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When H =0, we have in the first place
Tin()=0, allr N, (A11)
and the argument then yields, in place of (A10), the

result
lim inf & (7,0) >3 T'2(7,0; 1). (A12)
%

—00 T

To obtain a corresponding #pper bound for this case we
use the inequality (A7) in (A2) together with (A11l)
which yields

)ZN(T,O)SN—I Z Z Pz(tg—rl, T, 0)

1, r:CQ¥

(A13)

Since I'; is non-negative, we can extend the sum on r; to
all those points outside Qx (butin Q,) satisfying |r,—1y|
< Ry where Ry is the diameter of Qy. Then the sum on
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r; may be performed yielding

XN(T)O)S Z I‘2(TJ0)r)SZ Pg(T,O,I') ’
Ir| <R~y T

(A14)

where the last sum might diverge to 4. On allowing V
to approach « and combining with (A12), we obtain the
desired result

QGO(TJO) =lim iN(T)O) =Z I‘z(T,O,I‘) ) (Als)
N—oxo T

where the limit may take the value 4.

It is clear that a completely analogous proof will
establish the lower bound corresponding to (A10) for the
energy fluctuations and the specific heat when H30.
The analysis to establish an upper bound for H =0 along
the same lines fails because U (T,0)70.
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A functional-integral formulation of the Ising model is used as a link between the usual approach in terms
of summation over spin variables and field-theory-like formulas. The latter take the form of Feynman-
diagram expansions, Dyson integral equations, or Schwinger functional-derivative field equations. Basic
to the theory is a spinless-nucleon-like Green’s function, related to the Ising spin-spin correlation function.
By means of an infinite renormalization technique, a mesonlike propagator, related to local energy-energy
correlations, is bootstrapped. Finally, a vertex function, associated with energy-spin-spin correlations, is
introduced. To zeroth order this theory bears similarity to the spherical model, but vital differences are also
noted. A brief discussion is presented of the relation of methods employed in field theory for the treatment
of the infrared divergence, and approximations which might be of value for critical correlations.

I. INTRODUCTION

N recent years there has been a close interplay
between developments in field theory and the many-
body problem.! Generally, methods devised in one
discipline have found applications in the other. There
are a number of notable exceptions. For example, no
clear relation has been established between the critical
transition properties of many-body systems and a
fundamental particle effect. On the other hand, no
many-body analog to the infrared divergence exists.
[There is a striking similarity between the exponent
modification of critical correlations and the form of the
Green’s function of certain particles for p2~m? For
two scalar fields, ¢ with mass m and ¢ which is massless,
coupled by a Lagrangian term gy?(x)¢(x), the ¢ par-
ticle has a Green’s function which behaves for p2~m?

as (?2_""2)—11 1_p2/m2| 0%/1672m?
T A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinski,

Methods of Quantum Field Theory in Statistical Physics (Prentice-
Hall, Inc., Englewood Cliffs, N. J., 1963).

In quantum electrodynamics, the electron Green’s
function goes like?

(b—m)~H| 1= p*/m? |~ v e

for p2~m?2.]

In this paper we shall develop several formulations
of the Ising model which resemble in many ways the
field theory? of a spinless nucleon and scalar meson.
The results may be expressed as a Feynman-diagram
expansion,® employing, as bare propagator lines, G;;°
(related to the spin-spin correlation function of the
spherical model) and D; (which starts off infinite).
After renormalization, G;; turns out to be a progenitor
of the spin-spin correlation function {u:u;)., where u; is
the spin variable of site 4, which may have value 4=1.
The infinitely renormalized function D;; is associated

2N. N. Bogoliubov and D. V. Shirkov, Introduction to the
Theory of Quantized Fields (Interscience Publishers, Inc., New
York, 1959).

3 Such a coupling scheme for the Ising model was first considered
by F. H. Stillinger, Jr., Phys. Rev. 126, 1239 (1962).
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with energy-energy correlations (Ae;Ae;),, where

(1.1
(1.2)

Ae; =e,~-—(e,,-),, s

€= —2_ Vijlbilti-
i

Further resummation is achieved by introducing a
vertex function I'(7; k) and developing Dyson equa-
tions.1:2 The vertex function is related to a spin-spin-
energy correlation function (uu;Aer),.

Alternatively, we may make a Schwinger functional-
derivative formulation? of the Ising model. A potential-
energy coupling parameter plays the role of the charge
density (scalar component of four-current).?

The link between field theory and the Ising model
will be a functional-integral formulation of the latter,
first proposed by Montroll and Berlin. This formulation
was central to a study made by Langer and the present
author? of critical correlations in the Ising model. Note
that functional-integral techniques have achieved a
number of notable successes in recent years—such as in
the study of the polymer excluded-volume problem,®
knotting problems,” the density of states in a random
medium,? the analysis of first-order phase transitions,®
the study of many-body systems with long-ranged
forces,'® and the theory of the infrared divergence.!!

In Sec. II, general features of the functional-integral
approach to the Ising model will be discussed. The
analytic properties in an energylike variable z are
examined. In previous work® similarities to the spherical
model? were noted. Here it will be shown that there are
vital qualitative differences in the analytical structure
of the spherical and Ising models. In Sec. III, a series
expansion will be made which will lead to the Feynman-
Dyson diagram theories. In the process an infinite
renormalization will be performed, and a mesonlike
propagator bootstrapped (the D function). A Luttinger-
Ward®® formula is developed for the partition function.
The Schwinger formulation is next produced. In Sec. VI,
remarks are made about approximations of the type
introduced in the treatment of the infrared divergence.

In the course of the work a number of averages or
integral operations will be employed. These are denoted
by subscripted braces or brackets. The definitions are

+E. W. Montroll and T. H. Berlin, Commun. Pure Appl.
Math. 4, 23 (1951).

8 E. Helfand and J. S. Langer, Phys. Rev. 160, 437 (1967).

6S. F. Edwards, Natl. Bur. Std. (U.S.) Misc. Publ. 273, 225
(1966); Proc. Phys. Soc. (London) 85, 613 (1965).

