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An algebraic proof of the equivalence theorem, to all orders of perturbation theory, is obtained by applying
the equations of motion repeatedly in a normal-product algorithm. It is shown that, for certain nonlocal
transformations, the equivalence theorem can be maintained by introducing Faddeev-Popov ghosts.

I. GREEN’S FUNCTIONS UNDER A LOCAL
TRANSFORMATION

The equivalence theorem in Lagrangian field
theory is a very useful concept, which was con-
ceived decades ago.' A rigorous proof was given
in Ref. 2 for perturbation theory, and since then
various authors have discussed different aspects
of it.> The proof in Ref. 2 is based on formulating
the quantized theory in the normal-product al-
gorithm, but unfortunately it consists of laborious-
ly examining a delicate conspiracy among graphs,
and it relies on the Haag-Ruelle®* theorem to con-
clude the equality of the scattering matrices. In
this note, we will present a short and elegant
proof that does not depend on a detailed manipula-
tion of graphs, nor on the Haag-Ruelle theorem.
We will also extend the equivalence theorem to a
certain type of nonlocal transformation and will
find that it can only be maintained if we introduce
ghosts into the Lagrangian which are not unlike
those of Faddeev and Popov.®

For simplicity, we will study only the case where
there is one scalar field. Generalization to cover
more particles and to include spin is obvious. Let
the Lagrangian

Lo(9) =38 ,08%0 - 3m2¢ || @ +18,,,(®) (1.1)

be quantized with “hard mass, ”¢ and let its inter-
action term £, ,(¢) be such that the Bogoliubov-
Parasiuk-Hepp-Zimmerman’ (BPHZ) renormal-
ized two-point function has a pole at the physical
mass m. The double bars || in the mass term in-
dicate hard quantization for the mass term. Under
the local transformation

@~ @+F(), (1.2)

where F(¢) is a polynomial in ¢ and its derivatives
and where F(¢) #—¢, £,(¢) becomes

£, (@) =L@ +F(9)), (1.3)
L,(p)=30,08"¢0 - sm¢|| @ +8 ,08"F(p)
+38 F(9)84F(¢) - m*¢ || F(¢)
- 3m?F(9) || F(@) + AL (@ +F(9)), (1.4)
13

where we have assigned oversubtractions (indica-
ted by H in the anisotropic product)® to those terms
that arise from the transformation of the mass
term —3m%¢||¢ in £,.

We will now show that the Green’s functions of
these two Lagrangians are related. For this pur-
pose, let us define, for each p between 0 and 1 in-
clusive, a Lagrangian £, to be

£.(9) =L, (W (9)), (1.5)
where
W, (@) =@+ pF(®). (1.6)

If @ and X are functions of ¢ and its derivatives,
we define

Z —~ 5-5——-——————— 0,070, X, (1.7)

8, ¢
5Q = (<1) ( 9Q

= . v= seed —_—
o X ,,Z,; w1 om tn aaul---au"qJX)’

(1.8)

(= 1)" 9Q
2: PR . 1.9
~ by 33u1...aun(p ( )

Then if @ is a function of X and its derivatives, and
if X is a function of ¢ and its derivatives
u(g)) _8X  5Q
o 6o 68X °

The proof is given in part (1) of Appendix.

The classical equation of motion is of great help
in determining what the quantized version is. For
the Lagrangian £,(¢), the equation of motion is

0L,
o

which because of (1.10) assumes the form

OF\  68,(W,)
+o—) —_—0\"p/ _
<1 P 5<p) A

(1.10)

=0, (1.11)

(1.12)

By the well-known normal-product algorithm? and
with the conventions described in Ref. 9, it can
easily be shown that the quantized version of the
equation of motion is that, for any functions Y(¢),

3247



3248 M. C. BERGERE AND YUK-MING P. LAM 13
®,(p), ®,(9),..., <I>s(<p) of ¢ and its derivatives, and N and M denote the order of perturbation in
. A and in p, respectively. The double bars || on
< [fd4 { (1 p-5—11> }(y)X(x j}> ? the left-hand side of (1.13) indicate an aniso-
o9 Nou tropic normal product, which only takes effect

ix s, for those terms derived from the mass term of

=¢<T[{-6—— }( )1> , (1.13) £O(Wp). On the other hand, we may easily show
¢ Nou the operator relation

where

s £, 5£,(Wp
X(x)=£[{d>i(¢)}(x,), (1.14) , aap w)={6§0¥§’?)

