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Abstract. A renormalization procedure is proposed which applies to lattice
Feynman integrals containing zero-mass propagators and is analogous to the
BPHZL renormalization procedure for continuum Feynman integrals. The
renormalized diagrams are infrared convergent for non-exceptional external
momenta, if the vertices of the theory satisfy a general infrared constraint.
Under the same conditions as in the massive case [4], the continuum limit of
the renormalized theory exists and is independent of the details of the lattice
action.

1. Introduction

Feynman integrals with a lattice cutoff have a very specific structure. They are
absolutely convergent for finite lattice spacing, if all propagators are massive. The
continuum limit behavior of such diagrams is described by a lattice power
counting theorem [3], which uses a new kind of an ultraviolet (UV) divergence
degree (the well known power counting theorems of Weinberg [1] and of Hahn
and Zimmermann [2] do not apply to diagrams with a lattice cutoff). On the basis
of such a power counting theorem a renormalization program for lattice field
theories has been given [4], which is analogous to the BPHZ finite part
prescription for continuum Feynman integrals [5].

These methods work for massive field theories. In the presence of massless
fields, additional arguments are needed to avoid infrared (IR) divergencies. It has
been shown [6] that the UV-power counting conditions only have to be
supplemented by IR-power counting conditions, and IR-singularities are tractable
by the same methods as in the continuum [7, 8]. In this article, we use this power
counting to give a renormalization procedure for lattice Feynman integrals with
massless propagators.

* Present address
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In outline, the idea of the construction is as follows. As in the massive case, the
continuum limit is controlled by UV-divergence degrees. As a convergence
condition, they should always be less than zero. This can be achieved by
appropriate subtractions. However, in the presence of massless propagators,
subtractions at zero momenta are no longer IR-convergent. The IR-divergencies
can be avoided by choosing the subtraction points at non-exceptional momenta,
and by additional finite renormalizations, which are chosen in such a way that in
the sum of all diagrams to a given order all IR-singularities drop out. For example,
in a gauge theory the renormalized coupling may be defined as the value of an
appropriate vertex function at non-exceptional momenta, whereas the self-energy
of the gauge field has only a wave function renormalization and vanishes for zero
external momentum. However, when we want to renormalize diagrams separately
by the forest formula, we run into the problem of IR-singularities also if we choose
normalization points at non-exceptional momenta (cf. Sect. 2.1). For instance, to
make a two-point diagram UV-convergent, in general two differentiations are
necessary. This produces an IR-singularity by differentiating a propagator twice.

To prove the convergence of a renormalization procedure we shall use the
power counting theorem of [6]. This necessitates all subtractions and differenti-
ations being collected in the integrand, leading to a forest-formula like expression.
As indicated above, this induces IR-divergencies also for subtractions at non-
exceptional momenta. A possibility to overcome this problem is to introduce
auxiliary masses in the counterterms. This means we employ the (lattice-modified)
BPHZL renormalization procedure of Lowenstein and Zimmermann [9, 10].
Propagators of a bare mass p (which may be zero) get a mass-dependence of the
form

wHs—1°M?,  u?+M?*>0,

s is called the mass parameter. Counterterms are now constructed for s=0, and
after all subtractions are done we set s=1, so that we get a renormalized theory of
the original model. Two important points must be taken into account.

1. Due to the auxiliary mass dependence of the counterterms, to get all UV-
divergence degrees smaller than zero, differentiations not only with respect to the
external momenta but also with respect to the mass parameter s are necessary. This
means that subtractions are combinations of lattice subtraction operators and
Taylor polynomials in s. They will be called generalized subtraction operators.

2. Additional finite renormalizations are necessary to avoid IR-singularities
by renormalized subdiagrams. For instance, inserting a self-energy subgraph into
a massless line usually produces a non-integrable singularity. This difficulty is
solved by imposing a normalization condition so that such a diagram vanishes for
zero external momenta and s=1.

Both conditions are satisfied if instead of the subtraction operator fz [4] we
employ

Bty =85t )i, (1.1)

¢ being the IR-divergence degree of the diagram, and the f are generalized
subtraction operators. Using these subtractions, the renormalized theory is IR-
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finite for all s, including the case s=1, and the continuum limit exists if

1. the external momenta are non-exceptional, and

2. (V)= 4 for all internal vertices V,
where r(V) is the (lattice-) IR-degree of the vertex V (defined below). An internal
vertex is one with no external line. The latter constraint restricts the class of
renormalizable, IR-finite theories. For instance, a massless ®3-theory is IR-
divergent in four-dimensions (r(9>)=3). Note that we have made no statement
about the IR-behavior of the bare theory. The renormalized, massless ®*-theory is
IR-convergent, but the bare theory is not.

In Sect. 2.1 we give a 1-loop example which should show the efficiency of the
auxiliary mass method. The reader who is familiar with the method may skip this
subsection. In the remainder of Sect. 2, general notations concerning Feynman
diagrams with an arbitrary number of loops are given. They are essentially the
same as in the massive case [4], and we only sketch the most important ones.
Furthermore, generalized notions of infrared and ultraviolet lattice divergence
degrees are introduced. Due to the introduction of the mass parameter s, this
generalization of the lattice divergence degrees defined in [3] and [6] is necessary.
Finally, the definition of a generalized subtraction operator (GSO) is given. The
main theorem which describes the renormalization of lattice Feynman integrals
and lattice Green functions is given in Sect. 3. In Sect. 4, important properties of
GSO’s are given. In the remainder of this article, the theorem is proved, using the
properties of GSO’s and the power counting theorem of [6], by showing that all
UV- and IR-power counting conditions of this theorem are satisfied.