7S. F. Edwards, J. Phys. Al, 15 (1968).

8 J. Zittartz and J. S. Langer, Phys. Rev. 148, 741 (1966).

9 J. S. Langer, Ann. Phys. (N. Y.) 41, 108 (1967).

10 M. Kac, G. E. Uhlenbeck, and P. C. Hemmer, J. Math.
Phys. 4, 216 (1963); E. Helfand, in The Equilibrium Theory of
Classical Fluids, edited by H. L. Frisch and J. L. Lebowitz (W. A.
Benjamin, Inc., New York, 1964), p. III 26.

11 B, M. Barbashov, Zh. Eksperim. i Teor. Fiz. 48, 607 (1965)
[English transl.: Soviet Phys.—JETP 21, 402 (1965) ].

12T, H. Berlin and M. Kac, Phys. Rev. 86, 821 (1952).

(1;36({5 M. Luttinger and J. C. Ward, Phys. Rev. 118, 1417
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located at:
(O Eq. (2.2);
()¢ Eq.(2.14);
[ Jo: Eq.(3.7);
()e: Eq. (38);
() Eq. (3.35).

II. FUNCTIONAL-INTEGRAL FORMULATION
A. Partition Function

Consider the Ising-model partition function (in this
paper only the field-free case will be discussed)

Z= 3 exp(BX vijmi;),

{p=a1) K

(2.1)

where 8=J/2kpT. The interaction between a spin on
site 7 and one on site 7 is —Jv;;juu;. The average of any
function of the set {u}=p1- - -uy is given by

1
(A{u})u=— X @{u} exp(B 2 vijuins). (2.2)
Z (u==1) i

The u summation may be converted to integrations by
introducing & functions employed in the form

(2.3)
T

6 700 \
5(1—p2) =7/ dt P10,

The partition function becomes

6 N 0 700
Z=<—,) f aw [ aw
e —o0 —i0
Xexp (3 F t)espl—8 £(T V], 24)

where T is the diagonal matrix with £; in the 7 position
and V is the cyclic matrix with elements v;;. The objec-
tive of achieving an integral over a Gaussian form in the
u’s has been attained.

Before continuing the systematic development, let
us look for familiar aspects in the type of expression to
which the partition function has been reduced. Perhaps
we can best recognize the Z of Eq. (2.4) as a field-theory-
like object by writing

exp[ —B(—% t—2 viuins+22 )]
J L2 K3

=exp[ —B(3C.04-3CL +int) ], (2.5)
Jc,° =Z (8855 —vij)uins, (2.6)
5(2;0——- .__Z tj , (27)
(2.8)

JCint= Z (ti—2)us’.
j
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Later we will go into the reason for dividing the
terms in this fashion, i.e., the introduction and signifi-
cance of z. For the moment we merely wish to point
out that 3C.° is a quadratic in the u’s. Although it is
not local, for the critical problem we believe that the
range of the forces is short compared with the important
distances for correlated fluctuations, so that the essense

of 3C,° would be contained in a local-field-theory-like
term,

5C#O=/dr Cap*(0) 40| Vu|* ]+ - -, (2.9)

where the u is regarded as being a function of a continu-
ous, rather than discrete, variable.

The term 3C,° is linear, rather than quadratic, in #;.
We shall find it convenient to write

JeP=—23 t;—limj 3 ei(ti—2)(t;—2),
)

>0 J

(2.10)

and to renormalize before allowing e — 0.

The term JCin is quadratic in the p,’s and linear in
t;—z. It is the clue to the type of diagram theory to be
suspected, viz., one with vertices out of which emanate
two lines related to some sort of weighted, tracelike
operation on w,u», and one line related to this “trace”
operation on (¢,—32)({,—2).

In creating the “field-theoretic” formulation we shall
find the functional-integral techniques most useful, so
let us return to the partition function (2.4). If the ¢
contours are shifted sufficiently far to the right, the u
and ! integrations may be interchanged. The choice of
{t} contours @ will be —i0 4 to 204y, with

v>2 vi=0. (2.11)
J

Equation (2.4) yields*

ﬁ N/2
z=i—N<-> f d{t} expBT 1;)| T=V|712. (2.12)
cC J

Tr.

(As N —, an integral of this type is equivalent to a
functional integral; cf. Sec. II E, where this is made
explicit by going to Fourier-transform variables.)

B. Pair Correlations

Of central interest in the development of the theory
are several correlation functions. The first is the spin-
pair correlation (unim)u. By methods completely anal-
ogous to the above, one obtains®

1 18 N/2
(i Y= "NN(“) / “
287 T (]

Xexp(8 X )| T=V[7 Gy
i

= (1/28)(Gmn)e, (2.13)
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where the matrix G,,, is the inverse (Green’s function) of
T—V. The integral operation { ), is defined by

(@[t]>e=—;—i—N<§>m L a1y

Xexp(ﬁztj)|T—VI—1/2@{t}. (2.14)

C. Energy-Energy Correlation

To study the energy-energy correlation, it will be
convenient to introduce a more general coupling con-
stant (equivalently, a local reduced temperature) into
the Ising model so that the probability of a configuration
{u} is

exp[ 2 (B+£)' (64 &) vimans )/ 2%,
i (2.15)
Z¥= ¥

(w=%1

exp[2 (B+£)'*(8+&)Y ijmitei]

One easily shows that (asterisk indicates general {&},
while no asterisk would indicate {£} =0)

9 Inz* Bt-£r\ 12
—z(ﬁ %) o, (210
Oém i \B+énm

Of special interest is the limit of {&} — 0, in which
case Eq. (2.16) reduces to

0InZ/3tm=—(tm)u
=— <6>,,.

Taking a second derivative of Eq. (2.16) and again
letting { £} — O yields

(2.17)

9*InZ
0¢mdén

= <AemAen>u+ (1/2}8)7)mn</~4mﬂn>u
+(1/28)e)udmn -

These formulas assume an interesting and simple
functional-integral form. Changing 8 to 8-+¢; in Eq.

