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We study nonequilibrium properties of a one-dimensional harmonic chain to whose ends indepen-
dent heat baths are attached which are kept at different temperatures. Using the quantum Langevin
equation approach, we determine the stationary nonequilibrium state for arbitrary temperatures
and coupling strength to the heat baths. This allows us to discuss several typical nonequilibrium
properties. We find that the heat flux through the chain is finite as the length of the chain goes to
infinity, i.e., we recover the well-known fact that the lattice thermal conductivity of the perfect har-
monic chain is infinite. In the quantal case, the heat flux j,, is reduced compared with its classical
value jj, jom < (T/®p)*j, where T is the average temperature of the heat baths, and where @), is
the Debye temperature of the chain. Furthermore, we investigate the variance of the displacement
operators and the temperature profile along the chain. In accordance with the infinite thermal con-
ductivity we find a vanishing temperature gradient in the chain except in boundary layers at its

ends.

I. INTRODUCTION

In the preceding paper, ! henceforth referred to as I, we
studied a large quantum-mechanical perfect harmonic
chain to whose ends independent heat baths are attached.
These heat baths induce fluctuations and dissipation in
the chain. In the general case in which the heat baths are
at different temperatures, in I, we set up the quantum
Langevin equations’ for the operators x,(t), p,(t),
n=12,...,N, of the displacement and conjugate
momentum operators, respectively, of all particles of the
chain. Choosing fixed boundary conditions, we showed
that an arbitrary initial state decays towards a uniquely
determined stationary state. Because then the chain set-
tles down in a Gaussian state, the thermal properties of
the chain are determined by its second moments {x,x,, ),
{(x,pm ), etc. In I, we specified then the heat baths being
at equal temperatures so that the chain approaches
thermal equilibrium. We found that in the classical case,
the properties of the chain are independent of the cou-
pling strength between the heat baths and chain whereas
in the quantal case this is only true outside boundary lay-
ers of thickness a®p /(27 T) at both ends of the chain,
where a is the lattice constant, T is the temperature of the
heat baths, and ®, is the Debye temperature of the
chain. In the weak-coupling limit, we recovered the stan-
dard expressions obtained from the Gibbs state of the free
chain. In this paper, we investigate the stationary none-
quilibrium state that the chain approaches if the heat
baths are at different temperatures 3,78y .

Thermal properties of a classical perfect harmonic
chain were investigated in detail by Rieder, Lebowitz,
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and Lieb.? They found that the heat flux is proportional
to the temperature difference T';, — Ty and not to the tem-
perature gradient (T, —Ty)/N, as required by Fourier’s
law of heat conduction. A simple argument due to
Peierls, shows that the infinite thermal conductivity is
common to all systems in which momentum destroying
Umklapp processes are absent. *

In the classical and quantal case, nonequilibrium prop-
erties of one-dimensional harmonic chains were investi-
gated in other models as well. In the approach put for-
ward by Visscher and co-workers® heat baths are at-
tached not only at the ends of the chain but to all parti-
cles along the chain. The temperatures of these heat
baths are determined by the requirement that in the sta-
tionary state, no heat flows between each particle and its
heat bath. The action of these self-consistent heat baths
maintain a constant finite temperature gradient in the
middle of the chain which leads to a finite thermal con-
ductivity.

A somewhat related quantum chain was studied by
Davies.® Here, heat baths are attached only to the parti-
cles at the ends. The coupling between the chain and
heat baths is made of the same order of magnitude as the
coupling between neighboring particles, and then the
weak-coupling limit is considered. The chain is made
nonsuperconducting by coupling neighboring particles
not directly but via intermediate phase destroying virtual
particles.

Bafaluy and Rubi’ investigated still another model
studied first by Rubin and Greer,® who, however, were
primarily interested in chains with impurities; see Sec. VI
for a brief discussion. In these models, at an initial time
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t=0, one divides the infinite chain into two disconnected
parts with one part kept at temperature T while the other
part is kept at zero temperature. Then, one connects the
two parts, and lets the chain evolve freely in time. As
time goes to infinity, the chain approaches a stationary
state in which the particles at the far left and right from
the middle of the chain make up two heat baths at
different temperatures. The remaining part of the middle
is in a nonequilibrium state. In the classical and quantal
case, Bafaluy and Rubi derived exact expressions for the
heat flux.

In one dimension, a chain with two heat baths attached
to its ends is closest to an idealized experiment which
measures the thermal conductivity of bulk materials.
Though the perfect harmonic chain is superconducting,
studying the model of Rieder, Lebowitz, and Lieb in its
quantal version, we gain interesting insights into non-
equilibrium properties of large quantum systems.

This paper is organized as follows. In Sec. II, the sta-
tionary nonequilibrium covariance matrix is constructed
and general properties of it are discussed. More
specifically, in Sec. III, the heat flux is determined. The
absence of long-range order is demonstrated in Sec. IV by
means of the mean square of the difference of displace-
ment operators {(x, —x;)*). In Sec. V, the temperature
profile along the chain is discussed. Finally, Sec. VI pro-
vides a summary.

II. NONEQUILIBRIUM COVARIANCE MATRIX

Because the equations of motion of the particles of the
harmonic chain are linear and the fluctuating forces
Gaussian, cf. Egs. (2.8)-(2.10) of paper I [abbreviated (I-
2.8)-(I-2.10)], the stationary state of the chain is Gauss-
ian too. The rnatrix of equal time correlation functions
(xp()x,(2)), {x,()p;(1)), etc., the so-called covariance
matrix, obeys a lmear first-order differential equation
whose form is the same in the classical and quantal case;
cf. Eq. (I-3.5). It turns out that the covariance matrix has
a time-independent imaginary part which is determined
by the equal time commutators [x,(¢),p,(t)]=i#8,;. We
shall always split off this trivial contribution. The
remaining real part of the covariance matrix B(t) is
symmetrical and defined by

<xk(t)x[(t)) ({xk(t),pl(t)})

