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Anomalous diffusion of a quantum Brownian particle in a one-dimensional molecular chain
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We discuss anomalous relaxation processes of a quantum Brownian particle which interacts with an acoustic
phonon field as a thermal reservoir in one-dimensional chain molecule. We derive a kinetic equation for the
particle using the complex spectral representation of the Liouville-von Neumann operator. Due to the one-
dimensionality, the momentum space separates into infinite sets of disjoint irreducible subspaces dynamically
independent of one another. Hence, momentum relaxation occurs only within each subspace toward the Maxwell
distribution. We obtain a hydrodynamic mode with transport coefficients, a sound velocity, and a diffusion
coefficient, defined in each subspace. Moreover, because the sound velocity has momentum dependence, phase

mixing affects the broadening of the spatial distribution of the particle in addition to the diffusion process. Due
to the phase mixing, the increase rate of the mean-square displacement of the particle increases linearly with

time and diverges in the long-time limit.
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I. INTRODUCTION

The irreversible transport property in one-dimensional
(1D) systems has historically attracted many physicists be-
cause of their mathematical simplicity and some unique
anomalies that appear due to extremely low dimensional-
ity [1-6]. For example, the collision operator in the kinetic
equation disappears for a 1D gas that consists of particles of
a same kind. The reason is that the momentum distribution
function cannot change in time, since the momenta of the
particles are simply exchanged during the collision process in
the 1D system. However, this is not the case for quantum 1D
systems, because there is the forward scattering in addition to
the backward scattering in quantum mechanics [6]. Hence, the
irreversibility is purely a quantum effect for this case.

We found an anomalous diffusion process in relaxation
process of a 1D quantum Brownian particle which weakly
couples with a thermal reservoir consisting of an acous-
tic phonon field. This diffusion process of the particle is
anomalous in the sense that the phenomenological diffusion
coefficient defined as the increase rate of the mean-square
displacement [7-9] as

e 1 d

D7) = 5 (X

increases linearly in time, where (---), denotes an average

taken over the time-depending density matrix. Hence, the phe-

nomenological diffusion coefficient diverges in the long-time
limit.

In this paper we present a detailed theoretical analysis of

this anomalous transport process. Our discussion is based on
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the complex spectral representation of the Liouville-von Neu-
mann operator (Liouvillian) [10]. This representation gives
us a microscopic foundation of the irreversible kinetic the-
ory [10]. The complex spectral analysis of the Liouvillian
shows that the collision operator in the kinetic equation is just
the effective Liouvillian defined by Eq. (31), and hence, the
spectrum of the collision operator coincides with that of the
Liouvillian.

We will show that there exist well-defined transport
coefficients, including the diffusion coefficient and the hydro-
dynamic sound velocity that appear in the transport equation,
in spite of the fact that the phenomenological diffusion coeffi-
cient (1) diverges in the long-time limit. Indeed, we will show
that the time dependence of D™(¢) is given by

DY () =D +t{(0(P) — 5 ) )eq, 2)
where

D= (D(P))eq» 6= <G(P)>eqv 3)

and D(P) and o (P) denote the momentum dependent dif-
fusion coefficient and the hydrodynamic sound velocity,
respectively, obtained from the complex spectrum analysis of
the Liouvillian. Here, (- --).q denotes an average taken over
the equilibrium state for the momentum distribution function.
The explicit forms of the hydrodynamic sound velocity o (P)
and the diffusion coefficient D(P) are given in Eqgs. (63)
and (64).

In Eq. (2) the momentum dependent sound velocity, which
is a unique result for the 1D system, is essential to understand
the origin of the anomaly in the phenomenological diffusion
coefficient. Indeed, it is well-known that in systems that have
more than one dimension, the hydrodynamic sound mode
appears in the spectrum of the irreversible collision operator
in the kinetic equation when the collisional invariant has a
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degeneracy [11]. However, we found that the nonvanishing
hydrodynamic sound velocity in our system is not due to a
degeneracy. This is because of the one-dimensional restric-
tion on the momenta contributing to the collision operator
through the resonance condition. For systems in more than
one dimensions there is no such restriction in momentum
space. As a result, the momentum space in our 1D system is
decomposed into infinitely many subset due to the resonance
condition. Then, this new mechanism in our 1D system leads
to a unique hydrodynamic mode with a momentum dependent
sound velocity. This is not the case in systems in more than
one dimensions.

As will be shown, the momentum-dependent sound veloc-
ity leads to the phase mixing during the time evolution of the
distribution function. This then leads to a spreading of the dis-
tribution function in space as a reversible process, in addition
to the irreversible spreading due to the the diffusion process.
This phase mixing is the origin of the anomaly observed in the
phenomenological diffusion coefficient (1).

In our previous works we have obtained the hydrodynamic
mode of the effective Liouvillian associated to the inho-
mogeneity, and described the propagation of hydrodynamic
sound waves without taking account of diffusive relaxation
of the hydrodynamic mode [12,13]. In this paper we go be-
yond the previous work by taking account of the diffusion
process. Note that even for a single particle interacting with
environment, such as Brownian particle, a diffusion mode as
a hydrodynamic mode appears in the time evolution of the
distribution function of the particle in the hydrodynamic limit.
For a discussion on this point, see Ref. [11].

In this paper we restrict our interest to a situation where the
particle weakly couples to the phonon.

The present paper is organized as follows: in Sec. II, we
introduce a model Hamiltonian which describes a system
where a quantum particle is weakly coupled with a thermally
equilibrated acoustic-phonon field in one-dimensional quan-
tum molecular chain. Then, the short summary of the complex
spectral representation of the Liouvillian is presented. In
Sec. III, a kinetic equation for the spatially inhomogeneous
distribution is investigated. We will see that the resonance
condition for the 1D system leads to the separation of the
momentum space into infinite sets of disjoint subspaces.
Moreover, we will show that the time evolution of the reduced
density matrix of the particle in the hydrodynamic regime
obeys a convection-diffusion equation with a sound velocity
and a diffusion coefficient. In Sec. IV, the phenomenological
diffusion coefficient defined by Eq. (1) is analyzed in terms
of the transport coefficients in the kinetic equation in the case
the initial condition is given as a minimum uncertain wave
packet. Section V is devoted to discussions about the relation
between the divergence of the phenomenological diffusion
coefficient and the one-dimensionality of the system. There
we will emphasize that the nonvanishing of the hydrodynamic
sound velocity in this specific system is due to the disappear-
ance of the momentum inversion symmetry in each subspace
because of the one-dimensionality of the system.

In Appendix A, we summarize the time evolution of the
momentum distribution of the particle. In Appendix B, a
detailed derivation of the analytic expression of the phe-
nomenological diffusion coefficient is presented when the

initial condition is given as a minimum uncertain wave packet.
In Appendix C, we extend the result obtained in Appendix B
to more general initial conditions with arbitrary square inte-
grable functions.

II. MODEL AND COMPLEX SPECTRAL ANALYSIS
OF THE LIOUVILLIAN

A. Model

In this paper, we consider relaxation dynamics of a
quantum Brownian particle on a one-dimensional quantum
system. As a working example of the one-dimensional quan-
tum system, we consider the Davydov Hamiltonian which
is a Hamiltonian for a one-dimensional quantum molecular
chain [14,15]. We assume that a particle weakly interacts with
phonons of an underlying lattice. In the site representation the
Davydov Hamiltonian is written in terms of the tight binding
Hamiltonian coupled with phonon states [13—15]. By Fourier
transforming the particle states from the site representation to
the momentum representation, the Hamiltonian of the system
is written [13] as

H = Hy + gV, “)

Ho =Y e,lp)(pl + ) _ hwga}ay, )
P q

5 L
V=Y Vilp+ Rl +adl,). ©)
p-q

where g is a dimensionless coupling parameter which is in-
troduced to indicate the order of the interaction between the
particle and phonon of underlying lattice for the convenience
of the perturbation analysis. After finishing the weak-coupling
approximation, we set g = 1. The notation L denotes the
length of the chain. The momentum of the particle is desig-
nated by p and its state by |p), and a, and a; are annihilation
and creation operators of the phonon with wave vector g. We
assume that state |p) is normalized by the Kronecker 4.