lF}(y), (1.16)

{ SX Y}( )= Z {& Y} (x,) H {®,(0)}x,), (1.15) which means that
@ 59 %
Lo

@l [ a ‘;ﬁ”(y)x(x]> =(t[ [ av {&B 2(1Fe) }@)X(")DN,M' (1.17)

Letting ¥ in the equation of motion (1.13) be F and combining the result with (1.17), we obtain

<Ud4 aoc,(y)X(xD <[fd4 5£ Wp) |(_p%)p}(y)x(x)]>-i‘:M+i<T[{% }(x)Di‘jM, (1.18)

Using the equation of motion (1.13) repeatedly with Y =(—pdF/6¢)F, (-pbF/6@)°F, ..., (-pdF/5@)"F, this

equation is converted into
EF)" } Lo
~p5=) F <y>X(x>]>
(eae) o)),

L om0 o
w5 & (i) el

The above equation is true for all » =0 if the second term of the right-hand side is considered to be zero
for =0. From (1.19) and from the renormalized Schwinger action principle which is easily established

in the normal-product algorithm, we get
SF\" Lo
-0 2E) R )X(x)]>
< pG‘P) } Y N, M-1

RSy
_<T,:{—§%;"g; < p&;> Fl(x)]>1v M_+<T[€—p—-(x)]>j',”_1. (1.20)

r

In Sec. III, we will show that this equation leads ly from (1.21) that

to the invariance of the S matrix. Here we will 80X BX

content ourselves with obtaining a transformation ’a';= ow L+ (1.23)
[

of Green’s functions. Let
Letting ¥ in (1.22b) be

S
x() =T {&,w (o)}x)). (1.21) Z ( GF)
i=1 - F;
. . m=0 Ggo
Then from the identity and combining the result with (1.20), (1.22b), and
z 30 3x (1.23), we obtain
20, 09 X, (1.22a) ’
which is proved in part (2) of the Appendix, we op i
obtain 5L, (W,) BF\" £o
. ] o {50 (o o)
6X OF N, M-1
o Y= (1 pw>y (1.22b)

X §F 4
+ <T[ X ( 6 > }(x)]> , (1.24)
for any function Y(¢). Moreover, it follows direct- 5W N, M=1
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for all n= 0. Letting n> M, each term on the
right-hand side of (1.24) is zero, because its pre-
scribed order in p is exceeded. Hence

ol II {¢,(W,(¢)>}<x,)]>i‘: =0,

Consequently, the matrix elements

<T[,11{¢i(m<¢>)}(xo]>:”

are p independent. Choosing successively p=0
and p=1, we have proved that, for all N and M,

<T[g{¢‘(¢)}(x’):|>io - <TU1 {o(e +F)}(x,)]>::M.

(1.26)

On the right-hand side of (1.26), M now refers to
the number of F vertices (that is, the order of per-
turbation in p at p=1).

(1.25)

II. NONLOCAL TRANSFORMATIONS

Let us now generalize the problem of Sec. I by
constructing the Lagrangian

£, () =Ly (@ +F(9)), (2.1)

where £,(¢) is given in (1.1) and F(¢) is now the
nonlocal object

F(o)}x) = j d*yanr -y G@NY).  (2.2)

In the above equation, Ap(x —y; i) is the free prop-
agator for a particle of mass p and G(¢) is a local
object; then the Feynman graphs generated by the
Lagrangian £,(¢) can still be renormalized by the
BPHZ formalism. The discussion in Sec. I sug-
gests that we may establish the equivalence theo-
rem by introducing, for 0 <p<1, the Lagrangian

