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STELLINGEN

Variatie van de energie van een fermionengas beschreven door een Jas-
trow-golffunctie, levert in eerste orde een grnhnl”hwadv U\vvdvvhivsﬁWW=
gelijking, die verwant is met de zgn. Bethe-Goldstone vergelijking.

H. A. Bethe en J. Goldstone, Proc. Roy. Soc. A 238
(1957) 551

I1

De generalisatie van Jastrow-golffuncties tot mengsels van fermionen
levert de mogelijkheid (naast de volume-energie) de symmetrie-energie van
kernmaterie, althans qualitatief, te berekenen.

Hoofdstuk ITT van dit proefschrift.

I11

Het is te verwachten dat de in dit proefschrift gegeven methode ook kan
worden toegepast op de grondtoestand van een mengsel van fermionen en
bosonen en bovendien, dat de clusterontwikkelingen van de distributie-
functies uitsluitend irreducible clusterintegralen bevatten.

Hoofdstuk IT van dit proefschrift.
IV
De splitsing van de quantummechanische configuratie-integrand van

een Bose- of Fermigas in een ‘statistisch’ en een ‘dynamisch’” deel, maakt
het mogelijk meer gedetailleerde clusterintegralen in te voeren. Deze zijn

van belang bij de fugaciteitsontwikkeling van druk en dichtheid in geval
van lage temperatuur.

K. Huang, C. N. Yang en J. M. Luttinger, Phys
Rev. 105 (1957) 776.

Hoofdstuk ITI, appendix, van dit proefschrift.







De invloed van de kernspinprecessie ten gevolge van voorafgaande
K-vangst op de hoekverdeling van yp-straling, uitgezonden door gerichte
atoomkernen, is verwaarlooshaar klein.

H. A. Tolhoek, C. D. Hartogh en S. R. de Groot,
J. Phys. Rad. 16 (1955) 615.

VI

Bij een y-y-overgang levert het waarnemen van de polarisatie van een
der stralingen, naast het meten van de hoekcorrelatie tussen die twee stra-
lingen, de mogelijkheid het teken van het electrische quadrupoolmoment
van de tussentoestand te bepalen.

VII

De beschouwing van Bethe en de Hoffmann over de tekenkeuze
bij de afleiding van de Kemmer-interactie tussen mesonen en nucleonen,
1S onjuist.

H. A. Bethe en J. de Hoffmann, Mesons and Fields
1, § 31, Row, New-York, 1955.

VIII

Het gebruik van de door Abe ingevoerde psendopotentiaal voor een gas
van harde bollen verdient de voorkeur boven de pseudopotentiaal ingevoerd
door Huang en Yang.

R. Abe, Progr. theor. Phys. 19 (1958) 1,699.
K. Huangen C. N. Yang, Phys. Rev. 105 (1957) 767.

X

De door Rose gegeven formulering van het eerste decompositietheorema
voor tensoren van de eerste rang is niet geheel juist.
M. E. Rose, Elementary Theory of Angular Momen-
tum, § 20, Chapman, London, 1957

X

Tegen de door Cooper en Henley gebruikte uitdrukking voor de Cou-
lombenergie (ter berekening van de kernstraal nit het energieverschil tussen
spiegelkernen) kunnen bezwaren worden aangevoerd.

L. M. Cooperen E. M. Henley, Phys. Rev. 92 (1953)
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INTRODUCTION

The purpose of this thesis is the study of the ground state, described by
a Jastrow wave function, of a fermion gas with short range interactions
(which may have a hard core). The influence of the introduction of forces
is represented by a correlation factor multiplying the unperturbed ground
state wave function; this correlation factor is a function of the position
coordinates of the particles and may contain variational parameters.

In chapter I cluster-like expansions for the k-particle distribution functions
are derived in a general form for fermions without spin, provided a certain
condition has been satisfied. This condition, imposed on the correlation
factor, is of importance when using the wave function as a trial wave
function in a variational calculation. In chapter II a reduction of the result,
generalized to mixtures of fermions, is carried out by means of the intro-
duction of irreducible cluster functions and the use of certain combinatorial
methods. In chapter IIT the method is extended to particles with spin and
explicit results are given for the distribution functions and the energy,
including the case of fermion mixtures. A discussion is given of the appli-
cation of the method to nuclear matter. In the appendix to this chapter,
the method is applied to an imperfect Bose or Fermi gas at low temperature
and leads to the fugacity expansion of the pressure and the density in terms
of more detailed cluster integrals.

The contents of this thesis are also published in Physica (Physica 24
(1958) 721, 875, 896).




CHAPTER |

GENERAL CLUSTER DEVELOPMENT
OF THE DISTRIBUTION FUNCTIONS

Synopsis

This chapter is concerned with a form of wave function, which was proposed by
Jastrow for the ground state of a fermion gas with short range interactions. The
influence of the introduction of forces is represented by a correlation factor F, which
is a function of the particle coordinates and which may contain variational parameters,
in front of the Slater determinant for the unperturbed ground state wave function.
This wave function may be used as a trial function in a variational principle. The
evaluation of the energy can make use of cluster-like expansions for the k-particle
distribution function gg(r¥), which are given in this paper in a general form for
fermions without spin. The expansion of gx(r¥) can be made for the limit of large total
volume and reads

gu(rk) = n¥ X2, by o(rk),

where the I;k‘,{r*’)'s are cluster integrals which depend on the density, », only, and
not on the total number of particles. It seems plausible that this expansion converges
rapidly, if nd2 1 (0 range of correlations in the F-factor).

§ 1. Introduction. During the last few years the many-body problem of
interaction fermions in the ground state has received renewed attention
of many authors. Different lines of approach were used by (a) Brueckner,
Bethe, Goldstone and Hugenholtz, (b) Lee, Yang and Huang,
(c) Jastrow?!), Iwamoto and Yamada 2). The application of these
developments, which has most interest at present, is to the problem of the
structure of nuclear matter. The relative merits of the various approaches

may be different in different applications, e.g., the problems of infinite

nuclear matter, the theory of the nuclear “surface” and finite nuclei. It
seems therefore of interest to make a further investigation of the various
methods even if previous methods have met with reasonable success.

In the series of papers, of which this one is the first, we want to give the
mathematics of the cluster developments, to be used in connection with
Jastrow’s wave function (cf. (2.1), (2.4) and (2.8)) in a general form,
avoiding a number of objections, which can be raised against Jastrow’s
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calculations and generalizing it in various aspects. Our method differs
also substantially from the cluster development method which was used
by Iwamoto and Yamada 2) for this type of wave functions.

Jastrow’s method was applied to nuclear matter by Emery 2) and
Dabrowski4)., We want further to point to the paper by Gomes,
Walecka and Weisskopf ), in which a clear physical discussion of a
number of features of the wave function of nuclear matter and the ex-
pression of the correlation between nucleons is given. In our opinion it
shows that Jastrow’s wave function represents these correlations in a
way which seems simple and attractive and hence worthy of further in-
vestigation.

We shall give in this chapter the general form of the cluster developments
for the k-particle distribution functions for a system of fermions without
spin specified by a Jastrow wave function. The estimate of the explicit
dependence of the various cluster contributions on the total number of
fermions requires a careful handling of the momentum relations originating
from the orthogonality of the different plane waves, which describe the
unperturbed ground state. In subsequent chapters of this thesis we shall
give: (a) a reduction of these expressions by means of the introduction of so
called “irreducible cluster functions" ; (b) the expressions for the kinetic and
potential energy for such a system and a comparison with the work of
Jastrow, Iwamoto and Yamada; (c) a generalization to fermions with
spin; (d) an application of the methods used to a Bose or Fermi gas of
interacting particles at low temperature.

§ 2. The wave function and the distribution functions. We consider the
problem of &V interacting fermions, contained in a volume 2. We are inter-
ested here in volume effects only, so that we shall take the limit for N — oo,
at constant density » = N/Q. For the sake of formal simplicity we shall
limit ourselves in this paper to “fermions without spin” (particles, without
spin coordinate, for which the wave function must be antisymmetric in
the place coordinates). We shall further assume that the volume, in which
the system is contained, is of a cubic shape with sides L (2 = L3), and we
shall require periodic boundary conditions.

If the particles have no interactions, the normalized wave function for
the ground state of the system will simply be given by the Slater determinant

Do(ry, n) = (2N N!)~* Det [exp (ik;- 1)

= (QNN)*H Fpopexp i Zikpi- 1] =

= (5..)‘\. N !)_5 P op exp ll- i R;- rpil, (21 ).

which we shall sometimes write as a sum over the permutations P of the
subscripts ¢ (dp = + 1 or —1 for even and odd permutations). r¥ represents
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the set of N one-particle coordinates r; (j = 1,2, ..., N). The possible
values R; (i = 1,2, ...., N) for the single particle momenta are given by

k; = (27/L)ny, (2.2)

where the n; are three-dimensional vectors with integer components
(0, 41, +2, ...). In the limit of large N, the allowed values for k; are
those values (2.2) lying within the Fermi sphere in momentum space, which
has the radius

kp(n) = (622)ind. (2.3)

The wave functions for interacting fermions, which will be studied in this
paper, are of the form
D(rN, n) = F(r¥, n) @o(ry, n), (2.4)

where F(r¥, n) is a symmetrical function in the N one particle coordinates.
It is then seen that @(rY, ) again satisfies the requirement of antisymmetry
in the particle coordinates. The correlations of the nucleons caused by the
interaction are expressed by the factor F(r¥, n). The interest of the approach
using such wave functions, which must be considered as approximate trial
wave functions, was explained in § 1. We shall suppose in all our develop-
ments that we have short range forces and also that the nucleon correlations
expressed by the F-factor have a short range, 4. We shall always require the
following properties for F(r¥):
I. The product property:

1:(1"\') == ]:‘\'1 3 r‘\-l) 1“‘\':([\'] Yty TN (A\v = N; + Nb3),

if 7y = |1y — 13| > 0 forevery i = 1,2, ..., N; and
N.

.y &

every § = N1+ 1,..

The functions [’,\'l (N1 < N) are defined by this equation.

I1. Normalization to one for separate configurations:
Fa(ty)-= 1 (2.6)

where Fy(r;) is defined according to (2.5) if N = 1. It should be noted that
the wave function @(r¥, ») according to (2.4) is generally not normalized,
if F(rd) is normalized according to (2.6). The value of the normalization
constant, which has to be added, is derived in § 4 (cf. (4.28) and (4.32)).

It is an immediate consequence of (2.5) and (2.6) that the F-factor equals
one, for a configuration in which no two points are closer than 4:

F(rN) = 1,ifry > 0 forevery i,j =1, ..., N. (i #J). (2.7)
The wave function @(r¥, n) deviates from the wave function @o(r™, n)

for non-interacting fermions as soon as any two particles approach each
other within the distance o.




The simplest and most important example of an F-factor satisfying (2.5)
and (2.6) is given by 1)

F(r®) = IS j=1 fry), (2.8)
where f(r) satisfies

fr) =1, if r > 6. (2.9)

The introduction of a correlation factor of this type yields, already in first
order, a finite result for the energy in case of a hard core potential.

The F-factor (2.8) introduces explicitly only two-particle correlations. Of
course it is easy to generalize (2.8) so that also explicit 3-particle correlations
are added:

F(rY) = [T j=1 fra))T135 15 me=1 8Pk 71, Tmi)], (2.10)
where g(ry, vy, ry) must satisfy
glre, ri,. rm) = 1, if 7k >0, im > 0, Ykm > 0. (2.11)

The functions f and g (and hence the F-factor) may depend on one or more
parameters o, which may be used as adjustable parameters when taking
(2.4) as trial wave function in a quantum mechanical variational principle.

The expectation values of operators such as the energy can be calculated
simply for a given wave function (2.4) once we have obtained the values of
the so-called k-particle distribution function gi(r¥). These are defined by
the equation

gi(rk) = ay [ P*(rk, rN-F) O(rk, rN-¥) dryN-F, (2.12)

r* stands for the set of %k coordinates forming the basis; r¥-% stands for
the other variables, over which the integration is performed (& < N).
ay is a normalization constant, which is chosen in such a way that

Jer(r¥) drk = N/(N — k)L (2.13)

This normalization makes gi(r¥) ~ n* for configurations in which the %
particle coordinates lie sufficiently far apart.

The distribution functions can be generalized to expressions, which are
non-diagonal in the coordinates:

gr(rk, r'k) = ay [ D*(r'k, rN-k) @(rk, rN-k) drN-k, (2.14)
Although such distribution functions are needed for the evaluation of the

kinetic energy (k = 1), we shall limit our attention in the following section
mainly to expressions (2.12) for the sake of simplicity of the presentation.

§ 3. Introduction of the correlation functions. In the following section a
cluster-like expansion for the distribution functions gi(r¥) will be deduced.

The methods which are used have a certain analogy to those which are used
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in statistical mechanics 6)7). In this section we shall introduce or summarize
a number of definitions and notions, which will be employed in the further
developments, also for avoiding too frequent references to papers in the
field of statistical mechanics.

We start by considering the k-particle distribution function for non-
interacting fermions; this function is a special case of (2.12)

‘4\,]\_(0)(,-1;) — (,k»/‘ (/)*0(,-1." yN- I.:) (I)(,(r’f, r.\'-l.‘) drN-k, (3'1)

[t is easily shown, according to standard methods, that this can be reduced
to
;(/,-‘”)(r}") — nk l,;,‘-"’(r’f), (3_2)

where L'V is generally defined as
LNy, oo 1Y) = Det ([;;‘-\") =152 l), (3.3)

with

Iy = N-1 SN, ¢® =" (hence ly® = 1). (3.4)

The summation should be performed over all ky within the Fermi sphere.
The summation may be replaced by an integration (which is then easily
carried out) for small values of r and in the limit of large 2. This provides
/,'j’-\" = /()’;]) with

I(r) = 3 (siny — y cos ¥)y~3 with y = kpr = (622)F nir. (3.5)

We shall indicate below when /™ may be replaced by the expression (3.5)
(for convenience we shall mostly omit the superscript N).

As an illustration we may specialize to & = 2. We then find the pair
distribution function for non-interacting fermions

25 0 (1, rs) = n2 LoV (rq, 12) = n2[1 — [2(r19)]. .6)

We shall say that the function gz'® (r¥) expresses the statistical correlation
of fermions (the correlation due to Fermi statistics only) and we shall call
LiN(ry, ..., 1) the statistical correlation function for / fermions.

The part of the correlation of interacting fermions, which exists in
deviations from the correlation given by LA, as a consequence of their
interaction, will be designated as the dynamical correlation. The dynamical
correlation is expressed by means of the F-factor, if wave functions of the
type (2.4) are used. We shall introduce a number of functions (W, U, R, V),
which depend directly on the F-factor, and which we shall call (dynamical)
correlation functions. They will be used for the cluster developments. We
shall often use correlation functions for a certain basis r¥, which means that
a set of functions is used which all depend on some given set of & place
coordinates ry and mostly also on other variables.
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The general corvelation function Wi g (rk, ris1, ..., 1) (for the basis r¥,

and containing / variables) is defined by the equation

, 1) = ]71*(,-1\" PRt s ) F[(l‘k, PELTS sia wn X L) (3.7)

H'k‘,(rk, Pr1, <o

This function can be introduced for an N-particle system, because Fy is
defined for such a system according to (2.5). In case the F-factor has the
explicit form (2.8), we can immediately give the expression for I for this
example

1:1("1‘ .. 'vrl) = ll{ »j=1 /(rl'j)' (3'8)

It follows directly from the definition (3.7) that Wy ,: (a) satisfies the
product property (2.5), (b) is normalized to one for separate configurations.
Hence one has in particular

”'().1 =1 (39]

It follows further from the definition of Wy, that it is symmetric in all
variables 7y, ..., r.. The general correlation function Wy ; is analogous to
a certain extent to the cluster functions Wy, = exp (— Xt ;- Viy/kT)
occurring as configurational integrands in the statistical mechanics of an
imperfect classical gas with short range interactions 6)7). If the wave function
@(rN, n) according to (2.4) would not have the factor @y(r¥, n), cluster
expansions for the quantum mechanical system in the ground state could
be given by the methods already known from statistical mechanics 6)7). This
applies to the case of bosons, where we may put @y = 1. Jastrow has
given the cluster development for a system of bosons in the ground state ).
However, a procedure which is appreciably more complicated must be
followed for a system of fermions in the ground state (cf. § 4). This finds
expression in the more complicated dependence of the final result on the
density, in contrast with bosons, where the final result for gg(r¥) can be
written as a power series in the density. This is a consequence of the
kp = (6a2)} occurring in the statistical correlation function (cf. 3.5)).

The separated correlation functions Uy (r¥,rgsy, ..., 1) are defined in
terms of the Wy -functions by the following equations, which are known
in statistical mechanics as the Ursell-Mayer development 6)7).