(2.3), one obtains
[
e

ﬁ+si>“2
Xexp[X B+t T=V['2. (2.19)

(2.18)

2r=i 11 (__

™

Now ¢ derivatives lead to

dInZ*
=3B+ tm) - {tn) e, (2.20)
kn
which implies that
—{(e)u=1/28+(tw).. (2.21)
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Furthermore,

8 Inz*
———— = —}(B+£n) 2O

0En0¢,
F (=) *) (ta —{tn)¥)) ¥,
which yields the relation
(Aenlen)y=—3B"20mnF ((tn— (tw)e) fn—(ta)e) Yo (2.23)

We will find it convenient later to introduce variables

(2.22)

1
= Z Ifj (224&)
N
and

©i= tj—Z. (224b)

In terms of these variables Eq. (2.23) may be written
in the relevant form

(AemAeﬂ>n= (‘Pm¢n>t_ (1/262)5mn
—(1/N)B2(cu/k—3%),

where cg is the specific heat per particle.

An alternative relation between energy-energy corre-
lations and functional integrals was given in Sec. V of
Ref. 5, and will not be discussed here.

(2.25)

D. Spin-Spin-Energy Correlation

A central role in the theory will be played by a vertex
function which is related to a spin-spin-energy corre-
lation function. To develop the necessary formulas
consider d(umun)u*/d%; from the dual points of view of
u summations and functional integrals. One finds that

—(pmitnlrer),=(1/28)(exGmn)—(1/26)X(Gmn) L Bmit8ui]
+(1/N)(1/28)[0{(Gmn)/38].  (2.26)

E. Fourier-Transform Variables and z

It is convenient to make an orthogonal change of
variables to the fourier components Z,, with p in the
Brillouin zone of the reciprocal lattice:

tp = N—1/2 Z tjeip-h',
H

(2.27)
Li=N-123% [ eirti,
»
For p=0 define the special variable
g=N"13 t;=N-1%,, (2.28)

and for p##0 introduce the names [cf. Eq. (2.24)]

‘;p:ZIJ) p¢0,
(2.29)
(pj=l\7—‘1/2 Z ¢pe—-ip~r,-'
p#0
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The partition function may be written

Z= f 45 eNBe N (2.30)
(]

where

‘3 N/2
eNﬂ(z)=i—N]vl/2<_> /d{@}',T—VI—”?. (2.31)
ar J

The prime on {@}’ indicates omission of the p=0
variable. As N —® and p becomes a continuous vari-
able this is truly a functional integral. The meaning of
the {#}’ integral and the contours are discussed in
Appendix A.

In order to arrange the integrals in-an order in which
the { @}’ integrals are done first, it may be necessary to
introduce a convergence factor. This is clarified in
Appendix B for the ideal lattice model and is also
exhibited in Eq. (3.5).

Equation (2.30) bears a resemblance to a formula
arising from the spherical model,’* wherein

NG = (N128/ixV12)(2/8e)V 12| s1— V|12, (2.32)

We shall now point out, however, that there must be
vital differences in the analtyical structure of & and Qgum.

For the spherical model, one performs the z inte-
gration by a saddle-point method, with zs determined by

B+ Qv (25) =0 (2.33)

for 25>0, [2=7, is a branch point of Qsm(z)]. At a
critical temperature the solution of Eq. (2.33) has
zg=1. For lower temperatures the proper evaluation of
Eq. (2.30) requires that one select?

B=>Bsm®.

This results in a third-order phase transition.
Let us imagine that a similar technique applied for
the correct £, i.e.,

B+ (29)=0, (2.35)

has a solution for 8<@,. [Recall the condition (2.11)
that the z contours be to the right of #y. ] The free energy
per particle, F/N= f, would be

(2.34)

Zs=ﬁo,

ZSZ 770 y

J/ksT=—Bz5s—Qzs), (2.36)
and the energy per particle, #=98(8f)/38, is
u=—3J(z5+367"). (2.37)

If 25>7,, this implies, erroneously, that
u<— %]770 ,

i.e., that the energy per particle is more negative than
it would be under conditions of perfect order in the
system. [The difficulty does not arise in the spherical
model, where

usm=—3J(zs—3871).] (2.38)
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———¢ — T oe—' ¢ + 12 o1 1 o
m n m n m n

Fi16. 1. Diagram series for Gu.(7) [Eq. (3.14)].

At a later point we shall return to the question of
whether the z integration can be performed by a saddle
technique, rather than as the straightforward, but
complicated, integral along ©. Unfortunately we shall
find difficulties associated with the few simple schemes
which might be proposed.

III. DIAGRAMMATIC PERTURBATION THEORY
A. Introductory Development

The basic link between the functional integrals and
a Feynman-diagram expansion is a theorem for moments
of a Gaussian distribution which is analogous to Wick’s
theorem. In this section we shall show how this rule
may be exploited. First, it is necessary to broaden our
definition of the partition and correlation functions.

In Ref. 5, it is demonstrated that the determinant
|T—V| may be reexpressed in terms of a Green’s
function:

| T—V|-2=|51—V|12
1 1
Xexp(—E/ dr X %911‘(7)); 3.1)
0 r

|sl =V’ =exp{—3 %Z In[z—4(p)]}, 3.2)

9(p) =2 vi; explip- (ri—1,)], (3.3)

and the Green’s function G;;(7) is the inverse of the
matrix (Z+T§0i)6ij"'l)ij. (34)

Equation (3.1) is derived by taking 7 logarithmic deriv-
ative of the determinant of Eq. (3.4) and reintegrating.
A generalization will be useful. Define

§=§° exp(—-% /0 ld% Z SOiQh‘(T)), 3.5)

8'=exp(3 X' €r@»pP-p). (3.6)

P

We choose €,=¢_,>0, and eventually e, — 0. Mean-

exp{(—l)o + S%)z O

X X
i
1

|

Fic. 2, Diagram series for
8/8° [Eq. (3.16)].