£p(¢)=£0(Wp)’ (2.3)
where
W, (@) =@ +pF(¢), (2.4)

and then showing the p independence of the matrix
elements

s Lo
([ T e mcomoe]) .
i=1 NM

This approach is, in fact, incorrect because of
possible Wick contractions in Eq. (1.13) between
¢(y) and the nonlocal object Y(y). The reader
may show that, by applying the techniques of Sec.
I for the Lagrangian (2.3), such contradictions gen-
erate diagrams with loops as shown in Fig. 1, and
that these graphs violate the equivalence between
the Lagrangians £, and £,. We may try to fulfill
the relation (1.26) by introducing a new Lagran-

Xg

FIG. 1. Unwanted loop diagram with five 6G/6¢ ver-
tices. The dashed line represents the propagator
Ap(x —y;H).

gian £/(¢) different from £,(¢ +F). This is in-
spired by the functional analysis of ’t Hooft and
Veltman.'® The new Lagrangian £/(¢) differs from
£,(@ +pF) by the introduction of ghosts fields that
interact with the physical fields. This Lagrangian
is -
6G(¢) c,
o

(2.5)

where ¢ and ¢ are scalar fields which satisfy Fer-
mi statistics and are quantized with the Wick con-
traction

c*(x)e*(0) =i Ap(x; ). (2.6)

The reader may prove that £;(<p) is equivalent to
£o(®) by the same technique as in Sec. I.

We will present here a simpler proof, well
adapted to this special kind of nonlocal transfor-
mation. For this purpose, we will first transform
(2.5) into an equivalent Lagrangian which is man-
ifestly local:

L(9) =L () +d,c8%c - u*¢||c —pT

L (@) =&y(W,) +8 720 “n - u*7||n+7G(p)

3G(<p)c

50 €’ (2.7)

+8,80%c - ¢ ||c - pc
where
W,=¢+pn, 2.8)

and where » and 7 are scalar fields satisfying Bose
statistics. It is a simple task to show that the
Green’s functions of normal products not involving
n or 77 are the same whether for £, (¢) or L (¢).
For any local functions ¥, &;,...,%,0of ¢, n, 7,

¢, and C the equations of motion for ¢, 7%, ¢, and n
are, respectively,
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(ool 2 o)

=i 2 (-1)@r o Y)<T|:<I)1(x1)' : ,-1(xf-x){6

o9
|- a@+ (D) }(y xe])

=1 E (—1)(¢1°°.°i' Y)<T[‘I’1(x1)' b q’i-l(xi-l){%iyf (X,-)‘I’iﬂ(xiﬂ)' * és(xs)]> i s (210)

o S i-o o)

L

}(xi)‘l’m(xm) ‘Ps(xs)]> g ,  (2.9)

N M

b

2D (1)@ pmaner 1)wm<r[q> (x,) é,_l(x,_l){%tY}(xi)fbm(xm)'"és(xs)}>;‘;{ . (2.11)
and
L
T| | dy{(n@+ p2 °
(1] [ avlen@+ s H)+c)y}<y)x<x>}>w
S - Lp
=; ; (=1)¢@1ee-0 Y)<T[:<I>1(x1) cbl_l(xf-l){%Y} ()@, (0,0 " q:s(xs):'>M )’ (2.12)
where
X(x) =&, () ®,5(x,) =+ * B (x), (2.13)
6&/6¢ =(—1)"x ordinary 6&/6¢, (2.14)

n=number of permutations of fermions to bring ¢ out of & to its left, and (&, Y) =number of permutations
of fermions in the transformation

Y -Yd. (2.15)
Letting Y be pc, —¢, and 7 in equations (2.9), (2.10), and (2.11), respectively, and adding them,'* we have

(TAX (x))52y =0, (2.16)
where

: o, 5 5% 5

AX() =3 (1)@ °v°’<I>1(x1)"'éi_l(xi_l)[p-%‘c—ai (- 1)(°:'°’Tin](x,)<1>m( ). (2.17)
Meanwhile

8L, _ 3&(W,) || _ 8G(9)

9, sw, 1I"" 59 © (2.18)
so that

,e 5 z
(7] X(x:|> = (] fa%{® (W" -2 2D b (x)])” (2.19)
6<p N, M

Letting Y be » and # in (2.10) and (2.12), respectlvely, and combining them with (2.19),

(o S e gl e[S Safel)y, ([ faf S - P2 o)