2. The Auxiliary Mass Method and Generalized Subtraction Operators
2.1. A One Loop Example

Before we are going to define the renormalization prescription to every order, we
shall consider the auxiliary mass method for the one loop case. To be specific,
consider the scalar ®*-theory. The propagator is given by

1

A(k;S,a)=m, (2.1)
where
(1 4
Ei=%sinkéa, i=1,..,4, k=Y (&), (2.2)
i=1

and M0 is an auxiliary mass, a denotes the lattice spacing. For s=1, the
propagator is massless. A one loop contribution to the four-point function is of the
form (Fig. 1)

- LI d TN -

Ig;s,a)= | Sz dlk;s,a)A(k+g;s,a). (2.3)

~wfa (270)

To renormalize the diagram, following the ideas of the (lattice) BPHZ procedure,
one should subtract from the integrand its value at vanishing external momentum
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q. However, for s=1, this produces a non-integrable IR-singularity, i.e. for the
massless theory this method does not work. The idea of Lowenstein and
Zimmermann [9, 10] consists in subtracting at ¢=0 and simultaneously at s=0,
i.e. giving the counterterm a mass. For non-vanishing g, the renormalized
Feynman integral

o wa 4k . -

Rig;s,q)= | ——7 [A(k;s,a)A(k+q;s,a)—(4(k; 0,a)*] (2.4)

~wfa (27
is IR-convergent also for s=1, and the continuum limit exists. Summing all
contributions of the form (2.4), we get the renormalized four point function at one
loop order. It depends on the auxiliary mass M. However, this dependence is only
exhibited by a momentum independent and finite (i.e. in the continuum limit
convergent) term, and hence may be compensated by a finite counterterm to the
lattice action of the form
a* ¥ co(M)®*(na),
neZ4

which satisfies the IR-constraint alluded to in the introduction. In this way,
normalization conditions at non-exceptional momenta may be implemented.

If a diagram having a UV-divergence degree greater than zero is to be
renormalized, we clearly have to differentiate not only with respect to the external
momenta, but also to the mass parameter s. Otherwise, the UV-divergencies would
not be cancelled because of the different mass dependence of the bare and the
counterterm integrand. This situation happens e.g. for two-point functions.

One may try to apply subtractions at non-exceptional external momenta
instead of using the auxiliary mass method. However, this does not work if
subtractions are directly applied to the integrand. To see this, consider the
Feynman integral (Fig. 2)

N a4k . "
J(g;s,0)= _J"/ anF Vitk, ;) Vo(k,q; @) Alk; s, a) A(k+q;5,0), (2.5
where the vertex functions V,, ¥, satisfy
Vidk,Aq;a)=0(1) as A-0, 2.6)

and 4 is given by (2.1). Diagrams of the form (2.5) appear in perturbative lattice
gauge theory. The conditions (2.6) insure that the IR-constraints on the vertices are
satisfied.
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The UV-divergence degree of J is at least two. It can easily be seen that a
subtraction operator tA,l [4] does not apply to the integrand of (2.5) without
producing a non-integrable singularity, even if we choose a subtraction point g+0.
For, if A(k+ g) is differentiated twice with respect to g and then g is set equal to g,
we get such a singularity at k= — 4. For this reason, we employ the auxiliary mass
method which circumvents this problem. Normalization conditions at non-
exceptional momenta may be implemented afterwards by finite counterterm
contributions to the lattice action, satisfying the IR-constraint.

Finally, some words are in order concerning the IR-constraints mentioned in
the introduction. Consider the Feynman integral (2.5) again, but now set
V, =V, =1.The vertices then have an IR-degree equal to three (three massless legs).
J is the one loop contribution to the unrenormalized two-point function in the
lattice ®@3-theory. As before, we make the subtraction of order two at g=0 and
s=0. Then J remains IR-finite, and the continuum limit exists. However, inserting
(2.5), or its renormalized expression as just described, into a massless line which is
integrated over, results in an IR-divergence. Consequently, to get a finite result we
should subtract from (2.5) its vatue at g =0. But J(q; s, @) does not exist for g=0and
s=1, and the same holds for its renormalized form. This means that the massless
@3-theory is IR-divergent in four dimensions.

If, instead of V,=V,=1, the vertices satisfy (2.6), which means that »(V)
=r(V,)=4, then J exists for g=0 and s=1. Furthermore, by finite renormal-
izations, it can always be achieved that diagrams with two massless external lines
vanish at zero external momentum. This means that massless bare fields remain
massless after renormalization. The same situation occurs for diagrams with three
massless external lines. In general, these are the only basic field vertex functions
whose overall subtractions imply additional finite renormalizations. They are
convergent even for zero external momenta, whereas in general exceptional
external momenta must be excluded.

2.2. Diagrammatic Notations

We now give some general notations which will be needed later on. In part, they
are the same as in [4]. Only the modifications and additions will be pointed out
here.

In perturbation theory, a 1PI function, i.e. a one-particle irreducible (1PI)
Green function is written as an asymptotic sum of contributions

<ﬁ P{(A,na)- ﬁ [Q,-]> , 2.7
i=1 j=1 0, 1P
where

[Q]=a* 3 0{4na 238)

in general is a contribution of the interaction part of the action. The subscript in
(2.7) indicates that (2.7) is the 1PI part of

1 N M
- 12(A4) [] P{4,na)- [] [Qj]'e_SO(A),
Z, i=1 i=1
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where
Zo=[{D(A)-e” 5D,

and Z(A)= [] dAyna). A represents all fields 4; and S, is the free part of the

i,ne
action. P{4,n,a) and Q(A,n,a) are polynomials in the lattice spacing a and the
fields 4 at n;a and neighboring lattice sites, and they are homogeneous in the fields
A. They represent basic fields or composite operators.

Expression (2.7) is a sum of 1PI Feynman diagrams. We recall that a diagram is
called 1PTifit is connected and does not get disconnected upon cutting any one of
its internal lines [4]. Divergencies manifest themselves in 1PI diagrams when the
cutoffis removed. Such diagrams must be renormalized. Note that in our notation
we distinguish between 1PI functions and vertex functions. The latter are
amplitudes which result from a Legendre transformation of the generating
functional of connected Green functions. They are not always 1PL e.g. for theories
with spontaneous symmetry breaking. However, every such diagram is mainly a
product of 1PI graphs, and the latter can be renormalized as described below. In
particular, tadpole diagrams vanish after renormalization. When we take into
account symmetries, the vertex functions must satisfy corresponding Ward-
identities. After renormalization of all 1PI functions (to a given order), normal-
ization conditions of vertex functions are to be implemented by additional finite
renormalizations of proper functions, satisfying the IR-constraint indicated in the
introduction. This must be done very carefully in order not to produce new IR-
divergencies.