¥
\
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while the €’s provide convergence. The prime on the p
summation means to omit the p=0 term. We are inter-
ested in functional integrals of the type

[Bp=i"* /d{é}’fﬁ(z,{ 2}, (3.7)
(@),=[as],/[8],- (3.8)

In particular,
eN@D = —N12(8/m)N 12| 21—V |~12[8], (3.9)

is needed to calculate the partition function. The corre-
lation function (umun), may be obtained from the
“Green’s function”

Gmn(Z)E <9mn(z7{ §0}I)>¢- (3.10)
The energy-energy correlations are related to
Dm"(z)E‘«pm@n)q» (311)

The diagrammatic perturbation theory will be in
powers of ¢. Thus either the range of ¢ in the integration
must be effectively small or a resummation must be
performed. Basic to the development is the integral-
equation-like version of the Green’s-function equation:

an(T) =Gmn0_7 Z Gmkowkgkn('r) ) (312)
k
where the zeroth-order Green’s function is
Gun®=[(21—V)1],.. (3.13)

Equation (3.12) may beiterated and the result expressed
in the form of a series of diagrams:

Gmn(7)= (expression in Fig. 1). (3.14)

The solid lines stand for G° and the prongs (dashed lines
with a cross) indicate ¢. At each intermediate vertex,
a summation is performed.

B. Q Function

The integral term in the exponent of § can be reex-
pressed as a diagrammatic expansion (Fig. 2) with
closed loops of G° bonds:

S 1t
‘—=6Xp<—‘“'/ dTZ ¢igii<7)) (315)
80 2 0 3

= (expression in Fig. 2). (3.16)

Note that since G;° is independent of 7, and

Z 5012=0,

the first diagram is zero. We adopt the convention that
with each closed loop of G bonds there is associated a
factor of 3. '



180

X

|
= O™

1

1

F1c. 3. Typical terms in the X
expansion of 8/8°.

o[ & ;‘O: 1"}

(p prongs)

In order to perform the @ integrations it is necessary
to expand the exponential. A typical term, composed of
me two-prong loops, ;s three-prong loops, etc., is given
in Fig. 3. The only & integrals are the multidimensional
Gaussian moments

(@i Qisa)e"= [IPI' (%)llz]fdhp}'%' " Qs

X CXP(% ZI 6p¢p¢—p)

p

- T

all pairings

(‘Pfl‘ﬂn)«p()( Pre ‘Pw)vo T

X <¢fng03n>¢0 b

where fis1fss2 « + fuSa indexes the pairings of the sub-
scripts ;- - -42,.'* In graphical terms, we perform the
( )o® “average” of a given graph by drawing all the
graphs which can be made by linking pairs of prongs in
all ways. The average (linkage) of a pair of prongs is
represented by a dashed line between the two vertices,
which stands for

(pipj)’=—D.}°

=—N-1Y ¢ lemiv i) (3.18)
P

(3.17)

When the prongs of Fig. 3 are linked together, there are
repetitions of the same diagram due to two causes. The
first is the m,! possible permutations of the m, p-loops.
We shall include such diagrams only once, thus cancel-
ling the prefactor 1/mslms!---. Secondly, any p-loop
may be placed in p proper rotational positions. By not
duplicating these graphs the factors 1/p are eliminated.
On the other hand, it will be necessary in the ensuing
discussion to include duplicate diagrams which arise
from inversion of a loop, such as those shown in
Fig. 4.

A linked-cluster theorem can be developed!® for the
evaluation of log[§],. We shall find it more profitable
to proceed in a Luttinger-Ward!® fashion. First, how-
ever, it is necessary to examine several other functional
integrals.

14 Equation (3.17) is easily derived by taking derivatives of the
characteristic function

<EXP(%, Ep&zz))woz exp(—% g' Epg—p/fp)~

15 Reference 1, p. 130 ff.
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C. D Function
Consider

(3.19)

Dij=—{¢i¢i)y
= "[@i‘ﬁi‘s]tp/l:s:]w (3-20)

The 8 in the numerator is expanded as in Eq. (3.16)
and Fig. 3. The & integral again amounts graphically
to connecting the prongs of the loops to each other, and
now also to the two prongs which stand for ¢; and ¢;.
After performing a particular linkage we obtain a
diagram, some of whose loops are connected directly or
indirectly to ¢; and/or ¢;, and some of which form a
part of the diagram not so connected. Associated with
any diagram connected to ¢; and/or ¢; there can be any
of a set of diagrams which is identical to the set which
generates [8],. The factor arising from the sum over
this set just cancels the [8], in the denominator of Eq.
(3.20). Thus we get a linked-cluster theorem. D;; is
equal to a sum, the terms of which are in correspondence
with all connected diagrams formed by linking the
prongs of loops with the two prongs ¢; and ¢;. The value
to be assigned to each diagram is determined as follows.
Associate a summation index ki- - - k2, with each inter-
mediate vertex. Include a factor Gri® for a solid line
connecting vertex k& to k', and — Dy° for a dashed line.
Sum over k&3 - - ka2a. Since the ¢’s occur in pairs, all the
powers of (—) are even. Finally, include a factor of 3
for each closed loop of G° bonds. Then we obtain

— D,;= (expression in Fig. 5); (3.21)

~rnm —em b = ) *___@_“

+ "“@‘" v e _—

+______ e WG WP

I'16. 5. Diagram series for —D;; [Eq. (3.21)].
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F1G. 6. Diagram series for G, [Eq. (3.22)].

in diagrams this quantity will be represented by a wavy
line as shown. The diagrams in which ¢; and ¢, are not
directly linked lead to a term (¢;){¢;) which is zero in
the absence of a field. (More generally, define

Dij=—{ipi)+{e:){¢:).)

D. G Function

Next let us examine the series for Gun=<{Gmn)e- Gmn
can be expanded into a series, a typical term of which is
represented by (— 1) times a base line of /41 G° factors
and ! prongs [Eq. (3.14)7]. These prongs, and the prongs
of the loops arising from the expansion of §, are to be
connected in pairs to give the result of ¢ integration.
The sum over all pieces not connected to the G base
line cancels [ 8], again. Diagrammatically, we obtain

Gmn=(expression in Fig. 6); (3.22)

in diagrams this quantity will be represented by a heavy
line as shown.

