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The behavior of the density of electronic energy levels for a simple model of a disordered system is studied in
the limit of very low energies. By reformulating the problem as one in Brownian motion, it proves possible to
obtain the leading term and the first correction to it. The leading term is just the one already conjectured by

Lifshitz.

I. INTRODUCTION

In recent years there has been considerable in-
terest in the electronic structure of disordered sys-
tems.! Many interesting questions and conjectures
have been formulated, although very little has ac-
tually been proved. In this paper we shall address
ourselves to one of the simplest of these conjec-
tures. It concerns the distribution of energy levels
for a very idealized model of a disordered system.
The model is the following: An electron is allowed
to interact with fixed “impurities” of which a num-
ber N are distributed “at random” in a volume V,
(The exact meaning of “at random” will be made
clear below,) The interaction between an “impuri-
ty” located at the point R and the electron at the
point ¥ is represented by a short-range purely re-
pulsive potential v (T - ﬁ). In the thermodynamic
limit (N=, V-, but N/V-p) it is not difficult to
show that the density of energy levels per unit vol-
ume in the neighborhood of the energy € [g(€)] is
well defined and vanishes for € <0. We ask: How
does g(€) behave as € approaches zero from above ?
This nontrivial question seems first to have been
asked and answered by Lifshitz, 2 whose intuitively
very appealing argument we give below. The pur-
pose of our paper is to put the Lifshitz argument
on a firmer mathematical basis and to obtain the
first correction to it.

We may summarize Lifshitz’s idea as follows:
Electronic energy levels for arbitrarily small en-
ergy can only come from states with wave functions
localized in very large regions which are empty of
impurities. If the electronic wave function over-
laps an impurity appreciably, there will be a finite
potential energy of interaction, while the largeness
of the region is necessary so that the kinetic energy
can be made very small. Now, as is well known,
the probability of a large region of volume  being
free of impurities in a random system of impurities
is proportional to e™®, Since the volume § is very
large, the low-lying levels for states localized in
it will be insensitive to the exact conditions on the
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boundary (8Q2) of Q, and we may take the wave
function to be zero on 8Q2. Now, clearly the main
contribution to the probability of finding a low-level
€ for the system will be proportional to the prob-
ability of finding a region  whose lowest level is

€. The probability of finding a region whose second
level is € will be exponentially smaller because of
the exponential dependence of the probability on .
Further, because of this same exponential depen-
dence, the regions whose shape is such that Q is
smallest for a given lowest level will make the main
contribution. By a well-known “isoperimetric”
inequality, this will mean spherical regions.® The
lowest-level € in an empty spherical volume of
radius R, with the boundary condition that the wave
function vanish on its surface is given by

€=1/2RE or Ry=(1%/2¢)'/? (1.1)

(units such that m = =1, which we use throughout
this paper). The probability of such a region exist-
ing is proportional to exp[- p(4m/ 3)Rg], so that the
density of low-lying levels will be given by

g(e)~exp(-cy/e%?) (e=~0), (1.2)
where
cs=34m(37%)*/%p (1.3)

The expressions (1.2) and (1. 3) constitute the
Lifshitz conjecture. Although the intuitive reason-
ing involved is very physical and plausible, it has
proven difficult to obtain this result directly from
the Schrddinger equation for the problem.

The method which we shall describe in the follow-
ing sections has the advantage of allowing us to in-
troduce in a natural way an approximation scheme
which corresponds closely to Lifshitz’s physical
idea and which yields Lifshitz’s conjecture as its
leading term. The method is based on a reformu-
lation of the problem in terms of a problem in
Brownian motion. This is done in Sec. II. For long
times, the solution of this problem is equivalent
to the knowledge of g(€) for small €. A variational
method is then given for solving this problem, and
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the solution is reduced to solving a certain nonlinear

differential equation. In Sec. III, this equation is
solved in the long-time limit and the leading two
terms of g(€) obtained from it. Finally, in Sec.
IV the corrections to this variational method are
estimated and shown to be smaller than the terms
obtained in Sec. III.

II. FORMULATION OF THE PROBLEM

For the system described in the Introduction, the
Hamiltonian is

H=%1p*+ URN=H,+ U(R}), (2.1)

N
U@RD=2_vF-R,),

J=1

(2.2)

where the _ﬁ, are the positions of the impurities.
To calculate the density of states, we consider
first the “partition function” Z,({R}) defined by

Z,{R})=Tre™™ | (2.3)

where ¢ is real and positive.
system

Clearly, for alarge

2.4Eh= acevile, drh) 2.9
since Vg(e, {R})) is the density of energy levels for
the system. Now let the probability that R, be in
dR,, R,be indR,, etc., etc. be dR,/V, dR,/V - -.
dR,/V.* For each arrangement Z,({R}) will have a
certain value, so that it is also a random variable
with a certain probability distribution function.
Now it is not difficult to show that in the thermo-
dynamic limit, as would be expected on physical
grounds, Z/4R}/V is certainly equal to its mean
value z(t) defined by

2= tim | dRy dR,  dRy Z,(R)
vonee vy V.V v v
N/V=p

(2.5)
so that there is a well-defined density of states per
unit volume, g(e), given by

J
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So gleetde=z(t) . (2.6)
That is, to find g(€) we need only find z(¢) and in-
vert the Laplace transform.

To find z () we proceed as follows. Define

105 &8 L 2w

ZlRD)me

2 (2.7)

where z‘,’ is the partition function in the absence of

impurities. Z? may be calculated easily and yields
Z3=v/(@2m)*?, (2.8)
1 - - - -
I(t)=—u<g dFo(Tole ‘”|r0)> (2.9)
Zt 14 imp

in the coordinate representation. Now we inter-
change the impurity average and the T, integration.
Since after averaging over the positions of the im-
purities there is no preferred position® and
(Fole ™ |T,) cannot depend on Ty, we may write
(T now some arbitrary point of V)

It)==¢ V« Ty i e~ | ro»tmv

- g(role"” Iro)Z;m
((Tole™ 01T )y mp
The right-hand side of (2.10) may be written as a
Wiener or path integral, according to the well-
known Kac® formula. That is
r0> >
imp

1t)= <exp( U('t.)dt)
(el % Do’

where the inner angular bracket means the Wiener
average over all paths T;, beginning (' =0) and end-
ing (t' =1) at T,. For our purposes, we may take
the definition of this average to be

(2.10)

(2.11)

t
U(f,.)dt')
0

t -
- - . fdrldrz "dr POIPIZ «se P oexp(—tzj 1U(f]))
exp\- Iy )dt')|r,) =1lim 2,12
< xp( So UFse) ) o>z ne-w fdrldrz .. dF, nPoP12¢** Pyo ( )
|
where T=t/(a+1), (2.14)
. Making use of (2.11) enables us to carry out the
P = g~ @i-ti®/ 2 , (2.13) impurity average and thermodynamic limit rather
4o (2mT)3/ ’ simply,

<exp( f U(r,,)dt» HJ exp( S v(’,,—R,)dt')

ax,
14
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= [Vl Ldﬁexp(-— g:v('f't. - ﬁ)dt’)]N

= [1 - Vlsvdﬁ (1 - exp(fotv(f,, - -ﬁ)dt'»]N .