BIO= 1 (pn,x, (0] {pop(0)) |

(2.1)

where {{x,(t),p,(¢)}) denotes the symmetrized mean
Lx (Op () +py(0)x, (2 t)), and where, for example, the
term {x,(t)x,(z)) represents an N XN matrix with the
corresponding elements. The relaxation of an initial state
towards the stationary state is completely determined by
the 2N X 2N relaxation matrix 4, cf. Eq. (I-2.15),

0

A= | 2.2
4% g v , 2.2)

1
r

where 0 and 1 are the zero and unit N X N matrix, respec-
tively, and where g and r are given by, cf. Egs. (I-2.16a)
and (I-2.16b),
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(8 =084 1+1,1 T28y =8k 11 > (2.3a)
(-':)klzskl(slk +8Nk) . (2.3b)

We recall from I that we measure time in units of the
universe of the half Debye frequency and lengths in units
of the lattice constant. Correspondingly, the heat baths
are characterized by three dimensionless parameters v, #,
and #B3; cf. Egs. (I-2.12) and (I-2.13). Further, we set
kp=1so that T =B ! is the dimensionless temperature.

Because the relaxation matrix does not depend on the
state of the heat baths, an initial state relaxes towards a
nonequilibrium state according to the same law as to-
wards an equilibrium situation. In any case, the station-
ary covariance matrix is the unique solution of the inho-
mogeneous matrix equation

A-B+B-A'=D , (2.4)

where the diffusion matrix carries the information about
the state of the heat baths via the temperatures B, and
By. It is symmetrical in accordance with the self-
transposedness of B.

In (I-3.21), we decomposed the diffusion matrix into
two parts transforming evenly and oddly under the ex-
change of the heat baths 5,8y,

D=D .+D _, 2.5
where
N
D,=13 [D'?P(m,B)+D"?(m,By)IS (m)
m=1
N
+3 X [D*(m,B))+D*(m,By)]S (m), (2.6a)
m=1
N
D_=1 2 [D'?P(m,B,)—D'PP(m,Bx)1T {(m)
N
+1 3 [D*(m,B))—DP(m,By)]T ,(m) (2.6b)
m=1
Here, the quantities D' ?"(m,B), D*(m,8), m =1,2, .. .,
are given by, cf. Egs. (I-B8) and (I-B9a)—(I-B9c),
D' PmBr=y | L5, +% 3 7 (iv,)
/3 B n=1
2 &,
- = m+10iv,)
B ngl)(l, +1
2 iyo (iv)) |, m=1,2
B o) I,m—1 n ’ tats ’
(2.7a)
# #i
Xp, —_ i
1,B) ﬂ_ln . Qp |, 2.7b)
~0 .
202 Xim(ivy)
D*(m,B Y= V, — , m=2,3, ,
B n§1 l+’}/VnX?1(lV")
2.7¢)
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where v, =2mn /(#B), ¥, (w) is the dynamic susceptibil-
ity of the undamped harmonic chain, cf. Eq. (I-2.7), and
Qp, is an upper cutoff on the frequency distribution of the
heat baths. Furthermore, the matrices S ;(m), i =1,2,
are given by Egs. (I-3.22) and (I-3.23), and T ;(m), i=1,2,
by Egs. (I-3.24) and (I-3.25).

Accordingly, there are two distinct contributions to
the covariance matrix: the average thermal equilibrium
state and the deviation thereof,

B=B , +B _, (2.8)
where B | and B _ are the respective solutions of

AB ,+B  -A'=D . , (2.9a)

AB_+B _-A'=D _ (2.9b)

It is our next aim to solve Egs. (2.9a) and (2.9b) for B |
and B _. The reader who is not interested in technical
details of the construction of the solution may skip the
following paragraphs and may find the result in Egs.
(2.10), (I-4.3), (I-4.8), (I-4.13), (I-4.14), (2.13), (2.15), (2.17),
(2.19b), (2. 25) (2.30), (2.35), (2.36), (2.40), and (2.41). Un-
fortunately, for the general result it is not feasible to con-
dense this chain of equations into one single expression.
We shall discuss simple expressions for particular station-
ary quantities in the following sections.

The inhomogeneity in Eq. (2.9a) consists of half the
sum of two equilibrium diffusion matrices at tempera-
tures B; ! and By!; cf. Eq. (I-4.2). Consequently, B , is
given by the respective linear combination of equilibrium
covariance matrices at 3| Vand By !

B =3B qB1)+B oBy)] -

In Eq. (I-4.3), B ., was conveniently decomposed into a
weak-coupling contribution B ., and a correction B

(2.10)

eq’
B =B tBy, (2.1D
where B . and B . are the respective solutions of
N
ABt+B A= 3 D'Pm,B)S,(m), (2.12a)
m=
N
AB+BrA'= 3 D¥(m,B)S (m) (2.12b)
m=1

An analogous decomposition applies to B _ as well,

]
|
(]
7]

x"” ;”]

(xpx )
({pr>xi})

<xkx1 )’,’,

( {xx,p1} ) l
(PkP1>'~

<{xk’P1] )”J
) (2.13)

( {Pr-xi} ' Apep)

where B "_ and B " are the respective solutions of

U. ZURCHER AND P. TALKNER 42

AB 4B A'=1 %1[D'v"(m,ﬂl)—b'”(m,BNH
XT (m), (2.14a)

ABTHBTA=E S (Dim )= Dm )
X T o(m) (2.14b)

First, we determine B ’_. For this purpose we observe
that B " may be represented as

B_=3 2 [D'P(m,B,)— D' PP(m,By)]U(m) (2.15)
where U(m) is the unique solution of
A-Um)+U(m) A'=T (m) . (2.16)

According to Eq. (2.13), we write U(m) in block form,

Ulm)= wb(m) usy(m) (2.17)

u (m) gz(m)J

Because I (m) is symmetrical, u {(m) and u ;(m) are
symmetrical too,

uilm)=u (m), uilm=u,m), (2.18)
whereas the ‘off-diagonal” terms in Eq. (2.17) are

symmetrical by construction. Inserting Eq. (2.17) into
Eq. (2.16) and using Eqgs. (I-3.24), we obtain the following
set of coupled matrix equations:

u,(m)+ubm=0, (2.19a)
—u(m)tu (m)g+yu,(m)r=0, (2.19v)
—u m)+g-u (m)+yrufim=0, (2.19¢)