Wi, k(r¥) = Up,x(r¥),

Wi ks1(rk, r,) = Ugx(rk) Uo,a(r,) + Uk ra(rk, 1),

Wi kso(rk, r,, 1)) = Up,x(r¥) Upa(r,)Uoa(ry) + 248
+ Ug,(r¥) Up2(r,, 1)) + Uk kna(r¥, 1) Uoa(ry) +

+ Uk Upa(r,) + Ug xselrk, r, 1)),




The general form of these equations may be written in an abbreviated form
as (containing & = 0 as a special case)

Wia(re, r%) = S'iay U (rk, ric¥) T15  Uo(rh). (3.11)

The summation S’;q, should be extended over all possible partitions of the
I — k non-basis coordinates over the different Uy ;—functions, hence the
summation over the numbers /; must be such that I = \_: 1 Iy, while %
basis coordinates always remain concentrated in one l,’k'll-function. The
equations (3.10) can be solved for the U-functions. One obtains for & = 0.

Uoa(r,) = Woa(r,) =1,
Uop,(r,, r\) = Wo,a(r,, r)) — Wo(r,)Wo,(r)),

The Uy -functions for & > O are obtained as

Ugk,e(rk) = Wi i(r¥),
Uk p1(rk, r,) = Wi ea(rkr,) — Wi k(r¥) Woa(r,),

It is easily seen that the Uy -functions are (a) symmetric in the & basis
coordinates, (b) symmetric in the / — & non-basis coordinates. Further one
can deduce rather easily from the defining equations (3.10), and from the
product property and normalization of the W-functions that the U-functions
satisfy the following property, which we call the separation property:

A Uy -function approaches zero for a configuration in which the coordinates
are divided into two groups with a mutual distance of at least & (the bastis
coordinates should occur in one group only).

This can be expressed by the formula (3.14). This formula expresses a
special division, from which the general case follows directly from the
symmetry of Up,:

Uk alrk, res1s «ven ) = 0, if 745 > 0 for every = Iy 24 5w P
and for every
j=p+1,...,1 (p may have any value k < p <1I). (3.14) -
We shall call a correlation function, which has this separation property, a
cluster function.

It is easily seen from the equations (3.11) defining the relation of the
Up.; to the Wi that Wy 4 can be expanded according to

Wi o(rk, re %) =38, To,Uka(rk, ry, o ooi T2) Wo,q-1(Tay,pr- s TA) (3.15)
The summation ¥, represents a summation over the different possible
ways in which the coordinates r¢—¥ can be divided into two sets of coordi-
nates (ry, ., ..., 1) and (ry,, -... M), which occur in the Uj, ;-function
and the Wy 4-;-function respectively.
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In view of the developments of the next section we define the incomplete
correlation functions Vi (rk, risy. .. 1) in the following way. Vi is defined
by an expansion similar to the expansion (3.11) for Wy ;; however, we omit
all terms of (3.11) which contain a factor Uy, with /; = 1 (in other words
all terms with Up,; are omitted), or written in a similar way as (3.11)

I',‘-',(r’f, ri=k) — 5'1‘1‘. (";-,1’(1'"', rh—k) “‘l’{ ﬂ"i' (_7(,‘1,(1‘11). (3.16)

It follows immediately from the definitions (3.11) and (3.16) and the fact
that Up,; = 1, if we arrange (3.11) according to powers of Uy,;, that

W a(rk, #-8) = T} Do Vi v oo ) (3.17)

The summation ¥, , indicates that we should take as non-basis coordinates
in V4 every possible set of (¢ — %) coordinates, which can be selected from
the (I — k) non-basis coordinates in Wy ;. This can be done in

A7 il 2L (! - /e) 3 (¢ — R)! (3.18)
TERETT NG =) T g — R —g)! '
possible ways.

The Vi, can be expanded in an entirely analogous way as the Wy,
according to (3.15); we see that the following formula for the V' , follows
from (3.16), exactly as (3.15) follows from (3.11)

Vi,olrk, re %) =31 . Yoo Ukalrk, Pt e 42 100 l'nvq.z(r,\m, cen Ty (3:19)

Representation of corrvelation functions by means of graphs. It is often
useful to visualize correlation functions by means of graphs, in particular
if the F-factor has the form (2.8). We summarize the definitions concerning
graphs, which will be used here: A graph is a figure built from numbered
points and lines (connecting the points) as elements. A graph is connected,
if any two points are connected directly or indirectly by one or more lines.
An articulation point of a graph is a point, where a graph may be cut into
two or more parts, which are not mutually connected. An irreducible graph
is a connected graph without articulation points. A complete star is a graph,
which contains all possible lines connecting the points.

Uy, -functions may be represented by graphs. In the general case we
represent a Uy -function simply by the complete star with the / coordinate
points. We distinguish between basis-lines, connecting two points of the
basis, and U-lines, being all other connections. The expansion (3.11) can be
expressed as related to a certain set of graphs, the different terms in the
right-hand member correspond to all possible partitions of the / points over
a number of (mutually not connected) complete stars, the % basis-points
always being situated in the same complete star. Each term of the right-
hand member of (3.11) is a product of U-functions, each U-function corre-
sponding to a complete star resulting from a certain partition, and not being
connected to other points.



In case the F-factor is given by (2.8) we shall write
Mry) = |f(rg)]2 — 1. (3.20)
We can then write the correlation function Wy ; as

W kit — “ 1 1) 2 = “{) =1 /I}‘z ”,,».u,-~1(1 i /Ium.)- (3-2])

[1’ indicates that no term with both », m < % should be included ; we write
fi for f(rij) and hy; for h(ry). In this case of two-particle correlations given
by (3.21) more specific representations of functions then for the general
case can be given: a function, which is a product of a number of A;-factors
may now be represented by a graph if we make every hy-factor correspond
to a line (onmctm-r the points numbered ¢ and j. We may introduce the
following “types” of lines: f-lines corresponding to |fy|*-factors; k- lines
corresponding to kj-factors. We then obtain graphs (which may contain
2 types of lines) which can represent any product of |fy|2- and hy-factors.
The f-lines will correspond to the basis lines of the general case. A
Uy function is now represented by the collection of all connected graphs
formed with A-lines, the basis points being mutually connected by f-lines
The expressions for the Uj -functions for the form (3.21) for Wy, are
easily deduced from the equations (3.10), ..., (3.13); we give some simple
examples
Uo,a(r, Ta) = hiz; Ug s(ry, T2, T3) = highes + hathis + hishse + hisheshs:.
Uss(ry, ) = f(r12)|%; Uz,s("l. ro; r3) = |f(r12)2(hi3 + has + hashsz). (3.22)

The graphs corresponding to these functions are shown in Fig. 1.

Uz

Fig. 1. Some examples of graphs representing U-functions, (cf. (3.22)); a single line
represents a h-connection, a double line represents a basis-connection (|f|2-factor).

It is sometimes useful to introduce the irreducible correlation functions
Rpya(rk, rgsq, ..., 1) defined by the equations

U, x(r¥) = R k(rF),

Up,

pr1(rk, 7)) = 35_1 Ri k(%) Ro2(ry, 1) + Ri ks a(rk,

sy )

Ry -functions may be represented in the gene ral case by mmplntc stars,
entirely analogous to Uy, -functions. The general form of the expansion
(3.23) for Uy, can then be expressed in the following way by means of
graphs: consider all possible connected graphs of / points of the following
type:

(1) the k basis-points should all be contained in the same complete star,
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(2) the graphs may be reducible, but the irreducible parts should be
complete stars.

Each term of a right-hand member of (3.23) is a product of R-functions,
each R-function corresponding to an irreducible part of a graph.

It is seen that the R-functions have the same separation property (3.14)
as the U-function and are also symmetric in the basis coordinates and
symmetric in the non-basis coordinates.

As an example we write down some equations for £ = 0

Ug,a(ry, r2) = Ro2(r1, ra);
Uo,s(ry, 12, r3) = Ro2(r1, r2) Ro2(rs, r3) + Ro2(ry, r3) Roz(rs, r2) +
-+ Ro,2(re, r1) Roz2(r1, r3) + Ros(ri, ra, r3). (3.24)

In case Wy, is given by (3.21) one can derive the expressions for the Ry,
functions in terms of f; and /& functions. We give some examples:

Ro2(r1, T2) = hiz; Ro3(ry, 12, r3) = hishag hay;

Ro.4(ry, 1a, T3, T1) = hishaghsshay + hshgshoshsy + ...  (3.25)
R3 o(r?) = |f12|2; R 3(r?, rs) = |f12|% hishas;

Rpa(r2, r3, ry) = |f12/2 (hiahashss + .. ..).

Fig. 2 shows graphs representing some of these functions by means of the more
specific representation by graphs, which is possible in the case that Wy ;
is given by (3.21). It can be shown in general for this case that the Ry ;-
functions are sums of all possible terms represented by the different irre-
ducible graphs formed with A-lines and f-lines between the basis points.

Fig. 2. Some examples of graphs representing irreducible correlation functions R
(cf. (3.25)); a single line represents a h-connection, a double line represents a basis-
connection (|f|2-factor).

Mixed correlation functions will be used in the following section for the
expansion of Vi 4 L,'V. These functions are introduced as functions con-
taining dynamical correlations as well as statistical correlations. We shall
give their definitions by means of graphs containing different kinds of
connections. A statistical correlation function L, is given by a determi-
nant, which can be written as a sum over permutations, while permutations
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can be analyzed in terms of cyclic permutations; examples

cycle corresponds to ;3 = 1,
cycle corresponds to — i12/21,
cycle ( corresponds to l1ala3l3y,
cycle corresponds to l13l3al21,
(‘}'(‘l(' to — lyslaalaslas.

The total number of cycles for a given group of s coordinates is (s — 1)!;
:ach function representing such a cycle has the sign (—1)#-1, which indicates
whether the cycle is an even or odd permutation. Hence, if we make every
ly-factor with 7 = j correspond to a line connecting the points 7 and 7, we can
obtain all terms for the statistical correlations by confining ourselves to
l-connections which connect certain numbered coordinates in a cycle of
definite order. Fig. 3 shows the graphs representing the terms of (3.26) for
s > 1: the different orders cof the cycles can be distinguished by arrows.

3
-

.
2

SEEedl | | =11 |
b2 iz L2 i23 13y W2 lz4 a3 '51

Fig. 3. Some examples of graphs representing cycles of l-connections, (cf. (3.26));
a dotted line represents a [-connection.

We now define the mixed correlation function By (r¥, ri-%) as the correla-
tion function corresponding to all connected graphs formed with & basis-
coordinates and / — k non-basis coordinates; the connections in the graph
may be either basis-connections, U-connections or [-connections; the
l-connections should form cycles; the U-connections should be such that one
or more complete stars (of af least two points, one point being admitted only
in the cluster containing the basis if £ = 1) are formed by the U- and basis-
connections, when the /-connections are omitted; further the basis con-
nections should form a complete star (of & points), when omitting the other
connections. It should be noted that this definition is given in such a way
that no Ug.-factors occur in the expression for By ;.

In general the By -functions will have a number of terms, each of which
can be specified by a graph. Sometimes it is useful to take a number of
terms together and define By ;™- and By ™ ?-functions in the following
way:

The function By ™ (rk, ri=¥) is defined in the same way as Bi(rk, ri-F)
except that only those graphs are considered, which fall apart in a number
m of U-clusters, if the l-connections are omitted. We indicate a set of points
as a U-cluster, if the points are connected by U-lines and (or) basis-lines.

The function By m® (rk, ri-%) is defined in the same way as

12




By ™ (rk, ri-¥) except for a further restriction for the graphs: only the
graphs with a number $ of /-connections should be considered here.
It is an immediate consequence of the definitions that one can write

By = S0 B and By = Sm,p Brim?. (3.27)

—in

It is seen from the definitions that the By ;-functions are symmetric in the
basis coordinates and symmetric in the non-basis coordinates. In Fig. 4
some examples are given of graphs, which are used for the definition of

—

%"2‘2\' a3 a3 n2
So,s S04 D25 &2,

4
4

Fig. 4. Examples of graphs corresponding to terms of mixed correlation functions

By "», Each graph represents one of the many terms, belonging to the Bj ;)

which is indicated. A single line represents a U-connection; a double line represents a
basis-connection; a dotted line represents an /-connection.

/;k.[[m.puful!ﬁi«ms. We also write down the v.\'}»licit formulae for some
By ;-functions

By 2(r?) = Upg,a(r?) L2™N(r2),
Bo,3(r3) = Ug,s(r3) Ls™(r3), (3.28)
Boa(rd) = Ug.a(rd) Ly N (rd)

Uo,o(r1, m2)Uo,2(rs, va){— lialsr + hialzalay — lialaglzaloy + ...} + ...

Mixed correlation functions are used in the following expansion of
Vg L™ which is entirely analogous to (3.16)

Vig,(rk, 7a-k) LyN(pd) = S o Biep (r¥, #¥27F) 11225 Boi,(rh).  (3.29)

This expansion is simply the generalization of (3.16), expanding Vie,qLqy™ in-
stead of Vg 4, where the expansion corresponds to all possible partitions
into connected graphs; the difference of (3.29) and (3.16) being formed by
the addition of the /-connections as possible elements for the graphs.

The mixed correlation functions further occur in the following expansion
analogous to (3.19), which is easily proved by consideration of the graphs
involved, and which will be used in the following section

Vi.g(r¥, va=%) L N)(rk, pa-Fk) —

= 2= S(,\u B a(rk, Lo

il J 0,g=1{Thys <= =2 1)

Lt g o5 - 220, (3.30)

Ag/




§ 4. The cluster expansion for the distribution functions. We shall develop
in this section a general method, which provides a cluster expansion for the
distribution function gg(rk), if the wave function is given by (2.4). As
mentioned before the methods which are used are analogous in many respects
to the cluster expansion methods of statistical mechanics 8)7). However, the
analogy is often primarily a formal one, while physical interpretations of
formally corresponding quantities are different. We first mention some
general points, before going into the details of the derivation:

(1) A new element, which does not occur in the usual developments (for
classical mechanics or temperatures, appreciably higher than zero) is the
large influence of the statistical correlations, which necessitates the intro-
duction of values of m which are also in excess of 1 in the mixed correlation
functions By, In allowing m to be greater than one, the statistical
correlations are then not restricted to configurations in which the particles
are within the range of their dynamical interactions. Something analogous
will hold for an imperfect gas at such temperatures, T, where the De
Broglie wave length (A = [h2/22mkT}), which is a measure for the range of
the “statistical”’ correlations, is not small compared to the range of the
d_\'namicul correlations, 0, caused by the short-ranged interactions.

(2) The integrations over the momentum variables must be carried out
with care: the orthogonality of the plane waves with different k; has to be
taken into account and gives rise to a number of relations between the
momenta, which occur. Only after satisfying such momentum relations the
transition to the limit of continuously varying k (transition from sum to
integral) can be made.

(3) It is essential for the convergence of the cluster expansions with the
mixed correlation functions Bj; to require for the U-clusters, which are
obtained by omitting the /-connections, that they contain at least two points
(cf. the estimate (4.13) below; if separate points should be admitted as
U-clusters, the factor [#83]7-™ should not necessarily decrease for increasing
I, as m ~ | would be possible; however, for U-clusters with at least two
points: m < 4/ and [n63]1-m must decrease for increasing /),

We start the reduction of the expression for the distribution function
gr(rk) by inserting (2.4) into (2.12) and writing out the determinants as
sums over permutations according to (2.1)

gr(r¥) = ax [ Do*(rk, rN-K) W n(rk, r¥=k) @o(rk, pN=F) dr¥=F =
= ap QN (.\'!‘)*1_/‘25\" ool I1:Y, exp (— iRi Tqi)] Wi n(rk, rN-F)

).:'l‘\‘ l\)pl l[,\ 1 (‘.\(P (I'ki . rpt')l (1"‘\‘ "'. (41)

The superscripts (N) indicate that P and ( are to be understood as all per-
mutations of N coordinates. A reduction of (4.1) is made by inserting the
expansion (3.17) for W n. Because of the symmetry of the V; ofunctions
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in the non-basis coordinates, all N ? (cf. (3.18)) similar Vi, terms give
the same result in the integral, and we may substitute for Wy y in (4.1)

T AR
ll’k“\'(rk, r.\~7,..) S \v.\' (»\ T /\).

| Viors, rek). (4.2
S AL gl | Rk A

After this substitution, we can carry out the integration over the variables
rN¥-¢ for which the integrand has only plane wave factors. We write:

[drN—k . — [drek [dr¥-¢...; we designate by r¥, rek, r¥—¢ the
three groups of coordinates with the following numbers rk(ry, ..., ry);
rek(resi1, - ¥g)s NUrgs1, - . ., TN): We note that the result of the

integration /dr¥-¢ over the plane wave factors is Q¥¢ for such permu-
tations P and ( that Qi = Pi for every Qi, which is one of the numbers
g + 1, ..., N. The integration gives zero for other sets of P and () because
of the orthogonality of the different plane waves. It follows that the double
sum Yo.p gives (N — g)! times the result 2¥-¢, as far as one is concerned
with permutations of the coordinates r¥-2, The following result is deduced

in this way from (4.1)

ar

2k (N — R)!