In the original Davydov Hamiltonian, the dispersion re-
lation of the particle depends on a cosine function of the
momentum p because of the tight binding model. Here, we
consider the long-wavelength situation where the dispersion
relation for the particle is approximated by that of a free
particle with an effective mass m as

P

= 2m’ M
and the dispersion relation of the acoustic phonons is approxi-
mated by the linear form w, = c|g| with the speed of sound
c. In this situation, the particle behaves as a free quantum
particle coupling with the acoustic phonon field. Furthermore,
the interaction V, is given in the long-wavelength situation as

h
V, = Aoq pE— ()
\ q

where Ay is the coupling constant, and py, is the molecular
mass density, i.e mass per unit length, of the lattice. The
model Hamiltonian (4) together with Egs. (5) and (6) has also
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been used to describe a free electron coupling with acoustic-
phonon field through the deformation-potential interaction in
semiconductors [16].

Let us introduce the following units: time unit 7/(mc?),
length unit /i/(mc), momentum unit mc, energy unit mc?,
and temperature unit mc?/kg with the Boltzmann constant kg.
With these units, m, ¢, /i, and kg are dimensionless and that
correspond to the choiceof m = 1,¢c =1, =1, and kg = 1.

We impose a periodic boundary condition with period L
leading to discrete momenta and wave numbers p/fi, g =
2r j/L with j =0, £1, £2, .. .. We consider a long chain and
will approximate the length as L — oo, then we will replace
a summation over a momentum and a wave number with an
integration at an appropriate stage:

2w h
T; — /dP,

2 L ,
A Z - /dq, Er?ffj,/ —dg—q),  (0)
q

L Kr /
2”—}_181)’}), — (S(P-P), (9)

where SKf, denotes the Kronecker delta, and §(g — ¢’) is the
delta function.

The time evolution of the density operator p(t) of the total
system obeys the quantum Liouville equation

a
i P = Lup(t), (11)

where the Liouvillian £y is defined by the commutation with
the Hamiltonian as

1
Lup(t) = 7 ()] 12)

Corresponding to the decomposition in Eq. (4), Liouvillian is
decomposed as

Ly = Lo+ 8Ly, 13)

where Lo = Ly, .
We focus our attention on the time evolution of the reduced
density operator for the particle, which is defined by

(@) = Trpn[p ()], (14)

where Trpy, indicates that the trace is taken over all the phonon
modes. The phonons are assumed to be in thermal equilibrium
in the initial state represented by

1 .
P = 7 P [— Xq: hwqa;aq/kBTj|, (15)
with the partition function

Zon = [ J(1 = expl—fiw, /ks T ™. (16)
q

One can readily show that the deviation of the phonon
distribution from the thermal equilibrium is proportional to
1/L during the time evolution, so that the phonon distribution
remains in the thermal equilibrium in the limit L — oo.

We follow the time evolution of the reduced density oper-
ator in terms of a vector representation | f(¢))) in the Liouville
space. In this space, the inner product of the linear operators

A and B in the wave function space is defined by
(AIB) = Tr[A"B]. A7)

We express the reduced density operator in terms of the
Wigner representation in the momentum space of the parti-
cle [2,10] as

hk hk
Je(P 1) = ((k, P|f(1))) = <P+ 5 S OIP = 7>, (18)
where the Wigner basis is defined as
|k, P)) = |P + hk/2)(P — lik/2|. (19)

The round bracket is defined as

= L 20
|P)=\/27_[—h|l7>7 (20)

and normalized by the delta function in the limit L — oo as

(plp") =8(p—p). (21)

In this representation, the component fy(P, t) is a momentum
distribution of the particle.
The Fourier transform

X, P = %/w fi(P ) explikX1dk  (22)

is the Wigner distribution function in the “quantum phase
space” (X, P), which corresponds to the distribution function
in the classical phase space [10].

B. Complex spectral analysis

The kinetic theory in nonequilibrium statistical physics is
discussed in terms of the complex spectral representation of
the Liouville-von Neumann operator (Liouvillian). The eigen-
value problem of the Liouvillian for each correlation subspace
W is given by

£H|Fj(u))> — Z;”)IFJ»(M))), ((Fj(ﬂ)wﬁ _ ((Fjw)k;m, (23)

where the indices 1 and j specify the eigenvalue and eigen-
state. Note that the specific form of the correlation subspace
u for our model will be defined later [see above Eq. (34)].
The Liouvillian may have generally complex eigenvalues
Imz(j“ ) # 0. Hence, the left eigenstate is not a hermitian con-
jugate of the right eigenstate. The right and left eigenstates,

|F j(“ ") and ((Fj(““)|, are biorthonormal sets satisfying

STIECNE I =1. 4

WoJ

(17 [F) = 8580

The eigenvalue problem in Eq. (23) can be deformed by
Brillouin-Wigner-Feshbach projection operator method of the
effective Liouvillian [10,13,17]. For this, we introduce the
projection operator P and its compliment projection oper-
ator QW associated to the eigenstates of Ly, as

P 4 Q(M) =1, (25)
which satisfy the following relations:
EOP(H) — P(M)EO — wup(ﬂ)’ (26)
Wpw) — p) gKr
PUIPE) = pUIgKs (@7)
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QW QW) = gk (28)
"2
P — QP — (. 29)

where w,, is an eigenvalue of unperturbed Liouvillian £,.

Then, for example, operating P and Q™) respectively
from the left-hand side of the right eigenvalue equation in
Eq. (23), we get a set of equations for P(“)le(" ") and
Q(“)|Fj(“ ) ). One can solve this set of equation in a simple
algebra, and obtains an equation

(1) (n) ()] 4 (1)
w23 |0) = <)) 30)
where |¢§“))) =N ;"EPWIF_ ]-(“ )Y with a suitable normaliza-

tion constant N;"), and W (z) is the effective Liouvillian
defined as

\IJ(“)(Z) = P(”)EH”P(“) + p(u)g£V Q(”)C(“)(Z)P(“), 31)
with the creation-of-correlation operator [10] defined as
1
C(")(z) = Q(“)gﬁv'P(“). (32)

72— QWL QW
The second term of the effective Liouvillian \U(“)(z(j" )) in
Eg. (31) in the Liouville space corresponds to the self-energy
part of the Hamilton in the wave function space. The effective
Liouvillian is also known as the “collision operator” which is
the central object in the nonequilibrium statistical mechanics.
By solving the set of the right eigenstate also for the Q)
component, and combining it with the P**) component, we
obtain the right eigenstates of the total Liouvillian Ly as

|F0) = \/W(Pm) + W [p®). (33)

The left eigenstates of the total Liouvillian £ can be obtain
in the same manner.

For our specific model, we have (u) = (k,v), and the
projection operator P**) defined as

ph =3" / dPlk, P {(k, Pl ® [{v}, (IN}) ({v}, {N}I, (34)
N

where |{v}, {N})) is the orthonormal basis in the Liouville
space for the phonon state defined as

(v}, (V) = [{n); {n')) = {N+§};{N— g}» (35)

The notation {- - -} in Eq. (35) denotes a direct product of all
g modes of phonon states.

Moreover, the eigenvalue of the unperturbed Liouvillian is
given by

Using these eigenstates of the Liouvillian, one can con-
struct the irreversible kinetic equation for the nonequilibrium
system. Indeed, by using the completeness relation of Eq. (24)
and the fact that the eigenvalues of the effective Liouvillian
are equivalent to the eigenvalues of the total Liouvillian,
one can derive a kinetic equation for the P of the den-
sity matrix through the complex eigenvalue problem of the
Liouvillian [10,13,17]. Then one can see that the effective
Liouvillian reduces to the collision operator in the kinetic
equation.

For this derivation, we note that the eigenvalue problem
of the collision operator, Eq. (30), is nonlinear problem in
the sense that the eigenvalue z;.”) appears in the collision
operator.