In the following we consider the {PI functions in momentum space

{ﬁl P(q)- jﬁl [Q,—]} (2m)* 5 (iggl qi>, 2.9)

0,1P1

where §}(Q)= Y &* <Q— %m) for QeR* Expression (2.9) is a sum of 1PI

meZ
momentum space Feynman integrals.
In what follows we are using the notations of [4]. Here we only sketch some of
them. Let I" be an arbitrary 1PI diagram

F=($r,(a@r,=@r,¢rﬂl’r)-

Zr(€7) is the set of internal (external) lines of I' and %; is the set of vertices of I".
Every internal line Le & is mapped by ¢r to its endpoints A;, B, e B;: ¢ (L)
=(Ay, B;). Every external line E€é&; is mapped by w; to its endpoint
By=vy(E)e % The latter are called external vertices of I, A vertex is called an
internal one if it is not an external vertex.

An external line Ee€ & carries an external momentum ¢, flowing into the
diagram I'. g denotes a basis of the external momenta of I', e.2. 4 =(qg,, ---, qg,, _,);
where N is the number of external lines of I'. gg, is given by momentum
conservation. Every internal line Le % carries a momentum [; flowing from its
outgoing endpoint A4, to its ingoing endpoint B, and being a sum of the internal
and external line momenta of L [4]

Lk, )=k (k) +q.(),
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where (k)=(ky, ..., k,) is a basis of the internal (=loop) momenta of I'. At every
vertex, momentum conservation holds.
To every Le & corresponds a propagator
R P.(l;s 1a
Ayl s, 0.0 = 55 s 19) , (2.10)
‘Hl [eLj(lL; a)+(s— 1)2M12,j+.u%j]
i=

where n(L)e NN and the auxiliary masses M, ; are restricted by
M3+ 2,>0. (2.11)

Furthermore®, e, ;€ %5, satisfying

1
eLj(lL; a)= - ULJ{lLa) >
a

nuflia®+0)>0 if I, eBZ=[—n/a,n/a}*, .
n.{1,a) BZ-periodic in I, '
lim e, (I;a)=1.

s is the mass parameter mentioned in the introduction. The numerator is of the

form ~ o
Prlp; s, u,a0)= %P () Vil a), (2.13)

where the sum is finite, P are polynomials and V,,, € %5, BZ-periodic in I, m;e Z.
For every vertex Be % we have a function

Val{l} 55 5, 1, 0) € 6°

ofa form (2.13)in variables {I, }  which are the momenta of lines at the vertex B. Vs
is always assumed to be periodic with the BZ in all momenta.
The unrenormalized Feynman integral of I' is given by

rla N
g s, pa)= | d*ky,...,d*%, Ik q;s,p,a), (2.14)

—Tnja

where m is the number of loops in I' and
Ltkgssway= T] V{llssma)- [T Alisswa). (2.15)
BeBr LeZr

This function belongs to the class of functions .

To define a renormalized Feynman integral we need a precise definition of
internal and external momenta of I' as well as of every 1PI subdiagram y of I': k7,
q". This is done as in [4, Sect. 2.2]. In addition, in every propagator and vertex of y
we have to substitute the mass parameter s by s”. Correspondingly, the substitution
operators of [4] must be generalized. For 1PI subdiagrams 7, y of I', 7 being a

subdiagram of 7y,
Sy:k’—>k‘(k7), gF-qk,q), s, (2.16)

! The function classes %, €%, and & used here are defined in [3] or repeatedly in [4, Appendix A]
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s that S, (57555 0 = f(°K7), 4K, 4); 7 . 0). (2.17)
When applied to k%, ¢°, S, is defined as in [4]. We remind the reader that the k’-
dependence of ¢* via S, occurs only by the explicit k”-dependence of external lines of
7,and that k* is independent of ¢” via §,. Line momenta are always chosenin such a
way that they are natural in the sense of [3].

The notion of a I'-forest (set of non-trivial, non-overlapping 1PI subdiagrams
of I') and related notions are defined in [5] or [4, Sect. 2], for instance. Especially,
for any 1PI subdiagram y of I,

U(y)={y eUly' is a subdiagram of y and y'#7},
and HU)=9y/y,...y, where y,, ...,7, are the maximal elements of U(y).

2.3. Infrared and Ultraviolet Degrees

As mentioned in the introduction, the auxiliary mass method implies that we also
must differentiate a Feynman integrand with respect to the mass parameter s, to
get convergence of the integral in the continuum limit. To describe the order of
subtractions by divergence degrees, we have to introduce IR- and UV-degrees with
respect to momentum and mass variables. We consider functions Ve %“and Fe &
of momentum variables (uy, ..., u,), (U1, .-, 0g), (@1, --+> G)s (1, - G,) and of s of the

form _ -
V(u,v,q,q;s pa)= 2 Py, s)Viu,v,9,4;a), (2.18)

where I is a finite set, P; 0 are polynomials and V,€ ;, ,m; e Z, m; % m, if i+ k, and

- V(u,v,q,4;s u1.a
F(u,v,9,q; s, 1,0)= Clung ;.S Z a;. (2.19)

The numerator Ve % is assumed to be of the form (2.18),

Cu,v,q,q0;s, may= ] Cu,v,4.G;s,p,0), nelNy={0,1,2,...},
=1

Clu,v,q,3; s, m,a)=efl;; @)+ (s—1>M?+ 2, e;e% of the form (2.12),

i : . . (2.20)
Li= % bave+ Y cutt+ Y duget Y euds,
K= =1 K= =1

(bigs - b)) £0 or (ciy,...,¢)F0 forall i=1,...n.

Below u will denote the parameters of a Zimmermann subspace H [3], v will be the
complementary parameters, and ¢, § the external momenta of a diagram. g
represents those external momenta appearing in the parametrization of H. IR-
degrees are always defined for fixed §. Non-fixed variables like u, v, g, s—1 are
always explicitly indicated.