E. Self-Energies

The functions D;; and G,.» may be expressed in terms
of proper self-energies. In the evaluation of — D,;, when
the prong for ¢, is linked through a group of loops to ¢;,
it may be done in such a way that there are no single
intermediate D° linkages which, if cut, separate the

S

Fic. 7. Diagram series for Py; [Eq. (3.23)].
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Mgl = /7 B h //’,_:\“
—0N
k L k L

Fic. 8. Diagram series for

O Mu [(Eq. (3.28)].
_ /’ \\\ AN L .

F'_ -+ ‘_1_‘\ "
K P )3

diagram into two disconnected parts. We represent the
sum over such graphs by

> DuPu(—Dy°)
o

(sign chosen to make P positive definite). The series
for P;; begins

P.;= (expression in Fig. 7)

=3Gi%Gi% - -. (3.23)
All but the last diagram in Eq. (3.21) is of this type. On
the other hand, there may be one intermediate dashed
line which, when cut, separates the diagram, or two such
lines, or three, etc. This leads to the series

Di;j=D;*+3 Di’Pi(—Dy")
*l

+ Z Diklokall(_Dl1k20)Pk212(_Dl2j0)+ Tt (324')

kilikels

This equation may be represented compactly in a
matrix notation, but since these matrices are cyclic,
it is best to use the Fourier-transform representation.
This is a completely conventional procedure in diagram
theory.! A momentum p; is associated with each bond in
such a way that momentum is conserved at the vertices
(arbitrary directions are also assigned to the lines).
Summations (integrations) are performed over all
intermediate moments. Equation (3.24) takes the form

D(p)=1/{[D®)T'+P®)},
where D%(p) = 1/¢,. Now the limit e, — 0 may be taken:
lirrgD(p) =lirr3P (p). (3.26)

(3.25)

The fact that D%(p)— is of no consequence. It
is of interest that in this calculation one can see how
the infinite renormalization arises from the initial
development.

F16. 9. Structure of a typical diagram in the expansion of Dj;.
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Fic. 10. Diagrammatic representation of Eq. (3.29) for D.

We omit the details of the analogous and routine!
proof that G may be expressed in terms of a self-energy

M(p): 5 N
G(p)=1/{[G°(p) I+ M (p)} .

The series for M begins (note the convention of minus
sign)

(3.27)

M ;= (expression in Fig. 8)

‘—‘DklOGuo— cery, (328)

F. Dyson Theory and the Vertex Function

In the infinite diagram series for P and M it is pos-
sible to completely eliminate G° and D° bonds in favor of
G and D. Rather than pursue this course, we will follow
the procedure suggested by Dyson, and center attention
on a vertex function. First, consider D;;, a typical graph
of which has the structure given in Fig. 9. We proceed
from right to left along the graph until we come to the
last place at which the diagram can be cut along a D°
(cut A). At the end of this line, vertex m, the diagram
branches into two G° lines (part of a G°%-bond loop). We
proceed along one branch until we come to the last
place at which the section from /; to 7 may be removed
by a cut of a G°line (cut B;). Cut B on the lower branch
is similarly defined. Finally, make cut C to remove the
last D°bond. In the various regions a variety of diagrams
may appear and these may be summed over, indepen-
dently of the other regions. Thus in the region from j to
cut 4, the diagrams of D appear and summing yields
D,;. In A to By and A to B, appear the G graphs
yielding Gy, and Giym. The sum over all diagrams which
may appear in CB;B; will be termed the vertex function
T'(lils; m), and will be denoted diagramatically by a
triangle. This leads to Fig. 10 and Eq. (3.29) for D:

DiszijO_% Z Dikor(lllz; k)GllmGlszmj ’ (3.29)

klilom

which can also be written

1
P(q)=;VZ T'(p, p—a; 9)G(p)G(p—q). (3.30)

Fic. 11. Structure of a typical diagram in the expansion Ginn.
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o

F16. 12. Diagrammatic representation of Eq. '('3.31) for G.

= +

In like manner, the typical diagram for G can be
divided as shown in Fig. 11. Summing over the diagrams
which may appear between the cuts leads to the results
shown in Fig. 12 and Eq. (3.31):

Gmﬂ =Gm,.0— Z Gm,or('L], k)DkZGleh. ) (331)
ikl
or

1
M(p) =5 > (0, p—q;9D(@)G(p—q). (3.32)

To close the set of Dyson relations, an equation for
T must be obtained. Unfortunately, this equation again
involves an infinite series.! A typical diagram for T can
be reduced to a skeleton by making cuts which isolate
D terms, G terms, and T' terms. Summing over all
possible inserts between these cuts results in an
“integral” equation for I'. There is not a single skeleton,
as for D and G, but an infinite number. The first few
terms in the series equation for I' are those given in
Fig. 13 and Eq. (3.33):

T(ij; k) =6i6— 2

i1421j2k1ke

X DiyjsGiyGisha T (Rrkz; k)t - - .

T (41 42) T (5715 72)

(3.33)

G. Luttinger-Ward Theory for Q

At this point we may profitably return to a consider-
ation of a diagrammatic expression for 2 in terms of the
G and D functions. A further extension of definitions to
introduce a coupling parameter N will be of value.

