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Abstract. We apply the general framework of the continuous renormalization
group, whose significance for perturbative quantum field theories was recognized
by Polchinski, to investigate by new and mathematically simple methods the
perturbative renormalization of composite operators. In this paper we demonstrate
the perturbative renormalizability of the Green functions of the Euclidean massive
@4 theory with one insertion of a (possibly oversubtracted, in the BPHZ language)
composite operator. Moreover we show that our method admits an easy proof of
the Zimmermann identities and of the Lowenstein rule.

1. Introduction

In the framework of the BPHZ renormalization theory the first systematic defini-
tion and study of renormalized composite operators has been performed by
Zimmermann [1, 2, 3]. He introduced a special set of composite operators which
can be interpreted as generalized Wick normal products and which ever since have
been called Zimmermann normal products [1, 2]. One of the remarkable features
of these Zimmermann normal products is that they are a convenient tool to prove
the validity of Wilson’s short distance expansion in renormalized perturbation
theory [1, 3]. Moreover, Zimmermann showed [1, 2] that these normal products
obey a set of linear relations, the Zimmermann identities, which turned out to be
especially well suited for analyzing some of the main structural properties of
perturbative Green functions; the importance of the Zimmermann identities can
hardly be overemphasized. For instance, Lowenstein and his collaborators (mostly)
have employed Zimmermann’s normal product techniques and identities in con-
junction with Lowenstein’s rule [4] (another identity which is obeyed by the
Zimmermann normal products) to construct renormalized symmetry generators
(e.g. an energy momentum tensor for @4 [4]), to search for broken symmetries (e.g.
asymptotic scale invariance in ®% [4,5,6] and in the 2-d massive Thirring
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model [7], or asymptotic restoration of internal symmetries [4, 5]) and to investi-
gate gauge invariance and (anomalous) Ward identities [7, 8] (e.g. also the axial
vector current anomaly in QED [9]). Furthermore, similar methods lead, via the
renormalized action principle [5], to a particularly elegant proof of the Callan—
Symanzik and the renormalization group equations [S]. A review as well as many
more references on this subject can be found in [9, 10].

In recent years renormalization group ideas from statistical mechanics have
started to influence (and in particular suggested the use of new methods in)
perturbative quantum field theory. A discretized form of the renormalization group
has been adapted to prove the perturbative renormalizability and local Borel
summability of non-gauge theories [11] as well as of QED [12-14]. However, the
renormalization of composite operators has not been carried out in this formalism.

On the other hand, also a continuous version of the renormalization group has
been utilized to study problems in perturbative quantum field theory. Namely,
elaborating on Polchinski’s seminal work [15] we have been able to cast his
continuous renormalization group or, equivalently, differential flow equation
method in such a shape that a rigorous and simple proof of the perturbative
renormalizability of the Euclidean massive @4 [16] as well as an extension to the
Euclidean QED with a massive photon [17] has become possible. In our opinion
our method exhibits only a very low degree of mathematical complexity (in
particular it works without any reference to more or less involved combinatorics
like Zimmermann forests or Gallavotti-Nicolo trees) but nevertheless the proofs
are quite short; so we believe that it is probably preferable to BPHZ and, if one
does not care about the large order bounds, also to the GN method [11, 12].1

In this paper we continue our work on the applications of the continuous
renormalization group method. We demonstrate that it can be used to control in
a rather simple way also the perturbative renormalization of composite operators.
One of the niceties of our approach is that an unexpectedly uncomplicated and
transparent proof of the Zimmermann identities and of the Lowenstein rule
emerges. In a subsequent publication [19] we will apply our method to investigate
Wilson’s short distance expansion.

The basic definitions and notations of our method are not standard knowledge,
and the situation studied in this paper is much more general than the one in [16].
So we begin, in Sect. 2, with a detailed definition and analysis of some properties of
the various quantities which later on are seen to enter the differential flow equation
obeyed by the connected amputated Green functions (with none or one insertion of
a composite operator) of the Euclidean massive @%; some overlap with [16] is
unavoidable, but note that in contrast to [16] we do not insist on the symmetry
¢ — — ¢. We derive the above mentioned differential flow equation and discuss
the renormalization conditions which are imposed on the connected amputated
Green functions (with or without one insertion).

In Sect. 3 we prove that for any renormalization conditions the Green functions
of the (possibly non Z,-symmetric) Euclidean massive @3, with none or one
insertion of a composite operator, are perturbatively renormalizable.

! For reasons of completeness let us also mention ref. [18] where a hybridization of the discrete
and of the continuous renormalization group methods is employed to prove the perturbative
renormalizability of the Euclidean massive ®F. The techniques used are still more complicated
than ours, and it seems as if they are also not sufficient to yield the wanted large order bounds.
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Section 4 is devoted to the study of Zimmermann’s normal products. Using the
fact that the differential flow equation for the Green functions with one insertion is
linear we readily realize that very general linear combinations of Green functions
with one insertion of arbitrary composite operators also obey the same (linear)
differential flow equation. It is trivial to check that a solution of this linear
differential flow equation vanishes if the boundary conditions are zero. Now, the
nontrivial boundary conditions on the Green functions with one insertion are
determined by the renormalization conditions. Combining this we arrive without
too much effort at our main conclusion (Theorem 8) that for quite general
renormalization conditions on the Green functions with one insertion there exist
linear relations among composite operators of equal or unequal dimensions. This
result might be called a generalized Zimmermann identity. In particular, it holds
true if we impose those renormalization conditions which define Zimmermann’s
normal products, N P[- - -], where the index “p” is not at all standard but is useful
for our purposes. Now, the N”[- - -] are defined by renormalization conditions
which in principle look natural but which are imposed on the proper functions
containing one insertion of the corresponding composite operator (thus our index
“p”). This is natural for BPHZ but not for us, because all we ever need to “see” in
our approach are the connected Green functions, i.e. we do not have to care about
the substructure of the connected Feynman diagrams. So for us it is more natural
to define the new Zimmermann normal products N¢[- - -], defined by the same
natural renormalization conditions but imposed on the connected amputated
Green functions with one insertion. Theorem 8 applies to the N[- - -] as well, and
it is easy to compute the coefficients in the Zimmermann identities obeyed by the
N[ - -]. Moreover Theorem 8 can be used to show that N[+ - -] may be written as
a (in general nontrivial) linear combination of the standard normal products
NP[---]. We then apply the same simple scheme (i.e. f solves the linear differential
flow equation + fhas zero boundary conditions = f = 0) once more to prove the
Lowenstein rule and the O(4) covariant transformation property for the N[- - -].
As far as we can see the normal products N[+ - -], which from our point of view are
more natural, are just as well suited for applications as Zimmermann’s original
N2[-- ]

2. Flow Equations for Green Functions

2.1. Let Ay, 0 < Ay < 00, be a momentum space cutoff and A€[0, 4,] a scale
parameter. We take m? > 0 and define, for x, ye R*, the regularized free Euclidean
propagator, C4°, by

4 p ip(x—y)
(2n)* p* + m?
Here R(A, p) is a momentum space regularizing function which is chosen to have
the form

Cho(x )= (R(A, p) — R(4, p)) . @.1)

R(A,p)i=(1 — e~ Wm"y. K <f1—22> , 2.2)

where 6 is an arbitrary but fixed real number obeying 0 = 0,.;,, Omin = 4 to be
specified later on, and where Ke C*[0,o0) satisfies 0 < K <1, K(a) =1 for
0<asl,K(@=0for4=<a
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In fact it is irrelevant for our purposes which 6 is chosen, as long as 6 = 0,
because we prove in the Appendix that in the limit 4, — oo the renormalized Green
functions regularized with 6 coincide with those regularized with 6',if 0, 0" = 0,;,,.
Note that R(0, p) = 0, so R(A, p)e C®(IR*) for all A&[0, o), and 0 has the effect
that R(4, p)e CYV([0, o) x R*); obviously R(4, p)e C*((0, o) x R*). Similar
smoothness properties hold for Cﬁ"(x, y); moreover C ﬁ"(x, y) = (Cﬁ"(x, * =
C4°(y, x) = C4°(x — y). Observe that, roughly speaking, C/{° is obtained by integ-
rating out all the momenta p with |p|e[4, A4,].

