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reaction it is sufficient to measure only the components p_ 1 p{,, and pr of the statistical vector of
particles b. Equation (12) then becomes

ap(%, @) — ap(, @) = F*pipa” (0420-1 — popo -+ 0_10'1)= — Fpipa” (' (9, © + =) p). (13)
Since the beam and target are unpolarized in (10), it can be shown that the statistical vectors of particles
b emitted at angles ¢, ¢ and ¢, ¢ + 7 are of equal magnitude and oppositely directed ( and both perpen-
dicular to the reaction plane). In place of p’ let us introduce the polarization vector N (which for par-
ticles of spin 1/2 is equal to twice the expectation value of the vector spin operator), so that p'( 3 @) =
N'(3, @) 01(3, ¢) (where o7(49, ¢) is the cross section for the inverse reaction with unpolarized ¢ and
d). Rewriting (13) (we note that p =N-1) in the form

ap (9, ) — (9, ©) = F’pipa” (N (9, ©) p) 51 (9, 9), (14)

we obtain a relation for arbitrary spins which has often been obtained in the literature for various special
cases (see, for instance, Lapidus’ and the literature he refers to).
The author expresses his gratitude to L. I. Lapidus for discussing the present work.
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In order to give a statistical description of processes in systems of interacting particles we use
as independent variables the numbers of particles in different points of coordinate-momentum
phase space, which at every point of phase space are random functions of the time. We give
classical and quantum mechanical equations for these functions; from these equations we can,
by averaging the random functions over their distributions, obtain a set of equations for the clas-
sical and quantum mechanical distribution functions. To illustrate the possible use of this
method we obtain expressions for the excitation spectrum and correlation function for systems
of particles interacting through central forces in the case where close interactions are unim-
portant. This method is convenient for considering system of particles and fields, in particular,
electromagnetic interactions. It is possible to generalize this method for the relativistic case.

IN the present paper we give a method to introduce collective variables to describe a system of interact-
ing particles which is slightly different from the considerations in the papers of Tomonaga,1 Bogoliubov
and Zubarev®?, and Bohm and Pines.* We introduce as independent variables the numbers of particles in
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different points of coordinate-momentum phase space. In this sense this method is analogous to the
method of second quantization and we have therefore called it in Ref. 5 the method of second quantization
in phase space.* The method under consideration is convenient because it makes it possible in a number
of cases to describe in a unified and fairly simple way processes which occur both in classical and quan-
tum mechanical systems. We give in the present paper, on the basis of this representation, conclusions
derived from a set of equations for classical® and quantum mechanical distribution functions.” It is shown
how this method can be used to investigate the excitation spectrum and correlation function of systems of
interacting particles.

We consider a classical system of N particles interacting through central forces. We denote by

N ()dgdp= D) 3(q—q))3(p—p:) dq dp
ISiSN

the number of particles in a volume element of phase space dqdp. The Hamiltonian function of the sys-
tem under consideration can in the classical case be written in the following form,

LA
H= 2 s-+5 2 @(q,—q). (1)
ISiKN ISi+ SN
Using the definition of the quantities Ngp (t) we can write expression (1) in the following different, equiv-
alent form,

2 1 ’ AN ’ ’ ’
H=S;—qupdqd9+7S®(!q—q ) {NgpNgp» —8(q—q') 3 (p —p’) Nop} dq dq’ dpdp’. (2)

It is convenient to choose as the initial Hamiltonian function a function which includes the terms & (q; — qj)
for i =j. Inthat case we obtain instead of expression (2) the following expression for the Hamiltonian
function

2 1 r ’ ’
H=S%—qudqdp+7g(b([q—q [) NopNg:pdq dq’ dpdp’. (3)

writing the Hamiltonian function in the form (3) presupposes that all particles are identical.

The functions Negp (t) are for all fixed values of q and p random functions of the time. We denote
by F(...Ngp ...) the multidimensional distribution law for the different values of the qu (t). In the
following we shall define averages using the function F(...Ngp ...).