However, in the weak-coupling case, a linear approxima-
tion of the eigenvalue problem of the collision operator can be
taken because the eigenvalue in the collision operator can be
approximated by the eigenvalue of the unperturbed Liouvil-
lian Lo. For this case, we also may expand ¥*)(z) in Eq. (31)
into a power series in the coupling parameter g [2,10,17-19].
Then, we obtain up to the second order in g as

W(M)(Zﬁ-ﬂ)) ~ \péﬂ)(wu + l0+)

— P(“)EOP(“) + gZP(“)Ev Q(M)

1

) p p(u)'
R e

(39)

Consequently, Markov kinetic equation in the weak coupling
approximation is derived as

0 pw g 0+ yp)

l§7’ lp(O) = Wy (wy 4107 )P p(0))). (40)
The detailed derivation of the kinetic equation can be found in
Refs. [10,13,17].

Since the phonon distribution does not deviate from the
thermal equilibrium in a large volume system, the density
operator of the total system is given by a direct product of
Egs. (14) and (15) as

p(t) = f(t)® py- (41)

By taking the partial trace on the equilibrium phonon distribu-
tion at Eq. (40), we obtain the kinetic equation for the reduced
distribution P®| £ (1)) as

_ 0 —
n = W, J i— 1) = Wp+1 D
e = Whp Ve (0 S POIFO) =T e+ 0OPPIFO), (42)
with
1 where
wk,ng(smg —sp_g):k—, 37
) ) n PE = /dP|k, P){k, P|, 43)
Vo = Z V. (38)
q and
—(k . . el 1 e
‘11; )(wk,p +i0T) = Trph[\llék’o)(wk,p + l0+)ppg] = wk,p'])(k) + Trpp I:gz'P(k’o)ﬁv Q(k’o)m Q(k’o)ﬁvp(k'o)ppﬁ} )
kP — Lo
(44)
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with the phonon equilibrium distribution p;'g. Note that the density operator (41) is in the (k, v = 0)-subspace since the phonon
states given by Eq. (15) have only v = 0 components in terms of Eq. (35).

By multiplying ((k, P| from the left of Eq. (42), we have

d
i feP1) = K fu(P, 1), 45)

where Kﬁf) is a matrix element of the collision operator (44) and defined as

K©sP — Py = (k. PIB (wip + 0]k, P')

= w,pS(P — P') + & (k, P Trpn |:77(k’0)£v Q0

The first term of Eq. (46) is the flow term, which comes from
the unperturbed Liouvillian £y. The second term of Eq. (46)
is the collision term, which comes from the interaction part in
the Liouvillian Ly .

III. PROPAGATION OF THE PARTICLE
IN THE HYDRODYNAMIC REGIME

A. Transport coefficients in kinetic equation

In this section, we consider the time evolution of spatially
inhomogeneous distribution function f;(P,¢). The kinetic
Eq. (45) governing the time evolution of f; (P, t) has the form
of the Boltzmann equation that consists of the flow term and
the collision term. The flow term is time-symmetric, while
the collision term breaks time-reversal symmetry. We treat
the flow term as a perturbation to the collision term in the
hydrodynamic regime where the length scale L, of the spatial
inhomogeneity is much longer than the mean-free path L. of
the particle,

Lh >> Lrel’ (47)
where
Liei = (V) Tyel, (48)

with the average velocity (v) and the relaxation time 7, of the
particle defined in Eq. (A26).

As shown in Appendix A, the spectrum (A24) of the col-
lision operator for the homogeneous system with k = 0 is
discrete. This implies that the time scale of the relaxation of
the momentum distribution to the equilibrium is much shorter

J

K® fi(P, 1)

1

o= 2 Pt }u« P (46)

(

than the time scale of relaxation of the spatial distribution to
the homogeneous distribution in the hydrodynamic regime.
As a result, the local equilibrium is established before any
appreciable change in spatial distribution occurs.

For this hydrodynamic regime, one can treat the flow term
as a perturbation to the collision term. Then, we have calcu-
lated in our previous paper [13] up to the first-order of the
perturbation expansion with respect to the flow term, and ob-
tained a kinetic equation which has the form of a macroscopic
linear wave equation

f X, Pt)_oz(P) f X, P 1), (49)

X2
where a(P) is a hydrodynamic sound velocity. It should be
emphasized that the wave Eq. (49) is for the probability distri-
bution function, and not for the wave amplitude, in spite of the
fact that we are dealing with a quantum system. This amazing
feature is a direct consequence of the dissipative effect.

Note that the sound velocity depends on the momen-
tum P. This remarkable property is a characteristic of the
one-dimensionality of the system. Due to this momentum
dependency, we have shown in Ref. [13] that a phase mix-
ing occurs in the propagation of the particle similarly to the
nonlinear dynamical system.

We now extend our previous result up to the second-order
of the perturbation expansion with respect to the flow term
in the kinetic Eq. (45). Then we will derive the convection-
diffusion Eq. (81).

We apply the usual treatment in the hydrodynamic
regime, i.e., we approximate the collision operator for the
k-component of the Wigner distribution function as

= /dP/ICfD")cS(P —P)fi(P, 1)~ fdP/wk,Pa(P —P)fi(P 1)+ / dP'KY's(P — P fi(P' 1) = (k% + /C;‘”)fk(P, 1),

(50)

where the collision term ICg)) is a difference operator, and acts on the momentum function as

K Ap 0 = ¢ 25 [aav,pls(*

h
Ep—ng — P

+g2h— a'|V|[( L

£
b Chihe wq)n(q) + 3(

+ g )@ fi(P = g, 1) + 5

Ep—ng — P

Lty ) n(q) + LI AP

Ep — Ep+ig

0, )In(@) + AP + g ).

(G
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In Eq. (51), n(g) denotes the average number of phonons
with a wave number ¢, and obeys the Bose-Einstein distribu-
tion,

1

"D = ey ke TT =17 (52)

We note that, in the classical limit # — 0, Eq. (51) becomes
the form of [dq ¢8(¢) and vanishes. Hence, the dissipation for
the weakly coupled system in 1D is purely a quantum effect.
With the approximation (50), the eigenvalue problem for
the collision operator IC;,k) reduces to the eigenvalue problem,

(K0 +i o e =oler

According to the resonance condition represented by the
delta functions in the collision operator (51), the state of the
particle can change from a state with a momentum P only to
two other states with momentum —P =+ 2mc via absorption
or emission of a phonon. This is a characteristic result due
to one-dimensionality. In two or more dimensional system,
the resonance condition in the collision operator connects all
momentum states due to the angular degrees of freedom.

Starting with a momentum Py, all the momenta which
are coupled successively through the collision operator are
enumerated by applying the following recursive formula:

Pv:l:l = _Pv + (—1)"2mc, (54)

where v is any integer. The solution of this recursive formula
with an initial value P, is given by
P,=(=1)"(Py —2vmc) (v=0,=%1,£2,...). (55)

A different choice of P in the range —mc < Py < mc gives
a different and disjoint set of momenta. Hence, due to the one-
dimensionality of the system, momentum space is separated
into an infinite number of disjoint subspaces. The components
of the distribution function f;(P,t) with momenta P in the
set (55) connected to a single Py are independent of other
components with momenta connected to any other Fy. The
full momentum dependence can be obtained by varying Py in
the range —mc < Py < mc and superposing the momentum
distribution function for every Py. Hereafter, we use P, as the
representative momentum for the discrete subset of momenta
connected to the Py, and labeled the subset with P.

Since the following condition is satisfied in the hydrody-
namic regime [see Eqgs. (48) and (A26)],

k| ~ L' < Lyl = Agap/(v), (56)

the first term of Eq. (50) (i.e., the flow term) is much smaller
than the collision term IC;,O). Therefore we can treat the flow
term as a perturbation to the collision term.