Assume that ¢ € #(IR*) and introduce the notation d,(x):= 6/0¢(x), {f1,f2)
= [ d*xf1(x) f2(x). We define the functional Laplace operator, 4(A4, A,), by the
formula

1
A(4, A0)=5 <0, C1od,> . (2.3)

2.2. We introduce formal variables g4, g, and 4, an intermediate volume cutoff V,
i.e. a finite volume ¥ < IR*, and a source function y, y € & (IR*). Then the effective
Lagrangian at scale A, L4V is defined as follows.

a) We demand that L% is a formal power series (fps) in g1, g, and A, thus
LAV S gAY (2.4)

[rlz0,620
where r = (ry,r,), r1, 1, €Ng, g" = gi'g2, [r| =1y + 15,
b) For A = A, we require that
Lo A0V = [V _ J. f d*x y(x)* Bp(x) , (2.5)
14

where 1407 represents the bare interaction for the possibly Z,-nonsymmetric but
Euclidean invariant @ theory:

l/lo; Vv _ Z gr ero; 14

Ir|20
0, [r[=0
AoV =
[d*x[aP¢(x) + aP*(x) + aPd O ¢ + aP¢> + aP¢*], |r|21.
Vv

(2.6)

The coefficients al), 1 < j < 5, will become uniquely determined functions of A,
m?, R, r and of the renormalization conditions (on the & Green functions without
operator insertions) once the latter are specified. For instance, if we wish to
interpret g, g, as the “coupling constants” of the ¢* and ¢* interaction vertices,
respectively, we will impose renormalization conditions such that at least
1 1

ar o) = 3 a1y = v a6 1) = a(1 ) = 0.

Next, the second term on the r.h.s. of (2.5) is meant to generate insertions of the
local polynomial By(x), the index D indicating that B, is of dimension < D in the
field ¢ and its derivatives. Thus we impose that D = 1 and that

Bp(x):=bo + Y, Y ) by, (w) 0 P(x) . .. 0" P(x) , 2.7

n=1 {w}:wl+n=
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where {w}:={wy,...,w,}, [wl:=>i_;|wi, and for je{l,...,n} we have
Wi= (Wit s Wia) [Wili=Y ey Wi wj €Ny for 1 <pu<4, and finally
oY= 1'[2=1 0"n#/(0x,)"#; and bo, by, () are fps in gy, g, i.e.

b0= Z grbr;Oa bn,{w}= Z grbr;n,{w}~ (28)
[rlz0 [r|20

Here the coefficients b, and by, () will be seen to be uniquely determined
functions of Ao, m2 R, 1, {a\’’} and of the renormalization conditions (on the
Green functions W1th one insertion of Bj,) once these latter are specified. In general
Bp(x) will not be Euclidean invariant.

¢) For A€[0, Ao] we define the fps S* 4o ¥ by the flow equation

_ QA AV _ g Ao A0V
ST = pd Ao) g — L ) (2.9)

Expanding both sides of (2.9) as fps we first note that (2.9) does not fix uniquely the
coeflicient S((l) 5s because the only condition which it has to respect is

e~ S6a = 1, However, since (2 9) tells us that for |r| + ¢t =1 the coefficients
S/1 40V are 1ndependent of S(O /(1,, o (so in particular they are unaffected by the

choice of definition for S(o 0.0 ) and because in the end we will only be interested in
{SA AV |r| + ¢t = 1} we choose now for convenience

S5 =0. (2.10)

Second, the coefficients S/, |r| + t = 1, can by induction be seen to be poly-
nomials in ¢ and y which are uniquely determined; they are finite for all A [0, Ao ]
and V' < co. Moreover they are endowed with all the smoothness properties which
are naively expected to hold, e.g. w.r.t. A4 they belong to C® 1[0, A,] and
C>(0, Ao]. Due to (2.10) the SV, |r| 4 t = 0, are polynomials in ¢ and y and so
we may define I 4V to be the fps which comprises precisely the field independent
parts of S* 0V (where both ¢ and y are called fields). Using (2.9), (2.10) we observe
that §440; V' _ [4 40: ¥ exhibits the same smoothness properties as S 1o V. Because
(2.9), (2.10) also imply that §4e>4e: ¥ = [ Ao. 40V apd since LA 40 ¥ contains no field
independent contributions (cf. (2.5), (2.6)) we see that Io-49:V = 0; in other words
LA0 406V — g0, A0V _ 4o, 403V Therefore it makes sense to define, for A€ [0, A,),

LAY .= g4 A0V _ (A AV (2.11)

2.3. The effective Lagrangian L% 4oV is the generating functional for the connec-
ted Green functions (at perturbative order |r| + ¢ = 1), and this fact can be proven
as follows.

Proposition 1. (At least) for ¢, x, J € ¥ (R*) we find that

oAU o) o — L1457 — V2 CRTY g = L1 (00,2 /2K, CR0T> (21))

(¢, x)l y

¢=CpJ
Proof. The proof is a combinatoric exercise which perhaps is best carried out by
expanding (2.12) in powers of L4 4" and by verifying that (2.12) holds at each
power in L4407 separately. For the purpose of proving (2.12) it is sufficient to
assume that L' 4o ¥ is a monomial in ¢ (and y); so the proof of (2.12) is reduced to

proving that (2.12) is true if we replace e ~ =" by a monomial in ¢ (and ) which
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is not dlfﬁcult if we use induction in the degree of this monomial and remember
that C A"(x y) = c4 1°(y, x). More details can be found in ref. [16], Lemma 2. W

The generating functional, Z44Y(J, ), of the unamputated and un-
normalised Green functlons of the Euclidean quantum field theory built from the
free propagator C4° and from the interaction vertices L4040V is given by

Z8 U, 1) = [ dpylg)e = E 00+ o
A

= o L6, 7) 124, Cﬁﬂl) (2.13)

where du Clo is the Gaussian measure with mean zero and covariance C3° 4°. Combin-
ing (2.13), (2 12) and (2.9), (2.11) we see that (modulo an irrelevant 2niZ)

) 1 )
log Z4 454/ (J, ) = 5 <J. €T = LAM3 V(g ) = 1MWV | o (214)

Since <J, C4°J ) is 0™ order in g, A and I> 40V contains no fields we arrive at the

Proposition 2. L4V (¢, y) is the generating functional of the order |r| +t = 1
perturbative connected amputated Green functions of the Euclidean quantum ﬁeld
theory defined by the propagator C}° and the vertices LoV,

In retrospect this result shows that the definition (2.10) has also been sensible
(apart from being convenient), because due to (2.10) the 0' order contribution to

. . . . 1
L4495V vanishes implying that —§<J, ChoJ> alone generates the 0™ order

connected Green functions, as it should be.
As a Corollary to Proposition 2 we observe that for all Ae€[0, A,] the limit

LA%= lim LAV (2.15)
V1R*

exists, because L% 40" is a sum over connected Feynman diagrams each of wh1ch
possesses at least one external field (¢ or ) and because the propagator C/° has
fast decay in x-space.