Using expression (3) for the Hamiltonian function we fine the equations of motion in the representation
under consideration,

h H a ’ ’ ’
Q== P= sy = — a0 &) Newda' d's (4)
Equations (4) combined with the equation of continuity in phase space dNgp (t)/dt = 0 leads to the follow-
ing equation for Ngp (t),

oN Ng, & , s s N
e 2T 20 (q—q ) Nepdgdp 52 =0, (5)

Equation (5) has the same form as the classical self-consistent field equation which was investigated
in detail by Vlasov® and Landau.l® However, there is an essential difference between the two equations.
Indeed, the classical self-consistent field equation is an approximate equation for distribution functions
which can be obtained from equations for the distribution function of the whole system fN(Qj...,Pj...t)
assuming this function to be factorized

fN= l—I fl (q[! pi’ t);
ISiSKN

or as a first approximation in an expansion in powers of a small parameter.!! The self-consistent field
equation does not take into account the correlation produced by the interaction between the particles.

*M. Schonberg® has published under an analogous title several interesting papers, but his aim and re-
sults are different and we shall therefore not discuss the results of these papers.
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Equation (5), however, is an equation for the random functions qu (t). As will be seen presently we can,
by averaging by means of the phase-space distribution function F (... qu ...), obtain from Eq. (5) a
set of equations for the distribution functions f; (q, p, t), fy(a, p, q; p; t), which are considered in the
well-known monograph of Bogoliubov’s® and we can therefore consider correlations in every approximation.
The relation between Eq. (5) and the self-consistent field equations for the distribution functions is analo-
gous to the relation between the equations for the state function ¥ in the theory of second quantization
and the Hartree equations. We must finally note that in Vlasov’s papers® also another interpretation of the
equation for the function f;(q, p, t) was suggested.

We shall now establish the connection between the average of the product of functions Ngp (t) in dif-
ferent points of phase space and the functions f;, f;. By comparison with the expressions tg))r the aver-
age values of functions of dynamical variables which are additive, binary, etc. averages, obtained by
using the distribution functions f;, f;, and the function F, one can obtain the relation between the distri-
bution functions and the average values of the products of the Negp (t). In the classical case these rela-
tions have the following form,

Nf(@, P, 1) = Nop (2); (6)

NN —1)F(a g, p s ) = NopNgrpr — 3 (q — ) 8 (p — p') Ngp; (7)
NN—-1)(N—2)fs(q. 9", 4", P, P, P" 1)

= Ngp (t) Narp (8) —3(q —q')3(p—P')) (Ngpr () —3(q" —q")3(p’—p") —8(q —q") 3 (p—p")). (8)

From Eqs. (6) to (8) one can easily find the inverse expressions of the average values of the products
of the Ngp(t) in terms of the functions f;, f. The functions f;(q4 ..., P; ...) are normalized as fol-
lows,

\7,(da,) @p) = 1.

In Egs. (6) to (8) one can take the limit N — «, In that case it is convenient to use instead of the
functions Ngp quantities referring to unit volume or to one particle. If we consider the quantities Ngp(t)
at different points in time, we obtain the many-time distribution functions which were considered by van
Hove!? and Tolmachev.!?

Using Eq. (5) and expressions (6) to (8) we can obtain a set of equations for the usual distribution
functions f;, fy, ... and for the many-time distribution functions f;(q, p, t), f3(q, p, qa,pt,t) ...
Indeed, averaging (5) and using (6) and (7) we get the first equation of the set which connects the func-
tions f; and f,,

Db Slo(a—a D {V—1 5@ a0 P D+2@—a)8(p—p) 52} da’dp'. (9)
The occurrence of an extra term is connected with our choice of Eq. (3) for the Hamiltonian function. To
get the next equation of the set one must multiply Eq. (5) by Nq'p'( t') and average, and so on.

