SOLUTION OF SCHRODINGER EQUATION

only the first term in the series in (12), i.e., by taking
the average value of potential IT into account in region
I, and vice versa, we are left with a soluble Schrodinger
equation: the potential in I remains spherically sym-
metric and the extra constant term 1/7o makes for no
difficulty in its solution. With this, the approximate
potential is 3/7¢ at point 4 instead of the correct value
of 4/r¢, and at point B the approximate potential is
3/rq instead of the gorrect value of 8/3r,. These are
the worst cases, in the sense that the approximate po-
tential is much less accurate at these points near the
boundary of region I where 7, is large than it is for r,
small.

Similarly we still have an exactly soluble problem if
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we take into account the average value of the potential
in region III, and neglect the tails of the potentials
completely in region IV. For if we write the wave func-
tion in III as the sum of two wave functions, one in 7,
coordinates and the other in 7, coordinates, we can
always express this wave function in (r,§) coordinates
and match this to the free-space wave function in
region IV. One sees from this point of view that although
potentials like the Coulomb potential which are slowly
varying have the disadvantage that they cannot be
solved exactly by the method of the previous section,
they have the advantage that they can be well approxi-
mated by their average values over appreciable regions
of space.
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Poincaré cycles of a many-particle system are exemplified by the motion of a linear chain. It is shown that
the recurrence time increases in an approximately exponential way with the number of degrees of freedom,
and as a power of the sharpness with which the recurrent state is specified. An explicit formula is given
which is applicable to other separable dynamical systems as well.

INTRODUCTION

N an interesting paper by Frisch,' the old questions
of Poincaré cycles have been reconsidered. Besides
Liouville’s theorem, with which it is intimately con-
nected, there is probably no other theorem of general
dynamics so simple and so well founded as Poincaré’s
about the recurrence of all bounded mechanical motions.
Far from creating a paradox to the mechanical theory of
heat—as held by Zermelo in the famous discussion with
Boltzmann—it can on the contrary be made a pillar in
the foundation of statistical mechanics.

Corresponding recurrence theorems in quantum
mechanics were given in a recent paper by Bocchieri
and Loinger.? However, as was pointed out by Frisch,!
very little is known about the actual magnitude of the
recurrence times. It is the purpose of the present paper
to supply an explicit calculation, albeit for a very
special system, v7z., a linear chain. To be sure, the
linear chain, like any separable mechanical system, is
ergodic only in the space of the angle variables, but that
does not detract from the meaning of a recurrence. For
the calculation one needs only those dynamical features
which are common to all separable systems, but for

* On leave from Brown University, Providence, Rhode Island.
Present address: Department of Theoretical Physics, The Uni-
versity, Manchester, England.

1H. L. Frisch, Phys. Rev. 104, 1 (1956).

2 P. Bocchieri and A. Loinger, Phys. Rev. 107, 337 (1957).

definiteness we shall write down the formulas appro-
priate to the linear chain.

1. DYNAMICAL STARTING POINT

Let the chain consist of N equal mass points, har-
monically coupled neighbor to neighbor, and consider
their longitudinal displacements %, (=0,1,2, - - -N—1).
If we assume the end points of the chain to be free, the
normal coordinates,

‘]J‘:Z Cjkuk; (]207 1: <o N— 1) (1)
)
are given by
2, j7#0
Cir={(e;/N)* cos[(k+3)m;/N], €= L ico (2)
’ .7= b

where the mode 7=0, representing a free translation of
the whole chain, is of no interest for our problem. The
corresponding frequencies are

w,=wg sin(wj/2N), (3)

where w¢ is a maximum frequency related to the spring
constant and mass of the particles. Compounding
momenta and coordinates in the complex vectors

Zj=pitimwiqj, @
the entire motion is expressed by
Zi=ae™, ®)
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F16. 1. Motion of the normal coordinates.

where the amplitude constant ¢; determines the phase
and the (immutable) energy of the jth normal vibration.