Set 0,4:= 0/0A. With this notation the definitions (2.9), (2.10) and (2.3) imply
that, for A€[0, Ao], S* 4" obeys the functional differential equation

. 1 . .
048™ 1Y = (04 4(4, A)) 8% — 3 (38t 107, (4CA)84 St V) .
Due to (2.11) we obtain the differential flow equation for L4 “e:

1
0Lt = (04 A(A, Ao)) L™ |elg-dep. — 2 (8 LM%, (04 CA°)35 L0 Ihetd-dep. -
(2.16)

2.4. We expand L% " as a fps in g;, g, and A
Lhh= Y gL, (2.17)

rz0,620
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From Proposition 2 we know that L' and L/"° have the following momentum

space representation and interpretation:

t=0: LMo =25 [d*x¢(x)

0 n—1 d4 R
Z jl—l 4¢(p1) d)(pn).glilb?l?(pla'*‘9pn—1),
=2 " j=1 (2m)
h (2.18)
where
a) pn Z} 1 pJ,
b) we - may assume without loss of generality that, for n = 2, 3, 0 ,,( Pis-«vsDn-1)
_grOn(pn(l)a-"apn(n 1)) VﬂTES,,,

c) the sum over nin (2.18) actually extends only over finitely many n because, as we
noted earlier, L/, is a polynomial in ¢ and y; in particular, since just the
connected <P4-d1agrams contribute to %, OA,, we easily see that

L= 0, ifn>2/r+2; (2.19)

) for |r| =1 3{10—,,0 4o is the connected amputated n-point Green function of the
&% theory, with no 1nsert10ns of Bp, at perturbative order r and with UV-cutoff A,;
for |r| 0 we have ,SP,O 0 =0
e) Ll e CO ([0, Ag] x R4~ D), @hidec C=((0, Ag] x R*®~ D) and is invari-
ant under the orthogonal group; this latter property implies that for all A

O LR P s Pam)lpy == =0 =0, if[wl=1,  (220)
where w is the multiindex w = (wy,. .., W,—1), 0y =0, ... 0,1, and for n =2
e.g. we have the proportionality

A, Ao
Op, Op, L1 0:2 (D) p=0~ Oy - 221
t=1. LA = ,Spf’lflg'jd‘*xx(x)
- d4Pj n N L L oo Ay
+ 2 T 1T 5250P) - d(P)  2(Pas 1) LR (P1s - 5 Pa) s
20 en)

(2.22)

where remarks similar to a)-d) before apply to ff‘lfl,? In particular ,?, 1 9 1s the

connected amputated n-point Green function of the @§ theory with 1 insertion of
Bp(x) at x = 0, at perturbative order r, |r| = 0, and with UV-cutoff A4,. In general
,S”,A IA,‘; will not be invariant under the orthogonal group.

We insert the expansions (2.18), (2.22) into (2.16), and after some easy calcu-
lations we arrive at the differential flow equations for { %} ,A,, 1t=0,1}:

A, A n+2\.d*q 04R(4,q)
aAgr,t;n(pl,”wpn-H-—l): _< 2 >\[(2n)4m

.g'{al’t;/ilo“"z((b_q’pla"'7pn+t—1)
3,R(A,0)
+ Z ( n+ 1) A—m— 3:-',0;01

r+r=r

A, 4
L en+10,P1, o Puti—1)
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0,R(A,
+ Z* n/n//zt—l.[ AZ( QZ)
r4r=r Q +m
n+n"=n+2
AAO

l On(pla"'apn’—l)
Lo~ Qpn,...,pn+,_1>] , (223
symm

where z* indicates that the sum extends over n* > 2,if t = 0, and over n’ = 2,
n” 2 1, if t = 1; moreover Q= — Z = A pj,and [-- ]symm means symmetrization
w.r.t. the momenta py,...,p, Although it may seem at first sight that the
differential equation (2.23) holds only for those ,Sf’r 1 ,, *withn +t—12=1,itin fact
remains valid if n + ¢t — 1 = 0; obviously in this latter case the second sum on the
r.h.s. of (2.23) is absent.

2.5. On the space of sufficiently regular functions f: R*" — € we introduce a set of
norms, || |45, Where a, be R ;. For instance we define that for ze N,

1@ f1) /2l vy = max (@5 f) ) (P15 - pa)l - (224)

Pise - Puilpjl Smax{a, b}, 1 Sj<n
wilwl =z

Next, we choose for technical reasons a scale, A;, which is supposed to obey
0 < A, < 4y and to be independent of Ay; A, is fixed once and for all. For
example, this can be accomplished by requiring (without loss of generality) that
AO AO min = 0 and that /11 = 2/10 min- Put

f(p)=@*+m**, p=0. (2.25)
Using (2.2) and (2.24), (2.25) it is not difficult to check that

cAITE 0 A< 4,

1@*04R(A ) Sy ot S { L genen 220

where c, ¢’ do not depend on A, but of course ¢, ¢’ depend on z, R, m?, Ay, p.

Acting with 0, on the differential flow equation (2.23) and estimating it with the
help of (2.26) we find that for t =0,1 and 5 = 0, » arbitrary, and A€[0, 4,],
z<0—1:

A, A A, A
”a/lazgr, t; n0 ”(2/1, n) é const - {“ azgr, t; n0+ 2 ”(2/1, n)

+ Y 1LES ean 107LE S o

P =r

+ Z* ”az r 0 n “(ZA n° ”62 l tn ” (24, r/)}

0sA=s4,, z20-1) (2.27)

where “const” stands for some number which depends nelther on A nor AO nor
on n. Of course ||0*.Z;, 0 1||(a p =0, for z=1, and | 3’, 01 lan = I,%’,,O ?], and
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similarly for f,{} ’I;A(‘)’ . On the other hand, for A€[A4,, Ao] and z = 0 we employ
(2.26) and the bound |0,R(A,0)| £ c*A~3 to obtain, for t =0, 1 and arbitrary
nz0:

A, A
” aAaz>gr,t;n0 ||(2A,r() é const* { ”az r, t n+2” 24, 1)

A, 4
+ Z A~ 3 ”gl 001”2Ar/ “az r tn+l”2Aq
r+rt=r

-— -z ! A’A
. Z* AT LR e

-nﬁ”zﬁx%wamm}. (2.28)

(A SAL Ay, 220)

2.6. In this and the next subsection we will investigate in some detail the boundary
conditions (bc) Wthh the flow of eﬂ"ectlve Lagranglans obeys, i.e. we will take
a closer look at 3’, f ,,A ° and f, f ,, 4 The ensuing results together with (2.27),
(2.28) will turn out to be the main tools to prove perturbative renormalizability. As
a start let us concentrate on the t = 0 sector (the ¢t = 1 sector will be treated in the
following subsection).