4 , QN-a (N — g)!
QNN <=k (g — kY1 (N — g)! ( 7

gi(rk) =

Jdrak Vi o(rk, ra-k) X(r9), (4.3)

with (the superscript (g) indicating that P and ( are now permutations of the
g coordinates)

‘\—(rQ) e V) sig) ()Q "l'

() P

g i, exp [iRy - (rpy — roi)].  (4.4)

.—4(.\1

The summation over (41, ..., 4¢) should be extended over all possible sets
of momenta Ry, ..., Ry, It can further be seen that the following reduction
can be made in (4.4) concerning the 3-signs

P i I = (gD T oy B w20 Znemt Ml E=a=(2!) 72 I 1 Shi-1- (4.5)

The first equality contained in (4.5) is seen to be valid by noting that (4.4)
can be considered a product of two determinants, over which the sum

D -+ -0 2 18 taken. It then follows from the property of dete nmn ints to be
zero, if any two rows are equal, that terms of the sum 3y _, ... =1

with some 4; = 4; are zero, so that the latter sum is ¢! times (number of
permutations of 41,. . .,4g) the sum X, ,. . . \p- It follows from (4.4) and (4.5)
that (cf. also (3.3))

X(re) = ()1 3@ 39 dgdp [17-1 Zh—1 exp [iRy, - (rpi — roi)] =

i) P
— A\-'Il((l \T 1 NV () ()QAI’ ll;’ 1 1(1‘]»,‘ —_ "Qi) =

i) P
= N2 3@ 6p [T1¢q lrpe — 1o) = NeLM(r9). (4.6)




Combining (4.3) and (4.6), we obtain:

Ak N (N—R)!

gr(rk)= Ne Q¢ [ Vi 4rk, rek) Lﬁl'\‘(r"‘, re k) drak, (4.7)

Nt <% (g —F)!

A further reduction of (4.7) can be made by inserting (3.30) for the integrand

I —k
after carrying out the integration, because the result of the integration
is independent of the names of the integration variables. Hence the integral
in (4.7) may be written as

in (4.7). The summation X, in (3.30) simply provides a fuctnr(li/")

~

L —Fk

o (9 — &\ [3,0-% Ay
Vg LM dre =31, (l ) ‘dr’" By (rk, ri-F)
| dret Vooi(rh) L™ (reh).  (48)
We have now to study some properties of integrals with correlation functions.
We first consider an integral of the type

Jexp[—i Xi_ Ry, - ri] Uoa(r?) exp [i X; 32 k,, -] drl. (4.9)

It is easily shown that this integral vanishes, unless

EZ |k\ =0 k,. (4'10)

A L= Jhi

The expression (4.9) has the form of a matrix element of the operator
Up,(r?); when considering it as such, (4.10) can be expressed as the con-
servation of the total momentum. The proof of (4.10) is given by introducing
relative coordinates and one reference coordinate (with respect to which the
I — 1 relative coordinates are taken) and integrating over the reference
coordinate, of which Uy ;is then independent. It is easily seen that the value
of the integral (4.9) is of the order

Q §30-1), (4.11)

if (4.10) is satisfied, as is seen by noting that Ug, differs from zero in a
volume of the order ¢2 for each of the (/ — 1) relative coordinates.

An analogous estimate of the order of magnitude can be made for the
integral

[ Bo,m:? (r) drt. (4.12)

The integrand contains p statistical correlation factors ly(i +# j) defined
by (3.4). If we should consider the U-factors of the integrand only, we should
obtain the order of magnitude @m3(¢—m for the integral, as we should then
have m unconnected U-clusters, each U-cluster providing a factor Q4341
after integration (with X7, /;=1). As to the p k,-values occurring in the
ly-factors, we can obtain momentum relations analogous to (4.10) by first
carrying out m integrations taking one re ference coordinate for each of the
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m U-clusters. This provides »» momentum relations which must be satisfied
in order that the integral should differ from zero. The definition of the /;’s
and the fact that they form cycles, ensures the conservation of the “total
momentum” of such a cycle. This reduces the number of momentum
relations to m — 1, since the “total momentum” of By ;P is now auto-
matically conserved. It follows moreover that the remaining m — | mo-
mentum relations involve only those summation variables R, occurring in
ly-factors connecting points 2 and 7 of different U-clusters. The normalization
of lj according to (3.4) is such that the result of a summation over an
independent ky-variable gives a result of order unity, while each momentum
relation restricts a sum to one term and provides a factor N-1. It follows
that the order of magnitude for a term of the integral (4.12) is given by

0Om §3(—m) N-m+l — .‘(_)l_\"'l'f‘l{”()l!"l‘*ln. (4.13)

The estimates (4.11) and (4.13) are order of magnitude estimates for one
term of the integral. It should be remembered that a further combinatiorial
factor will enter for the number of different graphs contributing to a certain
By, After the momentum relations (such as (4.10)) have been taken into
account, one can see that the remaining /-factors can be replaced by the
result (3.5) found by passing to the limit N — co and carrying out an
integration.

In order to pass to the limit N — oo in the expression (4.7) we define
bo'™ as the integral (4.12) provided with such a factor that it remains
finite for N — oo (cf. (4.13)):

bo, 1™ = HmP=eomst) Q-INL() -1 [ By (rl) drt.(m > 1,1 > 2) (4.14)

N—>»c0

Considerations of entirely the same type may be given for integrals with
By ™ (rk, ri=%); we then define

bk,l(m) - ]i1]1i-<g7;-;ll.~l) O-1+k Ni-k [ ([ — k) !“fl / b’/;_[‘"“(rk, ri—k) dri-*,

(m >1;1 >k >1) (4.15)
We write down some examples of (4.14)
bo,o V) = dn Q-1 [ Uy »(r2) La(r2) dr2 = §n [ Ug,a(r12)[1 — 2(r12)] drie,
by gV = {n2 [ U s(rie, r13) La(riz, rig) dris drys, (4.16)
bo,a'® = — In2 [ Uy (r12) Uog,2(r13) dri2 drig +

+ 02 [ Ug,a(r12) Uo,2(r13)l3(r12) drig drig —
— n? [ Uyg,o(r12) Uo,2(r13) {(r12) Ures) {ra1) drisdriz 4 ... ..
We can now reduce the expression (4.7) for gz(r¥), making use of (4.8)
and (4.15) ; we obtain
gi(rk) = (ax(N — k)! NX|QEN ) SN, by, (rk) OV, (4.17)

with Q) = -1 (NM/QMM 1) [ drM Vo, pr(rM) Ly ™ (rM), (4.18)
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In order to obtain (4.17), we have reduced the summations, according
~N al/ ~ N ~ N ~ N -
to, Bl D= i TN = B D, putting M =g — I, It is-seen

—y= Jo iy ] =

from (3.27) and (4.15) that b ;(r¥) may be expanded as
bra(rk) = SR by (r¥). (4.19)

The expression for Q;'N? can be reduced by substituting the expansion (3.29)
(for & = 0) into the integral /drMV g,y (rM) Ly (rM), which provides
the following result, using (4.14) and characterizing a partition into clusters
by numbers my, specifying the number of clusters of s coordinates

™ !

N
Oy N = N=1 ot M bo s 28 N—8+1 sl|ms, )
L SM=0 oML Mmg) 1 5=2 )II\-.( m [bo,s 25N (4.20)

where S’y indicates the sum over all partitions such that
U com =M (=01, 1.\) (4.21)

In view of (4.21), we see that (4.20) can be written as

0N = “_:}, o LY (4.22)
with
Fu'™ = S'ymumg T12Ls (Nbo,s)ms(ms!)—1L. (4.23)

In order to arrive at the cluster development for gz(r¥), there is a problem
of convergence of these expansions. It seems plausible for physical reasons
that expansions should exist, which approach the limit of no dynamical
correlation at all, if %» — 0. In a similar way as (4.13) is obtained, one sees
that by ;™ should contain a factor [nd3]é-m—k+l (m < (I — k) + 1),
that it seems reasonable to consider series of the type 3;,mbx,'™, ordered
to increasing / or I — m if n03 < 1. However, it is a notorious problem of
cluster developments in statistical mechanics to obtain rigorous mathematic-
al proofs for the convergence of such expansions and at the moment the
problem is still unsolved, although it has received much attention §). Hence
we shall content ourselves here simply by assuming that the following series
converges

b= [)()(.‘Z, ')I) = Efo 9 1)()‘3. (424)

In order to be able to derive explicit expressions for gx(r¥), we have to know
how ;'™ and Qo™ are related. On the basis of the expression (4.22) we have
been led to assume

limy . (Qi'V/QoN)) = 1. (I : some fixed number) (4.25)

This is seen by noting that Q™ differs from @y according to (4.22) only
by the omission of / terms in a number of N terms. This difference will
become relatively negligible for N —>co under certain conditions. A more
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detailed discussion of these points is given in the appendix, where the validity
of (4.25) is shown, provided the (sufficient) condition

‘_" sbo,s + . 45 |bo,s| < 1 (4.26)

is satisfied. The first summation in (4.26) is extended over values of s(= 2)
for which bg,s is positive, the second summation over all values s(= 2)
for which by s is negative. Hence one should limit the choice of the functions
f(r, «), when using Jastrow wave functions in a variational principle, to
such functions for which (4.26) is statisfied.

Specializing (2.12), (2.13) and (4.7) for & = 0, one sees that

2o IN="ag / D*D drN

=ag (N)"L XY  Nlg!) A NeQ-¢[ Vi (re) L, (re) dre, (4.27)

-

Comparing this with (4.18) for / = 0, one sees that

Qo™ = [ |®(rN)|2 dr¥, (4.28)

The value of the normalization constant aj is then obtained by writing
according to (2.12) and (2.13)

NI(N — k)11 = [ gi(rk) drk = ag [ |®2drY = azQo™.  (4.29)

The normalized expression for gp(rk) is now obtained from (4.17) and
(4.29)
gi(rk) = (N/Q)*F B¥ 1. be 1(r¥) (1™ [Qo V). (4.30)

The transition to the limit N — oo according to (4.25) provides us with a
form for the cluster development such as we wanted to obtain

gr(rk) = nk 37° . b (rk). (4.31)

The different bg,; contain increasing powers of nd3. However, they also
contain a dependence on # in a different way, as the /(r)-functions occurring
in the integral expression for bz ; depend on the Fermi limit kp = (6a2)ind.

The knowledge of the k-particle distribution function of a system has an
interest in itself. However, the primary interest of obtaining these cluster
expansions is that they also provide us with a way to calculate the potential
and kinetic energy of the system. We shall give the expressions for the energy

in a subsequent paper.

Equation (4.28) provides us with the meaning of Qo™ as the normali-
zation constant of the Jastrow wave function @(r¥), which was not
normalized before: a factor [Q¢N]-* should be added to @(r¥) in order to
normalize it. The considerations, which led us to (4.25) (see appendix) lead
also to an expression for the principal behaviour of Q™ for N — co,
namely

Qo) = NV (1 4 ¢), where ¢ — 0 for N —o0. (4.32)
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This provides us with the meaning of the constant 4, given by (4.24), which
can be considered as the result (4.31) for the value 2 = 0. It should be noted
that the normalization constant for @(r¥) is not a quantity dependent on
the density only, but a factor depending roughly exponentially on the total
number of particles.

The preceding developments can be extended in an entirely analogous way
to distribution functions gx(rk, r'*) (cf. (2.14)), which are not diagonal in the
basis coordinates. One has to replace r¥ by r'¥ in those parts originating
from the complex conjugate wave function. A ‘““doubled” basis has then to be
considered as one unit in the definition of the spatial cluster functions
Uy and Ry ;. The cycles of I-connections retain the same formal expression,
if the /;; are now defined by

Ly = Uy — ry*) with r* =7y, if j -
: I ] R
Tyt =y il =k

In a subsequent chapter, we shall further give a reduction of the ex-
pressions for by ;(r¥) making use of the irreducible cluster functions. We
note that equation (4.31) reads

1 =3E b= 14 ZiZs b1 (4.34)

for the special case # = 1. The introduction of the irreducible cluster functions
will provide a direct and independent proof of this equation.

APPENDIX

The magnitude of the expressions Q™). The derivation in § 4 required the
limiting value of Q;™/Qy™ for large N. It follows from (4.22) and (4.23)
that

(()I(‘“ \*\ limsg) l[s‘ (.\"1)().,,-)"“())13!) -1, (.\ll
where S*y_1me indicates the sum over all sets of mg, such that

Yssg Mg < Nie— L (A.2)

We introduce a quantity Q®, which is defined by the right member of
(A. 1) in case the summations over mg are not restricted. Hence

Q) = [ eNbors = N0, (A.3)
where b is given by (4.24). In the following we shall only consider s values

for which b, s # 0. If the cluster development is not too slowly convergent,
only a very limited number of terms b, s will differ essentially from zero;
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we shall think of this case. Suppose we have a set of positive numbers,
as, such that for large values of N the following inequality is satisfied:

s (esN)s < N — L. (A.4)

It follows then from the definition of Q®), (A.1) and (A.2), that

(k)‘\) = (L)l(‘\)j - le’(z/v_,») “.\-(-\-['U..v)"“ (_”1‘\"‘1 1|, (A.S)

if we denote by S”s, the summation over all sets of m; values such that m
is larger than «sN for at least one value of s. The right member of (A.5) can

be written as

QM |1 — JIs(1 — eNbos £ )] (A.6)

where we have abbreviated

[0, = 3 s aun i1(Nbo,g)™a(mg!) L. (A.7)

— Pl Ry
Suppose that it is possible to find a set of «s values, such that oz > |bg 5.
In this case, one easily sees that
1fo, ™ < (N]bo,s])*¥ [(xsN) ]2 Xinq (100,5]/2s)* =

o e [

= (V [bo,s|)*N [(xsN) 1171 (|b0,s |/2s) (1 — |Do,s]/ets)~2. (A.8)

| Using the Stirling formula for («:NV)!, it follows from (A.8) that

limgem [e=N0s £, )] = 0, (A.9)

oy
if the following inequalities hold

as > |bo,s] and 1 — (bo,s/os) -+ In (|bo s|/es) < O. (A.10)

The conditions (A.10) can be written in the following simpler form

og>bos if bos>0 and oz >4|bys| if bos <O. (A.11)

((A.11) implies (A.10); the coefficient 4 may be replaced by ¢ = 3.5
being the root of In ¢ = ¢~ + 1).

Combining the preceding results, one finds, from (A.5) and (A.6), using
(A.4) and (A.11), that

limy . |@) — QM |(@™)-1 = 0 (I: some fixed number), (A.12)
provided the condition (s = 2)
Y. sbo,s + X0 4s |bos| < 1 (A.13)

8

is satisfied. The first summation in (A.13) is extended over all values of s
for which bg,s > 0; the second summation over s values for which bg ¢ < O.
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The inequality (A.13) serves as a (sufficient) condition for the validity of
(4.25), which follows immediately from (A.12). One finds moreover (I = 0)

Qo) = eNv(1 4 &) with &¢—>0 for N —o0. (A.14)
Finally, we just want to mention, that another less restrictive condition can

be derived, in case it would be known that Fy®) is positive for large M
and N: one can then derive (using certain results of app. XI of 7))

Yoo 8bo,s < 1. (A.15)
However, it should be realized that Fy ™ is not always positive if bp,2 < O

and if the behavior of Fyu™ would be mainly determined by bo,2, which

case may very well occur in real applications.
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CHAPTER I
INTRODUCTION OF IRREDUCIBLE CLUSTER FUNCTIONS

Synopsis
In the previous chapter a cluster development of the k-particle distribution function,
gx(r¥), for a system of interacting fermions in the ground state represented by a
Jastrow wave function was considered. It was written as

2r(rk) nk 370 0 bya(rk)

(n particle density), where the by (r¥) denote the cluster integrals. In this chapter a
reduction is carried out by means of the introduction of irreducible cluster functions
and the use of certain combinatorial methods. The reduction results in a development
of g{r¥), in which the by ((r¥) are replaced by simpler terms, which are sums ot cluster
integrals involving irreducible cluster functions only. The presentation includes a
generalization to mixtures of fermions of different types.