(2.20)

where

->

5
cen ——1i .
ol 2_1 B0, 1( n><I> 3, (2.21)

and similarly for 7. Letting X be (1/p){eG(¢)}(y)X(x) in (2.16) and combining it with (2.20), together with
the Schwinger principle, we obtain
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—%(T[X(xmﬁ:’u = <T[{%'—;17<%§"' %ﬁ)}(x)pz; ( [ f d{eG(o)Hy AX(x):l>N L’ (2.22)

from which we will in Sec. III show the invariance of the scattering matrix.
Let the ®’s be functions of W (¢) and its derivatives. Then

%(T[X(x)])ﬁfﬁ@[{(?iﬂ ; i‘;i) }(x)]> ? +——< [fd {eG (o) ») {( 5); g>c}(x)]>ipM (2.23)

Since 5X/tn =pbX/6W, and 8X/5¢ = 5X/6W, this becomes

—<T[X(x )%e=0, (2.24)

completely analogous to (1.25) for local transformations since the external legs ¢(x)+ pn(x) are equivalent
by (2.12) to the external legs

¢(x)+pfd4y Ap(x—y; p{G(@)Hy)

in a T product which does not contain any external legs #Z. Consequently, the introduction of the Faddeev-
Popov ghosts into the Lagrangian does indeed allow us to maintain the equivalence theorem.

III. INVARIANCE OF THE S MATRIX
A. Local transformation

The relation (1.25) for the two-point function means

(T[{p + pF(9)Hx){0 + pF (D N0y =(T[0(x)9(0)] F32. (3.1)
Let the Lagrangian £, be such that its two-point function has a simple pole at p? =m? with residue 7. Then
the above equation tells us that

- = - £ .

(1% = T + pF( O Y PP + pF (O H=P i | 2o =1, (3.2)
where the tilde denotes the Fourier transform of the fields. Let D(p,p?) be the (one-particle irreducible)
vertex function of F(¢) and ¢ at momentum p for the Lagrangian £,. Then

- -~ £ -~ -

(TLE@N PP 4y =D p, 5 XTIR(D)F (=) 1Y by, - (3.3)
Let E(p, ) be the (one-particle irreducible) vertex function of F(¢) and F(¢) at momentum p for the La-
grangian £,. Then

- ~ £ ~ ~ L

(TF(@)(p)F(p)(=p)] Ywvou=E( PaPZ)N, ut {D*(p, (T [ 9( pe(=p)]) p}N, M (3.4)
The spectral properties of the functions D(p,p?) and E(p,p?) ensure their reality and continuity at p® =m?.
Then (3.2), (3.3), and (3.4), give

(1% = m){[1+pD(p, M) (TLH(D) (=) P}y, u| 2t =1 (3.5)

Let us define Z(p) to be the inverse of [1+pD(p,m?)] in the sense of formal power series in p and in the
coupling constants. Then (3.5) reads

(p*- mz){—z—zlz— <T[<ﬁ(p)¢(—p)]>”°} i =i, (3.6)
p) N, M Pz=m2

which means that the counterterms in £, obtained from these in £, by replacing ¢ by ¢ +pF, guarantee

for any p the presence of a simple pole for the propagator at p>=m?. However, since its residue is not 7

anymore, the definition of the S matrix necessitates the introduction of a wave-function renormalization

constant Z(p). The S-matrix elements for a total number s of incoming and outgoing particles are

S0 = Tt (r TSR

=1 =1 Z(p) ©.7)

M piz=m2

We will now show that Sy ,,(p,,, - ..,p,) is in fact p independent. By differentiating (3.6), with respect to
p, we obtain
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2 . -~
(pz—mz){z—g@ BZa,(,p)<T["’“’)“’(“1’”>gp},,,M_l Pt mz){ ) ap< [<p(1>)';o(-p)]>"p“"}M_1 a2 (3.8)
which, together with (1.20), gives
<p2—m2>{ 76 )aza“’ TGP 3-p)D } L == = YT G pID T | 2 39
N, M=1"p%=m
In (3.9)
B(¢)=Z_ (—p 514:3(:;)) F(e), (3.10)

where n> M. Let V(p,p?) be the (one-particle irreducible) vertex function of B(¢) and ¢ at momentum p
for the Lagrangian £,. Then, similarly to (3.3),