2. RECURRENCE

Thus the mechanical state is naturally depicted by a
set of vectors Zi, Zs---Zy—1 rotating with uniform
angular velocities wiws - - -wn—1 (see Fig. 1).

Now in the theory of numbers a famous theorem due
to Kronecker® can be stated as follows: Given such a
set of rotating vectors, it is always possible by choice of
the time parameter ¢ to restore any situation within finite
latitudes:

pifargZ;<o;t+A¢;, (j=1,2,---N—1) (6)

provided that the frequencies are rationally inde-
pendent, that is, that the equation

Nyw1+newet - - -+ ny_1wy—1=0 (7)

is insoluble in integers #; (not all zero).

Clearly, re-entrance into some specified vicinity of
the angles ¢;=w;i+5; means recurrence of mechanical
state within some latitude, whatever are the coordinates
used for its description. But it should be noted that
although the recurrence time is independent of position
in the space of the angles, it is not independent
of the state in general. The concept of recurrence is
relative to the specification of state. We shall here
be concerned only with the simplest type pertaining
to the linear chain, viz., the average duration be-
tween two consecutive passages through an angular
interval {Agol, Ag02, cey A¢N_1}.

Let us define the recurrence time by

TRee= h_)rg (tr/r)a (8)

where ¢,=time of the rth recurrence. Kronecker’s
theorem asserts that there will be recurrences. It does
not, however, tell us how long one must wait for such an
event, and this we are now to determine.

3. LEMMA

Consider two of the vectors (4), Z; and Z, say, with
the periods
T1=2m/w1<To=2m/w,, 9)

and the times when they pass given initial positions.

3 A proof of the theorem in the form which is suited for our
purpose is given by H. Bohr, Proc. Math. Soc. (London) 21, 315
(1923). This proof as well as several others may also be found in
Collected Mathematical Works of Harald Bohr (Matematisk Foren-
ing, Copenhagen, 1952), Vol. 3.
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Look especially at the delay: #T1—mT., between the
nth passage of Z; and the next preceding one of Z,,
which we denote as the mth. This delay is then cer-
tainly <T'5:

nTl—mT2= 6T2, (10>
where 0<e<1; or, by definition (9),
n(ws/w1) —m=e. (11)

From Eq. (11) it follows that # is the integer part
[7ws/w1] of the number #ws/w: :

(12)

In the course of # revolutions the angle between Z; and
Zy, when Z; is in the specified position, will assume
values between 0 and 27 proportional to e(n). Ac-
cording to a theorem of Weyl* the remainder e(n),
n=1, 2, ---, will be uniformly distributed in the in-
terval (0,1) if we/w; is irrational. Under this condition,
then, we see that all relative angles, ¢;— ¢y, are equally
probable over long times.

The question remains as to whether every two proper
frequencies wj, wy, as given by (3) are incommensurable.
This is so far already implied by the rational inde-
pendence (7) which we have assumed. Whether, for a
given N, the frequencies given by (3) really are ration-
ally independent is not directly evident. It has been
pointed out to us by Professor Ernst Jacobsthal that
there are certain, though rare cases, e.g., N=105, for
which there is indeed dependence. This mathematical
question will be analyzed by Professor Jacobsthal in a
forthcoming paper in the Proceedings of the Kongelige
Norske Videnskabers Selskab in Trondheim.

nwe/w1— [ nws/wi ] = e(n).