Obviously Eq. (2.19b) is the transpose of Eq. (2.19¢c).
From Eq. (2.19a) we infer the antisymmetry of u ,(m),

usm)=—u,(m) (2.20)
This is substituted into Egs. (2.19¢) and (2.19d). Next, we

subtract Eq. (2.19b) from Eq. (2.19¢),

gum—u (m)g=ylr-u,(m+u,m)r]. (2.21)

Equation (2.19d) now reads

guim)—u,(m)g=t (m)—y[ru;m)+um)r].
(2.22)

The right-hand side of Eq. (2.22) is a bordered matrix,
that is, it has nonvanishing elements in the first and last
rows and columns only,
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[t (m)=yr-us(m)—yus(m)rly
= 8,k81,101k8, — 8N+ 1—m kN —
+y{dlu3(m)]y +8[u

+Oni[u 3(m)

SNkON +1-m,i
3(m) ]k

Iv+0mlu s(m) ]y} - (2.23)

Under the condition that u ;(m) is antisymmetrical with
respect to the reflection about the middle of the chain,
ie.,

lu s(m)]ye=—[us(m)]y 1 —pn - (2.24)

the solution of Eq. (2.22) is an antisymmetric Toeplitz
matrix, see Appendix A,
_¢1 —J? l>]
[u,(m)],;= 0, i=j
¢i_j’ l<.]

(2.25)

where the quantities ¢, depend on the label m,

¢, =¢;(m). As shown in Appendix A, the quantities

¢;(m),i=1,2,...,N —1, are given by

¢ (m)=21[t (m)—yr-us(m)—yu(m)rl,, (2.26a)

¢, (m)=[t (m)—yr-u(m)—yum)rly ,
i=2,3...,N—1. (2.26b)

Using Eq. (2.23), we easily obtain

¢;(m)=6,, —vlusm)];, i=12,...,N—1. (2.27)

With Eq. (2.25), for the inhomogeneity in Eq. (2.21) we
find the expression

viru(m)+u(m)rly
=v[81kb;—1(m) =8¢y —1(m)
FOne by +1-1(m) =8y by 11—k (mM)] (2.28)
where we defined
do(m)=¢n(m)=0. (2.29)

Hence the right-hand side of Eq. (2.21) is antisymmetrical
with respect to the reflection along the diagonal and
symmetrical with respect to the reflection along the
crossdiagonal. In Appendix B, we show that one solution
of Eq. (2.21) is an antisymmetric Hankel matrix, i.e.,

¢i+j—1» I+j=N

[u,(m)];= 10, i+j=N+1
—YNs1-i—jp EFJZNF2.

(2.30)

The quantities ¥, =¢,(m), i =1,2,...,N —1, are deter-
mined by the inhomogeneity in Eq. (2.21), .

Y(m)=vy[r-u,(m)+u,(m)rl,, 4, i=12,...,N—2,
(2.31a)
Yy (m)=Ltylr-u,(m)tu,(m)rly . (2.31b)

Using Eq. (2.28), we easily find
Yi(m)=y¢;(m)

The solution of Eq. (2.21) is, however, not unique. We
could add to the solution (2.30) any symmetric matrix
that commutes with g. Because all eigenvalues of g are
nondegenerate, such ‘a matrix must be a function of g
,=f(g). However, &, must vanish as a consequence of
the condition (2.24).

Up to now we expressed u ((m) and u ,(m) in terms of
the as yet unknown quantities @,;(m), which depend on
the elements of the first row of the matrix u ;(m). First
we determine ¢;(m) by inserting Egs. (2.25) and (2.30)
into the first row of Eq. (2.19b). This yields

(2.32)

+‘13 ¢i(m)_¢i+l(m)=_l_2'8,‘m , (2.33)
Y

—¢,‘w](m)+

and Eq. (2.29) yields the boundary conditions,
$olm)=¢y(m)=

That is, ¢,(m) are the solutions of linear second-order
difference equations. Using standard methods, we find in
the limit N — oo,

1

(2.34)

((m)=——————(e " limmld_g—(itmb) = (3 35)
¢ 2y?sinh(8)
where the quantity 8 is defined by
L —oginn |2 (2.36)
Y

Now with Egs. (2.25) and (2.30) the matrices u ,(m) and
u {(m) follow immediately, and with Eq. (2.19b) the ma-
trix u ;(m) follows. We note that this solution fulfills the
symmetry relation Eq. (2.24), which we had to anticipate
in order to obtain the solution of Eq. (2.22). Finally, with
Egs. (2.15), (2.17), (2.19b), (2.25), (2.30), (2.32), (2.35), and
(2.36) the matrix B | is completely determined.

B can be obtained along the same lines as B "
Analogously to Eq. (2.15), B "’ may be represented as

N
B"=1 3 [D*(m,3)—D*(m,By)¥(m), (2.37)
m=1

where V(m), m=1,2,..., are the solutions of
A-V(im)+V(m )4=I (m )with I,m,m=12,...,
as given by Egs. (I-3.25a)—(I-3.25¢). We find®
v (m) 0
Yim)= 0 v (m) (2.38)

Here, v ((m) and v ;(m) are antisymmetric Hankel ma-
trices

v(m)=h(m—1), (2.39a)

vs(m)=—h(m —2)+2k(m —1)—h(m) (2.39b)
where

[A(m) )kt =8k 1 +1— B2+ 1=k —tm+1 > (2.40)
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and where we defined A(m)=0 for m =0. That is, the
matrices /i (m) have nonvanishing matrix elements on the
(N —m)th cocrossdiagonals only. Inserting Egs. (2.39)
into Eq. (2.37), we obtain
N
x"=1 3 [D¥(m+1,8))—D*(m +1,By)k(m) ,

m=1

(2.41a)
.
y" =13 (—[D®m+2,B8)—D*m +2,6y)]

+2[D*(m +1,B,)—D*(m +1,By)]

—[D*(m,B,)—D*(m,By)1}h(m) ,
(2.41b)
(2.41¢0)

ZII=Q .