The general structure of the Green functions, f, 0 2, of the @4 theory (without
insertions of Bp) has been fixed by the Euclldean invariant bare 1nteract10n
vertices, [17, and the Euclidean free propagator, C4°. In particular L g0 = o,
thus by (2.6)

A=A, AL =0, ifnt|w=5. (2.29)

From (2.18) and (2.20) we know that among the 6;,”3,{'0?,,0’ A°(0), n+|w| <4, at

most the terms with (n, [w|) = (1, 0), (2, 0), (2, 2), (3, 0), (4, 0) are nonzero; further-
more (2.21) exhibits the tensorial structure of the (2, 2) term. By comparison with
(2.6) we conclude that we can always inductively adjust the bare parameters a'd,
1 <j =5, such that the not a priori vanishing relevant and marginal d; %, 0 ,,(0)
obey the following general renormalization conditions (i.e. bc at A4 = 0), for |r| =1

A=0:  a) Z)§8=aR,
b) Z7530) = aPX, 8,0, Lr50) = — 8,2 a®k,
¢) L1530 = a®x,
d) 22%(0) = a™k . (2.30)

Here the a//'®, 1 <j < 5,|r| = 1, are taken to be finite and (w.l.g.) 4,-independent,
but otherwise they are arbitrary. It is not difficult to see, by induction in |r|, that
once we require (2.30) to hold the bare parameters a'/) = al/)(aP®, A,,...) are
finite and well-defined, for A, < co. Let us point out, finally, that the renormal-
ization conditions (2.30) have been chosen at zero momentum for reasons of
simplicity only; indeed arbitrary nonzero external momenta could have been taken
as well [16].
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For example, the standard BPHZ-type renormalization conditions to
define a Z,-nonsymmetric @4 theory where g;,g, can be interpreted as the
“coupling constants” of the ¢> and ¢* vertices, respective]y, amount to set

1 .
alMR = g@DR — gOR = gHR - 3 =8, 1.0 AR 5, ©.1)- Obviously, renor-

malization conditions which define a Z,-symmetric theory could be imposed as
well.

Summarizing we have shown that the bc (2.30) serve the following two pur-
poses. First, for Ay < oo they lead to uniquely and well-defined bare parameters
and thus Green functions of the @& theory, and furthermore they guarantee that for
lrl 21

aw L5 > M (0) = finite and Ag-independent , if n + |w| <4.  (2.31)

2.7. We turn our attention now to the ¢t = 1 sector. Similarly as before the general
structure of the ®§ Green functions with one insertion of Bp(x = 0), ,?,f ’I;A,?, is
prescribed by the vertices (2.5), (2.6) and (2.7) and by the covariance Cﬁ". Once the
renormalization conditions (2.30) are imposed the a{/) are known, but as yet the
bare parameters b. o, by. », (w) are undetermined. Nevertheless we infer from (2.7) and

(2.22) that
A=Ay gl =0, ifn+|w=D+1. (2.32)

In order to motivate the structure of the bc at 4 = 0, i.e. of the renormalization
conditions on the Green functions with one insertion of Bp(x = 0), we have to
digress a bit. We begin by noting that the permutation symmetry

gf'l?r?(l’u- c D) = gr/,l’l;/lr?(l’nu), <+ s Paw) >, VTWES,,
implies that for all A

0y L0 = 3 L), i {wh = (W}, (233)
where we have used w = (wy, . . ., w,,) = {w}:= {wy,..., w,}. Formulae (2.5)-(2.8)
and (2.22) show that #;'¢:¢° = — b,.( and that for n > 1

L =~ Y by n, gwy  LGP1)™ - o (iP0)™ Joymm - (2.34)

{wy:n+|wl =D
Obviously
6;},[(1.171)“)1 cee (ipn)wn]symm |p1=-~-=pn=0 ~ 5{W}, W}
so we may define the nonzero number .4,, by

a:l[(ipl)m cee (ipn)wn]symm lpl = =p,=0 = 5{w}, {w}* ‘/V{w} . (2.35)
With this notation we find for n > 1
KL = = by gy Nwy» fn+|w <D (2.36)

And now (2.33), (2.36) tell us that it is consistent to impose the general renormaliz-
ation conditions, for |r| = 0,
A=0: a) Zr{s=—bk
b) 0y Lrii50) = — by ) Nwy» ifn+|w <D and nx1.
(2.37)
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As in the sector ¢ = 0 the renormalization constants bX, and bX,, (w} are supposed
to be finite and A,-independent. It is not difficult to check that together with the
a{’® they determine uniquely the bare parameters b, and by, ,, 1,y and that these
are finite, for A4, < c0. Again zero external momentum (to fix the renormalization
condition) has been chosen for convenience only. Notice, finally, that we do not
require the renormalization condition (2.37) to exhibit a Euclidean invariant
structure.

The most common renormalization conditions (2.37) are probably those which
lead to Zimmermann’s normal products [1, 2]; we postpone their discussion to
Sect. 4.

3. Perturbative Renormalizability

In Sect. 2 we have collected nearly enough information to prove perturbative
renormalizability; the missing piece is the definition

Omin =1+ max{3,D}, (3.1)

which ensures that 8 75/ C([0, Ag] x R*®**=1) for all w with 0 < |w| <
max {3, D}; in fact continuity holds at least for all w with 0 < |w| <6 — 1.2

Choose an arbitrary 4, 0 < # < oo, but keep # fixed in what follows. # is meant
to indicate the range of the momenta p;, p,, . . . within which the convergence, as
Ao — 00, of ,?’g’f,,"(pl, P2, . . .) will be proved.

Theorem 3 (Boundedness). For the general renormalization conditions (2.30) and
(2.37), for any fixed n, 0 <y < o0, and for all z with 0 <z < 0 — 1 we find that the
&% Green functions obey the bounds

const , 044,
102 2755 lean < A (32
A4_n_Z.Plog<_>> A1§A§AO3
Ay
and that the ®% Green functions with one insertion of Bp(0) are bounded as
const , 044,
1072 o, < (33)

AD"”'Z'Plog<i> , A4 AL A,
A4
Here “const” stands for some finite number which depends neither on A nor on Ay, but
which in general will depend on n, Ay, r,t,n, z,...; Plog(A/Ay) is some polynomial
in log(A/Ay) with coefficients which again depend neither on A nor on A, but which
may depend on n, A, r,t,.. ..

Proof. (I) t =0. The proof of (3.2) can, in principle, be found in ref. [16]; for the
sake of completeness, however, we will reproduce it here. Equation (3.2) will be
proved by induction, the induction scheme being the one which has been invented
in ref. [15].