As shown in Eq. (55), the collision operator acts separately
in each irreducible subspace represented by a momentum F.
In addition, the flow term has only diagonal matrix elements
with respect to the momentum P. Therefore we can treat the
eigenvalue problem of the collision operator in each (k, Py)-
subspace consisting of a set of states |k, P,(Py))) (v is any
integer). Hence, the eigenstate q&;k)(P) can be specified by P,

and (P,) as [cf. Egs. (A8) and (A9)]

(k. Plgw)) Z@Sﬁ) (P,)S(P — P,(Py)),

Z B (PSP — Py(P)).  (5T)

(ng

The right and left eigenvectors are related by the following
relation:

S (P = [0 PO e (). (58)
where ¢} ” J(P) is an equilibrium distribution given by

—ep, [kgT
R ety
Z/,L:*OO exp[_{;‘Pﬂ/ BT]
In the hydrodynamic regime (56), the eigenvalues of the
collision operator in a (k, Py)-subspace can be obtained in
perturbation theory as

‘ppo (P )=

2_12]
+kz 2pyj

z}O)J =2zp,; + kz}%'J +- (60)

and the eigenvectors are
D (P) = b (Py) + ko () + Kol .(P) + -

Bo (P = G (Py) + k@l (P) + K@ (P + -+,
(61)

where the first terms zp;, ¢p,;;(P,) and ¢~>p0; j(P,) in these
equation are the eigenvalue and eigenvectors of the collision
operator in a (k = 0, Py) subspace given at Appendix A.

The coefficient of the k-linear term in Eq. (60) gives the
hydrodynamic sound velocity of the particle o (F), and the
coefficient of the k>-term in Eq. (60) gives the spatial decay

rate, i.e., the diffusion coefficient D(P):
o(Po)=2hly, D(P) =gk (62)

Using the perturbation theory, these transport coefficients
are given by

=, P,(P,
o () = (Gl ool = 3 ) o(R. (©)
and

D(Po)—lZ(¢Poo| ) —— <<¢PO,| ol

J#0

> PPy ’
=iy [Z °¢>po,<P>] (64)
70 Chi Lh="o0

where the momentum operator P is defined in the space
spanned by the basis vectors and satisfies

(k, P|P|k,P")) = PS(P — P). (65)

The sound velocity and the diffusion coefficient are defined
for each irreducible subset of momenta, and the momenta in a
subset are considered to share the values of the hydrodynamic
sound velocity and the diffusion coefficient as

o(P)=0(R), D)= D), (66)
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for all the integers v. Since the representative Py of the subsets
of momenta takes continuous values in the range —mc < Py <
mc, the whole of the momenta P, run continuously from —oo
to 0o. Therefore, Eqs. (66) are regarded as defining continuous
and periodic functions of momentum P.

According to Egs. (55), (59), (63), and

or0(Py) = @p(P), (67)

which is the equilibrium state belonging to the zero eigenstate
of IC;,O), the sound velocity has an explicit expression:

o P P
oo &P (=3,
O'(P(), T)Z Z 00 ( 22kBT). (68)

P
ZZOZ—OO €xXp (_ Zmé;T)

It should be emphasized that the hydrodynamic sound mode
is obtained though only the zero eigenstate of IC;O), which is
in contrast the diffusion coefficient (64).

The summations in Eq. (68) can be implemented to obtain
an analytical expression:

o(Po, T)
3 ~ 3 ~
kT 30 alam, LIT)lazﬁTo — 3oV (am, ‘IT)|O[:%(1"7071)
sme (2. 41)
(69)
where
Y &) . 72 kgT
Ph=—, dgr=exp|———5| (70)
mc 8 mc
and 93(Z, §) is an elliptic theta function defined as
o0
2
932§ =142 §" cos(2n?). (71)

n=1

Since the nth term of the infinite series in the elliptic theta
function is proportional to the n’th power of §, the elliptic
theta function converges rapidly when § < 1. Then the one in
the denominator of Eq. (69) is expressed as g7

Both of the arguments are less than 1 at arbitrary tem-
peratures except for 7 = 0. Furthermore, the higher the
temperature T, the smaller the arguments and the more rapidly
the theta functions converge.

In the temperature range 1 < kgT /mc?, the arguments sat-
isfy the following relation

0<gr<l, (72)

Therefore, the theta functions in the numerator of Eq. (69) can
be approximated by retaining the first two terms as

P3(am, Gr) = 1+ 2Gr cosam) +0(Gy),  (73)

while the theta function in the denominator of Eq. (69) can be
approximated by retaining only the first term as

P
193(70, q‘%) = 1+ 0(q}). (74)

Substituting Egs. (73) and (74) into Eq. (69), we obtain an
approximate expression for the sound velocity:

kgT 2 P,
o(Py, T) = KB {e— e sin (ﬂ) + o(q;)}‘ (75)
mc 2

nmc

1.0
0.5
< 00

b

-05
-1.0

-1.0 -05 0.0 0.5 1.0

Py

FIG. 1. Momentum dependence of the sound velocity of a hydro-
dynamic mode of the particle at temperatures 7 = 0.1 (blue solid), 1
(green dashed), 2 (yellow dash-dotted), and 10 (red dotted) in units
wherem=1,c=1,h=1,kg=1.

Equation (75) shows that the sound velocity is the largest
when Py/mc = 1 and it goes to zero at high temperatures.

In Figs. 1 and 2, we show the momentum dependence and
the temperature dependence of the sound velocity (69) for
several temperatures: kg7 /mc*> = 0.1, 1, 2, and 10, and for
several momenta: Py/m = 0.1, 0.5, and 0.9, respectively.

It can be confirmed that the sound velocity is the largest at
Py/mc =1 and it goes to zero at high temperatures as shown
in Eq. (75). Furthermore, Fig. 2 shows that the sound velocity
has relatively large values around temperature kg7 /mc* = 1.
As a result, one can readily see the momentum dependence of
the sound velocity at such a temperature.

Let us now consider the diffusion coefficient (64) ex-
pressed in terms of the nonzero eigenvalues zp,; and
corresponding right eigenvectors ¢p;.;(P,) of the collision
operator IC;,O). In this paper, we present the results obtained
by the numerical calculation for these eigenvalues and the
eigenvectors. The analytic form of the solution of the eigen-
value problem will be presented elsewhere. Here, we show
the numerical results for the momentum dependence and the

Py
0.9
-=-=--05
—-— 0.1
8 10

FIG. 2. Temperature dependence of the sound velocity of a hy-
drodynamic mode of the particle for momenta Py = 0.9 (solid), 0.5
(dashed), and 0.1 (dash-dotted) in units where m=1,c=1,h=1,
kg = 1.
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3.0
P X ] Sy e
2.0 TTf@ """
= 1
% 15 — 0.1
Q
1.0
0.5
0.0 ,
-1.0 -05 0.0 0.5 1.0

Py

FIG. 3. Momentum dependence of the diffusion coefficient of the
particle at temperatures 7 = 0.1 (blue solid), 1 (green dashed), 2
(yellow dash-dotted), and 10 (red dotted) in units where m =1, c =1,
h=1,kg=1and [Ay| = 1.

temperature dependence of the diffusion coefficient (64) in
Figs. 3 and 4.

It is found that there is a temperature domain where the
momentum dependence of the diffusion coefficient is signif-
icant (see Fig. 3). For extremely high and low temperatures,
the momentum dependence is no significant.

B. Convection-diffusion equation

In this section, we consider the time evolution of the
Wigner distribution function for the particle, and derive the
convection-diffusion equation.

Since the collision operator is defined in each disjoint sub-
space associated with a subset of momenta, the time evolution
of the distribution function is also determined for each disjoint
subspace. The time evolution of the Fourier component of
the Wigner distribution function f;(P,,t) that belongs to a
certain momentum subset represented by Py is given by the

D(P)

v
0.0! :
0 2 4 6 8 10

T

FIG. 4. Temperature dependence of the diffusion coefficient of
the quasiparticles for momenta P, = 0.9 (solid), 0.5 (dashed), and
0.1 (dash-dotted) in units where m =1,c=1,hi=1,kg = 1 and
Aol = 1.

eigenfunction expansion method as

[Pty = e g (P60 fe = 0))),  (76)
J
where

D PSPy 0). (T7)

p=-00

((hslra =0)) =

Equations (76) and (77) are the functions defined for each
value of Py. However, since P, and P, take any real number
when Py varies continuously in the domain —mc < Py < mec,
the function f;(P,t) is defined to be a continuous function
of P.