(2.15)

For a v(F) which goes to zero sufficiently rapidly as || does to infinity, the integral over R converges if

extended over all space.

lim exp<- S: UF, )dt'>>

NyV=o
N/V=p

imp N-ew

where W is the functional

W:j dﬁ[l - exp(—SOth('f‘,.)dt'ﬂ ,

vaE)=oE-R),

and the R integration is extended over all space.
Putting all these results together, we have

(2.17)

#(0)= Gagyo7a €™ [0): (2.18)
where we have chosen the origin to be the point 7.
This type of formula seems first to appear in the
work of Edwards and Gulyaev.” The difficulty in
using it lies in the fact that except for some very
simple functionals, path integrals are extremely
difficult to evaluate. We shall not be interested,
however, in a general evaluation of z(¢), but only in
its behavior as ¢ approaches infinity. The reason
for this is that from (2. 6) the behavior of z(¢) for
large f is, loosely speaking, determined by the be-
havior of g(€) for small €. More rigorously, such
results may be formulated as Tauberian theorems.
For example, the following theorem® will be suffi-
cient to obtain the Lifshitz conjecture.

Suppose

1

limF Inz(t)=-B,
ft=oo

then

0<B<w 0<B<1,

)

lim €®Ing(€)=-A , (2.19)

e=0*

where
O‘:_l% . A=(1-p)gt/a-mpl/a-s

Therefore, if the Lifshitz conjecture is true, we
would expect to find (2. 19) with

B=%, B=3@r"?/%*/°.

Now one of the principal advantages of the path-
integral formulation as given by (2. 18) is that it
allows us in a rather natural way to formalize
Lifshitz’s argument in the Introduction. That is,
the low-lying states, and therefore the large ¢ be-

(2. 20)

Therefore, in the thermodynamic limit we may write

-1lim {1 _%S dR [1 - exp(—J’otv(Y’,. - ﬁ)dt’)]}N

(2.16)

| .
havior, come from electrons trapped in a potential
well of large radius. Let us be a little more gen-
eral and not specify the shape of the potential well
for the moment but simply call it ¢(¥). If we only
had such a well present, z(t) would be, by the Kac
formula, proportional to (¢™®|0),, where

t

o= o@ar. (2.21)

0
Therefore, we write
-oW _ /0 (W0 10);
<6 '0):—(6 ’0 >t <e-°10>t
=(e[0): (e™*[0; ¢ , (2.22)

where

A=pW-2. (2.23)

The first factor in (2. 22) may be thought of as
giving the contribution to z(#) when the electron is
trapped in the potential ¢, while the second factor
represents the “probability” of finding such a po-
tential. We shall determine the “best” ¢ by the
following argument. Since the second factor is an
average of the functional ¢™, we have, by Jensen’s
well-known theorem for convex functions,

(4]0, )= 4100 (2.24)
Therefore,
(e"’W[O)tz<e'°lO)te'“m’“”t . (2. 25)

We choose ¢ such that the right-hand side of (2. 25)
is as large as possible, so that we will have the
strongest possible inequality of this form. That is,
we choose ¢ such that

(e"®|0y,e"410% -0, (2. 26)

5

5¢(F)
where 6/6¢(F) is the variational derivative of a
functional of ¢ with respect to ¢ at the point F.

So far all we have from this procedure is an in-
equality; so one may ask if any progress has been
made towards an evaluation. However, (2.24) is
actually the first term of the .xact (assuming con-
vergence) semi-invariant or cumulant expansion, °



{e™)=exp {— (A )+-21—! ((A%y-(A)?)

-51—! [(A%)- 3(A)((A%)~(A%))- (A >3]+...},

(2.27)
Therefore, if we can show that as {-« and ¢ is
given from (2.26) (A ) increases more rapidly with
¢ than the other semi-invariants, then (2.25) will
be an asymptotic evaluation rather than an inequal-
ity. This proves to be the case.
J

(€™ ]0)= (21t)*/2G,4(0,0] ) ,
(A loa ¢>t=p<W|0’ ¢>t'_ <¢I>|0, (p)t s
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JdR([1 - exp(= [§ v3(F; ) dt")] exp(- fo &

4463

In order to carry out the procedure described

above, we introduce some notation. Suppose we
have a Hamiltonian A given by
H=3p%+ §(F) . (2.28)

Then in terms of the Green’s function,
G,(E, T |)=(Fle "R [Ty, (2. 29)

we have at once, making use of the Kac formula
[(2.10) and (2.11)],

(W0, 0= (exp(- ¢ 6(F,)dt")10)

- [ aR[G0,0[6)- 6,0, 0]¢+v0)1/G4(0,0]9) ,

Ty )dt’ exp(- [§ ¢(F;,)dt’)10),
(exp(- [§ ¢(F.)dt")10)

== 35:7 In <exp(—5: p¢(’f,,)di’)l0>t

__364(0,01u0)
= " u=1/c,(o, 0|o).

¢
(‘I’on ¢>t=<f0 o

u=1

From these formulas it is not at all difficult to
work out the criterion (2.26). Since the result is
quite complicated and we are really only interested
in the limit for large f{, we shall only give the
asymptotic evaluation for large ¢ here. To do this,
we need the following well-known representation
of the Green’s function [which follows at once from
the definition (2. 29)]:

GT@,W|¢)=§7‘,6-7E1<3>¢,(;|q3)¢,(fr|g,), (2.34)

where the ,(¥| ) and the E,(('l;) are the (real) nor-
malized eigenfunctions and eigenvalues of A, i.e.,

By, |3)=E(($)y,F| D) . (2. 35)

Now we expect from the Lifshitz picture (and will
find) that ¢ is a large potential well in which the
lower states form a discrete spectrum. There-
fore, for large 7 we expect the ground state ¢y, E,
to dominate (2. 34) with an error which is exponen-
tially small; so we may write

G+(0,0]0)=p3(0]p)etEot®
G4(0,0[p+vy5)=95(0]p +vg)e Fol® R

and

(2. 36)
(2. 37)

)
2 6,0,0
™ +0,0|po) it

(2.30)
(2.31)
(T;,)dt’)10),
(2.32)
_81n(@m)*2G (0,01 p¢)
ou p=1
(2.33)
I
= o VO ug)ertn)|
_ - 8Eo(u 9)
== i0]g)etro@ =IEE
+2e-wom%(o,¢,a_wg<_<um (2. 38)
o u=1

The derivatives in (2. 38) are directly calculable
using perturbation theory (u=1+¢€, €-0),

)| - (aruie]s)om), (2.9)

Bo01nd)| 5 UbolF16) 6(F)y,(F16)dD)y,(019)

au ul 470 Eo(¢)-E;(¢) e 0)'
.4

The leading term of (2. 38) is the first term on the
right-hand side (because of the factor of ¢). We
shall drop the second term, (After the calculation
is complete, we can go back and evaluate this cor-
rection term with the ¢ we have obtained. It is
then found that this correction is smaller than the
terms considered in this paper, though it is not ex-
ponentially small.) Therefore, we write to the ac-
curacy considered,