2 For the purpose of analyzing the t = 0 sector only, the definition 0,,;,:= 4 would have been
sufficient.
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The induction hypothesis is that (3.2) holds for {(r, n, z): ((|r] < a) A (neN)) v
((Ir] =a) A (n> b)), 0 <z <60 — 1}. The induction step consists in proving (3.2)
for {(r,n,z):(|r| = a) A (n = b), 0<z<0—1}

Obv1ously the induction hypothesis is fulfilled for a =1, b =4 (because
3(0 61) o.n = 0 and because of (2.19)), so we may start the induction procedure at
(a, b) = (1, 4). Moreover, once we have arrived at and dealt with (a, b) = (a, 1)
the induction hypothesis becomes automatically obeyed by (a’,b'):=
(@ + 1,2(a + 1) + 2), again because of (2.19). We conclude that with this induction
scheme we reach all nontrivial (g, b).

Let us carry out the induction step for the pair (a, b); i.e. we wish to check (3.2)
for {(r,n,z):((Ir|=a) A(n="0),0=z=6—1}.

Choose and fix r with |r| = a. We ﬁrst show (3.2) for those z with b + z > 5. If
b =1 then z = 4; but since 0,7, OAi’ = 0 (3.2) obviously holds. So assume that
b=2; andnotethatforb22{z 0<z<6-— 1} n{z: b+ z =5} o {3}, because
of (3.1). Use (2.29) to write

z oA A 20 oA Ao, A
”a gr,O;l?”QA, n = ”a (fr,o;il - gr,((’);bo)”(bl, 1)
A A, 4
< [ dA 0407 L 6 laar,y - (3.4)
1

If Ae[A,, Ay] the r.h.s. of (3.4) is now estimated by replacing the integrand by the
corresponding r.h.s. of (2.28); now employ the induction hypothesis on (2.28) to
arrive at?

4, A’
” az‘g'{’lb’/lg “(2/1"7) é j~ dA/A/3—b—Z-P10g<A—>
A

1

A A A
< A4-b-z, el ). 20
st (o)« () ree(2)

< A“"”“Plog(%) . (3.5)

1

On the other hand, if A€[0, A4,] we split, in (3.4), [1° = [4* + [4°; the second
integral has already been estimated in (3.5), and the ﬁrst is easﬂy estimated by using
(2.27) and the induction hypothesis; this gives (3.2).

Now we are going to verify (3.2) for those z with b + z < 4. The method is
induction in z. Induction hypothesis: (3.2) holds for all z with z’ < z < 8 — 1. This
hypothesis is certainly true for z’ = 0,if b = 1, and for z’ with b + z’' = 4,if b = 2 (as
we have just shown before). Let us prove now (3.2) for z = z’ thereby completing
one induction step.

Obviously, for any w with |w| = z’ we have

A
08 Le(0) — 0r s (O) < [ dA' 0407 L5 o »
0

- 1
3 Each time the symbol Plog appears it stands in general for a new polynomial in log.
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and therefore, using (2.31),
A4 f A A
10y L0 8(0)] < const + [ dA"| 0407 LL 6 laan - (3.6)
0

The r.h.s. of (3.6) is estimated by replacing again the integrand by the r.h.s. of (2.27)
or (2.28) which in turn are estimated using the induction hypothesis (of the (a, b)-
induction procedure). We thus obtain

const , 044,

|0y Lt (3.7)

r,O;b(O)l é , A
A4_b_z 'Plog A_ ) Al é A é AO .
1

For b =1 (3.7) implies (3.2); and for b = 2 Taylor’s formula
Oy Lo 8Py, - - Po-1) = Oy LE5(0)

-1 4
+_Z Z o | A0, 00 L1 K ky1) . (B8)

0

-

where k;:= A'p;, 1 <j < b — 1, together with (3.7) (to bound the first term on the
r.h.s. of (3.8)) and with the induction hypothesis in z (to estimate the integrand in
(3.8)) finally gives (3.2) for (r, b, z').

(IT) t = 1. The inequalities (3.3) will be verified by induction. Because all the
details of the inductive proof are very similar to those encountered in the t = 0
sector we will be quite brief.

Induction hypothesis: (3.3) holds for {(r, n, z): ((|r] < a) A (n€Ny)) v ((|r] = a)

A (n>1D)), 0=z =<6—1}. Induction step: Prove (3 3) for {(r,n,z): (Jr| =a) A
n=>b,05z= 0— 1}. Itxseasytocheckthatgr 1w = 0,if n > 2|r| + D; thus the
induction hypothems is true for (a,b)=(0,D), and once we have treated
(a,b) =(a,0) the inductive process may be continued with (a’,b’):=
(@+1,2(a + 1) + D).

We now sketch the induction step at (a, b). Consider first those z with
b+z=D+ 1. Thecase b=0, z=D + 1 is trivial; so assume b = 1. Note that
because of (3.1) we have {z:0<z<0—1,b+z=D + 1} > {D}. Using the
bc (2.32) we get in analogy to (3.4)

10 L8 loa, ) < f dA" 040 L1 Nl n - (3.9

(2.27), (2.28), (3.2) and the induction hypothesis now yield (3.3).

So let us turn to those z with b + z < D. Induction hypothesis: (3.3) has been
checked for all z with z’ < z £ 6 — 1. Induction step: Prove (3.3) for z = z". The
induction hypothesis clearly holds for z’ = 0, if b = 0, and for z’ with b + z’ = D, if
b = 1. Now remember (2.37) to conclude that for all w with |w| =z’

A
|0y LM5(0)] < const + [ dA'[|0,407 L1 lean - (3.10)
0

Use (2.27), (2.28), (3.2), the (a, b)-induction hypothesis as well as Taylor’s formula
and the z-induction hypothesis to verify (3.3). ]
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Theorem 4 (Convergence). Under the same conditions as in Theorem 3 we have for
t=0,1

A
Ao‘z'Plog<A—0>, 0<A< 4,
1

“a 07 rtn”ZAn)< A
A62.A4(1—t)+D-tnz+1.Plog<A_0)’ A, A< Ay
1

(3.11)

Proof. We employ the induction procedure described in the proof of Theorem 3.

Ifb+z=4(1—1t)+ D-t + 1: Replace n+— b in (2.23); integrate (2.23) now
from A, 0 £ 4 < Ao, up to Ao and apply 7, |w| = z; use (2.29) or (2.32); upon
acting with 0,4, on the resulting equation one obtains

— 04,08 L = 0y (rhas. of 2.23))]4 = 4,
Ao
+ [ dA'd,,0% (rhs. of 2.23) 4= 4 (3.12)
A

the first term on the r.h.s. of (3.12) can be estimated by the bounds (3.2), (3.3); the
integrand in the second term is estimated using (3.2), (3.3) as well as the induction
hypothesis.

Ifb+z<4(1—ty+D-t: Apply 0, at py =" =pps,—1 =0, [w| =2/, on
(2.23) and integrate the result from 0 up to 4, 0 £ A < Ay; remember that the be
(2.30), (2.37) are Ay-independent; now apply d,4, to obtain

A
34,00 L5R(0) = [ dA'04,0% (this. of (223)) 4 py = =0 (3.13)
0

as before the r.h.s. of (3.13) is bounded with the help of (3.2), (3.3) and of the
induction hypothesis; use Taylor’s formula and the induction in z to arrive at
(3.11). |

Corollary. Under the conditions specified in Theorem 3 perturbative renormalizabil-
ity holds for t =0, 1; ie. for |p;)| <, 1 Li<n+t— 1, the limit

: 0,4
lim &y en(pis- s Pati-1) (.14
Ay — ©
exists and is CO~V (in the momenta py,. .., Pyri—1).