UV-degrees are defined as follows:

degrz,V (4, 0,4, 3; 5, 4, a) = max (degr,P; +degrg V), (2.21)

iy
degry, F(u,v,q,4; s, 1, a) =degrp V —degrs . C(u, v, 4, G; 8, 4, )

=degryV — 20,4, (2.22)

iqs
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where n,,, is the number of factors C; depending on u, g or s. IR-degrees are defined
by
degruq(s 1)|vV(us v, 4, qa S, U, Cl) mln (degrs 1P + degruqh; ) > (2233)

degrajogs— 1)V (1,0, 4,3; 8, 14, a) = mmdegr V., (2.23b)

“vElifvg
and
degruq(s l)lvF(u7 v, 4, (L S, U, a ) degruq(s l)lvV(u v, 4, q’ S, 4, A )
; (2.24a)
- degruq(s 1)|vc(us 0,4,49,5 U, aQ ) degruq(s 1)|uV(ua v, 4, qa S, |4, a) 2muqs 3

where m,, is the number of C; which depend only on u, g and (s—1) (i.e.
(bi15 .-, b;)=0 and kil exd,=0 and ,ui2=0),
degrys- 1yF, v, 4, 4; 5, 1, ) = degty - 1y V 4,0, 4,G; 5, 1, @) (2.24b)
_degrulvq(s 1nCW,0,9,9; 5, p, A} =degry g 1)V (v, 4, G; 5, 4, @) —2my,
m,, being the number of C; depending only onu <i.e. (big, - b)) =0,(d;1, .., d;,) =0,

Y exdi=0and pi=M?= 0). degr,P; and degr,_, P; are the usual UV- and IR-
k=1 -

degrees of polynomials (defined in [6, Appendix A], for instance).
The degrees satisfy all “typical degree properties.” For completeness, they are
listed in the appendix. Later on we will use them without any explicit reference.
We now define UV-and IR-divergence degrees of an arbitrary 1PI subdiagram

v ol by oi)= T @d)+ 3 olfy)+imt). (2.25)
M= ¥ rd)+ T r(Fp)+dm), (2.26)
LEZ, Be®,

where m(y) is the number of loops in y, and

w(jL) = degrfLsZL(lL; 3, ,ua a) s

N N 2.27)
r(dy)= degriL(s -4 s, pa)
for Le ¥ and
w(VB)—_—degr{TBBSI?B({lL}B; S, K, a)) (2.28)

"(173) =degriyya;- 1)VB({ZL}B; S, 1, @)

for Be #;. These definitions are valid also for reduced diagrams [4].

We will write the divergence degrees in a vertex dependent form. To every line
Le &, corresponds a pair of basic fields A4;, 4. Lis called an ik-type line, having
i- type and k-type legs. For every field 4, a UV-dimension d; and an IR-dimension
#;>0 is defined such that

d+od)sd+d,  A+r@)zritr. (2.29)
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Let n,(B) denote the number of k-type legs at the vertex Be %, (including external
legs) and e,(y) the number of external k-type legs of y. Then we can write

o)) Sd(y) =4+ BE% [o(B)—4] - X ely)dy s

r(p)ZFy) =4+ EE% [r(B)—4]— ; eV

(2.30)

where

o(B)= Y. n(B)d, +o(Vy),
, . (2.31)
r(B)= ; n(Byry+r(Vp).

These forms of divergence degrees will be used in the following. Especially, we will
see that the IR-divergence degrees #(B) must satisfy some constraints to get IR-
convergence of Feynman integrals.

A general statement about convergence of Feynman integrals with massless
propagators can be made only for non-exceptional external momenta. The
external momenta g, ..., gy of a 1PI function

{iﬁl ﬁi(qi) : jli_l[l [Qj]}o -

or of a contributing diagram I' are called non-exceptional [11] if
N
Y #q,=0, o,e{0,1}, (2.32)
i=1

implies that all «;=0 or all «;=1.

2.4. Generalized Subtraction Operators

We now define generalized subtraction operators which apply to Feynman
integrals with zero-mass propagators. Let F be a function of the same momentum
and mass variables as before which is C* in ¢ and s.

Definition 2.1. Let 66 N={0,1,2,...} and #, be defined by
st 1 w
Z Pg,h ,,,,, ig(qla ey qw; (l)

oxpTgss bl gli,. =0

* 0 7 _
x [é?a—q.;"‘gq_;F(u,vaqaqa S’”,a):lq;.o’S:O (233)

b} =,
(tesF)W,v,q,q; s, 4, a)=

for every function F which is C* in ¢ and s, where P, i, €€y are totally
symmetric in iy, ..., 1, (2n/a)-periodic in ¢, ..., ¢,,, and }1_{1(} P15 595 0)
=¢,5 ---»q;,- If for every such F

[(1—2)F1(u,0,q,3; A5, 1, @)= O(A°*Y) as 10, (2.34)

fgs is called a generalized subtraction operator (GSO) of the order é.
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The generalization consists in that in fzs one also differentiates with respect to
the mass parameter s. By analogy, %, is called a generalized subtraction
operator of order g, if for a function F whichis C*in g and s the function #2,_ |, F
is of the form (2.33), where ¢ is replaced by ¢ and s by (s—1), and

[(1 — 28— ) F1(w,v,Aq, G5 1+ As—1), . @) = O(A2* 1), A—0. (2.35)
Obviously, 2, is a GSO of the order § if 272, defined by

q

&"F)(u,0,4,3; 5, 11, 9)

T T P (o o Funa g sna)

= - [ZT ) sy, 4 u,0,4,9;S, 1,

a=o g’ i =0 gsttseens gql q aqil 3 i q.9 u 4=0
(2.36)

is a subtraction operator [4] of the order 6 — b, for every b satisfying 0Sb <. An
analogous statement holds for fg(s_ 1y

We want to apply GSO’s to functions F € & of the form (2.19). To this end, we
have to exclude in (2.34) and (2.35) those values of the variables u, v satisfying

r z

d
Y buvet+ Y cpt Y epg =90
k=1 k=1 k=1

for some ie{1,...,n} with g;=0.