(TB(O) PP =p)) =V (o, HTLH( D) =)D b, - (8.8
Using this and (3.9) we obtain
(1/Zz(p)]ez(p)/3p=~V(p,m?), (3.11)
in the sense of formal power series. Also,
< [Hgo(p D P Z<T F(0) BB (Dra) *+ F DI . (3.12)

Each of the matrix elements on the right-hand side of (3.12) can be decomposed into two parts: a term
W(py,...p) which has no pole at p,>=m?, and another which has one. Thus

(TLE(p) * * H i) BDDF(Dr)  ** F DL ur = Wi Drs - 1D * { (62T [kuy}) }N N

(3.13)
Consequently,
9 S £y
mz)T< Hso(p > - H(p, {V(P, <T[I'[<p(p,-)]> } (3.14)
-1 p Nom!p2em? i1 MM p2em?
Then, from (3.7), (3.11), and (3.14) we have
iSN,M(p,Px’--' ;Ps)=0- (3.15)

ap

Hence the S matrix is invariant under the local transformation (1.2).

B. Nonlocal transformation

The proof of the invariance of the S matrix under nonlocal transformations follows closely from that un-
der local transformations. The relation (2.24) for the two-point function is

(Tl{o+ pn}){e + on}y) D32 4= Tlo@e(9D3e, (3.16)
and consequently from the normalization used in L, (or in £,)
(0% = m* TG+ paH pH{@ + PR =PIV i | 2 =+ (3.17)

Let D(p,p®) denote the one- ¢-particle irreducible vertex function of #» and ¢ at momentum p for the La-
grangian L,, and let E(p, p?) denote the one- @-particle irreducible vertex function of » and » at momentum
p for the Lagrangian L, Then the relations (3.5) and (3.6) and the definition (3.7) of the S matrix (between
physical states) are still valid (with £, replaced by L) if, again,

Z(p)=[1+pD(p, m*)]* (3.18)
in the sense of a formal power series. Now from (2.22), the analog of (3.9) is
z m2 3Z(p) _ —i(H2 _ 2 4 [ - ~ L;)
(3.19)

N,M-1
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Then let us denote by V(p,p?) the one- ¢-particle irreducible vertex function for fd"z{EG}(z),é(p), @(—p)

in the Lagrangain L,

L

<T[ f d“z{EG}(z)a(pW(—p)DN”M ={V(p, " KT[P(P)P(=D) Y 0}y, yes - (3.20)
Consequently
(1/Z(p)]oz(p)/0p=iV(p,m?), (3.21)

in the sense of a formal power series. On the other hand,

Ly

7:5<THI ‘p"’f)DN,M:i ?‘_, (T[ [ at2leck @5+ @5, )E(p)P(D1a) -«z(ps)]}

Then the argument follows from what was done in
the local case with the normal product B(p,) re-
placed by the two-legged object [d*z{zG}(2)&(p,).
The result is again the independence of the S ma-
trix on p (3.15).

Hence £y(¢) [that is, Ly(¢)] and £!(¢) [that is,
L,(p)] have the same S matrices between physical
states.

IV. CONCLUSION

An algebraic proof of the equivalence theorem in
all orders of perturbation, for local transforma-
tions, in the normal-product algorithm, has been
developed in Sec. I and Sec. III A.

This elegant proof does not require a tedious
manipulation of Feynman diagrams, since the
equations of motion and the Schwinger principle
have already extracted the relevant properties
from them. The invariance of the S matrix under
the transformation is also obtained rigorously in
all orders of perturbation without recourse to the
Haag-Ruelle construction,* as opposed to Refs. 2
and 3. Although this proof applies to a polynomial
transformation of the fields, it can be easily ex-
tended to cover transformations that are power
series in the fields ¢ at ¢=0.

This proof breaks down for the nonlocal trans-
formations. The nonlocal transformations gener-
ate a set of unwanted diagrams reminiscent of
those described by ’t Hooft in gauge field theory and
which were canceled there, by the contribution
from Faddeev-Popov ghosts.®

Incorporating a ghost part into the transformed
Lagrangian to cancel these unwanted diagrams, we
then restore the equivalence between the Green’s
functions of the original Lagrangian and those of
the resulting Lagrangian, and also the equality of
their S-matrix elements between physical states.