1 aGt(0,0|“¢)
Gt(O’ old)) o p=1

-—t| aryiE| o) 0(E),

(2.41)
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0
(Ao, ¢ ),:pj’ dR (1 %ﬁ- Q= j.;b ¢dr+—jdf{1 exp[- 2matp?(¥)]} .

xexp {- t[Eq(6 +v5)~ Eo(o)]})

~t | aryiE]0) o(F) . (2.42)
Again, the factor 92(0( ¢ +vz)/93(01¢) may be re-
placed by unity in the limit of large f, to the order
which interests us. The reason is essentially that
because of the factor exp{- {[Eo(d+vg) - Eo(¢)]},
only large R (of the order of the size of the well ¢)
where the wave function is small contributes.
Since vgz=v (¥ — R) is a short-range potential, this
has little influence on the wave function at the ori-
gin. Thus we may write

(e'°|0),e'“'°'°)t

(2.43)

_ _-tQ+1nv2 (01 0 )+ 1n(2rt)3/2
=e 0 ,

where

Q=Eo(0)- | 4A(E|6) o) aF
+% fdﬁ(l - exp{- t{Eo(¢ +v7) - Eo(9)]})
- [vo(E[0) 320l | 0)aF

+%5 dR(1 - exp{- t[Eo(¢ +v37) — Eo(#)]}) .

(2.44)
We may neglect the term lmpﬁ(OI ¢) in the exponent
since it is found from the same type of self-con-
sistency argument as we have been using to be of
order Inf, which again is negligible compared to the

terms we are retaining. Finally then, we may write

In{e™®|0),e 410t = _1g . (2.44")

The stationarity condition (2. 26) becomes

6Q/5¢(F)=0 .

To proceed further in a simple manner, we must
make some assumption about the potential vy, so
as to be able to evaluate the energy shift in (2. 44).
The simplest assumption (which we shall make) is
that the range of v(¥) is extremely short, shorter
than any other length in the problem. This enables
us to use the Fermi method of pseudopotentials, *°
A straightforward application of this method (see
Appendix A) gives the following result: to calculate
Eo(¢+v3)— Eo(¢), we may replace v(F — R) by
27a6(F — R) [where a is the scattering length for the
potential »(¥)] and use first-order perturbation
theory. That is,

Eo(¢+v3) - Eo(¢)=2madd(R | o) ,
so that

(2. 45)

(2. 46)

(2.47)
[We now use the simplified notation o(F | ¢)=(T),
Eo(¢)=E.]

Since @ is a functional of y alone and 3 is nor-
malized, the condition (2. 45) is equivalent to

wm (0 J¥oar)-o.

where M is the Lagrange multiplier for the normal-
ization constraint, This gives at once

1p%(F) + 2map e 2t Oy (E) = Np(F) ,
j VA(F)dF=1 .

Comparing (2. 49) with (2. 35) when ¢?= ¢ and j =0,
we have!!

A=E,

(2. 48)

(2.49)

(2.50)

(2.51)

d)(-f): 2,"ap.e-2mw2(;) . (2. 52)

Informally, we may regard (2. 52), together with
the Schr8dinger equation,

12 Y(F) + o(F)y(F)= EP(T) ,

as a pair of relations by which the electron and the
impurities influence each other in a “self-consis-
tent” approximation. If the impurities were dis-
tributed uniformly, we might approximate their ef-
fect on the electron by a smoothed-out potential
2map. But if the electronic state is chosen first,
the impurity density p is multiplied by a Boltzmann
factor exp[— 2mat y*(¥)], leading to (2.52). Putting
(2.52) and (2. 53) together, we get (2. 49) which de-
scribes the electron moving in the well from which
impurities have been excluded by their interaction
with that same electron.

It remains only to solve (2.49) and (2. 50) in the
limit of large {, which will be done in Sec. III,

(2.53)

III. SOLUTION OF THE SELF-CONSISTENT EQUATION
IN THE LARGE-¢ LIMIT

In solving (2.49) and (2. 50), we first remark that
the solution ¥ which minimizes @ may be taken to
be spherically symmetric about some arbitrary
point (which we choose as origin). In (2.47) we
may use the well-known decomposition

pE=pi+L%/7?, (8.1)
where
1/ 1
br=g (w;) ’ 3.2)

and L? is the square of the orbital-angular- momen-
tum operator with respect to the origin. Clearly,
because of the positivity of Lz/vz, we have
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Q= 0, 03/r)+2 [ ar - ety =q, . (3.9)

Now the equation for minimizing @, is the same as
(2. 49) with p?® replaced by p2. It involves only
differential operators with respect to . As we
shall see below, we obtain a unique solution to this
equation which is therefore a function of » alone.
Clearly, from (3. 3) the minimum of @ is greater
than or equal to the minimum of @,, but by taking
¥ in (2. 49) to be a function of » only, we attain the
same value for @ as for (Q,)mi., and this is there-
fore the best we can do. Putting =y (r)/7, we ob-
tain

- Ix"(r)+ 21ap exp[- 2matxP(r)/1xr) = Ex(r),

(3.4)

41:5: drxir)=1, (3.5)
with

x(0)=0 . (3.6)

To get an idea of what is involved in the solution
of these equations, let us first take a “trial” wave
function X corresponding to the crudest Lifshitz
picture. That is, take ¥ to correspond to a poten-
tial well which is zero until =5 and then infinite.
The b is then determined by the condition that the
resultant Q' be minimized. The normalized wave
function for such a well is

7= sin(g r>/J_2wb_ , (3.7)
and
. T 4w r 2[ ( atsinz(n_fr/b)>]
Q—-z;;z+T- der 1-exp “ Tt
(3.8)
2
=—21%z +%eb3+Q' R (3.9)
where
b i 2
Q's_‘ltﬂj‘o drr%xp(—a——z——-ts;t;(w/b)) . (3.10)

First, assume é' to be negligible (for large t).
Then the best value of b (say b,) is determined by

o (m 4mp 3)-
ab(i“st 6°)=0,

or
bo=mt/4p . (3.11)
The leading term of §(Q,) is then given by
s 5 42/5 2/5,-2/5
Qo=7 5z =8 @n*)/°p®/*12/% (8.12)
3 25

which is already accurante enough to give the Lif-

shitz conjecture [compare (2.20), remembering the
exponent is £Q].