§ 1. Introduction. The cluster expansion method which was developed in
the previous chapter!) (further cited as I) is carried further in this chapter by
means of the introduction of irreducible cluster functions (notations will
be the same as in paper I, unless otherwise stated). In this way the result
I (4.31) for the k-particle distribution function, gi(r¥), for a system of in-
teracting fermions, represented by a Jastrow wave function can be
reduced considerably: it will be shown that the cluster integrals by (r¥)
can be replaced by terms fx,; which are sums of cluster integrals containing
only certain irreducible cluster functions. We want to mention here two
things about the introduction of irreducible cluster functions:

(a) This introduction is similar to a certain extent to fhe introduction of
the irreducible cluster functions in statistical mechanics by Mayer?2). If our
wave function 1 (2.4) would contain only the F-factor but not the Slater
determinant @g (this could be applied to interacting bosons), this would
result in the introduction of the irreducible cluster functions Ry ; instead of
the cluster functions Uy ; (see I § 3). The Ry ;-functions are represented by
graphs without articulation points.

(b) However, the presence of the Slater determinant @g in the case of
interacting fermions resulted in the introduction of the By ;-functions, which
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then replace the Uy -functions to a certain extent (see 1§ 3). We now have
to introduce new “mixed’’ irreducible correlation functions S,'*); containing
also statistical correlations. The presence of the @g-factor requires a renewed
consideration of relations between momenta contained in the plane wave part Dy.
We shall present the reduction in this chapter immediately for a somewhat
more general system than in I (no essential complications are caused by
this generalization). We assume a mixture of fermions of different types,
indicated by the index t (we may think, for instance, of protons and neutrons
indicated by ¢ = 1 and ¢ = 2, respectively). However, the particles are
still “fermions without spin”. The extension to real fermions shall be given
in the subsequent chapter. We first mention the generalization of the result

I (4.31)
gr(r¥) = nk 372, by (k) (1.1)

for one type of fermions, without repeating any derivation as the generaliza-
tion is straightforward. We indicate by N, the total number of particles of
type ¢ and by n, the partial density of this type: n; = Ny/©2. We further
put: N = YN and n = Y. Note that each type of fermions will in
general have its own f(-rnn limit kp. We indicate by & and / the sets of &
and /; values, e.g. k¥ = (ky, ko) and ! = (/1, I5) if there are two types of fer-
mions (we shall often give the examples for two types of particles below,
although this number of types is by no means essential for the method).
The trial wave function taken as a starting point (instead of I (2.4)) will
now be (for two types of particles)

D(ry) F(rN) gV (rNy) @g2) (pNe), (N; + Na= N) (1.2)

where @¢V and @y are the Slater determinants for particles of type
and 2 respectively. The F-factor should now be symmetrical in the I-

particles and in the 2-particles. The special form of the F-factor correspond-

ing to I (2.8) may now be written as

F(rN) = 1'-11(}"\"J 1"-_»-_)(7'-\'3] 1‘-13("'\'1. (1.3)
with:
: 7 \
1'11“"\') ”,‘,_,' /(”)(
Faa(r™e) = [I3Y,;
N N
Fia(rd) = T172; TIYY
containing 3 functions fA1)(z), /22(r), f12(r), which may be different. The
total wave function @ is, as is n-qunwl, antisymmetrical in the 1-particles
and in the 2-particles, but not in all particles together. The generalization
of the result (1.1) for a system specified by the wave function (1.2) can now

be given by the equation

gr(r®) = (ITe ne¥e) T2 g bra(rk) (1.5)
>k




with (cf. I (4.14) and (4.15))

bo,y = lim{pemeonst) N1 [T],(N/Q)u(l!)1] f Boi(rl) drt (1.6)

and for 2 £ 0 (I = &)

bi,i = HmQseomst) (TN Q) ke[ (ly — ky)! L [ Bg(rk, ri-k)ydri-*,  (1.7)

N-—>oa

The normalization of the distribution function g; is now fixed according to
(cf. I (2.13))
Je(r¥) drk = TT, No!/(Ne — ki) . (1.8)

It should be noted that the By ;(r¥, ri-*)-functions are generalizations of the
By -functions used before as &, /, vk and ri=* represent in fact (ky, ks), (11, L),
rarks and rh—k pla—ks respectively.

The functions Ry i(r¥, r’=*), defined by I (3.10) and I (3.23), can be gener-
alized in the same way. The generalized Ry ,-functions can again be re-
presented by complete stars, which have as elements:

(@) 2 types of points for type { = 1 and t = 2,

(b) basis-connections of 3 types: (11), (22) and (12),

(¢) R-connections (being all other connections) of 3 types: (11), (22) and
(12). R or basis-connections are said to be of type ({1f2), when connecting
two points of type #; and #».

In the general case we shall express the dynamical part of the By -
functions in terms of R-functions. If we represent the [0(r; r;)-factors
(if 2 5 §) by /'® connections (only between particles of the same type £), the
function By ; corresponds to all connected graphs, formed with the set of £
basis points and the set of / — & non-basis points. The connections in the
graph may be either basis-connections, R-connections or /-connections; the
l-connections should form cycles. The basis- and R-connections should be
such, that the irreducible parts of each of the connected graphs, which are
obtained when omitting the /-connections, are complete stars R (one of
them containing all the basis coordinates; Ry 1 should not occur, as a non-
basis point with only /-connections is not admitted),

Fig. 1. Example of a graph representing a term of a generalized By -function in case
two types of fermions exist. A single line represents an R-connection; a double line a

basis-connection; a dotted line an /~connection; n: neutron; p: proton.

In case the I*-factor is given by (1.3), (1.4) the function By corresponds
to all connected graphs formed with [-connections ([(V(ry), 12 (ry)),

h-connections (A1) (ry) (1|2 — 1; B22(ry) = |f220rg)|12 — 1;
2 (ry) = |fA12(ry)|2 — 1) and with f-connections between the basis points
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(FA2 )2, 112D a2, 1921
cycles, while no points with /-connections only may occur.

The generalization to mixtures of fermions can also be made for distribu-
tion functions, gx(r¥, r'¥), not diagonal in the basis coordinates.

In § 2 we shall explain the definition and introduction of the irreducible
correlation functions. In § 3 the general combinatorial methods, which are
used for a further reduction, are explained. They are applied to the present
problem in § 4. A discussion of the result is given in § 5.

The /-connections must again form

§ 2. The introduction of irreducible correlation functions. In order to
introduce irreducible correlation functions in the case that as well dynamical
as statistical correlations exist (and possibly different types of fermions)
we first discuss some notions useful for the characterization of the general
type of graphs we have to consider:

We introduce three numbers (¢, a, b), each expressing a characteristic of
a certain point of a graph and often denoted in abbreviated form by
= ({,a,b).t =1, 2, ... indicates the type of fermion specified by the point.
a=1,2,3; a=1 indicates a point with R- or basis-connections only;
a = 2 indicates a point with as well R- or basis-connections as /-connections;
a = 3 indicates a point with /-connections only. b = 1, 2; b = 1 indicates a
basis point; b = 2 indicates a non-basis point.

A graph may be characterized by a function Z, specifying the numbers of
points of the different types = = ({, @, b). The total number of points is
denoted as i = Y4,; while we write further 7, = X¢,» tab; tta = Zb ttab.

We have often to consider different functions 7., which we shall distinguish
by an index » (we might put » = 1,2, 3, ...), so that we can then write
2., 2%, Vay Vta-

We now define S-functions corresponding to certain irreducible graphs as
follows:

S,(r*) is the function corresponding to all ¢rreducible graphs
formed with /-, R-, and basis-connections and characterized by a
definite #” -function, if the (distinguishable) points of the type =
are given for each value of 7. After the omission of the /-connections
(which connections should again form cycles connecting only points ¢ (2.1)
of the same type #) the irreducible parts should be complete stars,
R, one of them containing all the X, 4 #"ta1 basis coordinates. S, is
a symmetrical function in the variables corresponding to points of
the same type v = (¢, a, b).

Note, that we admit in this definition (contrary to the definition of the By ;-
functions) that points may occur with /-connections only.

The expansion I (3.23) of Uy -functions in terms of irreducible cluster
functions Ry ; has a certain analogue in an expansion of the By -functions
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in terms of the S-functions. We can write (¥ +# 0)
By (rk, ri=%) = T,y Sy Mk, 707F) I1, S, (r?). (2.2)

The S-factor S, ® should contain all basis variables; the other S-factors S,
may contain O or 1 basis variables. ¥}, indicates a sum of all possible
products of S-functions, subject to the following conditions: (a) the graph
corresponding to each product of S-factors is a graph of / points, which may
be reducible, () the irreducible parts correspond to the different S-factors,
(¢) the graphs of By ; should contain no points of the type = = (¢, 3, 2). One
should note, that a variable corresponding to an articulation point of the
graph, occurs in two or more S-factors.

We shall distinguish two types of cluster integrals, f3,, according to the
definitions (the superscript % indicates the number of basis variables, which
ocecur)

B, k) = {TL AN/ Q)2 -1} [.S, 0wk, 7t¥=F) dr?—F if 2 £ 0, (2:3)

B0 = (TL.(N¢/Q)#[5, 171} [ S,@(r®) dri*-1 if k = 0. (2.4)

After substitution of (2.2) in the expressions (1.6) and (1.7) for the cluster
integrals bz, a reduction is obtained in case of a large system, as the
integrations over the different S-factors can be carried out separately in
the same way as was indicated by Mayer in statistical mechanics?2).
This is possible, because ,'® can be taken as independent of the value of the
variable, over which no integration is performed, if the total volume is large.

We shall restrict ourselves to distribution functions, gz(r*), which are
diagonal in the basis coordinates, r* (r=r’). The cluster integrals 5, (r;),
occurring if the basis coordinate r; corresponds to an articulation point in
the graph, are independent of r; in this case. It follows from (2.3) and (2.4)
that g,V (r;) is (apart from a difference in the normalization factor) equal to
.0, if p is such, that i#4q2 = Xp 1"tap and #4q1 = 0. As far as the combina-
torial problem is concerned, the difference between basis coordinates and
non-basis coordinates (expressed by the index b) is now no longer essential
and may be eliminated by the following change in the notation: (1) 7 = ({,4);
(2) 7 characterizes as well the furction 15 = Yp1"1qp as the set of values
k" = Ya=1.2 "ta1; (3) we introduce the cluster integral fB;, defined by the
following equation if £ = 0

By = [TL:(Ne/Q)¥7] By [I1e,a,0 [%tan'] 1] Zp J S, B (rk, ri*=F) drP-k.  (2.5)

Y, indicates a summation over all values of », which give the same 7; Yp
is the summation over all permutations P, which permute the basis coordi-
nates of the same type#. i is a symmetrical function in the basis coordinates.
If kg = 1 fort = t" and &y = O for ¢ s t’, the only irreducible cluster integral
is f# = ny. In case &" = 0, B51s defined by (2.4) for that value of », for which
%10 = t"1q0. If we want to indicate the set of basis variables for £, we write

e
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A%, if 3 k" =1 and ;0 if 3 k" = 0 (so that .0 is just a constant).

A reducible graph may be characterized by numbers #;, indicating the
number of irreducible parts of the type 7. We shall denote by Kijmy, the
number of different (connected) graphs of | points, which have irveducible parts,
specified by the numbers m; "”.: denotes the set of numbers m,;, of which
Kimy . i1s therefore a functmn N n']mmnl.s a set of nnmlum l;. To an
nruluuhh part, Llldl(l(l(ll/,((] I)\ , there corresponds a set of points, for
each value of ¥ = (t, @), the number ui points for the different sets are given
by iL In the total gmph no points of the type 7 = (f, 3) should occur.

One should note, that in the determination of Kjmy, only the numbers z‘7

are essential ; but that there may be different 7 values with the same function
¥ distinguished by different values of k.

The formula (1.5) for gx(r¥) may now be brought in a different shape by
substituting the expansion (2.2) in the expression (1.6), (1.7) for by (r¥) and
introducing the f,'s according to (2.4) and (2.5). The result for ¥; 2 =1
can be written as

ge(r) = 31 impy Gmp (T%) = X > iy 1\',;,,,1,,: [1e(N o/ Q)%(le!)~

2ul 24 m, adl 2a
I1; [By T1:(R2/Ny)t'7 (1) mv. (2.6)

The summation X' gy 1s @ summs ition restricted in the following way: Each
set of {m;} v lllll\ over which the summation is extended, should be such
that the corresponding term contains one and only one factor fi; with
¢ k" > 0. For this factor, {k;"} should equal the value of % spe scified in

(r" If kg = 1 for t =t and k; = O for ¢ # t', g1 equals ny (cf. (1.8)).

If 3k = 0, we can still consider the expression (2.6), defining the
summation Y’y by the requirement that m; =0 if 3¢ k"> 0. For this
case the right member of (2.6) equals nb (cf. 1 (4.24)).

The result gi(r¥) is of the form (if Xk = 1)

f\’l.-("") - _\_‘.I,m,.' -'1131113.1 i\"‘.“"") (rk) ll-,-,(‘}"',,(m)m'»' (2‘7]

and the problem is to reduce 4 ymy to its simplest form. For this purpose we
have to insert an expression for K. The gene ral combinatorial methods
to be used for determining Kjp;; are discussed in the next section. In order
to simplify the notation we shall omit below the bar of ¥ and 7 and write
simply » and 7

§ 3. The general combinatorial problem. In our derivation of the value
of the coefficients of the different [], 3, ™ factors, we shall use the terminolo-
gy of Mayer (cf.2), App. X and also I § 3). We speak of a graph as a figure
with numbered points, obtained by filling the holes of a frame (figure in

#) We shall use the notation with { } parentheses also in other cases for distinguishing a de

pendence on a set of values {my} from a dependence on a particular mv.
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which the points are not numbered) by bolfs, representing numbered
coordinates. A certain term of the expansion (2.2) is represented by a graph,
which is in general reducible (graph with articulation points), and can be
dissociated. The dissociated arrangement consists of a number of frames
(representing the irreducible parts) in which each hole, or all holes except
one, are filled with the numbered bolts. We can determine the dissociated
arrangement uniquely, by choosing some irreducible part as the roof and
removing it first with all its bolts. In case of a reducible graph, the dissociated
arrangement consists now of one or more connected graphs, each of them
with one hole. If the hole is of character 7, such a part is called a branch of
character 7. The further dissociation is carried out by dissociating the
branches, in such a way that each irreducible part gets only one empty hole.
If ¥¢ & +# 0. we may choose the irreducible part containing all basis varia-
bles as the root, but this is by no means necessary.

Fig. 2. Example of a reducible graph and a dissociated arrangement, resultin

g from 1t

In order to reduce the result (2.6) for gi(r¥) we have to find a value for
K; My} For this purpose we consider the different reducible graphs and
different dissociated arrangements, which lead to a de finite set of values m,
Each irreducible part may be characterized by ». In the dissociated arrange-
ment each irreducible part may be characterized in addition by the character,
7', of the hole, which is not filled by a bolt, and by the character, 7, of the
branch to which it belongs. We introduce numbers m” +- for a dissociated
arrangement, specifying tln number of irreducible parts », with hole 7/, in a
branch of character . Let », be the type of the root. We have

My, = ¥ om' if p £, (3.1)
and
m, =14 3 m¥ . if v = v, (3.2)

Further one sees immediately that
ehh=14 3, m(@i*—1). (3.3)
We put further
MY = 3 mP (3.4)

The total number of points of character ¢ may be written as

b= at", + Byae My [, — 6. 1. (r=1 a) (3.5)




The numbers m”,.,. depend obviously on the choice of the root. If the root
is of the type », (while a number m,, of frames of this type exist), the number
Ky, (see § 2, e.8., (2.6)) can be written as?)

I\'?;,'Ilp: — (Hll,'v)fl \—:,:””'7"7: 11[;"“'7",: JI’:I"",',:- (36)

In this formula Lyg*,,, is the number of different dissociated arrangements,
characterized by the set {m”,,} and a root »,, which can be formed with a set
of I (numbered) bolts. M mv, is the number of ways in which each dissociat-
ed arrangement can be bolted together. The type of bolt is characterized
by ¢, the type of hole by 7" = (£, a). The summation ¥ imv,’» IS meant as a
summation over all values of m?_-,, which are in agreement with a reducible
graph characterized by {m,} and a root of the type », (cf. (3.1), (3.2)).

It is often preferable to use a generalization of (3.6), in which a set v,
is given, such that any frame of some type », (¥ = 1,2,...) may be chosen
as a root. One will have certain numbers m?,-. if a root is chosen of the type
»,. One obtains instead of (3.6)

I\I;H‘,-; = m~1 E’r,;ml';—; L{r;mw'r; M iy imvys (3.7)
with M= Yy My, (3.8)

while the summation X'y mv,’n now extends over all dissociated ar-
rangements belonging to the composition {1}, also choosing the roots of
all different types »y.