After the momentum relaxation ¢ 2 ., the system has
reached the local equilibrium,

Trel

FelP, 1) Z5 TGl PG e =) (78)

In the hydrodynamic regime (56), the function f;(P,t) is
expressed as

[Pt 2 Tp) o e PY PPN G P30 £ (e = ),
(79)

where z( ) is approximated up to the second-order of k in
Eq. (60) The Wigner distribution function for the particle
defined by Eq. (22) in the hydrodynamic regime is then given
by

X Pt 2 )

~ 2; dk ik(X—o (P)t) —kzD(P)t¢(k) (P)(<¢(k) ‘f(t — 0)»
(80)

Differentiating this expression with respect to X and 7, we
then obtain a convection-diffusion equation for ¢ > 7, with
a sound velocity o (P) and a diffusion coefficient D(P) as

ifwon Pt)
2

= —a(P)—f X, P, l‘)—i—D(P)aX2

X, P1). (81

We note that the effects of the sound velocity and the
momentum dependence of the diffusion coefficient are sig-
nificant. However, this convection-diffusion equation reduces
to the usual diffusion equation for a high temperature, since
the sound velocity is almost zero and the diffusion coefficient
reaches a constant that does not depend on momentum at a
high temperature.

IV. PHENOMENOLOGICAL DIFFUSION COEFFICIENT

In this section, we consider the phenomenological diffu-
sion coefficient D®(¢) in Eq. (1). In that expression, the
symbol (- - -); indicates to take the average over the Wigner
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distribution function fV (X, P, t) as

(g(X, P)), = /OO dx /OO dP g(X,P) f¥(X,P, 1)

/ dX/ dp, Z ¢X,P) VX, P, 1),

V=—00

(82)

where g(X, P) is an arbitrary function of X and P. The inte-
gration over P can be replaced with the integration of Py from
—mc to mc after the summation over all the discrete momenta
P, connected to each P,.

As explained in the Introduction, the phenomenological
diffusion coefficient (1) for the particle increases linearly with
time and diverges in the long-time limit. We now show that
the linear time dependence of D™(¢) can be understood using
an analytic expression for D®)(¢) in terms of the transport
coefficients in the kinetic equation, and that the divergence of
D®(t) in the long-time limit is due to the phase mixing which
arises from the momentum dependence of the sound velocity.

To show this, we first consider a special case where the
initial condition is given by a pure state associated to a wave

J

o0
— 2 k ~
[Py, t 2 Tg) = 7 oD L0 [Py X"

p=—00

Then, we approximate ¢

W)

function with the minimum uncertainty

X) = —1 % 'P/X
Yol )—[MAX)Z} exph —

where P’ is a peak position of the initial momentum distri-
bution. For this state, Eq. (83), the Fourier component of the
Wigner distribution function att = 0 is given by [see Eq. (18)]

X2

4(AX)2:|’ 83)

(e B2

_ 1 (P=P')* (AX)2 "
~ /2n(AP)? P [_ 2(AP? 2 } 9
where
AX - AP = 1/2. (35)

Substituting Eq. (84) into Eqs. (77) and (79), we obtain the
Fourier component of the Wigner distribution function for 2>
Trel AS

(P —P) _ (AX)’ kz].

200P2 2 (80)

1
V27 (AP)? P [_

1()];;)0 (P) and é;’; ;)0 (P) by the eigenfunctions in the kK = 0 subspace ¢p,.o(P) and cﬁpo;o (P), respectively, for

the hydrodynamic case with a small value of k [see Eqs. (61)], and obtain

fk(vat

o0
—{iko (Py)+k*D(P,
> ) e {iko (Py)+k*D( o)}f(p;‘)l(Pv) Z

p=—00

1
NN [_ 24P2 2

(P, —P)?

2
(AX) kz], (87)

where we have used the relations (67) and (A20). We note that is a mixed state in spite of the fact that the initial condition was a

pure state.

By performing a Fourier transform on Eq. (87), the time evolution of the Wigner distribution function for ¢ 2 7, is obtained

as

P2
exp »
fW(X,PV,l‘ 2 ( 2nkBT

Trel ) =

Y o €XP ( 2mk T

1

(P, — P')?
2(APY }

_2_: ,/271(AP)2 =P [_

(88)

X €X
V2 {(AX)? 4+ 2D(Py)1)

where P,, P, and P, are discrete momenta belonging to the
subset of momenta represented by Py.

Now we can calculate the average (- - - ); in Eq. (1). Since
the initial spatial distribution is given as a Gaussian, one
can integrate over X by using the formula for the Gaussian
integral. After the integration over X, the phenomenolog-
ical diffusion coefficient (1) can be expressed as Eq. (2)
(see Appendix B for a derivation). The explicit form of
the averages (---)eq in Eq. (2) are given by Egs. (B15)
and (B16).

Furthermore, in this specific system, the averages (- - - )eq
of the transport coefficients are equal to the averages
of them over the initial Wigner distribution function,

X —aR))?
P [ 2{(AX)2+2D<Po>r}]’

(

such as

(D(P))eq = (D(P))i=0, (0(P)eq = (0(P))i=0.  (89)

The reason that Eqs. (89) satisfy is as follows: Relaxation
of momentum distribution occurs only among the momenta
in each subset, and hence the sum of the momentum distri-
bution probability within each subspace is conserved during
the momentum equilibration. Besides, values of the transport
coefficients o (Py) and D(Py) are shared by the momenta in
the subset connected to the momentum P, via the collision
operator. Therefore, the average of the transport coefficients in
each momentum subspace is conserved during the momentum
equilibration.
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(a) (b)

(X, Pt) Y(X,Pt)

0.2 0.2

100 5

100 ‘5

(c)

fY(X,P,t)
0.2

0.1

100 ‘5

FIG. 5. Time evolution of the Wigner distribution function for the particle at 7 = 1 with AX = 3 and P’ = 0.5 in units where m=1,c =1,
h=1,kg = 1and |Ay| = 1. Each figure shows the distribution at local equilibrium at (a) r = fy =~ T, (b) t — fp = 50, and (¢) r — 1, = 100.

For more general initial condition, one can obtain D™(t) as
Eq. (2) with a time-independent extra term which comes from
the deviation of the initial distribution from Gaussian. The
proof is given in Appendix C, where we use the theorem that
any square integrable function can be approximated with arbi-
trary precision by the linear combination of Gaussian [20,21].

The expression Eq. (2) shows that the phenomenological
diffusion coefficient (1) consists of the two parts: the first term
is due to the diffusion process and the second term is due to
the phase mixing. The diffusion process is an irreversible pro-
cess associated with entropy production. On the other hand,
the phase mixing is a reversible process in which the wave
packet spreads along the spatial direction in the phase space
because of the difference of the sound velocity according to
momentum. Therefore, the spreading of the spacial distribu-
tion occurs owing to completely different two mechanisms.
The divergence of the phenomenological diffusion coefficient
(1) is ascribed to the phase mixing.

In Fig. 5 is shown the time evolution of the Wigner distri-
bution function (88) for ¢t > 7. The distribution in Fig. 5(a)
has side peaks at P/mc = 1.5 and P_;/mc = —2.5 besides
the main peak at Py/mc = P'/mc = 0.5. This is because the

(a) , (b)
(X, Pt)

0.2

LA BSOS Y

particle can make transitions only within the momentum sub-
set (55) connected to the initial momenta.

After the equilibrium state for the momentum is estab-
lished, the components of the Wigner distribution function at
momenta (55) connecting to a Py move with the same velocity
o (Py). Moreover, for those momenta the variance along the
X-axis increases at the same rate of the diffusion coefficient
D(P).

In Fig. 6, we show the components of the Wigner distri-
bution function at the momenta connecting to a Py/mc = 0.5
and their projection onto the plane perpendicular to the P-axis.
Those figures illustrate the fact that these momenta belonging
to the same momentum subset share the same hydrodynamic
sound velocity and the same diffusion coefficient.