To verify that @ is negligible compared to the
term we have calculated, we compute it as follows.
Put 7=bo(1 - &), and replace ¢ by (3.11) in the ex-
ponent,

<, __4mpbd (' 2 2 sinzn&.)
Q'= : j.o dt(l1-¢) exp(— 4ﬂpabo(1—_5§;§ .
(3.13)

Since by~ as £ - o, the integral can easily be cal-
culated by saddle-point methods, the main contri-
bution coming from the neighborhood of £=0. This
yields

@'=-Qo3 3T /by, (3.14)
where 2 is the “skin depth” defined by
2= (1/4map)t/? , (8.15)

This result suggests the following method of in-
tegrating (3. 4) for large : The potential term of
(3.4) will be negligible till the exponent 2maty?(»)/r?
is of order unity. Using the approximate trial func-
tion ¥ in ¢ as a first step in an iterative procedure,
we see that this does not happen until » - b, is of
order A,. Further, since ¥ equals zero for » >b,,
the potential quickly approaches 2map. In thispo-
tential, the wave function will have an exponential
decrease ¢""0)/\,, Therefore, we divide 7 into
tworangesIandII, Inl, O=v<b -1y, whereb
>Ne>N. InIIb~neg<7 <o, The exact value of
the quantity b is somewhat arbitrary (as long as it
is within about A of by). A very convenient choice
proves to be such that the energy E is given by

E=3F*, k=m/b. (3.16)

In region I, the wave function (yx;) may be taken

(with exponentially small error in ) to be that of
a free particle,

x1r)=A sinkr . (3.17)

In region II, we must still satisfy (3.4). How-
ever, since the only region of » where the expo-
nent can be of order unity is a little region of width
~ N about 7 =b, the leading term for the wave func-
tion (xp) in II satisfies

2
- 3% + 2map exp(— 2nat bX§>X2= %kz)@ . (8.18)

Putting

r=b+1 (3.19)
and

X2=bg(n)/V2nat , (3.20)
Eq. (3.18) becomes

%qlzoe“zy(%;)g. (3.21)



4466

Since b will turn out to be approximately b,, we
can drop the right-hand side which yields a correc-
tion one order smaller than those considered here,
and obtain for the leading contribution to g the equa-
tion
2y 1

g—“-ﬁe*?g:o. (3.22)
Multiplying (3. 22) by 2g’ and integrating from 7 to
«, we have at once

(8)"- (3)a-c.

Continuity of x and ' at »=b — 7, gives

(3. 23)

b .
{——'Wg(" 7o)=A4 sin g (b -m0)
LT T
=A sm(z m,) A 5170,
b , T T
Torar & (-m’):Achosb_ (® =no)
T
=_A—cosgnoz—A3 )
or

Am2mat

&(=mo) _2_"’70»1

AmV2nat
b2

(3.24)

&'(=mo)=~ (3. 25)
The normalization condition (3. 5) becomes

® 2 b0 ” 2
1=47) dry =41rf dv xi+4m dr xs=N,+N, ,
0 0
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= b 2
NZ" 2nat - (77)
bz &(=ng) g2
=4 ot ), ldg/an|
zzbza Ix(-no) gz
=at T2 (8.28)

Since g(-17¢)> 1, the leading term of (3.28) is

%27‘0 gs(; 770) ,.,O(ng/ba) .

pr (3.29)

Np=
Thus, neglecting corrections of order smaller than
No/b, we have

1
1: 2 =
21A°b or A 72

(3. 30)

[Actually the 3 term in (3. 27) cancels N, to leading
order, as it must since the result has to be inde-
pendent of 7,. ]

Using (3. 23), (3.24), and (3. 30), (3.25) becomes

_1 __AmwZmi __ mal

AN b " T bW
or, by (3.15),

s_lt__ 5

b yy bo ,

which is our previous result. To obtain the first
correction to b by this method, we would have to
carry the expansion of 7 around b (in the equation
for g) one step further. This is not necessary,
however, as is seen from the method which follows.
Now let us compute Q, 2

b=ng
(3.26) Q=K+D, (3.31)
A? i - ben, 1 (7
Ny=41 b—nw% Z21A%(p - 2K°), KE41r(-%j. ox{2d7+§j xfdr) =K,+Ks,
0 b~
(3.27) " (3.32)
i
b=n ©
D:‘*tﬂ(s “dr (1 - e tmse?), dwz(1-e'2mx§/'2)>=D1+Dz, (3.33)
0 b-no
b=, .
K1=21rj’ od'rAzk?‘coszkr=nszz(b—no—SI—nzzkEm)=gg (b—2n0+ O(n3)> . (3.34)
0
b2 j'l('ﬂ ) , B "no) -2 1/2
Ky=21 o dg [g (n)]——at,\o dg(l-e™)
— (1 — o-E2\1/2
- (semo- [ et o) 2 gng -2 (3.35)
where
CEf dg[1- (1-e")'/2]=0, 628 , (3. 36)
0

[The limit may be extended to «, since g(-7o)> 1 and the integral converges exponentially.] Using (3. 24)
and b =b,, we see that the terms linear in 7, in K cancel (as they must), and
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b
atng *
Similariy, with an exponentially small error,

b=n —m3 3_
D1=4_:g y Odwz=4ﬂp(3b 10)° . 4mp(®° -~ 3b%n)
0

17
K=3 %~

¢ 3t ’

and
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(3. 3%)

(3. 38)

4&[‘ 2 -2 _41rpb2j‘“"'o’ dg
R L e A T

2 (&(~ng) 2
2D [ g1 2 BN (g -]

¢

Again, the 7y term in (3. 38) cancels with the g(-1n,)
term in (3. 39); so we obtain

_4mpb®  4mpapic 4mpb® b
D=y =71 T Tain’ (3.40)

and

_1 7% 4mpb® 2%

202773 Tatn C

(3.41)

Apart from the last terms (which are small correc-
tions), (3.41) and (3.9) are the same, and there-

fore, b=by plus a small correction, as we expected.

If we write b=by+b,, then b; does not actually con-
tribute to (3. 41) to the first order since the first
two terms have their minimum value at b=5, and
the last term is small. That is,

(3.42)

Although it is not necessary for our calculation,
b may be obtained by finding the minimum of

(3.41). This yields
b=by+ 221, (3.43)

which can also be obtained by a more careful inte-
gration of the equation for g, retaining first cor-
rections to the approximation » =b.

Comparing (3. 42) with (3. 12) and (3. 14), we
see that the leading terms agree. All the more
correct solution does is to replace the numerical
coefficient 3V7/5=1.06 of the correction term A,/b,
by 12¢/5=1.51, which lowers @ as it must. There-
fore to the order we are working, we find for large
t,

z (t)=exp~ g +af?5+...), (8.44)
dy=-3 (4n*)2/5p?/3 (3.45)
di=—-2(1/4p)*"5c 1/ax, . (3. 486)

Assuming, as we shall show in Sec. IV, that the

(3. 39)

1)

inequality may be replaced by an equality to the or-
der in question, we can calculate the corresponding
density of states per unit volume from (2. 6) by in-
verting the Laplace transform and doing a straight-
forward saddie-point calculation. The result may
be written (as € approaches zero)

Ing(e)=—(c3/€%+ch/e++-+), (3.47)
where

cy= 4w in?p (3.48)

ch==nc/ax, . (3.49)

The first term of (3.47) is exactly Lifshitz’s
conjecture, and the second term is the first cor-
rection to it.

IV. ESTIMATE OF CONTRIBUTION OF HIGHER-ORDER
SEMIINVARIANTS

We have dropped the higher semi-invariant terms
from (2.27), fixing the potential ¢ by the condition
that this approximation be as close as possible to
the correct z(t). We shall now show that with this
choice of ¢, all the higher semi-invariants are of
smaller order than t2/% [compare (3. 44)], which
suggests that for large ¢ the inequality in (3. 44) may
be replaced by an equality.