The decomposition of the equilibrium covariance ma-
trix into a part depending on D'?P(m,3), m =1,2, ...,
and another one depending on D*(m,8), m =1,2,...,
corresponds to a decomposition into a bulk contribution
and boundary layers at both ends of the chain. These
boundary layers follow from the matrices x ., and y ., be-
ing of Hankel type and the decrease in magnitude of the
quantities D*(m,3) with increasing label m; cf. Egs. (I-
C10)-(I-C13). While the quantities D'?’(m,) decrease
similarly as D*"(m,f3), their contributions to x ;q and y ;q

J

1 m=1
”n

y =2'4',+_)_2'L

+
N N R
= 3 D¥®(m+1,B)ilm)+ 3 D¥(m+1,By)ii(m),
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are appreciable in the whole chain because these matrices
have parts which are of Toeplitz type; cf. Egs. (I-4.9) and
(I-4.10a).

It is interesting that in the nonequilibrium state, an
analogous decomposition emerges. The differences
[D*(m,B,)—D*(m,By)], m=12,..., determine
boundary layers in the covariance of displacement and
momentum operators {x,x;)_ and {p,p;) _, while they
do not contribute to the mixed moments {{x;,p;}).
These latter moments are completely determined by the
differences [D'PP(m,B,)—D'PP(m,By)], m=12,...,
which govern also the moments {x,x;)_ and {p,p;) _
far from the ends of the chain. Hence the covariance ma-
trix B may conveniently be decomposed into a bulk and a

boundary layer contribution
B=B'+B", (2.42)

where B’ and B'' are defined by, cf. Egs. (I-4.1), (I-4.3),
(2.8), (2.13), and (2.41¢),

xL+x’ z’
B'=B.+B"=| _. yhty ] (2.43a)
x T +x"” 0
B"=B' +B" = 0 y " +X " ] . (2.43b)

The boundary layers have a particular simple form.
Using Egs. (I-4.13), (I-4.14), (2.40), and (2.41) we find

(2.44a)

N
= ¥ [—D*(m +2,B,)+2D*(m +1,B,)—D*(m,B,)]i(m)
m =1

N
+ S [—D™(m +2,8y)+2D*(m +1,By)—D*(m,By)]i(m) ,
m=1

where the matrices i(m) and i(m), m =1,2,..., have
nonvanishing elements only in their upper and lower
(N —m)th cocrossdiagonals, respectively,

[i(m)]y E%[h(m)+£(m)]k1=5k+l,m 1
[Z(m)]x

(2.45a)

%[h(m)"i_;(m)]kl282(N+I)~k*1,m+l .

if

(2.45b)

It follows that in the nonequilibrium state, the boundary
layer on each side is the same as in the equilibrium situa-
tion in which both heat baths were at the corresponding
temperature. More specifically, all divergencies in none-
quilibrium states are already present in equilibrium
states, i.e., the diverging moments are

#B.
g,

’ 'ZI’N b
27 !

(2.46)

(p,?)’:yfl—ln
m

(2.44b)

f

while all other moments remain finite in the limit
QD—> 0.

III. HEAT FLUX

The heat flux across a plane separating the (i —1)st
particle from the ith particle is proportional to the work
done on the ith particle by its left neighbor,

w3 w2
(jph)i-l,i:TD< {(x;—1—x;),p;} >=TD x;_wp;)  (3.1)

(the subscript ph denotes that the parameter to which it
is affixed has the correct physical dimensions). We define
a dimensionless heat flux by j=4j, /w?%. From Egs.
(2.15), (2.17), (2.25), (2.37), and (2.38) we find that the
heat flux is constant along the chain j; _, ;=j. The con-
stancy of the heat flux was to be expected because the
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sources and sinks of heat are placed at the ends of the
chain. Using the quantum Langevin equations (I-2.8), we
relate the heat flux to the work done by the fluctuating
forces on both particles at the ends,

}) 7’(171)
1) —v<{pa)].

In accordance with the discussion given in Sec. II, the
heat flux is completely determined by the quantities
D'PPm,B),m=1,2,...,

j= lim ({E(1),p,(2

=—[lim {{Ey(),py(t) (3.2)
t—

N
j=1'S [D'"(m,B,)—D'"(m,By)lé,(m) . (3.3)
m=1

Here, ¢,(m) are elements of Toeplitz matrices which read
in the limit N — o, cf. Eq. (2.35),

bi(m)=—em® (3.4)
v

where § is related to the damping constant by Eq. (2.36).
Similarly, in Appendix A of I, we computed the quanti-
ties D' PP(m,B), m =1,2, ..., in the thermodynamic lim-
it. Hence, in Eq. (3.3), we can set the upper limit of sum-
mation equal to infinity,

—D'P(m,By)]e ™.

2 [D'?(m,B,) (3.5)

272
Thus the heat flux through the chain is finite as the
length of the chain goes to infinity, and we recover the
well-known fact that the thermal conductivity of the per-
fect harmonic chain is infinite.

The heat flux may be decomposed into two contribu-
tions stemming from the contributions of the different
heat baths,

J=J(B)—j(By) (3.6)
where
jB)= D' PP(m,B)e ™ . (3.7)
27 mz—l

Using Egs. (2.7a), (I-A13) and (I-A14), it is readily shown
that

=) o «©
e 1 1 —a —2a
= —+2F e "— e
Y 'B 2 n=1 n=1 ]
e_Zﬁ ) eAzan
- 2 4 sinh a5 (3.8)
Y /3 <, 1—e ( "+5)

where the quantities a, are related to the Matsubara fre-
quencies,

2T

v,=—-n =2sinh [—

"B

In general, one cannot analytically evaluate these sums.

A numerical computation shows that for arbitrary damp-

ing constants, j(f3) is a monotonically decreasing function
of B, cf. Fig. 1,

(3.9)
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"0 2 4 6 g 10
B

FIG. 1. Partial contributions of one heat baths at inverse
temperature [ to the heat flux as a function of 8 for y=1 and
#i=1.