To obtain the solution of several problems it is convenient to use not Eq. (5), but the equation for the
difference between the functions Ngp and their average values, that is, for the functions SNgp (t) = Ngp
— Ngp (t). The mean square deviation is connected with the correlation function,

iNgp (£) SNy (1) =g (a, 4> P, P, ) + 3(q — q') 3 (p — ') Ny, (8). (10)
From Eq. (5) we get the following equation for the &Nqp,

A R = o aAr Ty g gt
—g‘t‘aqu + %%aqu — a&_ng) (la—4q’|) o {NgpSNgp + NgpdNgrp + 3NgpoNgrpr — 8Ny Ngrp-} dq’ dp” = 0, (11)
from which we can easily obtain an equation for the mean square deviation,

8 sr T 0 op s 0 ,
2 NNy + B AN N g — HSCD (a—q'D

X o (NaghNegp Narr + Naryr Ny N argr + SN ap BN BN g A’ dp = 0. (12)
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These equations simplify considerably, if we neglect in (12) triple deviations, which is possible when the
deviations are small, and in (11) the term Gququ'p' - 6qu6Nq'p'. The neglecting of this term in (11)
is possible when the interactions are weak, and when we are interested in phenomena for which close in-
teractions play a minor role. The solutions of (11) and (12) glven below are only correct under these
assumptions.

We consider one particular, very important case when the average distribution of partlcles in phase
space does not depend on time and is uniform in coordinate space, that is, qu (t) = Np This case cor-
responds to statistical equilibrium and represents a random, uniform, stationary process.!* The mean
square deviation depends in this case only on the time difference |t —t'| =T and on the relative position
q- q' of the particles, i.e.,

8Ngp () 8Ngrpr (£') > M (=, q, P, P')- (13)
The function M (T, q, p, p') is connected with the space-time correlation function of the stationary, uni-
form process under consideration. With these assumptions Eq. (11) has the following form,

9BNgp p 03N

a7 " 0 g N
o0 T m aq —ag) P9 AN Ny dadpi5E =0, (14)

and the equation for M(7, q, p, p’) has the form,

p oM

0t+ma_q_"—g(b(lq"‘”)M(T q,p,p")dq dp" =0. (15)

Let us consider the solution of the equation for M in the case where 7 =0, If we take into account
the connection between the function M (q) and the correlation function g(|ql), which we have normal-
ized according to Ref. 6,

2@ P =M@ pF—3@N,|5: 71 = Npap,
we get the following equation for the correlation function

P 9 oD N, 1
S {m - (@la—ahe@, p)dady Te— 3 odu et (16)

i=1, 2 i=1, 2 %

Solving Eq. (16) we get

v(k)F(k)
g(a) == | S grme k. (17)
n 1 -
M(lq)) = (2r)® S 1—v (k) F(k) e~kadk, (18)
where
N .
FR)= (kG2 dp, »(%) =@ (aql)endg. (19)

Substituting the Maxwell distribution into (18) we get a result which agrees with the correlation function
obtained in Ref. 3. If the interaction between the particles is a Coulomb interaction we get from Eq. (18)
the Debye expression

g (q) =— (1/4=nriq) exp (— q/ra).
Let us now find an expression for the average energy in the case under consideration. Substituting

Ngp = ﬁp + 6Ngp into Eq. (2) for the Hamiltonjan function and averaging we get the expression

o 3NxT | N2y (0
T+ 2+ g (@Gap Mgl da.

H= ——+ =y

Let us now consider the solution of the equations for 6qu (t) and M(7, q, p, p’) for the case when
T#0,
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The solution of Eq. (14) can be written in the form of an infinite sum of harmonic terms with random
amplitudes and phases,

Sa.rvqp (t) dp = (2r)4 S e, o—1kades dk. (20)

Substituting (20) into (14) we find from the condition that the latter has a solution that

* koN_ /op
=)\ mrm—a 4P (21)

which determines for our case the dependence of the possible values of wg on the wave vector k. Ex-
pansion (21) agrees with the expression for the distribution function obtained by Vlasov’ and Landaul® for
the solution of the linearized self-consistent field equation.

Formula (21) determines the form of the space-time correlation function. This follows immediately
from the solution of Eq. (15), if we look for this solution in the form

VM q,p, p)dpdp’ = (22 [ ] (@, k) etot—ikado dk. (22)