To calculate the higher-order semi-invariants,
we proceed in the following way. What is needed
is [see (2. 27)]

. . e'DW*Oe-O 0
eF=(e4[0, 9y =S 10 (4.1)
(e"%10),
We introduce the function F(x) defined by
~F(x)_ /,=%A _<e-xpwe-(1-x)o|0>’
e _(e |0’ ¢>t“ <e-@|0> ’ (4~Z)
t
so that
F=F(1)= 2 (-)"'F, /a1, (4.3)
1
where
-1 d"F(x) (4.4)
F = (=) 14 L\X)
n= () dx" =l o
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1t is easily seen that the F, are precisely the de-
sired semi-invariants. For if A is replaced by
%A in (2.27), we obtain, using (4. 2),

F(x)=x(A)- */21)(A%)= (A Y)+--- . (4.5)

To evaluate the F,, we treat separately the two
appearances of x in (4. 2), as coefficient of W and
of &. Thus we define S(u, a) by

e S (gmaWp=ud 0y /(e"®10), , (4.6)
and expand S in powers of « for fixed u,
S(u, a)=z (—)""S,.(u)a/n! . 4.7)
0

Clearly, if we take u=1-x, a=px, we have

Fx)=S1-x,px),

R. FRIEDBERG AND J. M. LUTTINGER

12
-] 9 \"
=(=)"p=—-5) S(y, a
( ) (paa 3“.) (u’ ) w=l, =0 «
Then it follows immediately that
F, —( S+ 2 S)
! o1 CITRRAY R
F~< 25, +2p — S, + 823)
2 P o2 Paula‘zu”:l:
L3 n ) n=1
a s (D[] . s
n ; l p BIJ. 1 el ( )
Our next step is to express the S; in terms of
Green’s functions, From (4.6), we obtain
e *®10 -
S, p)==1n gt ~ (e lo, ue), . (4.9)

9 9 The expansion of the second term in powers of p
F'(x)= (P a ‘E) Sy, @), is formally identicalto (4.5), sothat on comparison
4 ) R 5 with (4.7) we have
n X n
2= (5= a) S So=+1n(e™#2[0), /¢e~®|0), ,
and S1=(W 0,19, (4.10)
PP C)) Se=(W2[0, udp)s = (W|0, n¢)?, etc.
" ™ |yt From (2.27), (4.3), and (4.7) we have
)
So=InG(n)/G(1),
sl(u)= <W|0: “¢>t S d§<1 —g(éf(iz%l)}.ﬂ) ’
Saw)= (W2[0, )= ([0, woi= | dRapy (Cldstrave) CluorenClugrogl)
Sa(u)=fdﬁ dR dﬁu{_G(u¢+g§J£)a:+van)
G(u¢+vn+v-nv)_G(u¢>+va)G(ud>+v§')> G(uo+vze) . ]
’ [( Gu9) G¥(n¢) clug) TYHe
+G(u¢+vi)GG(él(Z;;"ﬁ')G(I-L¢+Ui'u')} ete. @.11)

Here

G(U)=G,4(0,0|U) . (4.12)

Evaluating these expressions for large ¢ by
(2. 36), and remembering (that to the order of in-
terest here) we can replace expressions like

Y501 pd +v3+v3.)
Va0l o)

V30Ipd+vg)
$o0lng)

by unity, we find
So(u)=~t[Eo(u o) - Eo(9)] ,

S1(H-)=S dR(1 - e'M,.(Tt))’

, ete.,

SZ(’J')= S dﬁldﬁee-ﬂm“ (il)’A“ (ig)]Dlg(u)

’

Sa(p)= j ARy dR,dRge*au Radea, Epau@ip (),

(4.13)
etc., where
Dpp=etAuBafar_q (4.14)
Dyss= - ety (R1sRaiRy)
+ (e 2GR cyelic) - 2, (4.15)
etc., and the A,’s are given by
8,(R)=Eo(u¢+v37) - Eo(n o) , (4.186)
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AR R)=Eo(uod+v7+v3)
-Eouo)- 4,R)-a,®),
A ('R ﬁl ﬁu

(4.17)
Eo(uo+0g+Vg+V50)
-Ey(uo)-[A,(R,R)+ 4, (R, R")

+A,R",R)]-[8,@®)+a,®)+ a,@&")],
(4.18)
am) = Eo(no)

- (all lower-order A,’s) .
(4.19)

Now the D’s in the integrands of (4.13) can be
expanded in products of A, ’s. For the exponential
factor, e"*2s®) jg practically zero unless |&; |
Zbo— N; that is because dropping even a single
impurity into the interior of the well will raise E,
drastically. So the integrals in (4.13) can just as
well be restricted to the region where all the |R;|
Zbo— . Butif any |R;|2by+ Ao, all the A,’s con-
nected with it will vanish since the wave function
is already excluded from that region. Therefore
we need only evaluate the A,’s in (4. 14), (4.15),
etc., for positions R;, Ry, ..., onthe “skin” of the
well, |RizbotX,. This problem is treated in Ap-
pendix B, with the result that

e ARR - R =E(pdvger

~0(@ng/b3), taZ~0(@r /b3, etc.,
(4. 20)
where
Atzm"EA.,(‘ﬁuﬁz, --+R). (4.21)

Since a)y /b2« 1, we may keep only its lowest power
in (4.14), (4.15), etc. Thus we have

~ 12
Dyp=—-ta,;,
Dygs= — tA2 4 2(ALZA%% 4 cyclic) , ete

(4.22)
(4. 23)

We are now in a position to estimate the magni-
tude of F,, F, etc.
it follows that the m-fold integrals in (4. 13) for m
= 2 really cover only a volume of O(AghZ), and that
the integrand in S,, is O((a,/62)™™), so that S, it-
self is comparable to AbZ(@X2)™™ or to N2 /p™™.
Differentiation by u does not change this estimate,
and hence, p™S,, contributes a quantity O(pAgb32)
to each F, withn=m. The same reasoning applies
to the second term of S; in (4. 13) and to all deriva-
tives of S;. The first term of pS; is obviously
larger, approximately —%ﬂpbg, but it is p indepen-
dent and therefore contributes only to F, [cf. the
second term of (3.9)].

1t follows that the F, (= 2) all contain leading
terms comparable to pXb3, which is just the order
of the correction we have obtained to the Lifshitz
conjecture. But if these terms are calculated in
the pseudopotential approximation, we find that

From the foregoing arguments,
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they cancel among themselves for eachn. We shall
exhibit this cancellation for #= 2 and = 3 and leave
the proof for general »= 2 to an appendix.

In the pseudopotential approximation, it is quite
straightforward to work out the A,’s (see Appendix
A). The result may be stated very simply: The
leading term is just what one would-get from the
first nonvanishing contribution of perturbation
[the vg’s in (4.19) being treated by perturbation

_theory], with vg then replaced by 27a8(% - R).