JB)>j(B), B<B.

This inequality ensures that heat flows from the hotter to
the colder end of the chain, as it should be.

For very high temperatures #8—0, () approaches its
classical value (B~ !1=T),

(3.10)

;gr})j(ﬁ)=p(7)T (3.11)
where
(y)=_ (3.12)
PYI=", :

so that then the dependence on the temperature and
damping constant factorizes. Although this is no longer
true in the quantal case, the numerical evaluation of the
sums clearly indicates that the dominant dependence on
the damping constant is still determined by the same pre-
factor p(7); cf. Fig. 2. At constant temperature, p~'j de-
creases smoothly as the damping constant increases. Fig-
ure 2 shows further that this decrease is not uniform over
the whole temperature range but becomes smaller as the

¥=5.0

N %7‘2301 -

10

o

(A
Y
I~
()]
0

B

FIG. 2. Partial contribution of one heat bath to the heat flux
divided by its classical damping dependence as a function of 8
for three different values of the damping constant and #i=1.
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temperature is increased and vanishes in the classical lim-
it. In the zero-temperature limit #8— o, j(B) ap-
proaches a finite value j( ). This property is due to
quantal fluctuations which are present even in the ab-
sence of thermal excitations. In this respect, quantal fluc-
tuations mimic a finite temperature T, which we define
by

Jleo)=py)Ty . (3.13)

T, depends weakly on the damping constant. From Eq.
(3.8), with reasoning similar to that in Appendix C of I,
we find
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Tﬁz—l_S—ﬂTﬁ’ v—0, (3.14a)
T,=2 4% y—w (3.14b)
Ao 3g 14 ' '

From Egs. (3.12) and (2.36), we easily find the asymp-
totic behavior of the prefactor p(y ),

ply)~y, y—0, (3.15a)

p(y)~%, Y— oo . (3.15b)
At y=V'3/2, p(y) has a maximum; cf. Fig. 3. That is, in
both the weak-, and strong-coupling limits the energy
transfer between heat baths and harmonic chains goes to
zero. The strong-coupling limit reminds us of properties
of a highly absorbing dielectric medium which, according
to the Kramers-Kronig dispersion relations, is highly
reflecting as well.

Because the dependence of the heat flux on the damp-
ing constant is already almost entirely described by the
prefactor p(y ), we restrict the discussion of the tempera-
ture dependence of the heat flux to small damping con-
stants y <<1.

(i) Both heat baths at high temperature. For tempera-
tures much above the Debye temperature T;>>@j,
i=1,N, we find

ja=v(T,—Ty), (3.16)

04 L I 1 1
pLy)

0.2+

0.0 T
0 2 4 6 8 10

FIG. 3. Dependence of the partial contribution of one heat
bath at T=1 to the classical heat flux as a function of the damp-
ing constant.
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which agrees with the finding of Rieder, Lebowitz, and
Lieb.> Hence the heat flux through the classical perfect
harmonic chain is proportional to the difference of the
temperatures of the heat baths T, — Ty and not to the
gradient (T, —Ty)/N.

(ii) One heat bath at high and the other at low tempera-
ture. For, say, T, >0®) and Ty <<0®p, an asymptotic
analysis reads

J=vI[T|—T4xy—0)], (3.17)

with Tu(y—0) as given in Eq. (3.14a). That is,
quantum-mechanical fluctuations induced by the heat
bath at the lower temperature reduce the heat flux by a
constant amount.

(iii) Both heat baths at low temperatures. We assume
T;<®p/(107). For a small temperature difference, we
find in leading order
3

axT | .
Jel s

Op

1 (3.18)

qu

where T=(T,+Ty)/2 is the average temperature and
Ja is the classical heat flux; cf. Eq. (3.16). Thus in the
quantal case, the heat flux is strongly reduced compared
with its classical value.

IV. COVARIANCE OF DISPLACEMENT OPERATORS

First we shall briefly recall the main results for the
square of the difference of displacement operators
a(k,1)={(x; —x,)?) in thermal equilibrium (cf. Sec. IV
of I). In the classical case, aeq(k,l ) is independent of the

damping constant and grows linear with the separation
|k —1|, cf. Eq. (1-4.22),

ok, =k —I|T, #—0. 4.1

In the quantum regime, the quantity o..(k,/) depends on
the damping constant inside boundary layers of thickness
#p/m at both ends of the chain. Outside these boundary
layers, i.e., for #f/m<k, | <N —#B/m, we find two
different regimes defined by the separation |k —I|, cf.
Eqgs. (I-4.23),

A n(lk —1D+2],
m
|k—lls% , (4.22)
Oeqlk, 1) =
k=T +2 |1 ‘@ 1],
i o
Ik—llz—iﬁ . (4.2b)

According to Eq. (2.10), the part o, (k,I) of o(k,]) that
transforms evenly under the exchange of the heat baths is
determined by its equilibrium expressions,

0 (k=3[0 gk, D5 + 0k, Dlg 1 - 4.3)

Hence the oddly transforming part o _(k,I) remains to be
determined.
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Because x _=x ' +x'" is antisymmetrical with
respect to the reflection about the middle of the chain, cf.
Egs. (2.13), (2.15), (2.17), (2.30), (2.40), and (2.41a), k and /
may be restricted to k,/ <N /2. Together with Egs.
(2.32) we obtain

(xex) =L 3 (D" 20m,B,)= D" Pm By 11 (m)

m=1

+[D*(k +1,B))—D*(k +1,By)], (4.4)

where the quantities D’'?’(m,f3) and D*(m,) are given
by Eqgs. (2.7a)-(2.7¢) and ¢, (m) by Egs. (2.35) and (2.36).
(1) Classical limit. If both heat baths are at very high
temperatures #f3; <<1, i =1,N, the only nonvanishing
diffusion matrix element is D'PP(1,B)=yT; cf. Egs. (I-
3.16a) and (I-3.16b). In this case, from Eq. (4.4) we find

o _(k,1)=2(T, — Ty )sinh?