L= <X
<0 -

F16. 13. Diagrammatic equation for T'; cf. Eq. (3.33).
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Define the function
1 M
8§ =80 exp(—; f dr Y. (pigﬁ(r)>. (3.34)
0 K

The bracket (@), has the weighting factor $* 16:

(@)r=[as*]/[s*]. (3.35)
Generalizations of G and D are
Gun=(Gmn(N))o (3.36)
and
Du)\ <‘r’z§01>¢ . (3-37)

Digrammatically, the effect of the above N insertions is
to associate a factor of A with each vertex arising from
expansion of G. By differentiating [8*], with respect to
\ it is easy to show that

Nllz ﬁ
NQ=In—-3N In—+3 3~ InG(p)
-1 p ™ 4
+1 Hm{> In[2«D°(p) 11}, (3.38)
e>0 p

11
I= / =3 (NeiGi(N)
0 A

Employing diagrammatic analysis or methods intro-
duced in Sec. III H, one can show that

Z NG\ )= 2= Gim*Gin* D TMmn; 7)  (3.39)

um’n

=X G\p)M(p) (3.40)

=23 D) P p). (3.41)

The dangers of proceeding in a fashion which inter-
changes the e — 0 limit and X integration in Eq. (3.38)
are easily seen. Since

DMp)=Le,+PNp) ], (3.42)

in the limit e — O the right side of Eq. (3.41) is 2(N —1).
The A integral in Eq. (3.38) diverges. Actually, because
P()) has at least two vertices, for small \ it is of order
A2, Thus the \ integral effectively cuts off at A=el/?,
avoiding the divergence. A convenient method of per-
forming the \ integration first is to employ techniques
introduced by Luttinger and Ward,'® although we
parallel Klein’s argument.!?

In considering the graphs contributing to M of
Eq. (3.40) or P* of Eq. (3.41) we first go to skeletal
graphs such that the full series is recovered by summing
over these skeletal graphs but with each bond a fully

16 The N introduced here is similar to the usual scaling of
strength of mteractxon Such a parallelism is induced by the
change of variables ¢;’ =\g;i, 7' — 7/A.

17 A. Klein, Phys. Rev. 121 950 (1961).
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renormalized G or D. The skeletal graphs are then
grouped by the number of vertices 2n:

= (oGu = X NrBL(), (3.43)

B.(\) =% GNp)M.[G*D*]  (3.44)

=23 DMp)P.[GM\D*]. (3.45)

I, is composed of the skeletal M graphs with 2n
vertices. The \ factor at each vertex has been extracted
in Eq. (3.43) but J7, is still a function of X by virtue of
its functional dependence on G* and D*. Identical
statements hold for P,,.

Differentiation of B,(\) involves the successive dif-
ferentiation of each of the # bonds D* and 27 bonds G*
of each graph. When one of the G* bonds of M7, is
isolated for differentiation, the first factor G* closes the
graph again to make an 17, diagram. Detailed consider-
ation'®17 shows that

dB, _ G _ aD*
=23 ulM,—+23 nP,
d\ P i) » I

(3.46)

The M\ integral of 7 can now be done by parts, the
explicit N’s of Eq. (3.43) being integrated and the B,
differentiated:

1 NV - S
I=Y —B,(1)—| dx (Z M*(D)—-FZ’P*(P)**)
n2n 0 P [E)N P [N
G .
=2NQF -3 <1n—6—0+]|1(p_)G(p)>
D _
-2 (lnﬁ-H’(P)D(p)). (3.47)

We have determined the diagrams of Q' from the skeletal
diagrams of M or P, with renormalized D and G bonds.
One can also show!® that QF is composed of the skeletal
diagrams of Q with renormalized D and G bonds, when
one carries the arguments of Sec. IIIB through to
the point of constructing a linked-cluster theorem, in
the usual way.!®

Finally, one obtains for @ an expression totally in
terms of the renormalized G and D functions:

N1z 8
NQ=In——-+%N In—+3 2 InG(p)
7 P

™

+31 ' n[2eD(p) (N —1)+NQF . (3.48)

H. Further Discussion of the z Integral

In Sec. II D, it was shown that if one were to perform
the z integration in Eq. (2.30) for the partition function
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by a direct saddle-point procedure, the saddle point
would have to lie to the left of %. This conclusion was
drawn from examination of

w=—3J(s5+38). 2.37)

After considering the Luttinger-Ward equation (3.48)
one might conclude that the singularity of @ does not
retain any trace of the singularity of each of the terms
in its perturbation series. The terms of the perturbation
series have a singularity at 2=, due to this singularity
in G° One expects that the comparable singularity of
Q is at the singularity of G, i.e., where

Zo—ﬁo‘l“M(p: 0, Zo) =0. (3.49)
We expect this to be the same point at which
P(p=0, 29)=0. (3.50)

If the point z, defined by Egs. (3.49) and (3.50) lies
to the left of 9, one might speculate that this accounts
for zg being to the left of . This is probably not the
explanation, however, since from Eq. (2.37) we can also
conclude that

dz,s 1 2 0u
—=—————>0. (3.51)
as 232 J o8

This means that zs moves from left to right with de-
creasing temperature (unlike the spherical model).
The critical phenomena cannot be due to the saddle
point moving to the left to strike z,.

There is another type of saddle-point integration
which might be valid for the z integral and is important
for the ideal case (Appendix B). Imagine that the
singularities of e¥%() lie to the left of 7, on the real axis.
Distort the z contour to run from — o« —ie, counter-
clockwise around 7, to —«-4e. Then the partition
function can be written

20
Z=f dz eNPzeNT(2) (3.52)
eNT(B) =]im (N e—ie) —gNR(stia)) (3.53)
a0
The saddle z would be determined by
B+1(z5)=0, (3.54)

and one can show in the previous manner that the zg
must be to the left of 5 and move from left to right with
decreasing temperature. It is difficult under these
circumstances to see what analytic feature accounts for
the critical point, if we continue to assume that the
critical feature is associated with the zero of Egs. (3.49)
and (3.50). One possibility is that the singularity in z
of G for p=0 is to the left of the singularities for non-
zero p. This is the opposite of the behavior of G°.
Until we have a clear idea of how the z integrations
are performed, it is impossible to confirm the suspicion
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that Gna(2) has the same 7, dependence as the spin-
spin correlations, or that D;;(z) has the same 7;; de-
pendence as the energy-energy correlations.