We show in Fig. 7 the cross sections of the components
of the Wigner distribution function at momenta belonging to
different momentum subset. One can see that the diffusion
processes broaden the variances of each cross sections with
rates of the different diffusion coefficients. In addition, the
difference between the peak positions of each cross sections
increases with time since these cross sections of compo-
nents of the Wigner distribution function move with different

20 P P P
100 5 100 5 100 5
0.2 0.2 0.2
0.1 0.1 ~ 0.1
0 0 50 100 0 0 50 100 0 0 50 100
X x X

FIG. 6. Cross sections of the Wigner distribution function for the particle shown in Fig. 5 at momenta in a subset represented by Py, = 0.5
at(a)t =ty =~ Ty, (b) t — tp = 50, and (c) t — 1ty = 100 in units where m = 1,c = 1,h=1,kg = 1 and |A,| = 1. Each section moves with a
same velocity o (Py = 0.5). The variances along X -axis increase at a same rate of a diffusion coefficient D(Py = 0.5).
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FIG. 7. Cross sections of the Wigner distribution function for the particle shown in Fig. 5 at P = 0.3 (dash-dotted) and P = 0.5 (dashed)
which belong to different momentum subspaces. Each figure shows the cross section of the distribution at (a) t = #y = T, and (b) t — o = 50.

Theunitsm =1,c=1,h=1,kg = 1 and |A,| = 1 are used.

sound velocities associated with the different value of the
momentum.

Hence, if we observe the spatial distribution of the particle
defined by

[e.¢]
fx.n= / X, P.)dP, (90)
then this function spreads in time not only due to the diffusion
processes but also due to the effect of the phase mixing.

V. CONCLUSIONS

We have shown that a hydrodynamic mode emerges in
relaxation processes of an particle weakly coupled with a
thermal phonon field in a 1D molecular chain. We obtained the
hydrodynamic mode in the formalism of the complex spectral
analysis of the Liouvillian by treating the flow term in the
effective Liouvillian as a perturbation to the collision term.
The mode is featured by a sound velocity and a diffusion
coefficient, both of which depend on the momentum of the
particle. As a result, hydrodynamic sound wave propagation
and diffusive relaxation coexist, and the time evolution of the
Wigner function of the particle obeys the convection-diffusion
equation. Phase mixing due to the momentum dependence of
the sound velocity leads to anomalous diffusion in the sense
that the increase rate of the mean-square displacement of
the particle increases linearly with time and diverges in the
long-time limit as Eq. (2).

One-dimensionality is crucial in giving the system with the
properties mentioned above. From constraints on the collision
processes in 1D represented by the resonance condition, it
follows that the momentum space separates into infinite sets
of disjoint subspaces dynamically independent of one another.
Consequently, momentum relaxation occurs only within each
subspace toward the Maxwell distribution constrained within
the subspace. Thus, the transport coefficients are defined in
each irreducible subspace, and in this sense the sound velocity
and the diffusion coefficient are momentum-dependent. As
a result, although the phenomenological diffusion coefficient
defined by Eq. (1) diverges in the long-time limit, the diffusion
coefficient as the transport coefficient in the kinetic equation
is well-defined.

Moreover, a novel mechanism is responsible for the nonva-
nishing of the hydrodynamic sound velocity in our 1D system.

As is well known, in classical gas systems, the degeneracy
of the collisional invariants associated with the zero eigen-
modes of the collision operator is lifted by the flow term in
the inhomogeneous kinetic equation resulting in macroscopic
hydrodynamic modes such as a sound wave mode and a dif-
fusion mode in the hydrodynamic regime [11,22]. However,
the appearance of the hydrodynamic mode with nonvanishing
sound velocity in our 1D system is not due to a degeneracy, but
due to a property that equilibration of momentum distribution
occurs separately in each subset of momenta. The momentum
distribution function on one of the subsets, in general, is
neither even nor odd, because only one of P and —P is in
the subset, while the velocity of the particle P/m is an odd
function of the momentum. Thus, the sound velocity, which
is given by the average of the velocity of the particle over the
equilibrium momentum distribution on a subset of momenta
[see Eq. (68)], is nonvanishing in our 1D system.

When it comes to systems in more than one dimensions,
the separation of momenta into subsets does not occur because
of the angular degrees of freedom in collision processes [see
above Eq. (54)]. As aresult, the equilibrium momentum distri-
bution function is an even function. Hence, the sound velocity
vanishes for systems in more than one dimensions.

In this paper, we used the dispersion relation of a free
particle with an effective mass for the particle and that of
a linear form for phonons. As a result, the particle and the
phonons have infinite bandwidth. Therefore, there is always a
resonance between the particle and the phonons. However, if
the periodicity of the underlying lattice is taken into account
and a cosine function and a sine function are used for the
dispersion relations of the particle and the acoustic phonons
respectively, the particle and the phonons have finite band-
width. Hence, there are two cases: one where there exists
a resonance between the particle and the phonons because
the particle bandwidth is larger than the phonon bandwidth,
and the other where there is no resonance between them
because the particle bandwidth is smaller than the phonon
bandwidth.

In the case where the resonance exists between the par-
ticle and the phonon with the periodic dispersion relations,
we found [23] that the momentum space is separated into
subspaces in the momentum relaxation process in the same
way as we have shown in the present paper for the long-
wavelength case. Therefore, even in the case of the periodic
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dispersion relations, if the resonance exists, phase mixing
leads to anomalous diffusion in 1D system.

On the other hand, in the case of no resonance, the mo-
mentum relaxation process does not occur since the particle
cannot change its momentum through absorption or emission
of a phonon. Thus, anomalous diffusion as shown in this paper
does not take place. Nevertheless, even in the case of no
resonance, the phenomenological diffusion coefficient defined
by Eq. (1) has a linear term with respect to time and diverges
in the long-time limit. In this situation, the time-dependence of
the phenomenological diffusion coefficient comes from phase
mixing in free-particle like motion possibly with renormaliza-
tion of the mass (polaron effect). This is because resonance
with phonons is not effective for the particle with narrow
energy bandwidth and no dissipation exists. Therefore, there
exists no diffusion coefficient as the transport coefficient in the
kinetic equation in this situation. Hence, this is not anomalous
diffusion although the phenomenological diffusion coefficient
linearly increases with time.

Indeed, some authors [7,24,25] have pointed out the linear
time-dependence of the phenomenological diffusion coeffi-
cient (1) in the second case where the resonance is not
effective because of the narrow bandwidth of the parti-
cle. Especially, Pouthier [7] has shown it in the Davydov
Hamiltonian.

We emphasize that although the phenomenological diffu-
sion coefficient linearly increases with time due to the effect
of the phase mixing in both of the cases, i.e., the case where
the resonance exists and the case of no resonance, the phys-
ical backgrounds are completely different. In the presence of
resonance, phase mixing results from the appearance of quan-
tum hydrodynamic sound mode in which dissipation plays
an essential role. On the other hand, in the absence of reso-
nance, phase mixing is caused by free particle motion with no
dissipation. Furthermore, we note that phase mixing in free
particle motion may occur also in higher spatial dimensions,
in contrast to the fact that phase mixing due to the momentum-
dependent sound velocity of the hydrodynamic mode appears
only in 1D, as we have discussed in the present paper.
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APPENDIX A: RELAXATION MODES OF THE
MOMENTUM DISTRIBUTION FUNCTION

In this Appendix, we summarize the time evolution of the

momentum distribution function of the particle given by

Jo(P,1) = (0, P|f (1)) = (PIf(®)IP), (AD)

presented in our previous papers [26,27] for the weak-
coupling case. For details, refer to these papers.

The kinetic equation for the momentum distribution func-
tion of the particle is written as

i%P“”If(t)» =TVOHPOF@). (A2

where the collision operator W;O)(iOJF) is defined by Eq. (44).
The notation P® in Eq. (A2) denotes the projection operator
to the space spanned by the diagonal elements of the parti-
cle density matrix with respect to the momentum states, and
defined as

PO = /dP|O, P) (0, P|. (A3)

By multiplying ({0, P| from the left of Eq. (A2), we obtain

d
i fo(P 1) = KS fo(P, 1), (A4)

where IC;,O) is a difference operator given as Eq. (51).