The value Lypgmv,, is easily found by considering its definition: the
number of ways that the / bolts can be distributed over the frames of the
dissociated arrangement characterized by {m”..,}, taking a root of type »;:

LIr;nny—';: g
[Tell)!

llr'll“r'r'! le'.'.".?(”lr'r"r)? :.I-"." I]! llr” £ l.‘l'.'.,‘":'mllT'T 4

(3.9)

The expressions (3.7) and (3.9) will be used for a reduction of the expression
(2.6) for gp(rk). It will prove convenient below not to reduce the series (2.6)
itself but to reduce a very similar series, in which the basis coordinates do no
longer play any particular role. We can write this “‘symmetrized” series,
Ps, AS.

88 = }.:I;m,-: k”\‘l;m.-;

: ::I:"ly: 1\-1;"11.: | “I (‘\'l -(-)),' (113)‘] lll .I"';v ]l'(!

= }.:l;m;.: .'1512,,,',: ll.-(/';‘.,)7711'~

The summation ¥, is not subjected to the restriction, which the sum-
mation ¥, has in (2.6).The expression (3.10) is considered as a polynomial
in the f,’s. The 8,'s are considered here simply as variables depending on »

(for which it is not necessary to specify any particular value). The extension
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of the summation from (2.6) to (3.10) is possible, because Ky, was already
defined for the more general {m,}-sets occurring in the summation (3.10).

The expression for g(r¥) can be derived in a simple way from the series for
> -

gs by recalling the meaning of the accent of the summation sign in (2.6).
3y substication of (3.7) and (3.9) into (3.10), we obtain an expression for
o5 m., which may be written as

5 Limy 3

‘\"\‘I‘m;.: = m~! \‘,r.‘nl"r'ﬂ ‘Ulr;m"f'v: fiv, Pym*.-., B, (3.11)

—

if we introduce the abbreviations

P » B mY_,
Pim*..., B} = IT,.+ il (;11“-"-;3 - = [L.B;{m* ., B}, (3.12)

(3.13)

P imzr By = Hyr

O =Mt o r=ign). (3.14)

Hence we can write

gs :I;m." m1 :Ir,;n/"-,—‘,-; -‘]lrlm‘}'.ri Prr 1):“11"_..'_ By (3.15)

The summation Y’y m¥,, has the same meaning as in (3.7). We shall also
make use of a series gg’, which is obtained from (3.15) by omitting the
factor m—1,

=
£s

= Xlimy) 2irgmsn M ypim? 25 Por Pim" .., B}. (3.16)

&l

[t is clear that the expression for gs can be found immediately, once the
expression for gs’ is obtained (one has only to add the factor m=1 = [ ¥ mu| !
in each term).

We are now going to consider the problem of determining My, and
reducing the expression (3.16) for gs'. We solve this problem first in a general
form, and specialize in the next section to the case considered in § 2. We
denote by n{2,} the number of ways, that a set of holes specified by {4} can be
bolted together with a “‘neutral” bolt. i, specifies the number of holes of
character ° (not considering any other characteristic of the graph in which
the hole is contained). In the problem of § 2 we have n{A,.} = 0 or 1. If not
all holes are of the same type ¢ (either neutrons or protons) n{i,} = 0; cf.
further the beginning of § 4. In the treatment of this section we leave the
number 7 {4_-} unspecified. We now introduce “‘counting series’ 2) 3) (genera-
ting functions) for use in the further developments defined by

/(\') == Eld‘r'f ”:/-'.-‘: ll'r (,\'7'-"\"' (/7)' - (3.17)

We shall use the following notation to indicate the coefficient of [, (y,/)*+

in the power series f(y)
(3.18)




With this notation (3.17) can alternatively be written as
yi = ) | y Te ' 5
”:/'T': Ilf'("‘r') . (.\7')/\7' " /(}) (319)
If the numbers n{_-} are assumed to be known, certain combinatorial
factors depending on them can be derived and expressed by means of count-
ing series. In the first place the number of ways, n {2}, that a set of holes,
specified by {2/} can be alttached to a bolt of character 7 is given by

- 2 . = ;-’ ]f T’ - =3 8
nAh 3 =n{A, } with 4= l d

l/..7' L G 7 =0 3-20)

This is expressed by means of a counting series as

A} = (M) %) ¢ £,(9), with £,() = (@/ey)f(y).  (3.21)

Further it is easily deduced that the number of ways in which a set of {4}
holes can be attached to the bolts of a graph of character v with a vo-hole (any
distribution over the different bolts being allowed) is given by

[T (A) ! ()] 2 Frgoy) (3.22)
with
Frpy¥) = [y )10 TL, gl (0) 1% (3.23)
We want to consider next the number of ways, Q.({m* .}, N.), in which
frames belonging to branches of a definite type = can be bolted together to N,
branches of this type, if the dissociated arrangement is specified by {m’ |
(these branches are not yet bolted to the root). We use the notation

M= M. (3.24)

A distribution of the holes over the frames is allowed, if such a distribution
corresponds to a number of N, singly connected structures, each with a
hole of character . The number of distributions for fixed values of {42},
which is the set of holes such as is used in (3.23) added to frame number
p, can be determined by extending the method given in Appendix X,
p. 458 of ref. 2). With (3.23), and after a summation over all possible

values of {1.#} (Zpi, 2 =m,, if 7 #7; TpA? =m, — N,), one finds
) (fa?o X N : (- - n! y \myr — N7 1. (m..)! (v Jmrir | ;
(-ﬂl)” Pafs iNq) = (.\,7 =0 (¥) M y AT 7)Y i i

[T (F 7)) P 707 ]. (3.25)

If N, = 0, we have Q. ({0}, 0) = 1. (3.25a)

We shall now denote by R({N.,}, ») the number of ways, in which the set of
(N} branches can be attached to the root vy. It is found to be (N, = 0)

1\)(:‘\'7':, "r) — llT(‘\"T}! .\‘7 r : 1:" (.\')r (‘326)
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with Fuw(y) = I1.11.(y) 1. (3.27)

The number Miypmv,,, which must be substituted in (3.16), can now

be expressed as

N\ R({N

“[Ir.‘l’“".".‘ = .\-4 '.—:"r) II.' (().'(:“II.—'T:' .\‘7). (328\'

Further, it follows from (3.11), (3.12) and (3.28) that the expression for
251y, can be written as

.‘\’Slj"ll" m ! l‘a’l‘ mv+'r) I"f _a \r \) \v.':' "r’ l[r(x)r(:’)l"rlr:' ‘\'T"
PimY.. . BY., (3:29)

In order to find a reduced form for gg’, (3.16), we calculate first

T, ({m,,, B} N,) = X" mvn Q.({m* 2.}, N,) PAm* ., B}. (3.30)

Thesummation X" v, ., should be extended here over all sets of {m” - }-values
(for a definite 7), such that Y m".. = m.,, where the m. -values are
specified in the left member of (3 30). In case of ambiguity, we shall use a
second index 7 for the variables y.~ (v.~.) and ¢.~ (6,~.), to indicate the charac-
ter of the branches, =, to which the variables belong. From the expressions
(3.13) and (3.25) for fixed =, making use of

o) N ’TT.T]-I7‘ 1"7"'{‘.\'7,7)";!‘ ]”“T’T
L;/n‘r',-: l l,-.f'

(m* )
= [l exp [0 2,3% F.2.p, (3.31)
and putting
F_[f(y.n.), B S (v ) B, (3.32)
ve find that (V. ## 0)
T ({m.., B}, N,) = [: “m,ﬁ =) (v, )mrr=Nz (G, )mrr [L,e o (m,,)!
¥ : (N, — 1)L =T 4 :

(..\'7'7)’"7'T('}T',—)mrl’]: I[- €XP 107, 1"(/' I;) . (33‘?”

In (3.33) we have abbreviated ny—lo,, = 6. (if ¥ = ({’, @’), cf. (3.14)) and
extended the notation (3.18) to the variables ¢ (hence (&, -)’\: = ek
(g,:,)%:). For the special case V. 0, we have T, ]

The expression (3.16) for gs" can now be simplified by noting that according
to (3.30)

(\’5 2 .\.:r ._:‘lll— T \‘:A\'." /;"I' I\,(:‘\'r:' "7') l[r’liv(:,”T'," /;:' ‘\'T)' (‘3‘34)

We introduce the abbreviation (designating the y-variables further as v..
instead of y_)

Fif(y), B] = Zr Fvr(y)Bor, (3.35)

P
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so that we can write
Zr REN L ) Bor = [T1ND) ! (0 N1 FlH(3), 81 (3.36)
We finally introduce
G Orr) = ¥ pmarey [Ty o) ! (352 (G )0’
[1, exp {0 Fr, [(¥o72), B1}  (3.37)

where the summation is over all values of m.-. = 0 with 7° % 7. Making use
of (3.33), (3.34), (3.36), (3.37) and

[N 01V Flf @), B1 = [V, — 1! (1) Y1) —— Flf(y,,), B, (3.38)

OYVrr

if N. # 0, we find for gg'’
gs = {“T I:(_",-,"f) + Y1 [, — 1)} (v, )01 (G, )P

(,T(.\"IT'UTT) P ]l F L UU’?'?')V ﬁ . (339)
|
One should note that the derivations (acting on F) must be carried out,
after the [],-sign, but before the :-signs.

§ 4. Specialization of the combinatorial problem. We now want to apply
the general developments of § 3 to the problem of interacting fermions, as
described in § 2. For this specialization we must give in detail the values
of n{A,+} for the different cases and the expressions for f(y). As we do not
distinguish in this context whether points are basis points or not, the
variable 7 is specified merely by giving (¢, @) (see § 2 for the definition of
t =12and a =1, 2, 3). We first specify the value of n{i.-} for a pair
(r1, 72) = (t1a1, t2a2) of holes, which should be joined. We then have
case (x): (t1, £2) (1,1) or (2,2):

{0} = 1, if (a1, a9) = (1,1), (1,2), (2.1), (1,3), (3,1), (I)

2.} =0, if (a1, a2) = (2,2), (2,3), (3,2), (3.3),
case (f): (L1, t2) = (1,2) or (2,1):

nfi .} = 0. (4.1)
(4.1) expresses that n{A,-} = 0, if holes of different £-value should be joined
and that no two holes with /-connections (having (a1, a2) = (2,2), (2,3), (3,2)
or (3,3)) can be joined, as the /-connections should form cycles only. If we
consider further only sets where all holes are of the same type ¢ (#{4,-} being
zero for other sets), and specify {4,-} by the number of holes with a = 1,
2 or 3, we have for sets of more than two holes:

. : s ]] if all pairs which may occur are of type (I).
M fa=1, ra=2; /a=3j

=10 5 4.2)
|0 in any other case. (
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Although, an irreducible frame may contain holes of the type a = 3 (cf.
(2.1)), it should be noted that in the graph of By ; no bolts of this type should
occur, as they should correspond to points having /-connections only (the
hole in the irreducible frame with & = 1 is considered to be of the type
a 1).

The above statements can be expressed more explicitly as

n{i1, 0,0} | for every 41 = 0,
n{i1, 1,0} = 1 for every 41 =0, (4.3)
n{i1, 0,1} = 1 for every 4; l,
n{i1, A2, A3} = 0in any other case.
Introducing this in (3.17) we obtain for f(y)
() = Sileva 4 v eVa - y;3 (e¥n 1) (4.4)
and

fa(y) = (1 + ye2 + vig) evn,
/12(,\') — el (4.5)

The specialization of the result (3.39) for gs’ requires the introduction
of the results (4.4) and (4.5), but a further reduction may be obtained,
because in the expressions for the different f, integrations over points with
a = 3 (having l-connections only) can always be carried out. This is easily
seen in the following way: suppose a point j has /‘-connections with the
points 7 and k. We have then according to the definition I (3.4)

[U"] /)'k'[' X .\./ 9 \-,\,I ‘.:k’\ r—7r; LAY e k[L"-" re)| (40)

i g
In view of the orthogonality of plane waves for different values of 4, the
integral over r; reduces simply to
</./,~] /j/,(lf; (82 .\',')/U,-. (4.7)
In a similar way a f, for a graph with @ = 3 points can always be reduced
to a f#,- for a graph without a = 3 points. The following relation can be
derived for this reduction

o (1 + "3 —1)! :|
- e U ] 3,0 (4.8)
P |:“’( (2%42 1)! (2%¢3) ! :

where »" is related in such a way to » that
' = 1" 2 = M2, 13 = 0 (B¢ = RY). (4.8a)

[t is supposed in (4.8) that not all points have @ = 3. In the derivation one
has to take into account the sign of the permutation and the normalization
factors according to the definition (2.3), (2.4), (2.5). Further one has to
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consider the relation between a frame specified by » and the frame specified
by »". Itis found that the »’-frame can be extended to the »-frame by adding
a = 3 points on the /-cycles of the »-frame in

[Tt [(#2 + %43 — 1)!/(2"2 — 1)!] (4.9)

ways. This number enters as a factor in (4.8).

One special case of irreducible graphs was excluded in (4.8), namely pure
permutation cycles for some definite type ¢ of fermions. The integrations
over all points except one must now be carried out; one finds in this case
(2" = 1%3)

)

By = (— ¥~ (ny/i%3). (4.10)

The expressions (4.8) and (4.10) allow to make the following reductions

3, By Helfea)s = B, Te(1 + fea) e, (4.11)

3, Bttea(fes) ™ Tlelfes)™e = — B, ea(l + fera) ™ TIe (1 + fra)~®e.  (4.12)

The summations ¥, in (4.11) and (4.12) extend over all » (with 73 = 0)
to which the same value of »* (according to (4.8a)) corresponds

Sy(fa)™a B, = — mlfts — In (1 + fi9)], (4.13)
30 i%s (fa) L B, = m[(1 + feg)~L — 1. (4.14)

The summations ¥, in (4.13) and (4.14) extend over all » with 7 = %3 = 2.

Substituting these results in (3.35) and using (4.5), one obtains, if every
type v, is admitted as a possible root

F = \ ll/ //])' 1 /; — _:, ”(((‘-I/Il — 1 — .\'[1:). (415)

Substituting the results into (3.32) and using (4.5), leads to the following
expressions for [
Fyy = 3,41 (fea) 72 [T1e (fa) ™01, (4.16)
Fyo = 3, t"pa(feee) Y 1elfer) ™08, (4.17)
Fyg = — 3,3 (fr2) ™ [T1e(fer) 0] B, + nee (e % — 1). (4.18)
The summations Y}, in (4.15)—(4.18) are extended over all values », for which
Y3 = 0.
It is seen from (4.5) that there is no difference in the number of ways that
1 = 2 and a = 3 holes can be connected to some bolt in a frame. As far as
the holes are concerned, we may therefore combine the indices 2 and 3 to
one index, 4 say, and write yzs -+ Y3 = V4, etc. This may also be done
for the ¢’s in formula (3.39), because the value of the parameter o, depends
only on ¢, if 7’ (t', a’). Introducing the abbreviation:

,")'{I'”:- = .\_‘“,,; (419)




¥, extends over all » with 2% = 71 (the dy-values
are specified in the left member of (4.19)) and with ¥}, t*3 = 0, the formulae
(4.15)—(4.18) can be written as

where the summation ¥

F = ¥ {I1e [e¥a(1 4 yea)'a} Blin} — XemileVn — 1 —yu], (4.20)

Fry = Sy ter [e¥e(1 + yea) 'Y Lo we[e¥es(1 + yeea)]fr} fling,  (4.21)

Fyy = Fo + Fyg =mg (e7¥2 — 1), (4.22)

The summation ¥, is over all possible values of 73 = 0.

It is our purpose to obtain a reduced result for g; by means of the result
(3.39) for gy’. The different terms of the series for gs correspond to different
graphs. In the general formula (3.38) it is not yet specified which type of
graphs may be chosen as roots. We shall use different roots for different

groups of terms and write

gs = gr -+ grr=1 + grire=1 -+ grrt=2 + €111 t=2 (4.23)

The groups of terms indicated by 7, 11t etc. are chosen in the following way:

I. All graphs containing as irreducible part a frame of a type ¥ "n=0,
it # 0, 3 1%z arbitrary. The root is then chosen of such a type.

II,t = 1. All graphs, not containing any graphs of a type as specified
under 7, but containing at least one pure permutation cycle of points with
t = 1. The root is chosen to be a permutation cycle of type { = 1.

I11,t= 1. All graphs, not containing any irreducible part as mentioned
under 7 or II,t = 1, but with at least one bolt of type { = 1 which is not
contained in a @ = 2 or a = 3 hole. We now choose as a root a single bolt
of this type.

[1,¢{ = 2. All graphs not containing any irreducible parts specified under
I;II,t=1;I1II t=1,but containing a pure permutation cycle of points
i=2;

III,t = 2. All graphs not containing any irreducible parts specified
under 7; ... ; II,¢ = 2. They should then contain at least one bolt of type
{ = 2 which is not contained in a @ = 2 or a = 3 hole. We now choose as a
root a single bolt of this type.