Generalized subtraction operators have important properties which are
responsible for the subtraction of UV-divergencies by applying them to Feynman
integrals, and that subtracted diagrams are IR-finite. These properties will be given
in Sect. 4 when we have defined the renormalization procedure.

3. Renormalization of Lattice Green Functions

We give a prescription how to renormalize 1PI lattice functions

N M
{H Pla)- T1 [Q;]} ‘ G.1)
i=1 ji=1 0,1PI
Expression (3.1) is a sum of 1PI Feynman integrals. At first, we define renormalized
Feynman integrals. As indicated in the introduction and in Example 2.1, an
important convergence condition is that every internal vertex B must have an IR-
divergence degree not less than four. This condition will be assumed in the

following,

Let I'=(%r, 6,81, $r,v1)
be a 1PI diagram with mloops and .#.(g; s, 4, @) the corresponding unrenormalized
Feynman integral. The renormalized Feynman integral of I' is defined by

nja

@I‘(q; S’ ”9 a): j d4k17 LRRT? d4kmﬁr(ka q: Sa ,Ll, a): (32’)
—nja

ki

where
Rr(kaQ§ Saﬂ:a)=ST Z H (—fySy)fT(U) (3'3)

UeW yeU
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Here
1. §, are the substitution operators (2.16).
2. ¥ is the set of all I'-forests.
3. I[{U) is the unsubtracted Feynman integrand

Ik, q;s,11,0) (34

with the following substitutions depending on a forest U:

For every line Le %, (vertex Be4,) there is at most one ye U, so that
Le % (Be#,), but L¢ £ (B¢ 2,) for all y’ e U(y). If such a ye U exists, we write
A,(Vp) as a function of the variables ¢”, k?, s*, otherwise as a function of k, g, s.

4. 1, is given by

1—t,=(1— &0 ) (1 — 1%, (3.5)

for every 1PI subdiagram y of I'. tAgV(;v‘ 1y, and ZZ‘JSL are GSO’s.
The UV-subtraction degrees d(y) and IR-subtraction degrees ¢{y) are given by

0)=4+ ¥ [H(B)—4]-Yel)d. (3.6)
o)=4+ ¥ [o(B)—4]— Zen G-

e,(y) is the number of external k-type legs of y. r,>0 and d, are the IR- and
UV-dimensions of the field A, [cf. (2.29)]. Furthermore, the UV- and TR-subtrac-
tion degrees 6(B) and o(B), Be %, are constrained by

9(B) 2 w(B)

for every vertex Be %, 3.8
o(B)<(B) Y " G

o(B)=4 for every internal vertex Be %,
¢(B)<min(4,r(B)) for every external vertex Be %.

(B) and r(B) are the UV- and IR-divergence degrees of the vertex B [cf. (2.31)].
Note that always o(y)—1=6(y). If 8(y)<0, we set #22,=0, and if o(y)—1<0:

pOM-1
97(s” — 1) :

5. The order of the factors in

(3.9)

H ( - fySy)

yelU

is determined by the rule that for y,, y,€ U, y, being a subdiagram of y,
(—1,,8,,) is ordered to the right of (—%,,S,,).

1Y

For disjoint y,, 7,, the order is irrelevant.

Theorem 1. Assume that every internal vertex B of the diagram I satisfies r(B) >4,
and that the external momenta of I are non-exceptional. Then the renormalized
Feynman integral #:(q; s, i, a) is absolutely convergent for every s and a>0. The
continuum limit a—0 exists and is given by

‘lzi_f)l?)e@r(q;S,[l,a): .[ d4k1a~-,d4kar(k,q,S,ﬂ), (310)
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where
Rf(k> q,5, :u) = l% RF(ka q: S, i, (l) .

If li_{ré Tk, q;s,1,a)%0, R, is equal to the BPHZL renormalized continuum

Feynman integrand defined in [10] (with a different choice of internal momenta
[4]). If ‘111_1)% Ir(k,q;s, 1,a)=0, also Rk, q,s, 1)=0. As for massive field theories,

Feynman integrals which have a vertex with vanishing (naive) continuum limit do
not contribute to the continuum limit at all, after renormalization.

Renormalized diagrams are convergent also for s=1. As an important
convergence condition, r(B) =4 for all internal vertices B of the diagram, i.e. those
vertices having no external line. In general, they result from an interaction or
counterterm contribution to the lattice action. As the theorem shows, vertices with
an external line do not have to satisfy such a constraint. This means that the (non-
vanishing) external momenta provide an IR-cutoff. In most cases, the IR-
subtraction degrees satisfy g(y)=1 only for diagrams y with two or three massless
external lines, so that these are the only Feynman graphs which are affected by the
additional finite renormalizations [cf. (3.5), (3.7)]. After renormalization, they
vanish at zero external momenta.

As a corollary of this theorem we state the renormalization prescription for 1PT
functions (3.1). Such a Green function is a finite sum of 1PI Feynman diagrams.
The renormalization prescription is as follows. Every contributing diagram y will
be renormalized as described by Theorem 1. The subtraction degrees are given by
(3.8), (3.9). These conditions, however, do not completely fix the subtraction
degrees of the vertices. This is done in the following way. P, may be a basic field ora
composite operator. In the latter case, there corresponds an external vertex to P,
in every diagram y which contributes to (3.1). Furthermore, to every Q;
corresponds a vertex in every y which may be an internal or an external one. For
every composite P; and for every Q; we denote the UV-divergence degree of the
corresponding vertex by w; and 7; and the IR-divergence degrees by r; and v,
respectively. These numbers are independent of y and depend only on the form of
P;and Q;. In the same way, let for every P; and Q; UV-subtraction degrees of the
vertices be given by J, and #;, and IR-subtraction degrees by ¢; and o, respectively.
They are always chosen to be the same for all diagrams y contributing to (3.1).
Furthermore, they are constrained by the conditions

d;2w;, ¢;<min(4,r,d;) for composite P; (3.11)

n;Zzmax(4,7), o;=4, forall j=1,..,M. (3.12)

In general, the constraints (3.8), (3.9) are satisfied for every contributing diagram if
(3.11), (3.12) hold.