4. RECURRENCE TIME

According to the aforementioned feature of inde-
pendence and uniform distribution of the angles ¢;, we
may now proceed as follows: The probability to find a
specified situation at an arbitrary time is

N1 fAg;
Prob (---argZ;CAgj---)=11 ), (13)
=1 27

and this is again equal to the fraction of a long time
during which the vectors Z; are simultaneously inside
their prescribed latitudes Agj, or as we shall say in
“coincidence’:

Prob=Ilim

t—0

(14)

(time in coincidence )
total time '

Dividing now numerator and denominator of the right-
hand side of (14) by the number 7 of coincidences and
remembering the definition (8), we obtain

Teoine Ag;
-1(=7),
TReo 27

(15)

4H. Weyl, Math. Ann. 77, 313 (1916).
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where Tooine is the mean life of the recurrent state. The
trick is that it is easier to find Teoine, Whereby our
problem is solved. It turns out that the reciprocal mean
life is equal to the sum of the reciprocal passage times,
1/t;j=w;j/Apj, of each vector through its interval:

1 11 1
= (16)

Tcoinc tl 12 tN~1

Accordingly we find by (15) and (16) for the recurrence

time
N—1 2r N-1 wj
TRec= H ( ) / Z .
=l \Agp; =1 Ap;

It was here presumed that all the normal vibrations
were excited; if not, the sum and product should only
be extended over those modes which are excited in the
motion. In the extreme case where only one normal
vibration is excited, the formula (17) reduces to

TRee=2m/w;;

(17)

(18)

the recurrence time degenerates to the period T'; as
it must. Likewise if the chain degenerates to a simple
oscillator 0: N=2.

Of particular interest is the rate at which the recur-
rence time increases with the number of degrees of
freedom and the sharpness in the definition of the state.
Formula (17) illustrates quantitatively what was con-
cluded on general grounds by Frisch,! that Tree~Ag™¥
(more accurately ~N1-Ag* V). A numerical example
will indicate how enormous the recurrence times of this
type are, even for quite small systems and a state of
relatively broad latitude: For a chain of N =10 atoms,
a maximum frequency of wo=10/sec, and a common
angular latitude Ap=m/100, one finds Trec~10" years.

APPENDIX

I. Calculation of the Mean Life of the
Recurrent State

Let us first consider the simpler problem of coin-
cidence between only two vectors Z; and Z,. The times
of transit through their intervals are {;=A@1/w; and
to=Aps/we, respectively. We shall then show that the
mean duration of a coincidence: argZ;CA¢; and
argZsC Ags, is

biz=tits/ (}1+1s). (19)

Assuming that Z; passes the midpoint of its interval
a time 7 before Z; passes the midpoint of Ags, coin-
cidence will take place if, and only if

— 3 (0 t) < 7<3 (1),

In order to determine the coincidence time #;2 as a
function of 7 we distinguish the three situations indi-
cated in Fig. 2.

According to the uniform distribution of r following

(20)
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F16. 2. Lifetime of coincidence #;2 as function of 7.

from (12), we have then for the mean life of a binary
coincidence

) 1 (trtt2)/2 tia
lio= f ta(r)dr= , (21)
htts -Gt ttts
or
1 11
be 4 152‘

The corresponding procedure is still manageable for
the triple coincidences, giving

1 111

TTETTTT, (22)
ties 01 t2 I3
and indeed the general formula is
111 1
e (23)
ti0en b Io n

But a proof by induction does not seem quite easy.
It is tempting to argue as follows: The coincidence of
n—1 vectors is equivalent to a simple evident of dura-
tion #ys....—1 which is to coincide with vector Z, being
within its interval (passage time ¢,). Thus we should
have for the n-fold coincidence
1 1 1
= +—. (24)

l19eeen t19eeen—1  In

However, because of the distribution of the times this
argument is not complete. We shall therefore prove (23)
by two independent methods. The first one of these can
even give some information about the distributions
instead of just mean values. The second method is more
special but has the merit of simplicity.