An extension of these nonlocal transformation

Lp

(3.22)

N, M-1

—

to a vector field will be an important tool for
studying gauge invariance.
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APPENDIX

(1) Proof of Eq. (1.10). The content of (1.10)
can be stated as follows: Given a function ¢ of
X and its space-time derivatives, and a function
X of ¢ and its space-time derivatives, then

2Q[X(e)] _ 8% 5@ a1
(1) op 08X’

where the notations (6/6¢)* and (6/6¢) are de-

fined in (1.8) and (1.9), respectively. In this

proof we shall use Einstein’s notation X, ...,

to stand for aX(x)/ax“1 *++9x, , and dummy in-

dices are always summed over from 0 to 3. From

the identity

X1 80X
X = el o (A2)
B &= bl a(P,al'"ak (p.a.l ARl
we get
X,
0Py eeovy
_ Z“’:L< 9 8X 0
=3 R \og ayeer o, 9P vy e "».) Loyt apn
0X
+2 oy 5 - . (A3)
= Puoevedierovy

The second sum on the right-hand side of (A3)

is zero for m=0; V; means that this index is
omitted. Introducing another function Y and using
(A3), we have
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8X 5Q N 1 9Q .y
= PP ’
(Ya‘P,vl >.u1 Vm 0P vyeeevm "Eon' 0K v eeup 0P yyevev,
(A5)
= <y{ (2. ) and using the definition (1.9) we get
C R B S, .
Z = 1)"'{ 3Q aXzﬂl"'“n}
+m<Y = > . am nlml Byttt Hp ag0'”1“'”17: Wyttt Um
09 .y eeevpy/ i vpgn (A6)
(A4) By a simple application of (A4) with Y replaced
by 8Q/8X , ...y, Xby X , ..., , and u by
Given the function @ [ X(¢)], we can write iy, (AB) becomes
J
%Q _ i (—1)"‘{{ 8Q (ax,uz...“"> }
¢ o niml aX'“l' tt kEn a(pv"x""’m sy ) vttt Uy
+m{ 2Q 0X yp e« ey } ] A7)
OX ey 0Py ey, Wittt Uiy

After application of the 1, derivative in the second bracket [ ] of (A7), and after simplification of the first
bracket [ ], we obtain

i (=1)m+ {( 9Q ) X ,1pe e up ‘ (A8)
6<p ot nlml 2 Y AT L Z A AP

In (A8), we may substitute (A4) again with Y replaced by (aQ/aX“11 e, )-W X by X‘“3 cvep,s and by g,
In the result of the above, we may again apply (A4) repeatedly with 1 replaced by p,, pg, ..., 1L,; we finally
obtain

g wo

b
WS, niml aX,,ll... i/ uy ey, 0P yyeeevy, Wy,

which by (1.8) and (1.9) proves (Al).
(2) Proof of Eq. (1.22a). Multiplying (A3) by the function Y and using (A2), we obtain

X X .
0% Y:( ) Y +3 c;*( 0X )Y. (A10)
ago,,,l...,,m L b=t Oy eeeiyeneuy,
From the definition (1.7),
5@ =1 8Q DX,y +-eu
— Y= — -L LY. (A11)
o¢ ; nl 89X |\ ...y op
Choosing in (A10) Y, X, and u to be Y,,,l. R X'“2 cee g and {,, this can be rewritten as
E L3 o cee BX uee-
_Qyzz L_,EQ_{ %(2)_(_#2__._%_) Yoy, + Xdatiny U (A12)
5(p =0 n! 8X,“1 up (%50 mi 6qo'y1...vm iy 1 m 6(p
that is
) = 1 0Q {EX;: conp
— Y= — -2 LYy, Al13
(017 ;n! aX-“l“"‘n (017 ( )
By reiteration of the above procedure choosing u successively to be p,, ..., L,, we obtain
5 5Q &
°Q Y = 0@ °X Y. (A14)
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