Let Py,..., Py, be basic fields and Py, 4, ..., Py be composite operators. Then
the renormalized Green function of (3.1) is written as

{ﬁl P(q)- Nﬁ N [Pda)]- ,ﬁl [Q; :;;} ; (3.13)

0,1P1

and we can state the following
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Theorem 2. The 1P1 function(3.13)is finite for each a>0, and also in the continuum
limit a—Q, if the following conditions are satisfied.

1. The external momenta ¢, ..., gy are non-exceptional.

(3.14)
2. v;z4 forall j=1,..,M.

The a—0-limit is given by the BPHZL renormalized continuum Green
function of (3.1) [10].

From Theorem 2 we easily get a renormalization prescription for vertex
functions. They are not necessarily 1PL, e.g. for theories with spontaneously
broken symmetries. Nevertheless, every diagram which contributes to a vertex
function is a product of 1PI diagrams and other, finite terms. If the 1PI graphs are
renormalized as described above and such that renormalized tadpole diagrams
vanish, the renormalized vertex functions are IR-finite and convergent in the
continuum limit. Every tadpole line entering a 1PI subgraph is an external line of
this subdiagram of vanishing momentum, hence could produce an IR-singularity.
Vanishing renormalized one-point functions prevent such IR-divergencies.

When Ward-identities are to be satisfied by the vertex functions, then in
general additional finite renormalizations of 1PI functions are necessary. This can
lead to non-vanishing one-point functions. In this case, it must be checked very
carefully whether no IR-singularities are produced. In particular, every vertex V
with a leg which gives rise to tadpoles must satisfy stronger IR-constraints than
r(V)z4, namely, omitting the tadpole line, the resulting vertex V' also should
satisfy the condition #(V')=4.

The above theorem gives a well-defined procedure to renormalize theories
containing massless fields (s=1). Massless bare fields remain massless after
renormalization. With respect to universality and power counting renormaliza-
bility, the same arguments as in [4] go through. The same holds for the
counterterm philosophy. All subtractions can be written as counterterms of the
lattice action, eventually after some symmetrizations of the subtractions [4]. Also,
they can always be chosen to be local. Counterterms and consequently re-
normalized Green functions depend on the auxiliary masses. This dependence can
be absorbed by addition of finite counterterms satisfying the IR-constraints. In this
way, normalization conditions at non-exceptional momenta may be implemented.

The constraints on the IR-subtraction degrees are stronger than those of [10].
This is not a lattice artifact. They are necessary to avoid IR-singularities by
subtractions. When we consider lattice Green functions in configuration space, the
external momenta are integrated over, and the constraints (3.11), (3.12) may be
replaced by the weaker conditions

0;zw;, @<min(r,d),
n;27, 4=0;Smin(v,n;).

As a simple example of Theorem 2, consider the massless lattice #*-theory with an
additional ®%-interaction:

S(®);, =a* %4 [gD*(na)+ Aa*P°(na)] .
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The IR-dimension of the ®-field is equal to one. Hence, r(®*)=4 and r(a’®%)=6.
Powers of the lattice spacing have no influence on the IR-degrees. Hence, the
massless model is IR-finite renormalizable.

4. Properties of Generalized Subtraction Operators

Before we are going to prove Theorem 1, we list important properties of GSO’s.
The first two lemmas state those properties of GSO’s which are responsible for the
subtraction of UV-divergencies by applying them to Feynman integrals as
described in Sect. 3.

Lemma 4.1. Let 72 and tq(s 1) be GSO’s and Fe F of the form (2.19). Then
1. a) degrvtq(s F <degr,F,

4.1
b) degr, i3 F <degr,F.

Suppose that for every i=1,...,n the coefficients satisfy (b;y,...,b;)=0 only if
(dila ...,diw)=0 and M2=O. Then

2. a) degrp, i F <degrvqu

vgs q(s ~1
b) degry

42
12 F <degr,» *2)

bgs qs vqs

Proof.

—_— b o
de T uv,q, _; S, sa:l
&l [6( 1)b 5‘1 F( ¢4:5:419) g=0,5—1=0

b !
—d%va61fa,ﬂuv%%sm)§ egr,F(u,v,q,q;s, 1, a),

and that proves 1.a. The proof of 1.b follows the same way. To prove 2.a, note that
by assumption all propagators which depend on g or (s—1) are also dependent on
v, hence

S @
d ~N _— —F s Us Y, _; LN o]
egrpqs [a(s_i)b aql (u v q q S ,u' a)]q=0,3_1=0

o° @ _
édegr@sm F(u u,4, an ;u7a)<degrvqs (u U,4,4; 5, l, a)_(b+lll)a

where |l|= Y [. Consequently
i=1

1

_— o 0
degrﬁqs(s_1)bpg,i1 ,,,,, ig(qla R N a} |:6(s )b a lF(u v, 4, q,s Hs a)jl

<(g+b)+degr,, F(u,v,q,d; 5, 1, a) — (b+ |l|) = degrs F(u, v, 4, 4; 5, 1, @) ,

g=0,5—1=0

for |l|=g. 2.b follows analogously. O
Lemma 4.2. Let 2,1, ¢ GSO’S 0—1=6, and t%: F —>F defined by
—t0=(1-21 ) (1-1). “3)
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Let Fe % be of the form (2.19). Then

1. degr 12 F <degr,t2F +6. 4.4
2. degry 12 F <degr,F. 4.5

Assume that for every i=1,...,n the coefficients satisfy (b, ...,b;)=0 only if
(di1s --»di)=0 and M7 =0. Then

3. degrp, t2 F <degrs F 4.6)
g

ogs qs
and
4. degry(1 —t%)F <degrg, F—(6+1). @.7

These are exactly the properties necessary to reduce UV-divergence degrees of
a Feynman integral systematically by application of 19" The statements 2. and 3.
are direct consequences of Lemma 4.1. We only have to note that if F satisfies the
additional constraint so does EZSF. The proof of 1. is nearly identical to that of [4,
Lemma 3.1.1]. To prove 4., note that

degr,(1—t2)F(u,0,9,4; 5, s, ) S degr, (1 ~ 55 )F ,
by Lemma 4.1. Hence it is sufficient to show that
degr,(1 ~ ) F < degrg F—(5+1),
and this is done by using the same methods as in [4, Lemma 3.1.4]. []

The following two lemmas state properties of GSO’s with respect to the IR-
degrees of a function. Note that the § are fixed momenta.