II. First Proof

The proof desired in the preceding Appendix I is
clearly contained in the solution of the following
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problem: On a line segment, of length L, we place at
random # line segments of lengths /<t <t;< -+ - <4y,
By “at random” we mean that the line segments are
placed independently, and that all positions of any
line segment are equally probable. We shall make L
large, but it is convenient to have it finite. We want
to calculate the mean length of intersection of all line
segments,

512...,,=fo(£1£2- «+bn; x| tits: - - 1y intersect)dx, (25)

where P(tify- - -tn; %|fis- - -int) is the probability that

the segments have a common interval of length between

x and x-+dx, given that all of them intersect.
We have then

P(tity - tn; %)

Pty - tn; x| tiber - -1, Int) = —.
P(Ifltg‘ . 'tn 1nt)

(26)

Here P(iifs- - -tn; x)dx=the probability that all the
segments overlap over an interval of length between «
and x+dx and P(iyts- - -1, int) =the probability that
all # segments intersect. It may be noted that

P(tl' * 'tn; x)

t
=f Pt tn1; Yu1)@Yn1P(Yn1, tn; %)
0

t1 y2
= f P(tits; y2)dy2 f P(ysts; y3)dys
0 0

Yn—2

P(yn-% tn——l; yn—l)
Xdyn—lp(yn—ltn; x)

3
Xf P(ysh; y4)dy4- i
0

The upper limits are obtained from the observation that
P(Yatnt1; ¥nt1) =0 for y,41>9,. In similar fashion we
have

P(t1t2' . 'ln int)

t1 y2
= f P(tits; y2)dy: f P(ysts; y3)dys
0 0

Yn—2
X M 'f P(yn—Z; tn—l; yﬂ-—l)
0
Xdy,,,_1P(yn_~1, in int). (27)

All the probabilities on the right-hand side are now of
the form P(iils; x) or P(tif2 int); and by considering a
figure one easily finds (L>>#;-+t2)

P(tltg 1nt) = (tl‘}“ tZ)/L;

and
2/L, 0<z<t
P(tltz; x)={(t2—t1)/L, x=t1
0, x>0

HEMMER, MAXIMON, AND WERGELAND

or
P(tite; x) =[24 (ta—t1)8(x— 1)) /L, x<t1.

The & function is defined so that o' 6(x—¢)dx=1.
With only two segments we find

_ 23 P(lltz; x) tils
t12 = f X dx= .
0 P(htz int) t1+152

The (n—2)-fold integral in (27) is evaluated by
induction. Denoting the integral up to an including
that over y;41 by I;, we have

1 Yn—2
L-—2=E j(: (yn—-l‘f‘ln)
X [2+ (tn—l_ yn—2) 0 (yn—2_ yn—l) :'dyn—l
tntn—l

o)
B =\ t,H) '

Assuming
bnbn1®* *bn—jt1
I, j=——m———
Li
1 1 1
X[H—yw( +—t- -+ )],

In  tn En—jt1

then

Yn—j—1
T jr= f In

0

Ynj
L

X[24 (tnj=Yn—i=1) 8 (Yn—j—Yn—j1) ]

lntn—-l' . tn—j

N L+
1 1 1
x[1+yn_j_1(—+——+- : -+—)].

n n—1 n—jg

Thus the expression for 7,_; is valid in general. There-
tnt'n—l' *

fore, (with y1=1y),
.P(tltz’ . tn int)
-1y 1 1
|1+
Ln1 tn 123
hiar - -tJ1 1 1
Lty 1)
L»1 1 le In
Finally, to obtain #;...,, we need also

t1
f xP (81« tn; x)dx
0

=/1=

- (28)

t1 y2
= f P(tits; y2)dys f Plysts; y9)dys
0 Yn—2 ’
X f P(yn_z, tn-1; yw—l)dyﬂ—l
0

Yn—1
Xf TP (Y1, tn; x)dx.
0
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The last integral is simply equal to
P(yn—I, tn int)xt_l2(yn—-1, tn)o

The integral over v,_; is thus exactly of the same form
as the integral over x, apart from a constant factor
ta/L, and the same holds for all the remaining integrals,
giving

131
f XP (1 - o x)dx="lils- - - b,/ L7" L, (29)
0

Thus, the combination of this with (26) and (28) gives
the desired result
1 11 1
=
t19en b1 & In

By a similar iteration procedure one can also obtain
the higher moments of the distribution function.