One major ingredient in the proofs of Theorem 3 and 4 has been the estimated
form of the differential flow equation (2.23), estimated for all A€[0, Ao]. The
unpleasant regulator 6 has been necessary in order to obtain useful bounds also as
A — 0.* Of course one expects that 6 carries no physical significance, but a proof of
this would be welcome. Due to the well known technical reasons we cannot admit,
with our method, that 6 < 0,,;,. So for the moment the best we can do is to
compare the Green functlons which are obtamed with the help of 6 and @',
0,0 Z Opmin, namely Z750(p; 0) and L7570 (55 0'), where § = (p1,. . ., Pusi—1).

4 In a somewhat different approach [16] it is sufficient to estimate (2.23) for Ae[A,, A,]; this
technical advantage is, unfortunately, traded for inconveniences in connection with the evaluation
of the information contained in the bc at 4 = 0. We believe that the method in the presgnt paper is
aesthetically more appealing.



Renormalization via Flow Equations 459

Theorem 5. For 0 = 0,,;, and t = 0, 1 we have
86 L2490,y < const- e~ Ao/ (3.15)

The proof is given in the Appendix. (3.15) confirms our expectations and shows,
moreover, that the renormalized Green functions (3.14) are C*.

4. Zimmermann Identities, Lowenstein Rule

4.1 Let { £ (p1s. - s pw): |11 Z0,n =0, A€[0, Ao], pieR*, 1 <z<n}beaset
of functions which obey the differential flow equation (2.23), i.e. the f 1. satisfy the
linear differential equation

A, Ay _ n+2 d4q é‘AR(A, q)
6Afr,1;n(p1a--'spn)_ < 2 )I(zn)4 q2+m2
'ﬁ',Al,;/rllO+2(Qa — 4 P15 - - pn)

+ z (+l)w$h0

r+r=r

f;‘ 1n+10p15---apn)

04R(4, Q) Py
+ n'n” ) 00(p17-'-5pn’~ )
r’+tZ=r I:Q2+ " '
n+n"=n+2
n=2n"21
/11/1’01 - Q9 Dns- - :pn):l . (41)
symm

Here the ;¢ are the familiar &4 Green functions, regularized with the help of
some 6 = 4 (it is irrelevant which 6, see Theorem 5) and obeying the renormaliz-
ation conditions (2.30).

Lemma 6. f,Al Ao =0, Vr, n, iff the following four conditions are Sulfilled:

a) 3d = 1 such that £5.5°€ CO([0, A,] x R*"), Vr, n;

b) anA”O—o Vrif O < |wl <d)A(n+|w 2d+ 1)

0) an,° 20)=0,Vr, if n + |w| < d;

d) for each z 2 0 there exists n(z), 0 < n(z) < oo, such thatﬁA 4o = if(lr] =z) A
(n > n(z)).

Proof. “=": trivial. “<=”: Due to d) it is possible to apply the usual induction
scheme. The 1nduct10n hypothesis implies that for |r| = a, n = b the r.h.s. of (4.1)
vanishes. So f, b 1s independent of A. Use b) and c) and Taylor’s formula to show

that therefore f y 1,,, =0. |

This simple lemma will play one of the key roles in the derivation of the
Zimmermann identities.

Let {BY):0 < j < N} be a finite set of polynomials of the type (2.7), BY) having
dimension DY >=1. Put Oguy=1+ max{3 DO, .., DM} Obviously
Omin, x = 09, =1 +max{3 D‘”} V] Thus it is legltlmate to choose some
0,0 = 0. n, and to define 3, 0 2 to be those @4 Green functions which are
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regularized with 6 and which obey arbitrary but fixed renormalization conditions
(2.30) thereby fixing uniquely the bare @} interaction [°, (2.6). Furthermore, for
0=<j =N the 3’{1{1,‘2“) are defined as the Green functions which are regularized
with the same 6 and which contam one insertion of BY)(x = 0) into our fixed
@} theory; for each ] the ,SP, Lon o) are supposed to obey some renormalization
conditions (2.37). So in partlcular limy, - o 3’9 {1,,( 7 exists, Vj.

Let ¢,0<j< N, be fpsing with coefficients ¢ which do not depend on

A,n,py,...,p, but Wthh may depend on Ay, R, ... We define O',A 1’1,‘3 by
Fpn. . ap)= Y a2 b pa) 42)
0Ej<h

It is evident that 7S¢ C™ ([0, 40] x R*"). Now apply d, on F% use the
above assumptions on ¢!’ and employ (2.23) with t = 1. In this way one easily
checks the

Lemma 7. {#%} satisfies (4.1).

Note that # rAlA 2 fulfills condition d) of Lemma 6 (because each 3’, 1 n ) does
so); therefore, if we manage to adjust the coefficients c{) such that also the
conditions a)—c) are obeyed, the linear combination & ,A ’1;/1,‘,’ is identically zero. It
might be interesting to investigate the ensuing conditions on B and ¢/ in full
generality; however, for the purpose of establishing the generalized Zimmermann
identities it is sufficient to consider, in what follows, only the special case
DO <pW = p@ — ... = pM) We set

Do:=D®, D;:=DV=Dp?=...=pM 4.3)
and assume that N depends on D, in such a way that
N={(n{w}):1<nn+|w ZD;}. (4.4)
We define the square matrix .4, with matrix elements /%{,,’ ){w}), by
M= LLEL0), 1SJSN, 1<n n+|w<D . (45

Theorem 8 (Generalzzed Zimmermann identities). Assume that the renormalization
conditions (2.37) on .,?r 1 ,‘Z ) ,0=<j <N, have been chosen such that

a) 208" =0, 0N, |r[20; (4.6)
b) A = regular . 4.7)
Then there exist uniquely determined (complex) numbers ¢!, 1 < j < N, so that
2= Y o). (48)
r+r'=r
I1<jsN

The ¢ have finite limits as Ay — oo.
Proof. We have to verify that a)—c) of Lemma 6 hold for
g;A AO gA /10(0 Z C;g), g){l":f;or(‘j) ,

r=r
JEN

II/\ +

r
1

if the ¢{/) are chosen appropriately.
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Putting d:= D, we see that part a), and because of (2.32) and D, < d also part
b), of Lemma 6 hold true, for any choice of c¢{). So we are left with checking
condition c).

We proceed by induction in |r|. Induction hypothesis: There is a unique choice
of {¢:0=<|r| <z 1<j< N} such that c) is fulfilled for all (r, n, w) with |r| < z;
moreover llmA Swc? exists, for 0<|r|<z and 1 << N Induction step:
Choose an r w1th |r| = z. Equation (4. 6) guarantees that 6”/, {1,, —o=0, for all
w and ¢, so let us consider n = 1. Now, ) is valid (for n = 1) iff for all w with
n+|wl <D,

0, 40(0 j 0, Ao(j
Hzrin’0= Y ol-oyerin)o)
4=
1SjSN
j 0, Ao(j j j
= Y Doy ilo+ Y -, . 4.9)
rr = ISjEN
[r"|>0
ISjEN

The induction hypothesis controls the first sum (in the second line) on the r.h.s.
of (4.9), and (4.7) enables us to invert .# and thus to complete the induction
step. |

4.2. As a first application of Theorem 8 we are going to derive our version of the
standard Zimmermann identities [1, 2], but in order to do that we first have to
introduce our version of Zimmermann’s normal products (cf. also the discussion in
the introductory section).