(k"l)% ]e—(k+1—l)8 .

(4.5)

For small damping constants, 1/y ~exp(8/2)>>1, we
find in leading order

o_(k,N=XT,—Tywy* % k>I. (4.6)
That is, o _(k,I) decreases exponentially with a rate
determined by the smaller one of the two particles labeled
k and .
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For large damping constants 1/y ~8 <<1, we distin-
guish two cases. First, for k +/ <y, we set the exponen-
tial function in Eq. (4.5) equal to unity,

a_(k,l)Z%(Tl—TN)iy%I—)i, k—I<y . 4.7
For k +1 >y we find
a,(k,l)=%(T1—TN)LkY_TI)ze_”‘H‘WV, k—I<y.

(4.8)

Hence, in the classical case, the quantity o _(k,/) van-
ishes both in the weak- and strong-coupling limit.

(ii) Quantal limit. In this case, we assume that both
heat baths are at very low temperatures #3,%Sy >>1.
Consequently, the temperature difference is very small
too. We investigate o _(k,/) only outside the boundary
layers, i.e., for k,I>#B;/m, so that the quantities
D*(m,B), m =1,2,... do not contribute to Eq. (4.4).
We can analytically evaluate the series in Eq. (4.4) for
small and large damping constants.

For small damping constants, from Egs. (2.35) and
(2.36) we have

lim ¢, (m)=5,,, . 4.9)
7*»0

Inserting Eq. (4.9) into Eq. (4.4) and using the low-
temperature approximation of Appendix C of I, we find

5
#i 7 2m(k +1) T 2m(k +1) B,
=292 =(k—1?| |— | e — exp | ———— 11|, lk—Ill<— 4.10
Y A, i, By P iy | | ™ (4.102)
o_(k, )=~ 3
#i T 41 47 #B;
—8y = | |— | exp | ——+1I —— |lexp|———I||, k—I>— (4.10Db)
™ #B; P Ay iy P Ay
For large damping constants, from Egs. (2.35) and (2.36) it is readily shown that
1 m, m=<k
¢k(m)’:?x kK, m>k . @.11)
The quantity o _(k,!) then has the same dependence on k and / as in Egs. (4.10),
3 3
#i 7 2m(k +1) 7 2m(k +1) B,
8—(k—1?| |==— | exp|— - exp|————— ||, |k—=Il|l<—,
- %8, | P %8, w8y | P By l k=1l <— (4.12a)
o_(k,1)~
’ #i T 4 T 41 Ap3;
2— | | == lexp |—=—=—1|— exp |———1I||, k—I>—. 4.12b)
7| |78 7T #8 | | By D0 | #By = (
[
In any case we find only small corrections to the average limB = lim J[B eq| g +B eq| AR
thermal equilibrium contribution. e r—o0 1 N (4.13)
Finally, we come back to the discussion of the covari- lim B= lim [B .lg +B .4lp 1. .
ance matrix B in the weak- and strong-coupling limit. In Yoo Yy ! N

Sec. III, we showed that for all temperatures, the heat
flux through the chain vanishes in the weak- as well as in
the strong-coupling limit. From Egs. (4.6), (4.7), and (4.8)
we see that in both limits the classical chain is in the
average thermal equilibrium state, for #—0,

Strictly speaking, in the quantal case this is true only in
the weak-coupling limit, cf. Egs. (4.10), while in the
strong-coupling limit B _ approaches a finite value, cf.
Eqgs. (4.12), whose magnitude is infinitely small.
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V. TEMPERATURE PROFILE

Even if both heat baths are at equal temperature
B,=By, the kinetic energy of a particle varies with its po-
sition in the chain according to Egs. (I-4.7b), (I-4.13b),
and (I-4.14),

1,4 2 _ 202
(pPr=6(B==+— Qe liv,)—= O rilivy)
Pk Su(B B B"Z:l)(kk v B"§1Xk,k+l v

2 2 .
_E lek,k—l(Wn)

+[—D*(2k +1,B)+2D*(2k,3)

—D*(2k —1,B)] . (5.1)
We recall that these expressions are obtained for k <N /2
in the limit N— co. Only in the classical limit this ex-
pression becomes k independent,

J

(pR)= HEw(B)+ €l By ]+ 5 1D 2k —1,8) = D2k —1,By)]=
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lim {p?)=T . (5.2)
#i—0 <Pk
It is easily checked numerically that for every fixed
damping constant, {p?) decreases monotonically with
temperature,

(oD g> D)y B<B.

In nonequilibrium states. this one-to-one correspon-
dence can be used to define a local temperature at each
site k,

Bkzgk‘l((p[%)) >

where (p?) is the second moment of momentum at the
site k in the considered nonequilibrium state. We em-
phasize that in Eq. (5.4), the dependence on the particle
label k comes about from both &, and {p}?). In the none-
quilibrium state, from Egs. (2.8), (2.10), (2.13), (2.15),
(2.17), (2.19b), (2.25), (2.30), (2.32), and (2.41b) we find

(5.3)

(5.4)

1

LS (Dm0 By s )

m=1

+1{—[D*(2k +1,B8;)—D™(2k + 1,By)]1+2[D*(2k,B)— D(2k,By)]

—[D*(2k —1,8,)—D*(2k —1,By)1} ,

where the ¢, (m)’s are given by Egs. (2.36) and (2.37).

An analytic result for the temperature profile can be
obtained only in the high-temperature (classical) limit. In
this case, the only nonvanishing element of the diffusion
matrix is D' PP(1,B8)=yT, cf. Egs. (I-3.16), and thus from
Eq. (2.5) we recover the result obtained by Rieder, Le-
bowitz, and Lieb,?

(p%>5T(1,y)=T1—%(7—‘1—TN)L2e‘5, (5.6a)
Y

(pR) =T(k,y) = UT, +Ty)— LT, — Ty) e~ =15
v

N
S
This is a quite unexpected result because the kinetic tem-
perature drops below the average temperature near the
hotter end and raises above near the colder one. The ki-

netic temperature is constant in the middle of the chain
and varies only over a length /(y) near the ends,

k=2,3,.. (5.6b)

1
y)=—C 5.7
(y) 35 (5.7)

which approaches its limits as
41 (11/ y 70
~14In

W)=y Y (5.8)

77/, y—»oo .