III. Second Proof

Instead of looking at the N—1 vectors Z; (Fig. 1)
separately rotating in their circles, we can map the
complete motion ¢;1(¢) @2(t) - - - on—1(£) on an N-dimen-
sional sphere. Let N-dimensional polar coordinates be
defined by

X1 =7 costh,
Xy =7 sindy cosds,
: (30)
Xy_1=7 sind; sindy - - -Sindy_s cos®,
xy =7 sind; sindy- - -sindy_p sind.
We have then > x2=7* and the surface r=const. is
covered once when the angles describe the intervals
0<¢;<m and 0<® < 2x. For the line element, one has
ds®=dr*+r’[ dd2-+sin?0do 2+ - - -
+ (sind; sinds - - -sindy_3)°dIn—1

+ (sind; sinds - - -sindy_2)2dd*], (31)

all cross terms cancelling by orthogonality. Accordingly
the volume element is the product of the components
ds,=dr,

d81 =7d191,
: (32)
ds;=r sind, sinds - - -sind;_1dd;,

d:v(p:r sind; sinds - - -sindy_od®.

For the present purpose we need only the surface ele-
ment on the unit sphere,
dQ= (sind;) V2 (sindg)¥—3. . .

XSinﬂN_gdﬂldﬂz . 'd’(?N_zd@. (33)
Identifying now ¢, &, - -Fn—2, ® with ¢1/2, ©2/2,

-+ on—2/2, on—_1/2, respectively, the polar angles will
be defined modulo = when the corresponding angle
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variables are defined mod 2. The situation of the N—1
normal coordinates Z; is thus uniquely specified by a
point P on the unit sphere in N dimensions.

The velocity of the point P is the time derivative of
the line element. It has the components

U1 =7.91,

v; =sindy sinds- - -sindj_id;, (34)
Dy_1=Sind; sinds - - -sindy_sb,
where
‘l?j=%wj, <i>=wN_1.

We have in this way a velocity field (34) over the
sphere, which is determined both in direction and mag-
nitude everywhere (except at the poles#;=0). The sec-
tors A¢;, corresponding to the latitudes Ap;=w,t; of
the mechanical state, will delineate a surface element
AQ on the unit sphere with mutually orthogonal edges:

(j=1,2-- -N—1).

$i=0i;

We are now prepared to compute the coincidence
time. A coincidence, ¢;<argZ;< ¢;+Agp; for every j,
is equivalent to the event PC AQ, and the mean lifetime
of a coincidence is equal to the mean time of transit of
P through AQ. This mean time of transit is equal to the
mean segment [ of the reentrant orbit inside AQ,
divided by the absolute velocity :

Tcoinc= Z/I'DI )
[v] = (24024 - con_ D)L

Because of the complete symmetry it will now suffice
to illustrate the calculation by means of the case N=2.
Then AQ is just the 2-dimensional surface element
sin®d®d® on an ordinary sphere (Fig. 3).

Over long times, all positions ®, & are equally
probable and independent according to the auxiliary
theorem of Sec. 3. The passages of P’s orbit will there-
fore fill up AQ with uniform density when the number
of recurrences gets large. Hence the mean segment [
must be equal to the area AQ divided by the projection
of AQ in the direction of the velocity upon the (N —2)-
dimensional subspace perpendicular to it:

(35)
where

I=AQ/Projection of AQ along v. (36)

Fic. 3. Passage of orbit through AQ.
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This projection will be (Fig. 3)

1 V2
PI'Oj (Aﬂ) = TA51+~—TASQ, (3 7)

v |v

where AS; is the surface element whose normal points
in the direction of »;. But because of the orthogonality
we have AQ=s;AS; for any j, so that we may replace
AS; and AS; in the denominator of (36) by AQ/s; and
AQ/ss, respectively.