(In case more values then { = 1, 2 are possible the grouping of terms
(4.23) should still be supplemented in an obvious way).

We now consider the contributions of the different groups of terms

[. Taking a root of the type specified under 7, we find (cf. (4.20) and
(3.39); F is found as a part of (4.20), excluding the contribution from the
pure permutation cycles, i.e., the second term, and taking only the parts
with 7,3 = O from the first term)

F(f(y..), Bl = PO}, (4.24)
(gs")1 = [11¢ [Ta=1.4 ¥°:): P10} = B0}. (4.25)
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I1,t = 1. In calculating this contribution, we take as a root all pure

permutation cycles of the type ¢ = 1 (F is obtained from (4.20) taking only
the contribution from the second term for the permutation cycles with ¢ = 1)

F(yn) = —my (e¥n — 1 — y11) (y11 = y11.11), (4.26)
[(m11-1)! (yr1)m=1(G10)™m0]: Gra(y11, 011) F(y11). (4.27)

(R =Y

oy11

The functions Fy and Fyy, occurring in Gy (cf. (3.37)), are given by (4.21)
and (4.22), respectively, if the summation in (4.21) is restricted to values
of {71} for which ¥ ¢ % 0. We shall use the equality (mg =0, t = 1, 2)

[(m44)! (Gea)™]: explowFa(yva)) = (e7va — )M, (4.28)

The expression G131, according to (3.37) contains summations over moj, sy,
and mjq. It follows from (4.28) with / = 2, that the summation over Mog
can be performed by omitting the part ¥, ., (m24)! (yas)mes (Gg)mes:

explo2q Faa(y21)] in G11 and substituting for yaq
Yoq —> e~ Var — | (4.29)

wherever yoq4 occurs in the part []..,, exp{o,F.[f, B} of Gy;. After this
substitution, it is seen that the result is independent of ys; (cf. result for
F34 obtained by substituting (4.27) into (4.21)) ; hence only the term mg; = 0
remains of the summation over ms;. The summation over mys cannot be
carried out in the same way as for ms4. This is because we have to add a
factor m=1 = (m14 -+ 1)~ to pass from gg’ to gs, as follows from (3.8) and
the type of root in this case.

The substitution m = myq + 1 needs some explanation: According to
(3.8) m = ¥y my, is the number of frames which may serve as a root. This
number is in the present case the number of pure permutation cycles
with =1 and can be written as m =14 X, m*r-. with ' = (1,4)
and = = (1,1). Because values were substituted for f, for pure permutation
cycles according to (4.10), we can no longer count directly the number
of such #,'s which contributed in the result for gg". However, it is easily
seen that a term of gg', which results from taking (&14)"u: (cf. (4.31) and
(3.37)) had m4 factors p, contributing to 3, m*14. But it follows from the
expression for Fi4, according to (4.22), that the contributions to gs from
frames, which are not pure permutation cycles with / = 1, cancel, so that:
Srmirig = Y, m¥1y and m = myq -+ 1, for the terms in the result for gs'
obtained by taking (G14)™14: exp [01aF14].

We now introduce a new (auxiliary) variable &;; in the expression for G,
by replacing (1 -+ y14) (in the part of the expression for Gi; after the :) by
(I + v14)%11. The notation (3.18) is also used for the variable &;;. We note
that if A(y) = Xx ar(l + y)¥, we may put here A(y) = X5 & Ay, &
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with A(y, &) = Sk ax(l + y)¥6*. We make further use of the relation
(/” = 0; the factor m—1 is added)

myg)! (myq + 1) L(yy4)M1s(Gpq)™s] & (1 + ,\'1.1)’“)11(1 ev)
K ( :

exp [o14F1a(v11)

=2 (’”H 4 1){ ('\.“)m,,.l (6’11‘)""'5.1 . (‘1 - ,\'I.Hl”'l ([“ L ])vl
ny e¥ir exp [o1af1a(y11) - (4.30)

The expression (4.27) is now reduced to (replacing (mis + 1) by m14)

(Lia+1)"2(E11) ] X s [(mgn — 1)1 (yaa)Mu=1: (61q) "

~mnyy =

(gs)11.t=1 = =0

g =

ll()N“lf ()'1.;)’”“2 (o1q)™as:] 2y e¥1s (1 + y14)

eXp 1011 _\_:';,'”. 111 (e (1 .\'HIS]] a1 gl + 014 /"1.1(‘\'11|:, (4.31)

The summation ¥, in (4.31) is over all sets {7,1}, for which ¥, 7,1 5% 0.

I[I,t = 1. For calculating the contribution grrr -1, we shall first give
a somewhat modified expression for gs. In the derivation of (3.39), we have
dissociated the graph by choosing as root a frame, »,, of a certain type, {y}.
In a similar way, one can start by choosing as root bolfs of certain types,
ty (» . ...), specified by a given set of f-values, {{;}. The dissociated ar-
rangement then consists of one separate bolt (the root) and frames, which
all have one hole in this case. The further derivation in this case, is quite
analogous to § 3 and the result for gg' can be written in the same form as
(3.39), if we omit the term corresponding to [],[v,,°] : (as it would corre-
spond to a bolt without a hole) and replace the function F by a similar
function, F. The function F is given by

I"(.\'T'T') — -\—:f ”lr lltr (.\'7'711' (432]
h((_\') — .\‘:1\7': ”1:/.‘7': IIT (,\.7‘)/\7 (/:-)' . (433)

ngfA.} denotes the number of ways that a set of holes, specified by {4}, can
be bolted together with a bolt of character . To pass from gs’ to gg, one has
to add a factor L-! = (¥, /)1 in each term (cf. (3.8)), L specifying the
number of bolts which may serve as a root. The factor L-1 can be calculated
for each term, if one notes that /; (being the number of bolts of the type ¢)
1s equal to the power of & in such a term, if we replace f, and /i by &/, and
&y, respectively (r = (¢, a); cf. e.g., the expression (3.23) where it is seen
that the number of / -factors is also the number of {-bolts in the frame, if
T = (¢, a)).

We shall apply these formulae to the graphs, specified in 111,71 = 1.
However, we use (4.32) and (4.33) in this case, still with a modification in the

following sense: as roots we choose bolts of the type ¢t = 1 which are not
contained ina+ = (1,2) or 7 (1,3) hole, hence not any bolt of type ¢ .
The function F is then obtained from (4.33) by putting ¢ = 1 and restricting
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the summations to sets {4} with 2 > 1 for " = (1,1) and A= 0 for
7 # (1,1). It is again possible to combine the indices @ = 2 and @ — 3,148
far as the holes are concerned, to one index, 4. This follows from the fact,
that there is no difference in the number of ways that @ = 2 holesand ¢ = 3
holes can be connected to a bolt in a frame and the fact, that the bolt, which
was chosen as the root is not contained in @ = 2 or @ = 3 hole, In order to
pass from gg’ to gs one now has to add a factor L-1in each term, L specifying
the number of bolts in the graph of type ¢ = 1 and not contained in a @ — 4
hole. We shall calculate L for terms of gg’, which result from taking (G1q)Mas:
(cf. (3.37) with 7" = (1,4); == (1,1), because there are only 7 = (1,1)-
branches) and for which /1, is the power of &1y if the function fy; in the bran-
ches is replaced by &11f1; and if F is replaced by &, F. It is seen (cf. (3.23))
that /13 is the number of £ = 1 bolts in the dissociated graph which are not
contained in a @ = 4 hole. The number of holes with ¢ | and @ = 4 in the
dissociated graph is myq. It follows from the fact that these holes must be
attached to bolts with # = 1 and @ = 1 and the fact that only one hole of
this type can be attached to such a bolt, that the number of bolts in the
non-dissociated graph which can serve as a root is equal to L = l1; — mya.
We can therefore make use of the reduction from (4.18) to (4.22). The
values of I, are found by taking certain parts of (4.21) and (4.22), namely
leaving out the frames admitted as roots under 7 or 17, ¢ = 1.

Fy, &)= mén (evnn — 1) (4.34)
Fuy, 1) = X qp f1a[evn(l + yia)énjfn1eve(1 + yoq)Ji2pin} (4.35)
Fi(y, &11) =0 (4.36)
Foi(v, §11) = X'jiyyy t21[e¥21(1 + yoq)[fa-1evn(l 4 y14)é11)in flin) (4.37)
Fau(y, &11) = ng (e~¥2r — 1) (4.38)

It follows from (4.36) that the contribution of the 14-holes cancel (y14
and mis may be put zero, hence L = l;;). The summation over sy can
be carried out by using (4.28), with ¢ 2, and (4.29), after which the
result is independent of ys;, so that only the term with ms; = 0 must be
conserved. One finds

-

(gs)1rrt=1 = l:,” . L1 ‘(»511)/11 A Zimig>1 (my1 — 1)! (y11)70 L (Gyq)man:

méiy e¥ exp [o11 3 gy 111 (e¥1r Eq)inl Blig ). (4.39)

It is seen from (4.31), that [(gs)rr.0=1 + (€s)117 ¢=1] 1s expressed by the right
member of (4.31), if we extend the summation over myg = 0. Using (4.28)
with ¢ =1, one sees that, after the summation over mi4 has been carried out
(in a similar way as the summation over mgy for the part (gs)rr¢-1), the
result is independent of yi1, so that only the term with my; = | remains.
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(gs)rr t=1 + (gs)1r1,4=1 =
= pzo L4 )72 (Enn)he] ¢ Xy tnéna®a18{in} = X, lin}, (4.40)

where ¥ 4, indicates a summation over all sets {731}, with 733 # 0. In an
entirely similar way, one finds

(&s)rz1.t=2 + (gs)11r.t=2 = Xy Plina}, (4.41)

where the summation extends over all sets {7y}, for which 72; # 0 and
111 = 0. Adding the different contributions (4.25), (4.40) and (4.41) to (4.23)
and recalling the abbreviation (4.19), one finds

»l\"" iy }-‘n- /;x" (442)

where the summation extends over all values of » (r is still an abbreviation
for v, cf. § 3) for which ¥ 7%3 = 0. To pass from gg to gi(r¥) is now very
simple.

§ 5. Discussion of the result. In this section we want to give a discussion
of the simplification of the expansion for the k-particle distribution, gg(r¥),
obtained in § 4. The general form, with which we started, was given by

gr(r¥) = (TTe nc¥) 352, bi a(rk). (5.1)

d

The simplified result, according to §§ 2, 3, 4 can be written as (cf. (4.42),
(3.10), (2.6))
gr(r¥) = X, B0 with ¥,4%3 = 0. (5.2)

We shall discuss the reduction for the case that the correlation factor, F,
is given by (1.3), so that the graphs have h-connections (of the types 211,
h'22), hA2)) and basis-connections (of the types [V, f122) §12)) and [-connec-
tions (/1 and /(2)). The significance of the reduction from (5.1) to (5.2) will
be realized if we remember the types of graphs, which correspond to the
by - and fy-terms, respectively:

bx.a(rk) corresponds to all connected graphs (reducible and irreducible)
of & (k1, ks) basis points and [ — & (I — ky, ls — ks) non-basis points,
formed with - and /-connections, the basis points being mutually connected
by basis lines, and which do not contain any (non-basis) points with /-
connections only. If we introduce by ;(r¥)q, defined in the same way as
by i(r¥) except that only those graphs are considered, which are érreducible,
it is easily seen, that (cf. (2.1), (2.3) and (2.5))

(ITe neke) /'I.'.l(_r/'“)id‘ = Y f"',,"‘". (5.3)

—d 1}

if the summation in the right member of (5.3) is extended over all values of
v, for which 7% + 77
the simplified result (

2 =1Iy and V43 = 0 ({ = 1,2). We can therefore write
O 2)as

gr(r®) = (TTe neke) 2520 br 1(r*)a. (5.4)
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This formulation is valid for an arbitrary correlation factor, if we use the
graph representation with basis-, R- and /-connections. If # =0, (5.4)
equals b (cf. (4.24) and (4.32)).

We note the following points about the forms (5.2) and (5.4): (1) It is
remarkable that the result is linear in terms corresponding to irreducible
graphs, as the general form of a by ; will contain products of different f;'s
(cf. (2.2), (2.7)). The reduction from (5.1) to (5.4) was obtained by reordering
the different terms of the by ;'s. The terms, which are products of more than
one f3, (and which occur with opposite signs in by ;’s with different values of
[) all cancel (cf. Fig. 3).

n n
- » a —===
(R ¥/ \"'<
|// ”I
n P n )
[=~4 l=3

Fig. 3. Graphs corresponding to terms of /:;- , but which cancel in the reduction to
5 I I 5 ke 1
(5.4); for the notation, cf. fig. 1.

(2) If we omit the /-connections in the graphs corresponding to the
b (r¥)a's from (5.4), the resulting graphs of A~ and basis-connections may
be: A, irreducible; B, reducible and C, unconnected. The results given by
Jastrow 4) for gi correspond to the type A only, the terms cor responding
io the casis B and C were neglected. For an illustration of such graphs cf.

Ig. 4.
” N 1
» \ ‘\ I/ 1\
é ; ,i i\ é\\ N i
A ’ \ ‘o
— = Y
A B

o —
A * : H :
NS | I { '
= —> —

Fig. 4. Graphs, corresponding to different terms occurring in the bjq.'s of (5.4);
leaving out the /-connections, we have: A, irreducible graphs; B, reducible graphs;
C, unconnected graphs; for the notation, cf. fig. 1.

(3) It should be noted, that terms of (by 1);q of the type C can be further
reduced to some extent, by a further study of the momentum relations.

The equation (5.4) reduces simply to one term (), in case ky = X ke =
1, as the only irreducible cluster with one basis point consists of just this
point only. However, this result may also be written in the form of the
series (5.1). We thus obtain an alternative derivation of the identity [ (4.34)
mentioned in 1.

The reduction from (5.1) to (5.4) was derived in case of a diagonal distri-
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bution function, It can be used for the calculation of the pair distribution
function, which is sufficient for calculating the expectation value of the
potential energy in case of two-body forces. However, for the calculation
of the expectation value of the kinetic energy, the non-diagonal distribution
function gy (r, r’) is needed. Although in this case, a similar reduction occurs,
we shall use the expression (5.1), to calculate a non-diagonal distribution
function. In a third paper, we shall give explicit results for the distribution
functions and the expectation value of the energy. In the same paper, we
shall give the extension to (mixtures of) particles with spin (and isobaric
spin).

It can finally be mentioned that it was also proposed by Jastrow 4) to
use cluster expansions for the case of interacting bosons, using a wave
function of the form I(2.4), but without Slater determinant. The cluster
expansions are then much easier than for fermions and closely analogous
to the usual treatment in classical statistical mechanics. It was checked in
some cases that a similar reduction as from (5.1) to (5.2) for fermions, holds
also for bosons (taking as &'s, terms corresponding to irreducible graphs with
basis- and R-connections only) and it can be conjectured that such a reduc-
tion will hold generally for bosons and even for a mixed gas of bosons and
fermions in the ground state.
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CHAPTER III

EXPRESSIENS FOR THE DISTRIBUTION FUNCTIONS
AND THE ENERGY ; APPLICATION TONUCLEAR MATTER;;
EXPANSIONS AT LOW TEMPERATURE

Synopsis

The cluster developments for Jastrow wave functions, formulated in two previous
chapters, are extended to particles with spin. Explicit results are given for the distribu-
tion functions and the energy, including the case of fermion mixtures. A discussion is
given of the application of the method to nuclear matter. The splitting in a “‘statistical”
part and a ‘‘dynamical’’ part can also be made for a Bose or Fermi gas at low tempera-
ture. It leads to the,introduction of more detailed cluster integrals. In the fugacity
expansion of the pressure and the density, they can be rearranged, roughly to in-
creasing powers of (8/4) (0, range of the forces; 4, the De Broglie wave length).

