinw;(t — s)[(
mjw;

0jWj = C))E] — Ej(w;W; — CJ)T]} = lim G(r — ), (C1D)

which tells that Fi,nq(7) obeys a Gaussian distribution and has zero mean value
<Frand) = 01 <Frand(T)Fand(s)) = <ﬁ‘and(f)fr:nd(s)> = él_l)l}) G(T - S) (C12)

in the classical high temperature limit. Finally, the equation of motion is

T
mX, = —vV(X,)— BX, — / R(t — )X, + Frana(7), (C13)
0

with the noise term Fp,,q(7) satisfying Eq. (C12).

2. Generalization to arbitrary temperature

To eliminate the force f(t) in Eq. (BS) at arbitrary temperature, we apply the following initial density operator for the bath:

1 pRi=BW Xo/m Ry—BWT Xo/m BT . _ )
pran(R1, Rzt = 0) = 2 / + / DR(r)exp{ / —[Em(R(f)JrWTXo/m)
R, Ry 0

0

1, CTXy  WTXer\’
+ —mw-| R(t) + + dt ¢, (C14)
2 ma? m
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where we have defined the imaginary time path integral by ¢+ — —it and we have already absorbed the renormalization
constant into the measure [ DR(t). The time derivatives above are for the imaginary time derivatives, e.g., R = dR/dt and

Xo =dX/dt|,=o. To see how this initial density operator works, we can evaluate the mean value of any quantity in the form as
N(Ro+ W' Xo/m,Ry + CT Xo/(maw?)):

(N(Ry+ W' Xo/m,Ry + CT Xo/(mw®)),
= /f dRidRy - 8(Ry — Ro) - pran(R1,Ro;t = 0) - N)Ry + W' Xo/m, Ry + CT Xo/(mw?))
R B
- // dR\dRy - 8(R, — Ro)/dRﬂ -8(Ry — (R + WTXO,B/m))/ ﬁDR(r)exp{/ —Bm(lé(z)Jr wT Xo/m)*
Ry 0

1, C'Xy  WTXor
+ —mw”| R(t) + +
2 mw?

m

2
) } }N(Ro + W' Xo/m,Ry + CT Xy /(maw?)), (C15)

where (- - -); means the quantity is averaged on the imaginary time and the derivatives in it are imaginary time derivatives. Then
we transform the functional integral R(7) to r(t) by r(z) = R(t) + CT Xo/(mw?) + tWT X, /m. In this coordinate,

(N(Ro + W Xo/m, Ry + CT Xo/(ma?))) = / f dR\dRy 5(Ry — Ro) f ARy 8(Ry — Ry + W XoB/m))

] p 2
y / ﬁDr(t)exp{ / —[’"r;’) +2mw r<r>“zv<r'o,ro>, (C16)
ro 0

where rg = Ry + CT Xo/(mw?) and ry = Ry + CT Xo/(mw?) + W' XoB/m. Therefore

(N(Ry+ W Xo/m,Ry + CT Xy /(mw?))) = // dRdro8(Ry — ro + CTXO/(maP))/dr,g 8(Ry —rg + C" Xo/(ma?))

B 2
/ ’Dr(r)exp{[ _I:mrér) +2m r(r){”N(f’O,ro)

2
f dry / Dr(r)exp{ f —[’"’é’) +2mw r(r)z]}N(rw),r(O)). C17)

Then we set the function N (ry,r) to be the following quantities and transform back to the real time

.owT. cT r
<R() + —X()> <R() + —2X0> = i(i‘()rg)r;
m mo t
. oW oowT ..
<<RQ + —Xo) (RO + _XO) > = —<r0r0T)r, (C18)
m m t
cT cT o\ ,
(Ro + WX()) <Ro + m—szo) = (rorg ),
t

and we will calculate them one by one. To do so, we will use the Matsubara representation:

r(T) =) rexp(—iQT). (C19)

where 2, = 2nm/B. In the Matsubara modes,

B 2
ilfor! ). = / dro / ’Dr(r)exp{ / —[mr;r) + 2ma) r(r)z]}(i FO)F(0)T)

m(Q2 +a)) Q
fD(r,,, —n) €Xp |:,BZ rnrn:| Z(Qk”k’{k) = Zml =0, (C20)

k k

B 2
—(ioig ), = / dro f Dr(r)exp{ / —[W;” + 5mo r(r)z]}(—r'w)r'(of)

m (22 + o?) —Q? 1) Bw
= fD(r,,,r_,,)exp [,3 Z —fr,,r_n} (- @rely) = Xk: Wiwz)] = o -coth =1, (C21)

k
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and

B 2
(rorl). = / dro / Dr(r)exp{ / —[mréf) + zma) r(r)z:“(r(O)r(O)T)

/D(rn, _n) €Xp |:ﬂ Z Q o )rnrn:| Z (rkrzk)

k

1 1 Bw
-y e (€22)
Bm (Qk + a)2) 2mw 2

where the summations over the Matsubara modes €2; can be found in one of the condensed matter physics textbooks [50]. From

the above results, we can obtain
. owT . cT T
(Ro + —X()) <R0 + —2X0) =0
m mw

. owT . . wT . \T
Bot V%V (Ro+ Y—x0) )= 2 con P21, (C23)
m m 2m 2

cT c N\ 1 Bw
RQ+—XO R()—I——X() = —COth—I,
mw? mw? 2mw 2

which are valid for any temperature and they can be reduced to the results in the high temperature regime Eq. (C10) by S < 1.
After putting them into ( Frand(r)Frznd(s)), we get

. T
T _ 2 sinw; t sinw;s oy Bw;
(Frand()FL(5)) = X,: [(wj Wj = C)—_=+ Ejcosw;t } [(w W; —Cj) o T Ejcosw;s ] o coth —*
coth(Bw; /2
+[(a) W; — C)cosa)j T — Ejwjsinw;t ][(a) W; — C)cossz—Ea)j sin w js]TM
ija)j
=> Gt -, (C24)
j
where G ;(t — s) is exactly the noise correlation function in Eq. (22). Thus the equation of motion is
T
=TV = Y B [ R = 9K+ P (C25)
j 0
where
<Frand(f)> = 0, (C26)
(Frand (D) Fpa(®)) = Y G j(x — 5). (C27)
J
Therefore this equation of motion holds at arbitrary temperature.
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