IV. SCHWINGER FORMULATION

An alternative formulation of field theory is that
due to Schwinger,? involving functional derivatives. To
examine the analog of this approach, we return to the
Ising model with generalized coupling, Eq. (2.15). An
Q* may be defined by

NI = i NV2(8 /D) N 2| 5] — /| -1/2
Xexp(z Z Ei)[exp(z; ti0)S],. (4.1)

The { ), operation is generalized to

(@ *=[@exp(T Ei0)sTo/[exp(T L), (42)

From the Green’s function (3.13) we obtain for
Gmn*= (Gmn) o™

Zk (Go)—lmkan*"‘ <‘Pm9mn>¢* = amn . (43)

The term (¢iGin)o* in Eq. (4.3) may be replaced by
a ¢ derivative operation, since

a
;g.—Gﬁ* ={rGij)e* —BiGi*, (4.4)
k
with
= (pi)p*. (4.5)
One obtains the Schwinger equation? for the Green’s
function:

a
Z (Go)ulmkGlm*_,' ((I)m+—")Gmn* = amn . (46)
) tm

For large distances, if Gi,* can be treated as a con-
tinuous function of the variable 74, then the first term

may be approximated by? (for an s-dimensional iso-
tropic lattice)

Zk (G ' miGrn™= }; (2= Vmi)Grn* 4.7)

= (2—00)G*(tm,In)

=0V G¥* (o) + -+ -, (4.8)
where

1
0'2="—Z ]r;-—r,-]%,-,-. (4.9)
2s

The Schwinger equation, through' second derivative
terms, assumes the more familiar form

(( "~)“v v (r)
2—10y) —a?Vi4-®(r)+
ag(r)>

XG*(rr' (&) =6(r—r'). (4.10)
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RN, SRS,

F16. 14. Diagrams with no inelastic scattering
of D with the vacuum,

One sees that £(r) (or &, if we continue to work at the
level of discrete variables) plays the role of a charge
density (scalar component of a four-current) and &(r)
acts like the conjugate potential of the field which is

induced.
One frequently eliminates the current in favor of the

field. This can be done by noting that

Dij*=—(piej)s*
@.11)
so that

(4.12)

Thus this Schwinger equation also takes the form

Gkn*
Z (GO).-lmkan*“{_ q)men* —Z Dmk* = 37,", . (4 13)
k k 0P,

The field equations for ®; and D,;* have an interesting
aspect in this formulation, too. Such field equations are
derived in field theory by use of Bose commutation
relations. Here we must introduce an alternative theo-
retical technique. Consider the differential operator

ot
aﬁom ? 6‘pm a@?

a
=N—112 ZI etptm

(4.14)
r 085
If one has a function F(¢i1- - - o), then
a\' OoF 1 __9F
(—) F=rror— 3 —. (4.15)
dom 0om N i d¢;

Since (8/0¢m)’ is a sum of derivatives 9/0,, the
quantity

((8/0m) )e*= [(£;>I[exp(; Em)sjl /
X [eXP(; ti0)$], (4.16)

vanishes. Explicit performance of the operation on the
right-hand side, using Eq. (4.15), yields
O=Z(D0)—.lqu)j'—%Gmm*+ £m+6_L(Z) y (4.17)
i

1
L(z) =E GG —E)+B. (4.18)
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(D%~1is defined in Eq. (4.20). Equation (4.18), with the
exception of B—L(z), is analogous to a Schwinger
equation.? It should be pointed out that if we perform
the z integration of Eq. (1.4), then

d
o
e dz

=0, (4.19)
so that the L(z) term does not appear in an equation
obtained from Eq. (4.17) by multiplying by e¥8z+Na*(z)
and integrating over z. If one performs this operation
and allows e— 0, the resulting equation merely states
that (u.?),=1.

There is a more interesting way in which the L(2)
term can be avoided. Up to this point we have carefully
circumvented difficulties associated with the fact that
D(p) is a N—1 dimensional matrix but D;,® is N-dimen-
sional with rank N—1.D? and (D%~ as used are defined

by

DO=N-13"" ¢, temip (rimrid | (3.18)

P
(DO)y L =N"13"" e 0 (rimri) | (4.20)

P

Note that this implies
2- D%y (D% =6,;—1/N. (4:21)
k
Thus Eq. (4.11) can be written

q)i'—% Z Doimem*+z Doim$m=0, (4.22)

which is an “integral” form of the usual Schwinger
equation.

A field equation for D,;* is obtained by taking the
derivative of Eq. (4.22) with respect to &;. One obtains

*

aGmm
Di*=D"+% Zk DD ji* . (4.23)

k

The equations for G and D may be rendered identical
to the Dyson equations (3.31) and (3.29) by taking the
limit of all #— 0 and identifying?

aGm"
==2 GuiGuiT'(if; 1).
0d, ij

(4.24)

A final word may be said about the significance of
the vertex function. Equation (4.24) may be multiplied
by Dy; and summed on /, to yield, in conjunction with
Eq. (4.12),

<<pksm>¢:}; GuniGn;Dil'(i5; 1) . (4.25)
k¥]

This relation is also easily verified by drawing the dia-
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grams for both sides. One may now return to Eq. (2.26)
to show that

2 (GniGriDuT(i]; 1)) o= —28{umpnler )yt (Umbtn)u

X L8mrt8ni]— (1/N)LO(28umpan ) 0/8].

V. DEVELOPMENT BY ANALOGY WITH THE
TREATMENT OF THE INFRARED
DIVERGENCE

(4.26)

In field theory the difficulties which arise in the in-
frared region may be handled by taking account of
processes in which large numbers of low-energy photons
are emitted and absorbed. Processes in which these
photons undergo inelastic scattering with the vacuum
to be reabsorbed as several lower-energy photons may be
ignored. In the context of the present diagrams this
means that we must account for processes involving
multiple D lines, such as those shown in Fig. 14, but that
processes which involve loops from 8, such as shown in
Fig. 15, are to be ignored (except insofar as they re-
normalize D). From the functional-integral point of
view, this is equivalent to replacing the @ dependence of
8 by a Gaussian in @:

Sa=—iN'2(8/r)¥ /2 exp[§(IV —1)+ 21 (5)
+3 X InG(@)Jexpls X/ D7 (p)8,6-5].  (5.1)

With this approximation and normalization factor,
{pip;), and Q are correctly given, and G,. is approxi-
mated by the sum over the subset of diagrams indicated
above. .