§ 1. Introduction. In two preceding chapters?!)?2) (hereafter referred to as
I and 1I) we derived cluster expansions for the ground state of interacting
fermions, specified by a Jastrow wave function. The fermions were assumed
to be particles without spin coordinate. The extension to real fermions can
easily be made in the simple case of a Jastrow wave function, with spin
dependent one-particle wave functions and a spin independent dynamical
correlation factor, FF. This extension will be made in section 2. In the same
section, we shall give the explicit results for the distribution functions and
the energy in case of a system, containing “spinless’ fermions, fermions
(with spin) and a mixture of fermions (nuclear matter), respectively. A
comparison is made with the work of Iwamoto and Yamada 3). In section
¢, a discussion of the method is given, in case it is applied to nuclear matter.
In the appendix, finally, the method is applied to an imperfect Bose or Fermi
gas al low temperature. In the evalnation of the grand partition function of
such a system, the splitting in a “‘dynamical” part and a “statistical” part,
offers the possibility to introduce more detailed cluster integrals. In the
fugacity expansion of the pressure and the density, at low temperature,
these cluster integrals can be ordered, roughly, to increasing powers of
(8/4) (9, range of the interaction; 4, the De Broglie wave length).
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§ 2. Explicit resulls for the distribution functions and the energy.
a. Spinless fermions. Using the graph representation (cf. Fig. 1), intro-
duced in § 2 of 11, the terms of the cluster development can easily be written
down. The first terms of the normalized pair distribution function (cf.
1(2.4), 1(2.12), I (2.13), I (3.25) for definitions and notations), write

g2(r12) n3 [ Ro 3(r%; rg) La(r3) drg +

n3Rs o(r12) [ [Ro,2(r13) (li2leals1 + Lislasley — liyleslss)
t Ro,2(r23)(l12laslsr + lialaaleyr — laalislsy)] drg

ind Ro o(r12) [ Ro,2(734) (l1alarlsoslss + Lialailealss —
— halaglaalay — higlaalasley — lyaloalaglsy — liolaglaalsy —

— l1alaalaglay — lialaalaalsy) drg dry -+

i

.ill'xf ]\’g_.;(r‘l; rs, R;)L,g(r‘l (,17‘3(11‘.1 HEA ey (21)

In the derivation of (2.1), we have applied the result (5.4) of 11, where we
proved that the graph representation of a diagonal distribution function
contains only irreducible graphs.

The non-diagonal 1-distribution function, g1(ry, r1'), which is needed in
the evaluation of the kinetic energy, is given by (cf. I (2.14), I (4.33); point
1 in the graph corresponds to the coordinates r; and ry’)

gi(ry, 1) = nlyy + 02 [ Ry o(ry, 11'; v2) (lales — Lislsy) drs +

+ 313 [ Ro,a(ras)(—lalaalss—lislailon+lialoslai +lialselen) drs drg+-...  (2.2)
The function /i, in (2.1) and (2.2), is defined according to (I (3.4) and I (4.33))

bif ="NTEFN et B, (2.3)
If j corresponds to a non-basis coordinate, over which coordinate is integrat-
ed, one has r; = r;’. The same holds for a basis coordinate in case of a
diagonal distribution function (cf. (2.1)). A cycle of one point contributes
with a factor /. Only in case of plane waves, spinless particles and r; = ry,
one has /;; 1 (cf. (2.3)).

The energy per particle, E, for a system of N particles and a hamiltonian

\
—— /A N \
— < . ' + ¥
k=2 Kl
Fig. 1. Examples of graphs corresponding to terms of bp.r with & 2 and & 1,

respectively. A double line represents a basis-connection, a single line represents an
R-connection; a dotted line represents an /-connection, forming cycles of all possible
orders; a cvcle of one point, which corresponds to a /;;-factor, is not indicated in the

figure; in case & I we have used the symbol * to distinguish the basis point, (ry, ry’),

from the non-basis points
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(admitting k-body forces to some order in k)

h2
H=73i— As + Tk Zigty VI0(rE), (2.4)
2m
can be expressed in the distribution functions gz, normalized according to

I(2.13), as

" h2
E = N-1 [ | gr.r':| ir
J Rt 1ri, r1) X ",( 1

- o (N(R) DL ' Yk (rk) g (k) drk, (2.5)
In case of short range interactions and a large number N, the energy E,
for the state specified by the Jastrow wave function I (2.4), is obtained by
inserting the cluster developments for gg, derived in I and II. The result is
a cluster development for E(n, «), which is a function of the density, », and
the parameters «, specifying the dynamical correlation factor, F, in I (2.4).
E(n, ») may be used in a variational principle, by varying « at constant
density, , in order to find the best approximate wave function for the
ground state. One should note, however, that the choice of functions F(rN, o)
is limited to such functions for which I (4.26) is satisfied. (bo s in I (4.26)
may not be replaced by (bo,s)ia.). The necessity of a restriction on F (besides
the normalization property 1 (2.6)), in order to get a finite result for Ein
was already pointed out by Emery 4). If we may restrict ourselves tos = 2,
this (sufficient) condition is
— { < 2bo.2(n, a) = N-1 )Igf 1\'()‘3()'13)(/11/23 — lyoloy) dr2 < 1. (2.6)

We can use the order of magnitude extimate I (4.13), in order to arrange the
various terms of the cluster developments.

In case F is given by I (2.8) one can derive expressions in terms of f-, h-
and /-functions (cf. I (3.25); and the definition of by.p in terms of graphs, to
be given in § 24 of this section, in case only one type of particles occurs.) The
energy E, in case of two-body forces specified by a potential V(r) (which may

have a hard core), can now be written as

E 3h2 - h2 l‘ » " (o) 2 ”( I | 12 )
(7, a) = P~ — } *7)7 () 4 r -L=(r
. 1om ¥ 2m J FAnv) r ) )

) V(r)(l 12(r)) dr + ... (2.7)

4 2/*()’),f'(rll(r)l'(r'):]drH;r 2

The dash and double dash in (2.7) indicate the first and second derivatives
with respect to 7, respectively. The function /(r) in the two integrands of
(2.7) may be replaced by 1 (3.5):

I(r) = 3 [sin (kpr) — (kpr) cos (kpr) (kpr)—3, with kp = (6a2)in?. (2.8)




§ 2b. Particles with spin. The normalized wave function for the ground
state of N non-interacting fermions (with spin), is given by

Do(xN n) = (2N N )~ Det (gr(x9)), (2.9)

where x; abbreviates the place coordinate r; and spin coordinate &;; ] = 1,2,
.., N. The one-particle wave functions gy(x) (A = 1,2, ..., N and 1 = (u, »))
are
pa(x) = ™’ 5. (&), with <@yl 20y (2.10)
The possible values of R, (u = 1,2, ..., N/2) are given by I (2.2) and lie
within the Fermi sphere, which has now the radius kg (672)4 (n)2)};
v - and — correspond to spin up, z+, and spin down, y-, respectively.
We shall limit ourselves to wave functions for the ground state of the
interacting fermions, which are of the form
D(xN, n) = F(rN, n) Op(xN, n), (2.11)

where the dynamical correlation factor F(r¥m) is a function of the place
coordinates only. The derivation in I then remains unchanged, if we replace
li; everywhere by its generalization
.’,‘j /(\;’.\j) N-1 \_,\ |'/,\(.-‘i)'l'.\\s['\l'|
2 ik

Hor+(&E)xa* (&) + 2=E)xz-*(&) 1 (N2 X 3 1 evn i i (2.12)

o [

This replacement must also be carried out for /;, which is now no longer
equal to 1.
The reduction in case of diagonal distribution functions, formulated in

IT, remains also valid, as one has again (x; vy')
}_5/ l,-)'/j,_-(lr; = n ;. (2.13)

The results for ga(x1, x2) and gi(¥1, x1’) can again be written as (2.1) and
(2.2), if we use (2.12) instead of (2.3) and replace dr by dx = ¥, dr. The
same holds for the condition I (4.26). Using these results for an F(rY)-factor
.\l)l‘('“.il'(l h_\' I (2.8) and a .\])i[l ll('])\'ll(lt'lll 1\\'(1—1)()1[_\' ])tll(‘l)[i;ll

Vie = Vg(ri2) Ps® + Vp(rie) Pr°, (2.14)
where Pg t—101.02 and Pp® = % + }01.02 are the singlet and
triplet projection operators, respectively (0 = oz, oy, a. are the usual spin
operators), one finds for the energy per particle, E,

3h? nh?

' 2
Fis R ][* N (P) = PN — M2
10m . 2m PN v " 357

/"“(r,l/"(r‘:/{.r)/’u)] dr

BV () + YVs(r) + 12(0)(— 3Vp(r) + V()] dr+... (2.15)

2J
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The function /(7) in (2.15) is again given by (2.8), but now with a Fermi
limit kp = (622)} (n/2)}.

§ 2c. Particles with spin and isobaric spin. In this subsection
we generalize the formulation of § 26, by including an isobaric spin variable
indicating two types of fermions (so that we have results applicable to nuclear
matter). However, we restrict ourselves to equal numbers of fermions of
both types and dynamical correlations independent of spin and isobaric spin.
In the next subsection (§ 2d) we shall treat the more general case of different
densities for the different types of fermions and dynamical correlations
which depend on the types of the fermions (without the use of the isobaric
spin formalism). In the present case @ ia again given by (2.9), if we introduce

pA(x) = €™y (B, (n), with <gylpyy = 20y, (2.16)

where %= (r, & mi), ¢ = 1.2, ... NG A= (u, v p)y 4 = 1,2, ..., N; and
p = -+ and — correspond to the isobaric spin functions z.(5), proton, and
m—(n), neutron, respectively. The allowed values of R, (u = 1,2..., N/4)
are now such, that k, < kr = (622)}(n/4)!. In case of a dynamical correlation
factor F(r¥), independent of &N and ¥, the results of I and II (e.g. (2.1),
(2.2), (2.6)) can be generalized in a similar way as in § 2b, if we put

ly = lxg, %) = N72 E30, Al (v) =
= Yo+ (&) o) x+* (&) * (ng') + 2+(Eo)a—(n) 2+* (&5 ) e—*(my) +-...
] (N]4)L W et (5 47)

.—"‘,
Applied to the case of an F-factor of the form I (2.8) and a two-body
potential

V=1V+(r)Ps® Pp™+3V—(r) Pp°Pp*+V—(r)Ps°Ps"+3V+(r)Pr°Ps", (2.18)
the result for E takes the form

B 3h2 b2 nh?

2 2 e N
“om' T ‘[/*<r></"<r>»+~ 1) (1=120) = 3* () (1))l (”]d”"
10m 2m J %

53 ' 1%(r) 1(r) 25 [B1VH(r) + 93V ~(r) + WW~(r) + 33V+(r) +
+ @) — 93V ~(r) — WW=(r) + 33VH()(r)] dr+ ... (2.19)

1 (2.18) we have introduced the isobaric spin projection operators Ps™ =
= 1 — i11.72 and Pp”™ = 3 + }71.72, where %y(riz, Tiy, 7iz) is the usual
isobaric spin operator of particle 7. The function /() in (2.19) is given by
(2.8) with kp = (622)* (n/4)t.

Using a different method, Iwamotoand Yamada derived an expression
for E (cf. form (I1.8), ..., (I1.14) of ref.3)) in case of a Serber force and an
F-factor of the form I (2.8). As far as we have compared this expression for
E, it is in agreement with the results derived here (although we could only
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derive this expression for E from formula (1.32) of ref.?) by omitting the
second sum or an equal part of the fourth sum in this formula). The value
of 2 bo,» (being the first order term in the condition 1(4.26)), for those values
of f and #n, for which Iwamoto and Yamada found E to be a miniraum,
is of the order: —0,66 < 2bg,a <~ —0,49, in disagreement (in this approxi-
mation) with our condition (2.6). However, they have made the calculations
for a diameter a of the hard core of the potential as large asa = 0,6 X 10713
cm. Recent determinations of the nuclear potential provide a value @ ~ 0,4
% 10-13 cm. For this value of a, the condition (2.6) is probably satisfied.

Emery (4) § 3.) noticed that certain restrictions should be applied to the
trial functions /(7). We have only been able to derive our cluster development
under the condition I (4.26) (or (2.6) of this paper), which thus seems a
natural condition to impose on f(r). (That Iwamoto and Yamada do not
find such a condition is only because they suppose from the beginning that
a certain type of cluster development will exist.) It should also be required
that »n0? is sufficiently small (9, distance over which f(r) differes appreciably
from unity) in order to have a reasonable convergence of the cluster ex-
pansion. It is plausible that some paradoxal results, indicated by Emery,
occurring for certain f(r)-functions are eliminated by imposing these con-
ditions on f(r). However, further work on the best choice of f(r), the influence
of higher cluster terms and the application to nuclear matter with realistic
forces (with a core radius @ ~ 0,4 X 10-13 cm) remains desirable.

The part of the energy correction which is linear in 2, E}, is obtained from
(2.19) by putting /(r) = 1 and /'(r) = 0. In case of a hard core potential,
with diameter a4, and a correlation factor

fr) =1 — (ajr) e xr-a r = a,
1)=0 r<0, (2:20)
one easily finds
Ey = dana(h?2m)[2] /(2] + 1)] [1 + 3aal, (2:21)

2bgs=n/f(|fl2— 1[1 — 1/(2] + 1)]dr =
— 4ana®(2] (2] + D[} + 3(ax)? + 2(ax)~2]. (2.22)

The cases § 2a, § 2b and § 2¢ correspond to /= 0 (“fermions without spin®),
J = Yand | = §, respectively. The result derived by Huang and Yang 9)
in this case, is obtained from (2.21) by putting « = 0. Although E; is a
minimum for « = 0, one has the difficulty that 2bg 2 according to (2.22) will
violate (2.6) for & — 0. However, for small values of # (i.e. na® < 1) it is
easily seen that (2.6) is still satisfied for such small values of «, that the term
laa in (2.21) gives only a correction of the order (na3)! < 1.

§ 2d. Mixture of fermiomns. The normalized wave function for a system
containing several (possibly more than two) types of non-interacting
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fermions, is given by

(I)()(.\"\-) — - ll[ (I)()'“(.\"\.f), (223)

with x4(8) = (rs(t), &), © = 1,2, ..., N; and where the function @y (x¢)
for each type of fermions, characterized by the index ¢, is given by expressions
similar to (2.9) and (2.10). The number of fermions of type ¢, N, may be
different for different £. This is expressed by replacing N, »n and k&g in (2.9)
and (2:10) by Ny, n; and kg, = (6a2)t (14/2)}, respectively.

The Jastrow wave functions for the interacting ground state, which
will be studied now, are of the form

D(AN) = F(rN) do(x), (2.24)

where the dynamical correlation factor is a function of the place coordinates
only (cf. II (1.2)). The results derived in 11, for mixtures of spinless particles,
remain valid in the case of fermion mixtures, if we replace the function

Li'® = I'O(ry, ry’) everywhere by its generalization

lg® = 1'0(xy, 21') = N1 T o) oa* (%) =
e 1’[(51) Z**(‘:f’) 4+ /_(51) Z**(ﬁ:],) (\' 2) 1 E}‘\' ‘_lg\ ‘_.k# r.fr;':. (225)

The values of k) for the type of fermions ¢ lie within the Fermi sphere with
radius kg = (672)! (n,/2)}. The partial densities, #;, may be different for
different values of £. The reduction of the cluster developments for diagonal
distribution functions, gx(x¥), to irreducible graphs remains also valied. A
generalization of condition (2.6) (which is a sufficient condition), is now
(cf. app. of I)

3. sibos + . 4se |bo.s| < (me/n) for each value of £ (2.26)

—

The first summation in (2.26) is extended over sets {s;} (s; is the number of
particles of the type ), for which bg,s is positive, the second summation over
all sets {s;}, for which by s is negative; 3 s¢ = 2.

The result of this subsection can be applied to nuclear matter: { = I,
a proton; { = 2, a neutron. The wave function (2.24) is more general than
the one treated in § 2¢, because the dynamical correlation factor may depend
on the nucleon type, and because #1 and #e may now have different values.

We shall write down some explicit results in case of an F-factor, speci-
fied by II (1.3). We abbreviate f*(|ry' — ry'|) f(lre — r3)), f*(|Ird’ — 75'l)
f(lri — ry]) — 1 and I(x;, x5") by by, hij and ly;, respectively. One should
note that the functions b, and hence A, may be different in the three different
cases, corresponding to a proton-proton pair: 511, a neutron-neutron pair:
bi;22, and a proton-neutron pair: by12), It is convenient to use the graph
representation, which was formulated in II for mixtures and a general
F-factor. In this case, it can be formulated as:

by i(xk, x1-%) is the function, corresponding to all connected graphs of
!y protons and l» neutrons, formed with A-connections and /-connections,
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the (ky -+ k2) basis points being mutually connected by b-connections; the
[‘®-connections should form cycles of all possible orders (note, that in general
liy # lji and ly +# 1); points corresponding to non-basis variables (and for
which we put x = x’) may not be connected by /-connections only. A point
without /-connections contributes with a factor /; (which factor was equal
to | for spinless particles and r; = ry’). In case of a diagonal distribution
function, r¥ = r'¥, only irreducible graphs, (bk,i)ia., have to be considered.