Lemma 4.3. Let EZS be a GSO and Fe & of the form (2.19). If for alli=1,...,n the
coefficients satisfy (d;y, ..., d;,,)*0 only if M?+ u?+0, the inequality

degrulqv(s 1) qu>degru|qu(s I)F (48)

holds.
Proof. At first, we have

o o
degrﬁlqv(S* 1) I:ﬁ 6_q’ F(ua v,4,4; 5, U, a)]q=0,s— o
& o
; degfmqv(s— 1) 5@ a—ql F(u’ v, q, q—a S, s a) —>_:. degralqv(s~ l)F(u> v, 4, q_z S, U, a) 5

where for the first inequality we have used the constraints on the denominator of F.
Relation (4.8) is now a direct consequence of the inequality. []
Lemma 4.4. Let fg(s_ 1) be a GSO and Fe F of the form (2.19). Then

1' degruq(s l)lv q(s 1)F = degruq(s 1)|vF (49)

2. degrygue— 1)tq(s pFzdegra . F—e. (4.10)
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If for every i=A1, ..., n the coefficients satisfy (b, ..., b;y) =0 only if (d;y,...,d;,,)=0
and M? =0, the inequalities

3. @gr_mq.,(s_1)52(5_1)F2.@g_r,;‘q,,(s_1)F, 4.11)
and

4. degrin— 1)h,(1~tq(s 1))F>degru,q,,(S yF+max(0,¢g+1) (4.12)
hold.

Proof. Let beINy and I=(l,,...,1,)e N§.
1. For every function F € #, we have

o o
degras— 1w l:@(s ¥ 3 — F(u,v,q,3;s, ,u’a):L:OS .
ab al
Zdegrag- o 317 g F(u,v,q,G;s,1,0)
> degt o - 1y (14,0, 4, 35 5, 1 @) — (b + 1),

hence for g=|l|

o’ o
degr g(s — 1)|v(S 1) P ..... zg(qla . aqw’ a) l:a( 1 F(u’ 0,4, 67, S, .u: a)]
s—1)" 8 §=0,s—1=0
>(b+g)+degrae— 1) F®, 0,4, 45 5, 4, @) — (b +|I])
=degras— 1 FW,0,4,4; 8, 1, a).

The first statement of the lemma is now a direct consequence of this inequality.
2. For every Fe %, we have

d
degrulqv(s 1) [a(s 1)1; a Py (u D, q»q:s U, Cl)]

o o
2deglis— 1 As— 1):; aq =

2 degry, F(u,v,9,4; 5, ma)—(b+l),

g=0,s—1=0
Flu,v,9,4;s,1,9)

UCelugs— 1)
and for g=|/|
o i
degrﬁlqu(s—l)(s—l)bpg,h ..... ig(qla <3 Gys a) |:6( 1)17 a lF(u v, g, q,s H, a):l 0 1=0
g=0,s—1=
>degruq(s 1)|0F(usv’ qaqa S:uaa)_(b+g)a
ie.

degryques— I)tq(s 1)F>degruq(s opF—e.

This proves the second statement of the lemma.
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3. All the propagators which depend on g or have a non-vanishing auxiliary
mass are also dependent on v. Hence

o° i
degrulqv(s 1) [:a(s 1)b a Al (u v, 4, Q7 S, /U, a):I

o o' _
_Z.degrﬁlqv(s— 1) m a_ql F(uo 0,4,4; S, i, a)

g=0,5—1=0

;@'ﬁlqu(s— 1)F(u! v,q, q—a S, 1, a) .

Consequently
o° o
degrquv(s— 1)(S——1)ng,i1 ..... ig(ql""!qw; a) l:a(s ) a lF(u v, q’qas H,a ):I 0 (=0
g=0,s

2 degrulqv(s 1)F(u? v, q, q: S, U, a) >

and this proves the third inequality.
4. (1 —t4s— 1) F is of the form

V(. v,q,4; s, 11, a)
C(u,v,9,3; s, 1t,a)C(,v,0,4; 1, @)™’

[(1 - fg(s— 1))F] (ua v, 4, q_; S, U, 4 )

where V,e%“. Using the behavior (2.35) of the subtracted function and that
V,eC*, we get
Vu,v,29,@; 1+ A(s— 1), u, @) = 0(2°7 1), 2-0.

This yields
Y degruq(s 1)|v V.2 degrulqu(s 1) V ~+max (05 [ + 1) .

By the constraint on the denominator, we get
degruq(s 1)|vC(u= 0,4,9; S, Uy a) = degrﬁlqu(s~ 1)C(u5 0,4, q; 8, Uy Cl) s
hence
degruq(s 1)|u|:(1 - {g(s— 1))F] (u, v, 4, q—a S, U, d)

g degrﬁlqv(s— 1} I/g(uy v, q, q: S, U, a)

—deglygus-1) [C(u 0,4,4; 8, 16,a)- C(,v,0,4; 1, 1, @) ']+ max(0, g+ 1)

=degrygus— 11— q(s 1 F+max(0,0+1)

2degrly s - 1y F +max(0, 0 +1),

where we have used Lemma 4.4.3. [

5. Convergence Proof

To prove Theorem 1 we show that all conditions to apply the power counting
theorem of [6] to (3.2) are satisfied. Let I' be a 1PI diagram and m the number of
loops in I'. The subtracted Feynman integrand (3.3) corresponding to I is of the

form Vik,q;s, 1, a)
Bl(ka q, S, ,Ll, a)B2(ka 1”3 a) ’

Rk, q; s, 1, a)y= (5.1)
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where
n(L)
B(k,q;s,u,a)= H H (erlp;a)+(s—1)> ME;+ i),
bedr = (5.2)
By(k; p,a)=[] H H [e (ks @)+ M3+ i 9P ey (ki a) + pg 1757,

y Le¥, j=1

ny AL, ), ny (L, y)€{0,1,2, ...}, the first product is over all 1PI subdiagrams y of T,
and
Ik, y=k(k)+qulq),  ki=ki(k). (5.3)

R, belongs to the class of functions % and is periodic in ki, ..., k.