That is
= (SE(ue) _
Al S S o - Rt rakh,  (4.28)
6°Eo(u )
8o (F1)] 6o (T2)]
XU(Y'I - F,I)U(fz-— E)d‘fld?’a: (27Ta)2K]‘;2 N
(4. 25)
ALZ o (2mg )t 2n (4. 26)
where
1200en _ O"E (J.L¢
Ky 6[upR)]d u¢(§e)] [k o(R,)]

(4.27)
To calculate the derivatives of the S,;’s (which are
needed to calculate the F,’s), we use (4. 26) and
(4. 27), obtaining

al A12 eoon

_ﬂ_r._

(21m )n __, Kla"'n

- @nay { By - dB.y

61K12"'ﬂ
XS d )] - - SR DR, . )]

x¢(ﬁ1+ n)' 0 ¢(Rl+n)
=pl(2ﬂa)n+l Sdﬁ-rul e dﬁ,,*.;K,l‘zunn eeml

(4. 28)

Xe'z’m(K:f Thees +K::") .

In the last line of (4. 28), we have substituted for
the ¢’s from (2. 52), thus using the fact that ¢ has
been chosen to minimize F;. Note that K%, with
a single superscript, is just y2(R;) on account of
(4.27).

Now consider F,. Using the formulas we have
just developed, we find

Sy= Znayg dR;dR,A K2, (4.29)
% =~ 2mayp j dR dR,A;,K'2 (4. 30)
323 12

STF 2mayp? S dR dR, A, K2, (4.31)

where
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(4.32)
(4.33)

v=-—2mat ,
Agp L SRS
coon .

Using (4. 8) we see at once that F,=0.
Again, direct calculation gives

S3=— (2ma )2’}’5 dRy dR,d R A 15 (K2 + 39K P K?)

(4.34) |

% = (2ma )zypg dR dR,dR3A 155(K'% + 29K K%

(4. 35)
PS1__ (2ma) zgdﬁ ARy dR,A
a—’_L‘z'=—(7fa)')’P 1dRydR3A 153
% (K123+ 7K12K23) s (4. 36)
3,
%3%= +(2ma)® ')’st dRy dR,dR3 A 105(K'%) .
(4.37)

Using (4. 8) again, we find F3=0.

It is not difficult to extend this proof to any n= 2.
This will be done in Appendix C. We conclude that
our main result (3. 47)-(3. 49) gives the first two
terms of g(€) correctly, provided the semi-invari-
ant expansion converges in a suitably uniform man-
ner.

APPENDIX A: PSEUDOPOTENTIAL APPROXIMATION

We want to compute the “energy shifts” A'%*"™
in the approximation where the range of v(¥) is
much smaller than any length in ¢ (¥) (pseudopoten-
tial approximation). For this we need the ground-
state energy in the potential ¢ +u where

n
us 2 vE-R,). (A1)
1
Writing H=p?/2+ ¢, H=H +u, we want the ground
state  of H, i.e.,
ﬁ%:E‘.oao . (A2)
Equation (A2) is equivalent to the integral equation
To®)=vo(®)+ | a0, 7| EquE)FulE) ,  (A3)
and
Eqo= Eqo= (o, udo) , (A4)
where E;, 3, (1=0, 1,...) are the eigenvalues and

eigenfunctions of H, and

4
o(F, 7 |50>EZ—_-¢§>W ), (A5)
w0 Eo—Eg
[Equation (A3) may be verified at once by operating
on both sides with H — Eo, (A4) by taking the scalar
produce of (A2) with §,. This is just the Brillouin-
Wigner form of perturbation theory. ]
Now according to Blatt and Weisskopf, *° in the

R. FRIEDBERG AND
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pseudopotential approximation we may make the
replacement

n -
u@")olr')~ 21a J_ B, 6(F - R,) (A6)
J=1
where
B;=lim a—%—“;}? | ‘;(.f)] . (A7)
TRy 4
Therefore,

Do(F)= bo(F)+ (27a) j:{ o(F, R, |Eo)B, . (A8)

Clearly, when ¥- R;, we must have

6(F, ﬁilE.o)="2,"(f—1_ﬁ5+§u ) (A9)

where 8;; is a well-defined function of &, and E,.
This follows from the fact that J,(») has to be pro-
portional to 1 -a/(f - R,;) for ¥~ R;, from scatter-
ing theory. [We may also verify (A9) directly,
since when T is very close to ¥/, (A5) is dominated
by the very highly excited states (plane waves), and
|Eq—-E,l is negligible.] Therefore, for ¥ near R;
we may write

Do) =1y —&%ﬁ B+ 27’“; 6By, (A10)

where
bi=o(Ry) , (Al1)
§il:0(§i’ﬁj,-§0) i +5) . (A12)

Calculating B; from (A7) we see that the second
term on the right-hand side contributes nothing,
and

Bi=1;+ 210 2 8,8, , (A13)
J

or

B‘=Zpi+ 27ra;§“¢l+ (21Ta)2 jZJ' 5‘16,}:1’)!14’ e

(A14)
Using (A6), (Al4) becomes

Bo- Eo=21a 20 ¥; B,
s
-2 W3+ (2ma)? E D;04500;0+ (27a)?
] N

X Z lp,éjjlélojulpjc:‘i-"’ . (Als)

YN L
This is an implicit equation for £y, since §,, de-
pends on E,.
Before we discuss the general case, we consider
some low orders. For n=1 we have, writing E,
=Eo(1),
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Eo-Eo= AR = Al
= (2ma) 2 + (21a)2B 92 + (2ma) (9281 )% i+ - - -
= 2may¥[1+ 2maBH’ + (2mab )2+ - -1, (Al6)

where 9‘1’ is 9“ for Eo(l). Now 8y, is a function of
E,, 1ndependent of the scattering potential v and
with the dimensions of an inverse length. Similarly,
¥? is independent of the scattering potential and has
the dimensions of an inverse length cubed, and E,
is independent of v and has the dimensions of an in-
verse length squared. Therefore, since by defini-
tion a < any length in the unperturbed problem,
2mayt < E,y, and Ey(1) =E, + small correction,

A= 2may? . (A17)

For n=2 we have, in an obvious notation,
Eo(12) = Eq= 2ma{p? + 93 + 2ma (51292
+ 85203+ 26057 01.)
+ e [(BE2%2+ (BR324 ]4-e-} .

Since (A18)
AR, , R,)= A2=E((12) - Eo— Al - A%, (A19)
we find, using (A16),
2= (2ma )P[0 - B11)9i+ (65 - 852 v3
+ 20529 9a]+ 00 . (A20)

Now recalling that 8,, is a smooth function of EO,
we have 8{1%’= 911(E0(12)), 811=011(Eo(1)). Hence
842 _ M jg small if Eo(12) - Eo(1)= A%+ A? is
small. But from (A20) and (A17) we see that A'? is
second order (by order we mean power of a divided
by a characteristic length of ¢), A'is of first or-

der, and therefore 6% - 9 is first order. The
leadmg term of A'? is thus
2= (21?2050 19 (A21)
where
6= 6(Rs, Ry |E0) (G #) (A22)

It is not difficult to continue this process and obtain
an explicit formula for A **", However, for our
purposes it is convenient to express the result in a
different form. We notice first that in (A17) and
(A21) the diagonal elements 6;; do not contribute in
the leading term. It is elementary (but a little tedi-
ous) to show by induction that this is also true for
A%"°". Now consider for a moment the case

where v is a weak potential. Equation (A3) becomes

Bo®)=40(®)+ 22 [ 42 6F, ¥ | Eq)0,)dulr) - (429)
We want to calculate the first nonvanishing term of