Using this graph representation and the generalization of formula I1 (1.5)
to non-diagonal distribution functions, one easily finds for the 1-distribution
function of a proton

nMW(xy, x1°) = mlp @V + my2 [ eV (L Vige®D — 115V V) dxg +

nm3
firas [ hag W (— 261 Wlgy Vigg V) - 2015Wp5M51 V) dxa dxg +
s [ hia 120 W2 dxs + ny2ne
[ hag 21 (—1l1a W51 V332)) dxs dxg -+ ... (2.27)
In (2.23) we have abbreviated Y, /dr; by /dy;. For a neutron, one finds
an expression similar to (2.27). The diagonal pair distribution functions are
(cf. 1T (5.4))

g2 (xy, x2) = 2 [fA0(r12) |2 (L' VooV — Lo Vinn'V) + ... (2.28)
2522 (xq, x9) = na? |22 (r10)|2 ({1122 L1221 @) 4 ... (2.29)
2212 (%1, x9) = mng |[12(r12)(% L1y Wi22™ 4 ... (2.30)

The energy per particle, E, can be calculated with these expressions, for
a hamiltonian with kinetic energy — (h2/2m1)A4, — (h2/2m3)A and two-body
potentials, which may be different for different nucleon pairs.

§ 3. Application of the cluster development method to nuclear matter. In this
section we want to discuss the application of the variational method using
cluster developments to the nuclear problem. We shall also summarize a
number of conclusions concerning this method resulting from our work.

The first purpose of our study was to investigate the consistency of the
variational method using cluster developments, in particular for potentials,
which have a hard core. Our work leads to the following conclusions:

(1) Wave functions of the Jastrow form I (2.4), 1 (2.8) are appropriate
trial functions for a variational method, in which the f(riy)-function re-
presents ‘‘dynamical correlations”, caused, e.g., by a hard core of a two-
body potential.

(2) Expressions for the k-particle distribution function g and the energy
E can be worked out as cluster developments (see I (4.31) for gi(r¥) and § 2
for explicit expressions for g and E). The methods, which are used are
analogous to the Ursell-Mayer development of statistical mechanics,
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but the simultaneous occurrence of dynamical and statistical correlations
causes additional complications. The normalization factor (exp (—1iNb))
of the wave functions is also obtained; /(4.32).

(3) In the derivation of the cluster developments a condition I (4.26)
is derived, which is essentially a condition for the f~functions, which should
be satisfied if the range 6 of the dynamical correlations is sufficiently small
in comparison with the average mutual distance.

(4) The methods used provide a systematic way for finding the different
terms of the cluster developments, also the higher order terms. The simplifi-
cations, which are obtained by introducing irreducible cluster functions are
discussed in chapter I1.

An attractive feature of the use of Jastrow wave functionsin a variational
method is that no difficulty occurs at all in the calculation of the energy for
a two-body potential with a hard core, whereas an infinite result is found
for the energy if simple perturbation theory (Born approximation) is used
for the energy calculation.

A disadvantage of a variational method, starting with wave functions
containing some parameters, is that no rigorous solutions are obtained,
but only approximate solutions. One can never improve on the best approxi-
mate wave function contained in the set of wave functions taken as a
starting point, so long one stays within the set.

It is therefore desirable to have a further discussion of this initial choice
of wave functions. In this respect the work of Gomes, Walecka and
Weisskopf 6) is of importance. These authors discuss some properties of
nuclear matter on the basis of the “independent pair model”’, which can be
considered as a certain approximation to the Brueckner theory; they
consider the “wounds” in the independent particle wave function caused
by the repulsive core of the nuclear two-body potential, and show that these
wounds become rather small after a certain “healing distance”. It is seen
further, e.g. from Fig. 4 and S (or 8 and 9) ) that the shape of the wounds
is very similar for different relative momenta of the two particles. If we
now want to make a comparison with the method using Jastrow wave
functions, where the dynamical correlations for pairs of particles are ex-
pressed by the functions f(r), it seems that the two approaches show a
correspondence in the following way: the Jastrow wave functions specify
the state in configuration space, if the following two approximations are
made for the dynamical correlations between pairs of particles (the “wounds”
in the wave function in the terminology of ))

(a) they are taken to be spin independent,
(b) they are taken to be momentum independent.

In view of 6), this drastic simplification seems still rather satisfactory
from a qualitative point of view.

In view of approximation (b) (momentum independent pair correlations)
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it would seem reasonable also to use a wave function @ = F®y for finite
nuclei, F being the same factor I (2.8) as for infinite nuclear matter and @y
being a shell model wave function (without pair correlations), in the same
order of approximation.

The numerical results for the volume energy and density at the equilibrium
density of nuclear matter are quite similar, calculated by the method of
Gomes, Walecka and Weisskopf %) and with the aid of Jastrow wave
functions by Emery4), Iwamoto and Yamada 3) (however, a precise
comparison would require new calculations, because somewhat different
nuclear forces were used). The saturation property is obtained by both
methods for a Serber force with hard core potential. The binding energy
per nucleon is found as a difference of two large quantities (kinetic and
potential energy) and is therefore not easily calculated with high accuracy.
The value which is found (about 5 MeV) is substantially lower than the ex-
perimental value (about 15 MeV), probably as a result of an averaging out of
the tensor force by the approximations which are made.

Summarizing, it may be said that the variational method using cluster
developments is a consistent but approximate method for dealing with
interacting fermions with e.g. a hard core potential, such as occurs in nuclear
matter. The following might be added concerning the method:

(a) The result for the first approximation is quite simple and allows a
qualitative (to semi-quantitative) understanding of some properties of
nuclear matter such as the nuclear saturation property, as discussed along
these lines by Iwamoto and Yamada3), Emery4) and Dabrowski?).

(b) Further work should show whether the approach making use of
Jastrow wave functions (containing the dynamical correlations in a
resonable way) provides a good and relatively simple way to obtain a qualita-
tive (to semi-quantitative) understanding of other properties of (finite)
nuclei, which depend essentially on such correlations, and where the more
precise methods developed by Brueckner (and others) may only bz appli-
cable with difficulty or great complication.

APPENDIX

Cluster expansion for an imperfect Bose or Fermi gas at low temperatures.
The cluster development for the k-particle distribution function, gx, of
a Fermi gas in the ground state, was obtained by writing the integrand
of gk, |®@|2, as a product of two factors: (1) |@o|2, being the integrand for
non-interacting particles. This part was expanded into permutation cycles,
which were graphically represented by means of /-connections, expressing
“statistical’” correlations with an effective range k! s nt. (2) W = |F|2,
describing the change in the integrand caused by the introduction of short-
ranged forces. W was assumed to contain mainly ““dynamical’ correlations,
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with a short range, 9, of the order of the range of the forces. This part was
expanded into U-functions, which functions were defined by an Ursell-
Mayer development and could be represented by stars. The total integrand
of gr was expanded in B-functions, corresponding to connected graphs
containing /-connections as well as U-stars. The order of magnitude of a
contribution, corresponding to a certain (complete) graph, could be estimated
by comparing the lengths 6 and kg1 (cf. 1 (4.13)).

Although it is quite a different problem, something analogous can be done
in the cluster development of an imperfect Bose or Fermi gas, by writing
the “configurational integrand” as a product of two factors: (1) the con-
figurational integrand of such a system at the same temperature, 7', but
without interactions, (2) the remaining part, which part we shall again call:
W. The first factor can be expanded into permutation cycles, which can be
represented by /~connections between numbered points (coordinates). They
express the statistical correlations between particles without interaction.
The range of these correlations is given by the De Broglie wave length,
7%, which depends on the temperature. The second factor, W, describing
“dynamical’’ correlations with a range, 0 say, is expanded in U-functions by
means of an Ursell-Mayer development. The total integrand is expanded
in B-functions, represented by connected graphs containing both “‘statistical’
(/) and “dynamical’’ (U) elements. The splitting of the integrand into two
factors, offers the possibility to introduce more detailed cluster integrals,
b. In case 4> 9, they can be rearranged, roughly to increasing powers of
(6/2), by an order of magnitude estimate, which is similar to I (4.13). It is
assumed that ¢ is not very temperature dependent and is of the order of the
range of the forces.

The partition function, Qy, of N particles (which are assumed to be
spinless, for the sake of formal simplicity) with hamiltonian HYN) = KN
V) (KW and V): kinetic and potential energy for N particles, =

1/RT) is

Qn = Tr [eBHN)) — Tr [Wy e-BEN (A1)
The trace is taken over all, orthonormal, properly symmetrized states

RY(rY) > = [QNN!(m!mg! ...)]F TR (4 1P [TV, eus, (A. 2)
The upper and lower sign refer to bosons and fermions, respectively;
k, = (2n 1""# (cf. 1(2.2)); m
equal to R,
is a matrix element of the operator W, defined in (A. 1), in case of coordinate

the number of momenta in the set RY

it

is arbitrary for bosons and 0 or 1 for fermions. If W(r'y; r¥)
representation, we can write

On = (N! Q)1 [fdr'y dry Wy(r'y; r¥) Xn(r¥; r'Y),  (A.3)




where we have abbreviated

Xn(r¥; r'N) = AN ¥p (£ 1)P IT;Zy opos (A. 4)
: . MB.
by =Ury — 1) = 4713, eMp =)= b (A. 5)

The normalization constant, 4, in (A.5) is such that /(0) l; putting
A = 02773, one has 4 = (h%/2zomkT)}, if T is not extremely low. The second
factor is expanded in permutation cycles (sign (4 1)#-1, s number of **points”
in the cycle, a point, with number 7 now represents the coordinates r; and
ri'); Wy is expanded in U-functions, which are defined by an Ursell-
Mayer development

r

Walr ;n) = Us(x"; r) =0 r);

Wa(ry, ro’; r1, r3) = Ui(ry’; 1) Uilrs’; re) + Us(ry’, ra';r1, ra); ... (A.6)

We introduce a detailed cluster function:

Bym.a(r't; v, the function corresponding to all connected graphs of /
points (ri’, ry; ...) formed with /-connections and a number of (unconnected)
Ug-stars (s = 1), with the restriction that the number of stars with s 2

i1s m and the number of stars with s 1 is n: the l-connections should form
cycles.
We put By(r't; r!) = Ym.n Bima(r’?; rl). According to the definition of

Wy, Xn and B; we can now expand (cf., e.g., the analogous formula I (3.29))
Wa(r'y; r¥) Xy(rN; ©'¥) = AN S'nq, T1i By (r'h; rh) (A.7)

We further introduce the cluster integrals

7 A -\

by = (7L ACY())) [f dr't drt By g, u(r'Y; ). (A. 8)

If we assume that Wy(r'y; rd) has, qualitatively, the properties of
S(r’~" — ) exp (— YV N)(rd)) (:;(r'-" rY): d-like function of short range
cf. form. (7) of ref. 8)), it follows from an order of magnitude extimate,
similar to I (4.13) (m + n — 1 relations between the momenta R,, ortho-
gonality of the plane waves, normalization of (A.5)), that for a large
volume 2 and 23> 9, byp.a &~ (0/2)3¢m-n_ Using standard procedures
(cf. App. XI9) and § 41)), one finds from (A. 3), (A.7) and (A. 8) for the
partition function, Qy

O~ = coefficient of 2¥ in : exp [4A Xi.m.n 201.m.n)- (A.9)

&

Hence the grand partition function, (), is immediately found as

(l) = Eo\g 0 eNp/kD (,.)‘\' = exXp (A Xi.m,n zl l’(.m.n)- (A\ 10)
where z is the fugacity, z = exp (u/kT) (it should not be confused with the

activity, A-3 exp (u/kT)). Each graph, corresponding to a term of Bim,a,
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m # 0, can be obtained from a graph of Bj—y,,m,0 by extending the (I — n)
factors /i (including 7z = j) with » points: ly — lpUi(r’; r1) by ..o...
The integration over these points can be carried out and one finds

’

1 Bopmn = 2V 0% mz), (M > Lil—n=1" > 2) (A. 11)

~il.n

where by, * is defined in the same way as by, .0, if each /j-factor (also for
t = 1) is replaced by

T o e h2 a 2 A
[U* — /*(ri — rj': Z2h= ‘.{‘l :/L (-’kl‘ AT 2m ® (1 2 P om " ) 1 —
(= Byoq (£ 2)5 s exp [— x |1y — 1y|2/s22]). (A. 12)

The function /*(r) is related to the pair distribution function of non-in-
teracting particles. The same reduction can be carried out for the part
which is independent of VW)W = 1, Us =0 for s = 2 if V¥ = 0)

2bo,0* = X5y 201,00 = A7 Ty By, £ (£ 2)* 571 exp [— sh?pk,2[2m] =
(= s = (£ 2)2 s7h). (A. 13)

According to (A. 11) and (A. 13) the expression (A. 10) for Q reduces to

(() ('X[) :1 '.11*().[1 I})*I.m(f.] : (‘\ 14)

" »~
~l=2m=1 "

Using the relations e#® = Q and N = pQ = — fz(¢w/éz) o (With @
), we obtain from (A. 14) for the pressure p and density p

/..3/> kT ﬁll*[)'(;('.] -1 EI 29 m>1 .‘.1/)*[‘",(;‘]‘ l\ 15)
" ¢ v < & / 7
ABp=2— [20%0,0(2) + Zizs.m>1 2 0*1,m(2)]: (A. 16)

oz

The terms in these series contain higher powers of (0/4) if (/ — m) increases.
Using the graph representation (the same as for by ;.0 but now with (A. 12)
instead of (A. 5)), the explicit results for b*; , can easily be written down;

e.g.l =2, m 1, where it can be reduced to
: sl : ] ik v 1 ik ik ( -
22h*5 1(2)=2"1a3 ’(lk ’ dr e L e TI% Q) e e ", (A7)
; E g \/ 2 \/ 2

where we have introduced the relative coordinate r, and abbreviated

@ = (e PHr ¢tBEr—1) ¥ (4 2)*T (s+t) "2 exp 2stBKy/(s+1)]. (A. 18)

gt =1
(Hy = K, + V(r); Ky (h2/m)Ay.) We indicate how two results from
the literature can be deduced as special cases from the result (A. 15):
(a) Putting s = { | in (A. 18) (permutations only between the two
interacting particles) gives the result (8.30) of ref. 19).
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(b) The term which is of the first order in V, can be calculated from
(A. 17) and (A. 18) by approximating e—PHr e+BKr 1 = — BV (r). Permu-
tations are here taken into account to any order. Using a pseudopotential,

Vir) = 4aa(h?/m) o(r) é/ér (r...), for hard spheres with diameter a, this

term equals the corresponding term in form. (20) of ref.11).

One should be careful in the replacement of summations over k, by inte-
grations over R (cf. the expression between brackets in (A. 12) and (A. 13)).
This means that the results which are given and which are of importance
for quantum effects at low temperatures, need no longer be valid in the
limit 7 = 0; at extremely low temperatures further developments are
needed ; also the difference between bosons and fermions then becomes still
more important.

The classical limit, 7" - oo, is formally obtained by putting

Wa(r'N; r¥) = §(r'N — rN) exp [— VM (rN)] and ly* = 8y (A —0: 1y — 1o,

s=t¢t=m=1in (A.5), (A. 12), (A. 13), (A. 15) and (A. 16)).
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SAMENVATTING

Uitgangspunt van dit proefschrift is de grondtoestand, van een fermionen-
gas met wisselwerking van korte dracht (eventueel met afstotende pit),
beschreven door een Jastrow-golffunctie. De verandering veroorzaakt door
de invoering van de krachten, wordt hierbij weergegeven door een correlatie-
factor voor de golffunctie van de ongestoorde grondtoestand. Deze correlatie-
factor is een functie van de plaatscoordinaten der deeltjes en van een of
meer variatieparameters.

In hoofdstuk I wordt, voor het geval van spinloze fermionen, een cluster-
ontwikkeling afgeleid voor de distributiefuncties. De verkregen resultaten,
die gebruikt kunnen worden voor het berekenen van de energie, zijn geldig
indien aan een zekere voorwaarde, opgelegd aan de correlatiefactor, is
voldaan. Deze voorwaarde beperkt de keuze van Jastrow-golffuncties
indien deze worden gebruikt als probeerfuncties in een variatieprincipe.

In hoofdstuk II worden de resultaten van het eerste hoofdstuk, na uit-
breiding tot mengsels van spinloze fermionen, vereenvoudigd door de
invoering van irreducible clusterfuncties en het gebruik van combinatorische
methoden.

De generalisatie tot deeltjes met spin wordt in hoofdstuk IT behandeld.
Expliciete resultaten voor de distributiefuncties en de energie worden
achtereenvolgens gegeven voor fermionen, deeltjes met spin en isobarische
spin, mengsels van fermionen. Dit hoofdstuk bevat tevens een bespreking
van de toepassing van de methode op kernmaterie. In de appendix wordt
de methode tenslotte toegepast op een Bose- of Fermigas bij lage tempera-
tuur. De splitsing in een “statistisch” en een “dynamisch’ deel leidt hier
tot de fugaciteitsontwikkeling van druk en dichtheid met behulp van meer
gedetailleerde clusterintegralen.
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