It is interesting to note that to this approximation
G is related to an “excluded-volume” random-walk
problem of polymer physics. Assume that we are inter-
ested in distances R= |r,,—r,| sufficiently large that g
may be approximated by solution of the differential
equation®

[(e—90)—*V+ o(D)IG(x, ¥, 2—80) = 3(r—"). (5.2)
A Feynman integral may be written for

. 1 To0t-a
g(r:r,yt) =2—__ / 6”3(1‘,1",8)(%‘ ] (53)
—toota

T
and is

S ) =1 / or(r)

I’

1 ¢ ¢
XeXp(—;:/ [i‘(T)|2dT—/ ga[t('r)]d‘r). (5.4)

The paths r(7) go from r’ to r in ““time” ¢; 9 is a normali-
zation constant. The function ¢ now appears exclusively
as a linear term in the exponent, so that with the
Gaussian 8¢ the ¢ functional integral may be performed.
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PaaSa

The result for the inverse Laplace transform of the
averaged Green’s function is

Fic. 15. A diagram with an
elastic scattéring of D with the
vacuum.

GRH) =N /0 R‘5r(r) <exp<——4i [0 tdr[l"(T)|2

o2

_2 [/Otdf dr’ D[[r(f)ﬂ(r’)I]). (5.5)

This may be interpreted physically as the canonical
ensemble probability density that a walk which starts
at a time zero at the origin will be at R at time ¢ if the
walk is random except for a repulsive energy D(r)
between segments separated by a distance 7.

The infrared divergence of the electron Green’s
function may also be treated as such an interacting walk
problem, where the interaction is the time-dependent
Coulomb potential. Because of the long-range nature of
Coulomb forces it appears to be appropriate, to leading
order, to use as the weighting factor an interaction D,
averaged over free random walks.!* For short-range
interactions it is necessary to use a more self-consistent
averaging scheme, as in the work of Edwards.® Neither
of these approaches appears to yield meaningful results
in application to this Ising problem if it is assumed that
D;; has the same 7;; dependence as the energy-energy
correlations.

VI. CONCLUSIONS

A great deal of our physical intuition about many-
body systems is due to our ability to think of the
fundamental processes in quasiparticle or collective-
mode terms. To the degree that the results presented
here cast the Ising model into this familiar form they
may be of value. It appears to be possible to create a
parallel formalism, and hence a similar interpretation,
of other many-body systems!®:*® for which the appro-
priate quasiparticles may or may not be clear.
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APPENDIX A: {3}’ INTEGRATION

For the sake of actually performing the integrals over
the set {@}’, it is useful to change to sine and cosine

18 A. J. F. Siegert, Physica Suppl. 26, S30 (1960); R. Hirota,
Ph.D. thesis, Northwestern University, Evanston, Ill., 1961
(unpublished).

19 As a nontrivial example, L. Dworin and the author have con-
structed the preliminary formalism for the Anderson magnetic-
impurity model.
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transform variables defined by (assuming the number of
sites in each direction to be odd, to-avoid.modes at the
vertices of the Brillouin zone) ‘

Pp= ’i/\/(Z)DZP”-I-i)Zps:] )

¢ p=i/3/([X,r—iX,]. (A2)

The Jacobian of the transformatjon from the & to the
X is i1, The p label for the X’s runs over half the
Brillouin zone excluding zero. The X contours are from

— o to «.
As an application, consider

i~‘\'+1[n’ <i]~]—> “] /(l{ ¢} exp(z 2.7 €853 5)

2m P

() ] ar s
Xexp{—3% 2" Ep[(ipc)z'l' (72103)2:]} =1. (A3)

APPENDIX B: IDEAL SYSTEM

The noninteracting lattice model is a special case
which is illustrative of some of the analytic features
which enter in the type of formulation introduced in
this paper. It is trivial to handle the ideal case by Eq.
(2.12). If one wishes to make a formulation paralleling
the general case, it is necessary to include a convergence
parameter { in the definition of Q(z). Only let {— 0
after the z integration of Eq. (2.30) (actually, { may be
set to zero after the z contour is distorted). We define Q
by (a more convenient convergence factor than 8° is

employed)

eV = (NV2/5)(8/m)N 12T | (B1)

N
s [@y I+ o et £ o). (52

A @, term may be added to the definition of ¢; and a &,
integration included by means of a é function in integral
representation. Then,

]\71/2

2wy

sm [ @ [ae e

N ;
Xexp(§ 2 @i+ N'"kgo), (B3)

=2
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where ¢; now has a @ term, unlike Eq. (2.30). A change
of variables back to ¢, i=1---N, may be made, in
which form the ¢ integration can be performed:

Nl/‘z o i
J= / dk (/ deoy (34 w)‘”ze’”‘”>
2N —o0 —io

700 N—1
x( / do <z+¢>—“2e<k+w> (B4)

—1io0

N2

2 (27'.1/2)1\/6{2 / k—-1/2(k+§-)(l«N)/28~u\'((+k)zdk‘
0 0
(B5)

The % integration will be performed by the change of
variables ¢g=%4¢ and expansion of (g=¢)~1/2. Inte-
gration by parts yields

N1/2 o PG+)(=¢)
J = (2r1 )Ntz 3 GH (=0
2 -0 T()j!
iN+i—m (— 1) TGN+ j—1)(Nz)+t
X(ﬂ_w o (D TAN+j—D()
= TN v
(—1)IN+i=mD () (NZ) IV +~1 o gma ~
+ : / -*dq) (B6)
rGN+) Nz g™
=1, N even
=3, N odd.

The important point to notice is that the terms of the /
summation represent an entire function. The z inte-
gration of ¢¥?# times these terms yields zero by closing
the contour in the left half-plane. Thus the divergence
for {— 0 is avoided. For the remaining terms, only
7=0 survives.

J(z) has a branch point at z=0, logarithmic for
N even, and half-power for N odd. Distort the z
contour to — «, counterclockwise around zero, to — =,
as in Sec. III H. We find that

eNTO=2N(NB)N*(—2)'2¥=1/T(3N),  (BT)
which yields Z=2%. It is of interest to note that for
this ideal case eMF#t¥T() has a saddle point at

28= ——1/26