The expression (36) for the mean segment will then

take the form
- U1 U2
-/(22)
S1 S2

(38)

HEMMER, MAXIMON, AND WERGELAND

where the denominator is just the sum of the reciprocal
passage times 1/f;=v1/s1, and 1/t,=v,/s,. The exten-
sion to more dimensions is now immediate, and so we
have generally

(39)

as was to be shown.

ACKNOWLEDGMENT

We would like to thank Dr. H. L. Frisch, whose
work! instigated this paper, for stimulating corre-
spondence.

PHYSICAL REVIEW VOLUME

111,

NUMBER 3 AUGUST 1, 1958

Time-Correlation Functions in the Statistical Mechanics
of Transport Processes™

Hazive MORI
Metcalf Research Laboratory, Brown University, Providence, Rhode Island

(Received April 8, 1958)

A kinetic equation governing the time dependence of the cor-
relation function of flux is established for dilute gases and is in-
tegrated to yield a relation between the correlation time and the
transport cross section. The spectrum of the binary collision
operator is determined for spherically symmetric forces between
molecules, which, for the hard-core model, consists of two discrete
values in the classical limit; hence it is shown that the question
of validity of approximating the correlation function by an
exponential decay depends upon the type of intermolecular force
and the temperature of the system. Approximate eigenvalues of
the master collision operator are obtained corresponding to the

1. INTRODUCTION

HE typical examples of the molecular theory of
transport phenomena, such as the viscosity of
dilute gases and the electrical conductivity of metals,
are usually based on the Maxwell-Boltzmann integro-
differential equation for the velocity distribution func-
tion of molecules! or its modification. The extension of
the kinetic method to the treatment of transport phe-
nomena in dense gases and degenerate quantum gases
has not been made in the general case.

On the other hand, according to the recent theories
of transport processes,’® we can obtain molecular ex-
pressions for transport coefficients or kinetic coefficients
which are valid over the same region as the thermo-

*This work was supported in part by the U. S. Air Force
through the Air Force Office of Scientific Research of the Air
Research Development Command.

1S.Chapman and T. G. Cowling, The Mathematical Theory of
Non?niform Gases (Cambridge University Press, Cambridge,
1939).

2 R. Kubo, J. Phys. Soc. Japan 12, 570 (1957).

3 H, Mori, J. Phys. Soc.%Japan_11,°1029 (1956).

fluxes of viscosity and thermal conduction, and their relations
to the macroscopic transport coefficients are derived. These
relations lead to a new approach to the transport properties of
dilute gases, which is different from Enskog-Chapman’s method,
but yields the same results in the classical limit. An expansion
formula for the canonical transformation describing the motion
of dilute gases is obtained and is employed to clarify the assump-
tion of random @ priori phases in the momentum representation
for spatially uniform gases; this is done by formulating the
quantum-mechanical equivalent of Brout’s idea in the classical
derivation of the master equation.

dynamics of irreversible processes.* The most remark-
able feature of the theories is the formulation of the
transport coefficients in terms of the correlation func-
tions of the equilibrium fluctuations of the corresponding
dynamical fluxes F,

Yr,r(1)=KFF (O)+F()F), (1.1)

where the angular brackets mean the average over the
canonical ensemble of the system, and F(7) is the value
of F after time ¢ and should, in the quantum-mechanical
case, be read as the Heisenberg operator. For example,
the coefficient of shear viscosity of isotropic fluids can
be expressed as?®?°

n=(1/VET) f " 20, (1.2)

4S. R. de Groot, Thermodynamics of Irreversible Processes
(North-Holland Publishing Company, Amsterdam, 1951).

5 M. S. Green, J. Chem. Phys. 22, 398 (1954).

¢ In the classical limit, Eq. (1.2) agrees with Green’s expression®
except that the average in (1.1) is made with the canonical en-
semble whereas, in his expression, with the micro-canonical
ensemble. The latter situation causes a serious difference in the