In Figs. 4(a) and 4(b), the temperature profile is shown for
a small (y=0.1) and a large (y =10.0) damping constant,
respectively.

In the remaining temperature regimes, we choose typi-
cal pairs of temperature, namely 7, =10.0 and T =0.1,

(5.5)

[
and T;=0.1 and T =0.02, and determine numerically
the temperature profile from Egs. (5.4) and (5.5) for #i=1.
The results are represented in Figs. 4(c)—-4(f).

For small damping constants, we see in Figs. 4(c) and
4(e) that quantal fluctuations enhance the temperature as
we move from the middle of the chain towards its ends.
The enhancement is smaller near the end which is cou-
pled to the heat bath held at the higher temperature.

For large damping constants, the temperature profile
has more structure. If the temperature of one heat bath
is high while that of the other one is low, the temperature
increases as we move from the middle of the chain to-
wards the colder end while it starts to decrease towards
the hotter one but increases for the second nearest parti-
cle from the end; cf. Fig. 4(d). If the temperatures of
both heat baths are low, the temperature starts to in-
crease towards both ends of the chain and drops near the
colder end; cf. Fig. 4(f). As in the classical case, a deeper
understanding of these strange findings is lacking. The
definition of kinetic temperature has been ruled out as a
possible reason by numerical computation in Refs.
10-12.

VI. SUMMARY AND CONCLUSIONS

In this paper, we investigated in detail stationary prop-
erties of a one-dimensional quantum-mechanical harmon-
ic chain in a nonequilibrium state. We started from an
algebraic equation for the matrix of the second moments
which was derived in the preceding paper where primari-
ly thermal equilibrium was considered.

In thermal equilibrium, in accordance with the predic-
tions of equilibrium statistical mechanics, we find that
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thermal properties of the particles outside boundary lay-
ers at both ends of the chain are completely determined
by the Gibbs state of the free chain. Inside these bound-
ary layers properties of the particles depend both on the
temperature and coupling strength between the chain and
heat baths.

For a stationary nonequilibrium state, the covariance
matrix can be decomposed into contributions from the
average thermal equilibrium and deviation thereof. Both
contributions have parts which vanish well inside the
chain. In thermal nonequilibrium, the boundary layer at
each end is the same as in thermal equilibrium if both

12501
(a)
Tk
125 (D) 4 ceoeosecossosessos  ascosssssasassssas -
124 99 1 T 1 T T
2 10 N—9 N-1k
5.33
(c)
Tk
5 321 -
532 :
o0 N9 N-1 k
0.09
(e)
Tk
0.08 1 »
0.0/ *~ —— 1 T
2 10 N-9 N—1 k
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heat baths were at the temperature of the heat bath at
that side. The boundary layer contributions vanish in the
classical limit. The deviations from the average thermal
equilibrium state determine the moments {x,_;p;),
j=1,2,..., which are constant along the chain. Most
interesting is {x; _,p; ), which is proportional to the heat
flux through the chain. We find that the heat flux ap-
proaches a finite value as the length of the chain goes to
infinity. That is, we recover the well-known fact that the
thermal conductivity of a harmonic crystal is infinite. If
both heat baths are at very low temperatures, the heat
flux is strongly reduced compared with its classical value.

1244 15 :
L N—9 N-1 k

(d)
T

00
ao®
uuuuuu

co0
nnnnnn

N—9 N1k

)
T n

uuuuu

0 N—9 N-1 Kk

FIG. 4. Temperature profile along the chain for =1 for different values of the dimensionless temperatures and damping constant:
(@) T,=200, Ty=50, y=0.1; (b) T, =200, Ty=50, y=10.0; (¢) T, =10.0, Ty =0.1, y=0.1; (d) T,=10.0, Ty=0.1, y =10.0; (e)

T,=0.1, Ty=0.02, y=0.1; (f) T, =0.1, Ty =0.02, y =10.0.
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For large separation |k —I|, the mean square of the
difference of displacement operators {(x; —x;)?) is
determined by the contribution from the average thermal
equilibrium  state, {(x, —x;)*)=T|k —I|, where
T=LT,+Ty) is the mean temperature of the heat
baths. This absence of long-range order is common to all
one-dimensional systems with short-range forces. Final-
ly, for all temperatures, the mean kinetic energy defines a
local temperature at all sites. If the temperatures of the
two heat baths are different, we find in accordance with
the infinite thermal conductivity that the temperature is
constant inside the chain. That is, similar to the Kapitza
resistance between dissimilar substances at low tempera-
tures, the temperature varies only near the ends of the
chain.

The deficiencies of the harmonic approximation are
well known and for classical systems have been removed
by different means. Most analytical work was done on
isotopically disordered harmonic chains, i.e., chains with
randomly varying mass of the particles. For fixed con-
centration of impurities, the thermal conductivity A is in-
vestigated as a function of the length N of the chain. For
a chain with fixed ends one finds A < N'/? and for a chain
with free ends A < N 1721314 The latter tells us that a
disordered harmonic chain is a poorer heat conductor
than ordinary bulk material. These results are in good
agreement with numerical calculations.!® In chains with
nonlinear interactions evidence for Fourier’s law of heat
conduction was found numerically in Refs. 10-12 and 16.

Neither in disordered nor in nonlinear quantum sys-
tems has the heat flux been investigated up to now. We
expect that quantum-mechanical interference enhances
the effect of disorder which might lead to a normal heat
conductivity. It is therefore important to study in detail
quantal versions of isotropically disordered harmonic
chains. Generalizations to non-Ohmic heat baths with
frequency-dependent damping and the treatment of
finite-size effects are straightforward.

ACKNOWLEDGMENTS

Partial financial support from the Swiss National Sci-
ence Foundation is gratefully acknowledged. We would
like to thank W. Kob and R. Schilling for helpful discus-
sions.