Substituting expansion (22) into (15) we find that we can find a solution only if (21) is satisfied. Without
solving (15) we can find an expression for the function M (7, q) for a system of particles with Coulomb
interactions by using (21) directly. From expression (21) we can for a given value of k determine the

frequency wk and the logarithmic decrement oy of the vibrations corresponding to the Fourier coeffi-

cients ng(t) obtained from the expansion

(oWap (6 dp = (272 { mc (8) e~ adk. (23)
In the case of long wavelengths we can immediately write downthe expressions for wkg and ok, if we use
Landau’s result!’
wi = of + 3rgk’; ox = oLV = /8 (kra) ™ exp(—1/2k%r%). (24)
Since ok < wk the Fourier coefficients ng (t) satisfy the differential equation
ik + 20411, + oing = 0. (25)
From Eq. (25) we find an expression for the spectral density of the correlation function M (T, q)
f (o, k) = A/ [(©— ox)* + 4oksi], (26)

where

F k) =\ @m0+ ) emovde = | M (s, ) emiond,

From (26) we get
M (z, k) = (A [ 4oyor) e 8™ cos wyr. (27)

In the case of statistical equilibrium we can determine the value of A from the condition that for 7 =0
the expression

M (x, q) = (2)—3 S M (<, K) e—iadk

for the correlation function must agree with (19). This condition follows immediately from the definition
of the many-time correlation functions.!13

From Eq. (27) it follows that the correlation time is determined by the inverse of the logarithmic dec-
rement ok; this quantity was determined by considering only distant interactions. For small values of
k one can take the close interactions approximately into account if we introduce the average relaxation
time between collisions.

Let us now go over to a consideration of the quantum mechanical case.
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In the representation of second quantization the Hamiltonian of a system of particles with central
force interactions, which corresponds to the Hamiltonian function (3), has the following form,

He=— vl avd +3{00q—q)¥ (@ ¥ (@) ¥ @) ¥ (@) dadq, (28)

where ¥t and ¥ are the quantum mechanical wave functions which satisfy the well known commutation
relations. In quantum theory one can define the quantity corresponding to the classical Ngp(t) as fol-
lows,’

Ngp () = (27 S‘F* (q—46/2)¥ (q+ 16/2) e=6246. (29)

We consider first of all the case where we can neglect exchange interactions. By comparison with the
expressions for the average values of dynamical quantities which are additive, binary, and so on, we can
find relations between the average values of products of the functions Ngp (t) and the quantum mechan-
ical distribution functions f;, fy, ...,

Nfl (q7 P, t) zjvqp (t), (30)
NN —1)f(q, p, @', Py ) = NgpNgypr

—(o(a+ 32— (a1 W (L QORDL T OO oy t)exp (0 (4 —p) + 0" (n— ')} dO A0’ . (31)

These expressions correspond to the classical expressions (6) and (7). If we use the definition of the
Ngp(t) we can rewrite expression (28) for H as follows,

2 1 ’ T ’ ’
H= {2 Noydqdp + 5 {® (1q — q'|) NapNopda dpdq’ dp’. (28"

One can obtain an equation for Ngp(t) in the quantum mechanical case by using, for instance, the
equation for the quantum mechanical wave function ¥ and the equation has the following form

o s 2o folfams — 4] —0(lama + ¥ eNeper i, (s

This equation goes over into the classical equation (5) as & — 0.

Equation (32) has the same form as the quantum mechanical transport equation for the distribution
function with a self-consistent field, considered by Silin and the present author.”® As far as the corre-
spondence between these equations is concerned, we can say approximately the same as was said earlier
concerning Eq. (5) for the qu( t) and the classical self-consistent field equation for the distribution
function.

The Ngp(t) are now, just as in the classical case, random functions of q, p, and t, and there
exists a distribution function F(... Ngp - - .) for them. Multiplying the average of Eq. (31) by this
function one can obtain a set of quantum mechanical equations for f;, f;, and so on.

As in the classical case we shall assume

Ngp = 8Ny, (t) + Nep (£).

The equations for 0Ngp (t) and for the mean square deviation have the following form

S e R )

— <| q9—q + %OD] {NaidNgrp + SNaqnNpr + 3NgndNgrpr
(33)
— NNy} €0 =P dndq’ dp’s 37 SNagd Ny + L 2 5NN =1 {[@(la— "= 7))

” * FYAR AT SAT  SAT SA A . — ” ”
-0 (' -9+ 76\)] {NqndNqp8Ngrpr + 8Ngrp8Ngn Norp ~+ 8N qip:BNqudNgrpr} €10 @=P)dO dq dq” dp”.
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In the case when the average values of the qu(t) do not depend on the time and when there is a uni-
form distribution in coordinate space, that is, when Ny, (t) = ﬁp, the mean square deviation will again
[compare Eq.(13)] depend only on |t —t'| =7 and on the relative position q — q' = q.