A!2*7 in perturbation theory. We assert that if
this is done and then v, is replaced by 2mas(¥ - R;),
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the answer will be the same as the leading term of
the pseudopotential approximation. To see this,
write (A23) at the point ¥=R;,

BolB)=pi+ 2 { ¥ 6By, ¥ o), () olE)
“po+ [ dF 6@, T Eo)0,0)Fotr)

o2 [ axr oy, ¥ Eyo, o) . (A20)
i#
Ultimately, we will put v,=2mab(F - R,). This gives
no trouble in the last term of (A24) if we do it now,
or in the y(»’) of the second term, butitisnotper-
missible in 8(R;, ¥'|E,) since this diverges when

7#/=R,. Therefore, we may write (A24) as
Bi=0i+ 21ay, (o) §; + 2ma ;5"17)” (A25)
#
where
vilBo) =5 | a0y, #)0,8) (A26)
i\ o 21a (¥ i .
Similarly, (A4) becomes
— Eo=2ma 29,7, . (A27)
1

Now (A25) and (A27) only differ from (A13) and
(A15) in that J, [which is eliminated in the second
line of (A15)] replaced B, and y,(Eo) replaces 9“
But in the leading contribution to A'?**"" we saw
that the diagonal element §;; does not contribute,
Therefore, this difference does not contribute to
the leading term, and we have proven our asser-
tion.

APPENDIX B: ESTIMATES OF THE A!2™
QUANTITIES

" AND RELATED

The estimates_which we need all refer to the
A" when the Ry, ...,R, are all in the skin
depth, i.e., within about A of b,. We estimate
these as follows: Take for the potential ¢, instead
of the actual one we obtain, a potential well which
is zero until by, then infinite, If we then write
IR;1=bo—&; (£;,>0), and put £,~2,, we should have
reliable estimates, since all that the real potential
¢ does is smooth the transition (but still it is spread
over a distance of the order of )\y). Clearly, from
(3.7) we have in the skin depth

(ﬁl) Sln('ﬂ'/bo)Rl ~ 17&1 ~ M

. 1
72mb, V2mbi? b’ ®1)
Therefore, from (A17) and (3.11),
1
A= 2na g2~ 7\"“ p?" - (B2)
(A't~1 in the skin depth as we had before)., Next

we estimate A!? in the skin depth. From (A21) this
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is

A'2=2(2ma)?0(Ry, Ry |Eo) 91 92 - (B3)

We can estimate 6 by replacing it by its angular
average (6 ) over the directions of R, and -ﬁa. Then
only the S waves survive in (A5), and the calcula-
tion becomes a completely elementary one for the
infinite well of radius b,. We find

(6(Ry, Ry |Eyo))

1 . :

=m (k(Rz sinkR; coskR,+ R, sinkR, coskR;)
Sinle COSkRz Rl <Rz

- ’ 4

mx {sinkR2 coskRy, Ri>Ry/ "’ (B4)

where k=m/b,. Putting Ry=bo—£&;, Ry=bo— £, we

find, for &, &, <<by,

&, Ei1<&

6(R; Eg))==5">3X ’ . B5

< ( I’RZ, 0)> 0 {gg, £2<£1 ( )

Therefore, we have the estimates in the skin depth,

A

'9(§1’§2IE0)’~? ’ (BG)
0
and
2], 2 Mo zﬁ_‘”‘o
1" (53e) 335 7
£ at?|~220 <1 (B8)

Similarly, we may estimate the higher order A’s.
A typical term of A'?"**" [one which comes from
ignoring the “energy shift” E,— E in the §’s in
(A15)] is

n
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(A" ™) typtcar = (2710)*P1812655+ + + Opet, i

:an< AO >2< )\0>n-l~l(—>\£>n-1
ps%) \v3) t\o¥) -

By means of these estimates, we can estimate
the p"S, (k= 2), using (4.23), (4.24), (4.25),
etc. Since the integrands of these quant1t1es only
differ appreciably from zero when we are in the
skin depth, we can replace each f{,- integration by
a factor 2ybZ and tA“""'”' by (\pa/b3)"*. Thus

(B9)

p%S;~p? (%%) (A3 ~pAb}

p3s3~p3(%'§> (b2~ b2 , (B10)

n=1
p"&rn"(%"zg) (\b5)"~ PG -
0

These same estimates apply to all the terms of
F, as they must, since cancellation takes place
among them eventually.

Finally, we mention that the terms we have
dropped in writing (4. 24), (4.25), etc., are easily
seen from these same estimates to be of lower or-
der in b, since they involve extra factors of tAl""™"
(n = 2) or the replacement of lower order A’s by
higher-order ones without extra integrations.

APPENDIX C

From (4. 8) and (4.13), we can write F,, for n= 2
in the form

F":Sdﬁl e d-ﬁnf]_g...n ) (Cl)

where

4 n
Si1een=(=p)"D1cuey H ettty (- P)"-IZ b1 w (Dz---n H e-m‘)
1 5¢y 2

?

e r (o) 20 gy

¢l 6¢

Here 6/5¢; means 8/6¢(R;), and I means that we
sum over all permutations by which the subset

{1-..1}is transformed into other subsets of {1 -n}.

This summation replaces the factor (}) in (4. 8).
The parameter p need no longer appear, since all
derivatives are shown explicitly. Our purpose is
to show that the integrand f,..., vanishes when we
(i) keep only terms that will contribute to F, in
O(prgh3); (ii) use the pseudopotential approximation
for the A’s; and (iii) require that ¢ satisfy (2. 52) so
that F, is minimized.

We begin with a diagrammatic representation of

each term in (- p)™D;..., 17et2*. Let us represent

5%, (Dz+1-.,,He-tA’>+ ,,+¢1---¢,.M1,_6”—- (-tBp). (€

69,

r
each factor ~ pe by a square and each factor
—ta*1t2°is py a circle connected to each of the
squares numbered Zj, %, ...,i,. Thus we obtain a
graph in which circles are connected only to squares
and squares only to circles.

Moreover, only connected graphs contribute to
Dy,...;,; terms corresponding to disconnected
graphs drop out in the expansion of (4. 14), (4.15),
etc. The proof of this is the same as that of the
statement that only connected graphs contribute to
the logarithm of the grand-partition function in the
Ursell-Mayer expansion for gases.