Taking into account the consequences of the resonance
condition in the collision operator (51), the kinetic Eq. (A4)
reduces to a difference equation, which can be written in a
standard form of Markov master equation with gain and loss
terms as

a
igfo(f’,t)z Z {Kpp fo(P', 1) — Kp pfo(P, 1)}, (AS)

P'=—P+2mc

where the sum on the right-hand side is the sum of the two
cases, P = —P 4+ 2mc and P’ = —P — 2mc, and the transi-
tion probabilities Kp p /i are given by

_gm|Ao]? 1

—iKpp = . (A6)
B W ome lexpl(ep — ep)/keT] — 1|

Now, we consider the eigenvalue problem of the collision
operator,
0
K9 (P) = 2;¢,(P). (A7)
The collision operator IC;E]) is non-Hermitian operator. Thus,
we have to consider the so-called right and left eigenvalue
problem of the collision operator respectively. Since their
eigenvalue equations consist of components with discrete
momenta related to a Py, the right and left eigenvectors are
expressed with the discrete set of momenta (55) as

(0, Plgr:i) = Y bni (PSP — Pu(Py)), (A3)

(Brjl0. P) = dpsj (PSP — Py(Py)), (A9)

where the expression P, (Py) indicates that P, is connected as
Eq. (55) to a particular Py.We also introduce a representation
of the eigenvectors |¢;))p, and p, (¢ | as vectors with compo-
nents on a discrete set of momenta (55),

A0, Poldihp, = ¢pyi(P), (A10)

R (B710, P.)p, = pyii(Py), (AL1)
with the basis vectors |0, P,))p, and p, (0, P, | satisfying

n {0, P10, P,)p, = 8K",. (A12)
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The right-eigenvalue equation among the components ¢p,.;(P, ) can be written as a set of equations,

_(Kv+1,v + val,v)quo;j(Pv) + Kv,vfld)Po;j(Pvfl) + Kv,v+l¢Po;j(Pv+l) = ZPo;jquo;j(Pv)’

where v =0, +1, £2, ..., and K, , = Kp p,. The component ¢p,;;(P,) is the jth right eigenvector on the set of momenta P,
with a fixed Fy. It is clear that the eigenvalues depend on P, since the eigenvalue equations are determined for each momentum
subspace connected to Py. Similarly, the left eigenvalue equation among the components ¢p,.;(P,) of the jth left eigenvector can

(A13)

be written as

Bpy j (POA—=(Kyi1.0 + K1)} + @py i (Po— DKy vt + Bpy j(Por 1)Ko vt = 28,:Bpy:j (P)-

The left and right eigenvector satisfy following relation,

Brii (P) = [02P)] ™ b (P,

where ¢! (P) is given by Eq. (59)

The relationship (A15) can be easily proved with
Eqgs. (A13) and (A14) by using the fact that the following
detailed balance condition is satisfied:

(A15)

KPP/(peq(P,) = Kp/p(peq(P). (A16)

Keeping the relation (ANI 5), the right eigenvectors ¢p,;; (P,)
and the left eigenvectors ¢p,.;(P,) can be made to satisfy the
bi-orthonormality and bicompleteness relations,

Z Bryij (P)pyj (P) = 8%,

(A17)
> Brei(BGR(P) = 8, (A18)

In particular, the right and left eigenvectors with zero eigen-
value are

Pr0(Py) = ¢! (P) (A19)
and
Pr0(Py) =1, (A20)
respectively. Note that
o0 00
Z dro(Py) = Z ¢§§(Pv) =1 (A21)
V=-00 V=—00
see Eq. (59).

It can be shown that the collision operator (51) is anti-
Hermitian with respect to an inner product weighted by
[@p (P, )]~!. For this point see Ref. [28]. Hence, the eigenval-
ues of the collision operator (51) are pure imaginary. Thus, we
rewrite the eigenvalues of the collision operator in Eq. (A7) as

2pyj = ihpyjs (A22)
where Ap.; € R.

We solved the eigenvalue problem of the collision operator,
Eq. (A7), by numerical diagonalization and continued fraction
method. For the detailed treatments see Refs. [26,27].

The spectrum of IC;,O) is obtained for each Py as described
under Eq. (A13). In Fig. 8, we display the spectrum of IC;O)
for several temperatures, where Py/mc = 0.5. It is found that
the spectrum of IC;,O) is discrete and that the spectrum has an

(A14)
(
accumulation point A, given by
A 2
Ao = _g2;721|_0|’ (A23)
e pyc

i.e., infinitely many eigenvalues exist in an arbitrarily small
neighborhood of A,. Thus, we can label the eigenvalues with

all the integers in the following way:
)LPU;O =0> )\.PU;I > )\.PO;Z > ... > Ao >

> )"PO;—Z > )"Po;—l > —0OQ. (A24)

>)“Po;j>”.

'>)"P0§—j>.'.

The eigenvalues labeled with j > O are the ones which are
larger than A, the eigenvalues labeled with j < O are the
ones which are less than Ao, and lim;_, 1 oAp):j = Aco.

In Fig. 9, we display the momentum dependence of the
spectrum of IC(O), where kgT'/ mc? = 1. The vertical axis is the
eigenvalues measured in units of |1 |, and the horizontal axis
is Py/mc. There is a zero eigenvalue of the spectrum at each
Py. In other words, the collision operators on each momentum
subset Py have a collisional invariant. Therefore, the zero
eigenvalues of the collision operator IC,(,O) are infinitely degen-
erate. Moreover, it is found that the spectrum of the collision
operator for the momentum distribution function has a finite
gap between zero eigenvalues and the nonzero eigenvalues for
any momentum Py,

Agap = Apyo — Apy1 = —Ap # 0. (A25)
T=0.1 1 2 10

Ap,; 00

-05 _

-1.0 —
-1.5
-2.0
-25

FIG. 8. The spectrum of IC;,O) for the temperatures, 7 =0.1,
1,2,and, 10, and Py = 0.5 in units wherem=1,c=1,h=1,kg =1
and |Ae| = 1.
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0.0
-0.5
= 1.0 | e—
-1.5
-2.0

>‘Po;j

-2.5

-3.0
-1.0 -0.5 0.0 0.5 1.0

Py

FIG. 9. Momentum dependence of the spectrum of IC;E» when
T = 1. The vertical axis is the eigenvalues and the horizontal axis
isPyinunitsof m=1,c=1,h=1,kg = 1and [A| = 1.

This fact implies that there exists a definite time scale, i.e., the
relaxation time,
Trel = 1/Agep = finite, (A26)

in momentum relaxation process. Hence, the local equilibrium
situation can be realized in this model.

APPENDIX B: DERIVATION OF THE
PHENOMENOLOGICAL DIFFUSION COEFFICIENT
WITH GAUSSIAN INITIAL CONDITION

In this section, we derive Eq. (2) in case where the initial
condition is given by a wave function with the minimum
uncertainty.

We rewrite the Wigner distribution function (88) as

VX, Py 1) = @pl(Py)gR (X, 1), (BI)

where (pP 1(P,) is defined in Eq. (59), and

with
(P.(Py) — P')?

2(AP) } (B3)

a(Py) = Z [
Pl V2 (AP (AP)2
and
1

V2 {(AX)? 4+ 2D(Py)t}

X — o (P)Y? (
e [_2{(AX)2 n 2D<Po)r}}' .

The function a(Fy) is a sum of distribution probabilities of the
initial momentum distribution within a momentum subspace
represented by Py. Furthermore, G(X, Py, t = 0) is the initial
spatial distribution function given as a Gaussian.

Since the momentum state can transition only within each
subspace due to the resonance condition in 1D, the sum of
the distribution probabilities within each momentum subspace
(B3) is conserved during momentum equilibration. There-
fore, the distribution along P direction after establishing local
equilibrium in phase space is expressed as the product of
the weighting factor and momentum equilibrium distribution:
a(R)¢ R (P,).