APPENDIX A: TOEPLITZ MATRIX

We seek to find the solution of the matrix equation

g'x—x-g=b, (A1)
where g is the tridiagonal matrix
(g)ijz_61+l,j+28ij—8iAl,j > (A2)

and where b is a bordered matrix, i.e., it has nonvanish-
ing elements only in the first and last rows and columns,
which is symmetrical with respect to the reflection along
the diagonal and antisymmetrical with respect to the
reflection along the crossdiagonal,

(b)), =(b),, , (A3a)
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(1_7)‘,1:_(1_7)1\[4_1_"’“' . (A3b)

Hence only N —1 quantities determine b. Because we are
looking for antisymmetric solutions,

x'=—x (A4)

the solution x of Eq. (A1) is uniquely defined.
In component form, the matrix equation (A1) reads

[(x),=x,,(b);,=b,], weset

Xy T XX X 1 =by (A5)
Using the antisymmetry of x, we find for i =},

=2x,_y,Fx;11,)=b; . (A6)
Hence, fori =2,3,...,N —1,

Xid1, =™ TX -1 i T X1 » (A7)

i.e., the elements on the first codiagonal are identical.
From Eq. (AS) we find for i =1, N,

X =1by , (A8a)
Xy, n="3bny (A8b)
which is in accordance with Eq. (A3b) because

(X)y—1, v =~

We proceed further by induction. We show that ele-
ments on the nth codiagonal are identical assuming that
the same holds for the n’th codiagonal n' <n. Since it
has been shown for the first one, the proof is then com-
plete. That is, we assume

Xijan =Xio1—14n> N <N . (A9)

We set j =i +n —1 in Eq. (AS) and obtain
(=X yivn—1TX40)

+( “x;+1.i+1+(n~2)+xi,i+1+(nwz)):bi,i+n—1 .

(A10)
Fori=2,3,...,N—n —1,
(=X ivn—1FXii4n)
H=Xit v+t X i1+ -2))=0 . (AlD)
Using Eq. (A9), we infer
Xi—lu—1+n" Xii+n > (A12)

i.e., the elements on the nth codiagonal are identical. For
i=1,N+1—n, we find

(A13a)

XN —aN=byi1—nn > (A13b)

which is again compatible with Eq. (A3b) because
XN—nNT TXN+1-nN-

As a summary, we proved that the antisymmetric solu-
tion of (A1) is a Toeplitz matrix,
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0 ¢, ¢, dy—2 Oy
— ¢, 0 ¢, ¢’2 Oy -2
—¢, —é, 0 ¢ ¢,
X = ; (A14)
—¢ —¢ 0 é, ¢,
—dn—2 —¢, —¢ 0 ¢,
—én-1 —dy— —¢, —¢ 0
[
where its elements are given by the elements of the bor-  crossdiagonal,
dered matrix (b)), =—(b),, s (B2a)
¢1=%b“ y (Alsa)
¢;=b,;, 2Si<N-—1. (A15b) @)y =8Iy c1-nn - (B2b)
Hence N —1 quantities determine . Under the addition-
APPENDIX B: HANKEL MATRIX al assumption that x is symmetrical,
: : . . x'=x, (B3)
Again, we consider the matrix equation
it follows that x is determined only up to an arbitrary
g'x—xg=b, (B1)

where g is the tridiagonal matrix as given in Eq. (A2) and
where b is now a bordered matrix which is antisymmetri-
cal with respect to the reflection along the diagonal and

symmetrical with respect to the reflection along the
|

Y, ¥, U3 Yy
Y, Y3 Yy O
Ys
x= .
—Yn—1 0 —Yn—y —;
0 —Yn— 2 2)

i.e., it has identical elements on the cocrossdiagonals.

The calculation is straightforward. In component
form, the matrix equation (B1) reads [(x);=x
(b),;=by;]

ijs

X T X X X T by (B6)
For j =N +2—i —n, we find
(=X nv+2—tu-D—m+nTX N +2—i—(a+1)
H=Xi i Nvs2-ur - —nT XN 42— — (1)
=b;ny1—1—n - (BT
Weseti =2,3,...,N —n, and obtain
(=X, nv+2-tu-D—m+nT XN +2—1—(n+1)
=X nv+2-G+n—n-nFX N2 -1) =0

(B8)

_'»bNAl

function of g,
x'=x+f(g). (B4)

Here, we verify that a particular solution x is of Hank-
el type,

0

_w3
2
—¢
f
Both sets of parentheses vanish since they are differences

of elements of the matrix x of the same cocrossdiagonal.
Next, we set i=1,

X N+1—n—n (=X Ny (e X N1 — (=)

=b1yA7+‘l_n . (B9)

Forn=2,3,...,N —1, we have

(B10)

X\ N-n=byNyir1-p -

Inserting the explicit form of the Hankel matrix x,
Y, =(X)| n+1-n> cf. Eq. (BS), we find

$y=bi i1, 1=23,...,N—1. (B11)
For n=1 we have
X N—1 T Xon=by . (B12)

Using x,, =xy4,_, y We find
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Xy N—1=3b1y - (B13) (=Xy 1,0t XN =) F XN 41 = by - (B17)
It follows that Forn =2,3,..,N —1, we have
Xy_1=1bn - (B14)
Moo TN Xnnt1=bwn - (B18)
Similarly, for j =N —i +n, Using Eq. (B5), we find
(=X N—ti—D+(+ DT XN =i+ +1) v, =—byy_,, n=23,...,N—1. (B19)
=X N—+ TR N i) TO N i For n=1,
(B15) Xy2=1byy s (B20)
W | = +1,..,N—1, .
eseti=nn+l,.. N and it follows that
— X N +x N
(=X N—G-D+n+ DT XN =i+ +1) Xy_1=—1by, . (B21)
H=xi i v—G+n+m+n T XN —i+(+))=0 . (B16)

As above, both sets of parentheses vanish. Next, we set
i=N,

Note that Egs. (B19) and (B21) are compatible with Egs.
(B11) and (B14), respectively, because b is antisymmetri-
cal with respect to the reflection along the crossdiagonal.
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