Again, by the arguments of Appendix B, we may

-t Al



neglect any graphs that are overconnected (i.e.,
not simply connected). For (B9) shows that each
circle brings in a factor Aga/b2 for all but one of the
lines connected to it. Thus the number of factors
Noa/bd in the whole graph is the number of lines
minus the number of circles.
graph, the number of lines is just one less than the
total number of squares and circles, so that the
graph carries a factor (A\ga/b2)™™, if there are m
squares. Thus the simply connected graphs for S,
are all comparable to one another, but the over-
connected graphs have additional lines, hence extra
factors Mya/b3 and they are therefore neglected.
The simply connected graphs with which we now
have to deal are of the kind elsewhere called “dual
trees. ”1® They are equivalent to Husimi or “star
trees”—the circles correspond to stars and the
squares to points—but we find that the dual form
facilitates manipulation.
The diagrammatic representation of
—pletal+a?+adp s shown in Fig. 1 [cf. (4.23)].
We now wish to extend the dual-tree representa-
tion to the quantities

m
61
¢J1. .- —_— [p'" exp (— tsz A“)Dgl..qm]

¢-’1 5¢“. .. 54,;1

appearing in (C2). When we differentiate a term in
et B2 Dy, , We obtain a sum of terms, each
arising from the differentiation of one of the fac-
tors. Consider a term in Dy,...;, containing a fac-
tor Ay, where {i} is some subset of {i; - - - i,}.
This factor is represented by a circle in the cor-
responding dual tree. When we replace the factor
Ay by ¢;084Ay,/8¢,;, we obtain an expression which
we may represent by a new dual tree, obtained from
the old by inserting a new line in the circle for Ay,
and connecting it with a new square bearing the in-
dexj. We may then associate the factor ¢; with the
new square and — 84y, /8¢, with the circle bearing
the extra insertion. However, we must also mark
the new square in some special way so as to dis-
tinguish the new dual tree from an ordinary one in

p3 e‘Y(A‘*A2+A3 D

FIG. 1. Diagrammatic representation of p° term in
Eq. (C2) for n=3, Values of circles are shown; value
of ith square is —p ¥
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FIG. 2. Diagrammatic representation of one p2 term
in Eq. (C2) for n=3. Value of marked square is ¢;.
Other values as in Fig. 1.

which the square would represent pe*4 and the
circle —tAy,43-

We must also provide for differentiating the fac-
tors e”*21, Since

T rorey 50, e-t“‘fbt( t‘g¢— A) )

the effect of the operator ¢,;5/6¢, applied to a
square is to leave the factor — pe 4! belonging to
that square unchanged, and add two new factors ¢,
and —£64;/6¢,. We represent this by connecting
the square to a new circle and connecting the new
circle to a new marked square.

In Fig. 2 we show how this construction repre-
sents the quantity

(C3)

2% 5¢ (= tagge™ (42749
which contributes to f3 through the second term in
(c2).

Now suppose we wish to differentiate a second
time. Clearly the same rule applies: To any cir-
cle we may attach a new marked square, or to any
unmarked square we may attach a new circle and
marked square in tandem. But we make no new
attachments to marked squares since they repre-
sent the factors ¢, which are explicitly outside the
derivatives in (4.18). In Fig. 3 we show the con-
struction for

#1% 55,55, "3, :
v+ 3 A X
8¢, *
[
ﬂ NN
3¢, 3
= [Z
=& + OB
qg—sz A Las s
4)184’2 3 8¢2 3
FIG. 3. Diagrammatic representation of one p ferm

in Eq. (C2) for n=3. Values as in Figs. 1 and 2,
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To summarize our rules: (i) Each unmarked
square (index i) carries a factor — pe ™44, (ii) Each
marked square (index i) carries a factor ¢;. (iii)
Each circle, connected to unmarked squares ;- - -,
and marked squares J;--- J,, carries a factor
—1(6%/6¢pyy -~ 0¢r)A¢y.euy,. (iv) All marked squares
must be end squares; that is, a marked square
must be connected to just one circle. (v) Every
circle is connected to at least two squares. (vi)
For n=2, fi...,is given by the sum of all dual trees
with » squares satisfying Rules iv and v each tree
being evaluated according to Rules i-iii.

We note that Rule iii does not cover the case p
=0, in which a circle is connected only to marked
squares. By Rule iv, this can happen only in a
diagram containing only one circle. To handle this
diagram, we supplement Rule iii as follows: (iiia)
Each circle connected only to marked squares
Jy- -+ J, carries a factor —£(8%/6¢sy« -+ 8¢s,)Eo.

The one-circle diagram with » marked squares
then accounts for the last term of (C2).
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We are now ready to make the pseudopotential
approximation. First we apply (4. 24) and (4. 25),
etc., so as to express all A’s as functional deriva-
tives of E,. Rules iii and iii a then simplify to the
following: (iii’) Each circle connected to squares
iy +++ i; (marked or unmarked) carries a factor
(21a)?6°Eo/8¢y, - - - 8¢4,, where p is the number of
unmarked squares.

To eliminate all asymmetry, let us replace (2ma)’
by (2ma)® and compensate by attaching a new factor
1/2ma to each marked square. Then the rule for
circles loses all reference to marked or unmarked;
(iii’”) Each circle connected to squares iy - - - i,
carries a factor (2ma)’ 8°E /66y - - - 5,

Now the only effect of marking a square is on the
factor directly associated with it, —pe™41 if un-
marked, ¢;/2ma if marked. So we can dispense
with marking and simply attach the sum of these
factors to each end square: (i’’) Eachinterior square
(connected to = 2 circles) carries a factor — pe™4,
(ii’) Each end square (connected to 1 circle) car-
ries a factor — pe™4t + ¢, /2ma.

But according to (2. 52), the factor described in
Rule ii’/ vanishes. Since there are no end circles
by Rule v, every dual tree has at least one end
square. Therefore, f,..., vanishes under the stated
approximations.

*This research was supported in part by the National
Science Foundation and by the U. S. Energy Research
and Development Administration,

1A concise review may be found in M. H. Cohen, J. Non=-
Cryst. Solids 4, 391 (1970).

%, M. Lifshitz, Vsp. Fiz. Nauk 83, 617 (1964) [Sov.
Phys.~Vsp. 7, 549 (1965)]. Many related questions are
also discussed in this excellent review.

3We choose three dimensions to be specific, but the same
arguments go through for an arbitrary dimension. In
one dimension, however, only the leading (Lifshitz)
term is given correctly. A more refined variational
method is possible in this case which corrects this de-
ficiency, but we shall not discuss it here.

4This is what we mean by saying that the impurities are
put in “at random.”

SAssuming periodic boundary conditions, this introduces
a slight inconsistency in what follows, where we are es-
sentially choosing instead a potential which is infinite
outside of V; but this procedure is easily made rigorous.

M. Kac, Probability and Related Topics in Physical
Science (Interscience, New York, 1959), Vol. I, p.

161 ff.

'S. F. Edwards and V. B. Gulyaev, Proc. of Phys, Soc.
Lond. 83, 495 (1965), Their result was for “time”
rather than “temperature” Green’s functions, i.e.,
t—it.

®Easily established by saddle~point arguments. We omit
the proof here.

%A good reference for this is R. Kubo, J. Phys. Soc.
Jpn. 17, 1100 (1962),

19An exposition of this technique may be found in J. Blatt and
V. Weisskopf, Nuclear Physics (Wiley, New York, 1956).

11Actually, we may add an arbitrary constant to A and ¢.
[¢ is determined only up to an additive constant as may
be seen at once from (2.26), and the choice of this con-
stant does not affect the inequality (2.25)]. The choice
given by (2,51) is convenient and corresponds most
closely to the Lifshitz picture.

21n computing K, and D, we may use the leading term of
the wave function, since these terms already represent
small corrections,

3R. Friedberg, J. Math. Phys. 16, 20 (1975).