For D 2 n’ + |w'| let Bp (v, (w}) be the unique polynomial such that the con-
nected amputated Green functions with one insertion of Bp (v, (wy)(x = 0),

, L r,(BD o, (w)(0); P15 . ., pu), Obey the renormalization condrtlons (2.37) with
b,. 0= 0 , Vr ,
bR, (w} = Onw* O, (w} * Or,(0,0) - (4.10)

We introduce the abbreviation M, (,)(x):=0y'¢(x)...0¥"¢(x). Now our
Zimmermann normal product of dimension (or subtractlon degree) D of the
monomial M, ,(x), No[My, (vy(x)], D 2 n' + |w'|, is defined by requiring that
the connected amputated Green functions with one insertion of N§ p[My, (w1 ()],

rln(ND[M ( )] p1,~-~’pn)a Obey
LIS INS My (). )= Lo R Bo, o, pwy(x) - - ) - (4.11)

The Zimmermann normal products Np[M, (,(x)] are generalizations (to inter-
acting theories) of Wick’s normal product, : M, {w’}(x)icgo, because due to (4.10),
(4.11) we find that

LE 6 (NS[My w3 1) = — [ d*x 1(x)* My, ) (%) - (4.12)

Returning to the discussion of how to apply Theorem 8 we require now that
Dy < Dy (cf. (4.3)); we choose a pair (n', {w'}) with n’ = 1 and n’ + |w’'| £ D, and
set

B®:= Bp, (v, (w}) »
{BP:1Zj<N}={Bp, nwp:l<nn+|w <D}. 4.13)
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With this definition and (4.10) we easily see that the conditions (4.6) and (4.7) are
fulfilled. Therefore there exist the linear relations (4.8) among the Zimmermann
normal products Nj [ - - (x)] and Nj, [ - -(x)], a priori at x = O but after transla-
tion obviously at any x. Because of the very simple renormalization conditions
(4.10) it is not difficult to calculate, from (4.9), also the coefficients c¢{), 1 <j < N.
We summarize our findings in the following proposition.

Proposition 9. The Zimmermann normal products Nj, obey the Zimmermann identi-
ties

LS (NS My, (1 (0T; - - )
= ) oD P (NS, My, oy (9T ), (414)
n”, {w"}:n’r’ gl’: n?-{r- |w”| £ Dy
where 1 <n' + |W| < Dy < Dy and
D = (W) O L (N o [Miy, (01 (0)1; 0) . (4.15)

The explicit formula (4.15), together with (4.10) and (2.37), shows that for n”"+
Iw”| < Do

0D = 8,0 0,00 B Spy, ) - (4.16)
In (4.14) we now take Ay, — 00, A — 0, multiply by g", sum over r, identify the
perturbation series of the full Green functions with one insertion with the com-
posite operators themselves and use (4.16) to arrive at

Nlc)o [Mn', {w’}(x)] = Nlc)l [Mn’, {w’}(x)]
+ > N5 My oy ()] ™ 0D (4.17)

n”, {w"}
Dy <n” +|w'| <D,
which corresponds to the conventional form of the standard Zimmermann identi-
ties [1, 2].

4.3. As a second application of Theorem 8 we will discuss some aspects of the
standard Zimmermann normal products N D[ -]

For D = n' + |w'| let B (v, (w' ) be the unique polynomial such that the proper
Green functions with one msertron of Bp (w, {w)(0) respect the renormalization
conditions (2.37), (4.10) which before have been imposed on the connected ampu-
tated Green functions. We now define

r{llAr(l’(ND[Mn {w'} (X)] ) = agr 1; n(BD (n', {w' })( ) S

Restrict the allowed renormalization conditions (2.30) by the requirement
alV® = 0, Vr; this corresponds precisely to Zimmermann’s prescription concerning
the tadpoles [2]. Standard considerations relying on (3.2), and on (3.11) for t = 0O,
and on the renormalization conditions on the proper functrons with one insertion
show that the relevant and marginal parts (2.37) of 2, i; ,,(N oMy (w1 (0)];. . ) are
indeed finite and only weakly A,-dependent. Now Theorems 3 and (a slight variant
of) 4 can be applied to prove that lim,, _, , & r gt ,,(N 5[My, (w1(0)]; . . ) exists.
Moreover one readily verifies that

LI A (NBIMy oy (0T ) = L0881 (NSIM oy 1y () T; - - )



Renormalization via Flow Equations 463

for all n=0, and that (using the above restriction on (2.30))
91 O(ND[M,, w}(x)]) =0, for all |r| = 0. So, in the @} theory with the BPHZ
condition a®¥ = 0, Vr, we can use Theorem 8 to show that for example:

1. There are coefficients ¢* "}, which in general are different from those in (4.15),
such that the Zimmermann 1dentities (4.14) hold also for the NA[- - -] (proof:
simply put D, < D, and replace B ... — BP. in (4.13)). Making use of the normaliz-
ation conditions on the N5[- - -] one can compute these coefficients; one recovers
the result [1, 2] that e s given by the analog for the proper Green functions
of the r.h.s. of (4.15). In this way one finds the standard Zimmermann identities
(4.17) for the N3[- - -]

2. NJ[- - -]is a linear combination of the Nj[- - -] (proof: put D = D, = D, and
B®:= Bf (w, qw}) in (4.13)); and vice versa. In this sense these two types of normal
products are equivalent.

4.4. One of the virtues of the normal products Nj°[- - -] is that they commute
with derivatives and that N§[M, (}(x)] behaves just as M, ((x) if it is
subjected to O(4) transformations. The formula which expresses the former prop-
erty for Njis known as Lowenstein’s rule [4]; the latter property for N is certainly
well-known as well but we were not able to find a corresponding formula in the
literature. In the remainder of this section we will give a proof of these two
properties for Nj, the main technical tool being Lemma 6.
Using (2.22) and (4.11) it can be shown without difficulty that

LELANS My (01 ()T; Prs - - - Pa)
{ i(Y)=1p)x. g A,_Ao(ND[MI,{Wf}(O)];pl,...,p,,), nx1
LN IMy (3 (©0)1), n=0.

As usual the Green function ,?, 1 n(@ N[My, }(x)] Pis- - - » Dy) With one inser-
tion of the operator d,Np[- - -] =0, Np[- - ] at x is defined as

LELONSIMy, () Prs - -+ D)1= 0, LN Moy (w1 ()T P - -5 D) -
Putting x = 0 we thus find that
LEL0NS My, 0y O)T; Py - -, Pa)

<Zipj,u> LN My, (0T Py, -y pa), 021
J

= 4.18)
0, n=0.