If we neglect in (33) triple deviations we get the following equation for the function M(r, q, p, p’) de-
fined by ( 13)

oM p 0M__ i i ’ 76 _ _a @ A7 < ’ ’ 7\ pif (n—p) [
W2t mi\efa—a =) —0(a—a + )| WM @, ) p)etoPdbdndg . (34)
In the linear approximation we find that Eq. (32) for Gqu(t) has a solution only provided

1=y (%)SJ%%“;'?;—_—W@ (35)
Expression (35) connects the energy hw with the momentum hk of the elementary excitations of the
system under consideration and is the counterpart of the classical equation (21) connecting w and k.
In Ref. 5, we have given for a number of cases the excitation spectrum following from Eq. (35). [In that
paper we started from the Hamiltonian function defined by Eq. (2) and not the one defined by Eq. (3) so
that the corresponding equation for Ngp (t) contained an additional term.}

We can obtain an expression for the space-time correlation function either from the solution of Eq.
(34) for M(t,q, p,p ), or by using ( 35) directly.

If we want to take exchange effects into account, Eq. (30) becomes more complicated, but also in that
case can the Hamiltonian (28) be expressed in terms of the Ngp:

2 1 ’ —_ - —p’ N ’ ’ ’
H =2 Nypdadp + 3@ (1qa—a') F @) (L521)2 (q—q)} NopNarpdq dq’dpdyp'. (36)
From Eq. (36) it follows that the consideration of exchange effects can be reduced to a change in the

interaction energy of the particles in the system.
The equation for Ngp(t) has in this case the following form,

a# + %a%q‘lg = (2:)311 S {(D <l 1—9q9 - 7”;.9 > - <} —q +%e D} Nanlopre'® n=Pdq’ dp’ db dy

1 Jplr—a=F)=(n—vr-%F) (37)

Fa ) (- +5

X 3(r—q'+ %")} NexNgpr €xp {i6 (4 — p) - ik (r — q)} dO do dk dr dq’ dp’.

For systems of particles, obeying Fermi statistics, we can use a simpler equation, provided the mo-
menta of the particles differ little from the momentum at the top of the Fermi distribution,

U4 (5 ey (P50 et

a ’ 1 pP— pl a ’ ’ ’ aNqn .
—2\{o0a—a'h — g (|25 ])3 (@ — a)} Nowda'dp’ 52 = 0. (38)
Equation (37) has the same form as the quantum mechanical self-consistent field equation for the distri-
bution function which takes the exchange effects into account. From Egs.(37)and(38) we can by av'erag-
ing obtain a set of equations for the quantum mechanical distribution functions f;(q, p, t), f,(q,p, 4, p,t)
which include exchange. The first equation of this set, which is obtained by averaging Eq. (38) has, for
instance, the following form
N, 1 9 —p’
ap P P—p
e TN

oN,
)3(a—q) Nopdd’ dp’) 522

250031~ 50— o (o



760 IU. L. KLIMONTOVICH

An approximate solution of the first two equations of this set in the case of a short range force
[@(la-q'|) =v(0)6(q — q')] enables us to obtain the transport equation used by Landau in his theory
of Fermi-liquids.!?

I should like to use this opportunity to express my gratitude to Academician N. N. Bogoliubov and to
V. P. Silin for discussions of the problems considered in the present paper.
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It is shown that nuclear reactions occurring in cold hydrogen at densities of 104 —108 g/cc
via barrier penetration proceed with a probability which is quite noticeable on an astrophys-
ical scale. This fact puts a limit on the possible compression of cold hydrogen, since a ce-
lestial body cannot last more than 10% years at a density of 0.7 g/cc. Such a density is
reached in cold hydrogen under the action of gravitation for a mass close to that of the sun.

IT is known! ~ 3 that the thermonuclear reactions p +p =D + e+ + '17, p+D=He®+ Y occur in stars; in
addition, at high temperature we have the reaction He3 + He® = He + p + p, and a high density the reac-
tions He3+e'=T+v, T+p=He‘+'y.