The phenomenological diffusion coefficient (1) can be
written down in two terms as

1 d
DY(t) = {<X2>, - (X7} (BS)

By the definition of the average [see Eq. (82)], the first and
second term of Eq. (B5) can be calculated respectively as

GX, k1) =

) —/ dPy Z a(Po)gopo(P )/ dX X*G(X, Py, 1),

mc 2
(X)? = {/ dPOZ a(Po)gy (P, )/ dX XG(X, Po,t)} :
(B7)

One can easily integrate over X in both Egs. (B6) and (B7)

grnX,t) =a(Py)GX, Py, t), (B2) by Gaussian integral and obtains
|
(X?), = f Py Z a(Py)¢p (PO(AX ) +2D(Py)t + (o (Po)r)’), (B8)
e mc 0 2
(X)? = { / dPy Y a(Po)gp (P, )a(Pg)t} : (BY)

Substituting Eqs. (B8) and (B9) into Eq. (B5), we obtain D™ (¢) as a linear function of time:

o0

DX (1) = / LdPO 3" alPo)ei(P)D(Py)

V=—00

(o]

. 2
+r{ | an 3 aaeoteeor - [ [ an 3 avodien )a(P@} }

V=—00

o0

(B10)

V=—00
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Since the initial spatial distribution is given by the Gaussian, the equation

a(Py) = /

oo

dX gp(X,1),

(B11)

holds. Substituting Eq. (B11) into each terms in Eq. (B10), one can obtain the form of the average defined in Eq. (82) as

DY) = / dx / dPO D(Po)fW(X,PU,t)

V=—00

-H[/ ax [ am S [ (ROl Y (X, Pt~

mc Y=—00

Therefore, we get

(o) ].

Then, we can integrate over X in the averages in Eq. (B13)
and obtain

DY(t) = (D(P)); + t[(c*(P)), — (B13)

DW(t) = (D(P)eg + t[ (02 (P))eg — (o (P2, ]
=D +1{(0(P) = &) )eq. (B14)
where
= (D(P))ey = / Py Y aPe(POD(Ry), (BIS)
& = (0(P))eg = / dPy > a(Po)gi(P,)o (By). (BL6)

Let us prove that Eq. (89) is satisfied. Using the relation
(A21), Eq. (B15) can be reduced as

mc

(D(P))eq = / dPy a(Py)D(Py). (B17)

Substituting Eq. (B3) into Eq. (B17), we get

m

(D(P))eg = f an 3
e M_foo,/27r(AP)2

(Pu(Py) = P')’

2(AP)? :|D(P0). (B18)

X exp [—

Replacing the integration over Py and the summation over all
the discrete momentum P, with an integration over P, we
obtain

(D(P))eq = f

= (D(P))=

_ P/)Z

1 (P
——— |D(P
w/—zn(mz e"p[ 2<AP>2} *)

(B19)

Similarly, one can get the averages of the hydrodynamic
sound velocity as

(0 (P))eg = f

= (0(P))i=

1 (P—P)
w/—zn(mz P [_ 2(aP) }’(P)

(B20)

0 2
[/ dX/ dPy » o(Po)fW(X,PU,t):| } (B12)

V=—00

APPENDIX C: PHENOMENOLOGICAL DIFFUSION
COEFFICIENT IN ARBITRARY INITIAL CONDITION

In this section, we show that the phenomenological diffu-
sion coefficient D™ (¢) defined as Eq. (1) increases linearly
with time in a case where the initial condition is given as
arbitrary square integrable function. To prove this we use a
theorem shown by Calcaterra ([20,21], Theorem 1). Here, we
introduce the theorem.

Definition. L*(R) denotes the space of square integrable
functions f: R — R with norm

I1£112 E‘//RIf(X)Ide.

Relation f A g means IIf—gll <e.

Theoreml. For any f € L*>(R) and any € > O there exists
s > 0, N € Nand g, € R such that

N
(v 2
R E e
€
n=0

Calcaterra gives one choice of coefficients as

1 (=1
an—ﬁ o

k
Z(k R fy 0 g
e

We obtained the formal solution of Fourier component of
the Wigner function belonging to a certain momentum sub-
space Py fort 2 1. as [see Eq. (78)]

FilPost 2 ) = ' g ()

x Z G0 P fi(Purt =0).  (C2)

U=—00

We can approximate Eq. (C2) in the hydrodynamic regime as
mentioned at Eqs. (79) and (87),

JelPost 2 ) 2 &0 EDRN AP,

X ka(

p=—00

Pt =0). (C3)

Equation (C3) is the formal solution of Fourier component
of the Wigner distribution function after establishing local
equilibrium in the hydrodynamic regime. We define the factor
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dependent on the initial distribution as

We (k)= Y fi(Pu(Py), 1 =0). (C4)

pH=—00

The factor Wp, (k) is the function defined for each value of F.
By performing a Fourier transform on Eq. (C3), we obtain
the formal solution of the Wigner distribution function as

Y X Pt 2 Te) = 0 (P)gr (X, 1), (C5)

where

[o.¢]
gn(X.1) = — f dk "X e=tko W o=KDBIW, (). (C6)
21 J_o

Equation (C5) shows that the Wigner distribution function
in a certain momentum subspace Py can be written in the
form of the product of the momentum equilibrium distribution
@p!(P,) and the spatial distribution (C6).

Putting # = 0 in Eq. (C6), we get the initial spatial distri-
bution function defined for each value of P, as

oo
gp,(X,0) = < / dk ™ Wp, (k). (C7)
27 J_o

Here, we use Theorem 1. According to Theorem 1, any square
integrable function can be approximated with arbitrary pre-
cision by the linear combination of Gaussians with a single
variance. If we assume gp, (X, 0) as square integrable function,
then it can be expanded as [cf. Eq. (B2)]

N
1 X >
X0~ Y ———a,(P)e s, (C8)
& : ; Vamax
where AX is a constant with a unit of length, and
apy = EV i (vV2AX)
T (k=)o)

00 X2 dk X2
X /; gr, (X, 0)e w2ax? kae(ﬁAX)Z dX. (C9)

oo

By inverse transformation of Eq. (C7), we obtain
N 2
AX
Wp, (k) = § an(Py) exp [—%kz — iﬁAank].

n=0
(C10)

Substituting Eq. (C10) into Eq. (C6) and integrating over k,
we get spatial distribution function in a certain momentum
subspace Py as

1

N
gn (X, 1) =Y a,(Py)

= V27 ((AX)? + 2D(Po)t)
_ _ 2

< oxp [_(X o (Pt — v2AXns) } ©1D
2{(AX)* 4+ 2D(Py)t}

We note that gp, (X, t) is represented by a single term in the
case where the initial distribution is given by one Gaussian as
shown in Eq. (B2).

Now we can calculate the phenomenological diffusion co-
efficient (1) with Egs. (C5) and (C11). Since we got the spatial
distribution gp, (X, t) as the linear combination of Gaussians,
we can integrate over X by Gaussian integral. After sim-
ple calculation, the phenomenological diffusion coefficient
D™(t) in a general case is finally expressed as

D(x)(t) =D+t <(0'(P) - 6)2>eq

+((X = (X)=0)(@ (P) = &)),_q»

where the notation (- - - );—¢ indicates to take average over the
initial Wigner distribution function. Note that

(X)Z:O 7é <X>eq-

The averages of transport coefficients in Eq. (C12) are ex-
pressed as [cf. Eq. (B17)]

(C12)

(C13)

N me
D = (D(P))eq = Z/ dPy a,(Po)D(F), (C14)
n=0 ¥ ~M¢

N mc
==Y [ dmaimer.  c13)
n=0 v/ —me

Equation (C12) shows that DW(¢) increases linearly with
time and diverges in the long-time limit. The third term in the
right-hand side of Eq. (C12) comes from the deviation of the
initial distribution from Gaussian distribution. The third term
vanishes in cases where the initial spatial distribution is given
by one Gaussian distribution since the term is an integral of
an odd function of X in those cases. Under that condition,
Eq. (C12) therefore reduces to Eq. (B13).
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