Next, we extend the definition of Nj[- - -] from monomials to polynomials by
linearity, i.e.
Nf)[ 2 Cugwy M, {w'}(x):l = ) Cww) NE[My i ()] . (419)
n +|w|<D n' +[w|<D
Thus for D = n’ + |w'| the r.h.s. of
Frin( )= LN 1 [0, My, (1 0)T; . )
— LN H My, () O)T; . ) (4.20)
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is well-defined. It is stralghtforward to check that # ,A 1/1,;' satisfies (4.1); moreover

putting d:= D + 1 and using e.g. (4.12) it is not difficult to verify that & 1  fulfills
also a)-d) of Lemma 6. Therefore we have proved

Proposition 10. (Lowenstein’s rule). If D = n’ + |w’| then
uNB[My, (w3 ()] = Np+1 [0, My, (w1 (x)] . (4.21)
4.5. Now let A€O(4) and pj:=Ap;, for 1 <j<n'. There are coefficients
Ty = T,”(A) so that
= Y 1oy

ulyl =|wl1sjsn
=) K{u}( Y T 1 5|w,,,|u;|'8z7>, (4.22)
{u} nESy i=1

wherew = (Wy,. .., Wy ), u = (Uy,. .., Uy), U™ = (Up(r), - - > Urn))> and Where K,y is
(the inverse of) some combinatorial factor. We define a symmetrized version of
T, by

Niw)
)

w1 ]
ﬁw’ =— < Tuw'6 ‘ ,>.—
{w} n'! 7!;9"' . =Z|W,"|, vj {u}, {w'} JV{W
1

. v Ny
=—0 Z (T"‘f,w 1_[ 5| }'I,|w}"'|>'K wl® { 5 (423)
n't R o) Nw)

T, ES,

obviously the r.h.s. of (4.23) depends on w, w’ only through {w}, {w'} thus justifying

the notation on the Lh.s. It is also evident that ﬁ{:vvr} = 0if |[w] # |w'|. We assume
that D = n’ + |w’'| and put
0 {W” 0
Frinprs .o pa)i= {Z} Biw * LR (NS My, (3 (0)1; P15 - - Pa)
=

— LN [M,,', w1 O Apy,. .., Ap,) . (424)

Using the fact that the &% Green functions 3’, 0 » 2 as well as 0, R(A,*) are invariant

under O(4) it is an easy task to check that Fh . 1 S again obeys the differential flow
equation (4.1). W1th d:= D and (4.23) also the conditions a)-d) of Lemma 6 are
fulfilled, hence , 1 2= 0. If we set 4 = 0,7 = 01in (4.24) and make use of (4.12) we

see that the [i{w y are precisely the coefficients which describe O(4) transformations
of My, (. As a result we have found

Proposition 11. Let /3{{:}}} be defined as in (4.23). Then the O(4) covariance of the
normal product N[ M, ()(x)] is displayed by

LIBNS My, }(0)] Apl,. .., Ap,)
z Biu) - LM (NS IM,, w0 P pa) (4.25)

which holds for all AeO(4).

Let us remark that the same simple methods could of course also be used to prove
the analogous results for the standard Zimmermann normal products N, e.g., but
the explicit computations would become somewhat more involved.
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Appendix

Here we outline the essential steps leading to the proof of Theorem 5. Define the fps
G% % by

G o:= —Tog(ed“ ) e = ") ltiddep. » (A1)
where for all 6 with 6 = 0,,,;, (actually, at this point, we can admit any 6 > 0)
GAoAo:= [ Ao Ao - gy [ Ao Ao (A2)
and where p is a formal variable; L7 is given in (2.5). Expand
GA Ao = GO M 4 - GIA A+ O(p?) (A3)
and notice that due to (A.1), (A.2)
GO A0 = A Ao (A4)
Acting with d, on (2.9) we obtain after a simple calculation

0L = (854(A, A0)) L™ "°|fetq-dep.
1
= <O L, (@ CA°) 04 LYY et dep. .

— G4 Ao (A.5)
Expanding (A.5) as a fps in g4, g, and 4 and putting A = 0 we arrive at

aﬂgl(‘):tilg(pl’ « vy Dntt— 1) = (r.h‘s. Of (223)) laAR(/l,')  — 0gR(Ag,"); A =0
1)0, 4,
— G (prn s Pareei) (A.6)
for t =0, 1 and at least for all 8 with 0 = 0,;,.
Let us bound the first term on the r.h.s. of (A.6). We begin by recalling that
g?jf > is given by a finite sum of contributions stemming from connected ampu-
tated Feynman diagrams, i.e.

d4
LDy Prseet1) fl:ée (combinatorial factor)* j(2 C;i : '(27:;{;
R(Aos Ao, Ay (A 2
s Lm0, , A7
(HQlM)(H (@ F) (A7)

where [],, [ [, extends over all lines resp. vertices of the Feynman diagram under
consideration, {qi,...,q.} = {Q1,Q2,. . .}, and the momenta Q which obey Qe
{01,02,..3\{4q1,. . ., q.} arelinear combinations of g, ..., qr, P1,- - - s Pusi—1-
Thus, for 0 < |w| £ 0 — 1 and |p;| = 24, we find

24,

d*q d*q
LM (Dys s Paie1) S const * R
I D r,t,n(pl p +1 l)l = ﬁnzite 5 (2n)4 (27[)4

Ay, A 2 -
x max [0y %500, p)l
19,240 v
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Ao, A
< Y constt(Ao)*E-TT 0™ 2 %55 a0

finite v

4o
<P (Z) , (A.8)

for t = 0, 1, where we have used (3.2) and (3.3). Let us remark that an alternative
way (which, moreover, would be more in the spirit of this paper) to derive the
bound (A.8) would consist of a repetition of the proof of Theorem 3 such that

A
|o* ¥ ,A ’,;A,," 4,24, = P <A—°> can be established. Anyway, the inequality (A.8) pro-

1
vides the estimates we sought for the .#’s appearing in the first term on the r.h.s. of

(A.6). Using the fact that for all w and Ay = A min > 0,
A 2
|00y R(Ayg, p)| < const+ 4§~ "I -1og <;0>e ~(o/m)’” < const+ e~ “o/m” (A.9)

(because 0, > 2) together with (A.8) we obtain for 0 <|w|<0—1 and
Ipil £24p,1fiZn+t— 1

|0y (first term on r.h.s. of (A.6))| < const e~ Aofm- (A.10)

So we are left with verifying that the same bounds hold for the second term on the
r.h.s. of (A.6).
Because the renormalization conditions for the #s are 6-independent we have

0p0r LX) =0, ifn+|w <41 —1)+Dt; (A.11)
hence, combining (A.6), (A.10) and (A.11) we see that
|0y g% A0) < constre =M ifn4|w <4(1—t)+Dt. (A12)
Referring to (A.2), (A.3) we note that GW4o- 4o = — g, 40- 4o thus

awgieto =0, ifn+ w241 —0)+Dt+1. (A.13)
Acting with 0,4 on (A.1) we can derive a linear differential flow equation for gﬁl),An Ao,
t = 0, 1. Using the bc (A.12), (A.13), the bounds (3.2), (3.3) and techniques which are
similar to those employed in the proof of Theorem 3 we can show that (among
others)

14922 (0. < const e = Ao/ (A.14)

(A.6) with (A.10) and (A.14) yields Theorem 5. |
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