Let % be the set of all I, Le #r, and of all k} for arbitrary 1PIsubdiagrams y of
I' and Le Z,. The set & is natural [4].

Let

UgyoesUyy  Upyees Uy (5.4)

be an arbitrary basis of &, r+d=m (uy,...,4,, vy, ....,v,€ ¥ and det(d(u,v)/o(k))
+0), and let H be a Zimmermann subspace, i.e. a class of affine subspaces of
(ky, ..., k), defined by constant 4y, ...,u, and variable v,, ..., v, Then all k, k? are
linear functions in u,v, g:

k=k(uwv,q), k'=k'(u,v,q). (5.5)

(v)=(v;, ...,v,) is called the parametrization of H. The set of all classes H, for all
bases (5.4), is denoted by .
We will show that for every He #

4d + deng) Iér(k(% b, q)’ q;S, U, a) <0 > if d>0 > (I)
4r+degrﬂ[0RT(k(u’ v, Q), q; S, U, a)|s=1 >0’ if r>0. (II)
Then all the conditions are met for the power counting theorem of [6] to apply to
the renormalized Feynman integral (3.2), and Theorem 1 is proved. Note that (II)
must only be shown for s=1.If s 1, all propagators are massive and (II) is trivially
satisfied.
To prove (I) and (II) we will use the method of complete forests [5].
Rr(k, q; s, i, a) is written in a form which depends on H, i.¢. as a sum of terms which
are described by complete forests and satisfy (I) and (IT). A I'-forest U € #"is called

complete on H, parametrized by (v), if I' e U, and if for any y e U all lines of 7(U) are
constant on H relative to v, i.e.

kl(u,v,q) is independent of v for every Le Ly,
or all lines of 7(U) are variable on H relative to y, i.e.

k}(u,v, q) is dependent on v for every Le &y, .
7(U) is said to be constant or variable on H, respectively.

Lemma 5.1 [5). Let I' be a 1PI diagram, He # and %Y the set of all I'-forests
which are complete on H. Then

Rl"(kaq;saﬂa a):: UZﬂIfH XU(k’q;s,”:a): (56)



658 T. Reisz

where
XU(ka q; 8, 4, a) = (1 - fl’) i7[‘(krs qT: SF: Hs a)lkr=k;qr=q;sr=s H (573)

and
z’(ky, qv5 Sv’ 25 a) = f?(U)(ky’ qy’ Sys Hs a) ) Sy ‘1:11 f(’))l) ?}'i(k}’i, qyi; Sw, U a) > (57b)

foranyyeU, vy, ...,7. being the maximal elements of U(y). For minimal y set f’v =T ”

F(y) is defined by
1—12, if ye®(U)
= L (5.8)
ro={ 0 5 Teao
where B(U) is the set of all ye U having 7(U) variable on H and being a maximal
element of U(z) for some te U having T(U) constant on H.

Let U be a I'-forest, ye U and y,, ..., 7, the maximal elements of U(y). Then S,
means a linear substitution

S kY kvk? , qvi_,q?i(kv’ qv , Svi_,sv’ (59)
Y

where the k’-dependence of ¢” is only by the explicit k*-dependence of external
lines of y;, and k" is independent of ¢*. Especially, if H € # is given by variable (v)
and constant (1) and if $(U) is constant, then ¢*(k”, ¢*) depends only on u and ¢".

The prove of the UV-convergence conditions (I} is along the lines of the proof
{4]. Let H e # be defined by variable (v)=(vy, ..., v,) and constant (u)=(u, ...,4,),
and let Ue#E. For ye U define

Myly)=4 Z m(t(U)), (5.10)

where the sum is over all = € U(y)u{y}, T(U) variable, and m(#(U)) is the number of
loops in T(U). For y=TI', My(I')24d [4]. Then the following lemma holds.

Lemma 5.2, For every yeU,
1. degr, Y,(k(u,v,q), q7; 8", 4, ) < — My(y) for F(U) constant, (5.11)
equality holding only if My(y)=0.
2. degry, Y,(k'(u,0,q), q7; 87, 1, @) < 8(y) — My(y) for 5(U) variable. (5.12)
For I,
3. degr, R(k(u, v, q), q; 5, 11, ) < —4d. (5.13)

The proof of Lemma 5.2 is quite similar as the proof of [4, Lemma 5.2], the
only difference being the appearence of the mass parameters s”. Nevertheless, as
Lemma 5.2 of [4] is a consequence of the general properties of a subtraction
operator listed in Lemma 3.1 of [4], the validity of the above lemma is based on the
corresponding conditions of generalized subtraction operators listed in Lem-
ma 4.2. For this reason, the proof is left as an exercise to the reader. By Lemma 5.2,
the UV-conditions (I) are satisfied.
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6. Proof of the IR-Convergence Conditions (IT)

To prove the inequalities (IT) we will use the technical notion of an augmented
diagram [10] I* of I'. I" is constructed by collecting all external lines of I' into a new
vertex B,. Momentum conservation in I' implies momentum conservation in By, If
r has more than one external line, I" is 1PI if I' is. If I' has no external lines, then

I'=r.
More precisely, let

Ir= (Z[‘a éora e@ra ¢F: 1zUI’)

be a 1PI diagram having at least one external line. Then the augmented diagram I
of I' is defined by

f=($f,(9@f,=@f: qbi’:Wi‘)a

where
Lr=Lroér (Lrnér=0),
€r=9,
Br=RBro{Bo}, Bo¢%r,
and

br: Lr—RBr X B,
$HL)=¢r(L) if LeZr,
¢HE)=(Bo,w((E)) if Eeér.
The domain of yy.: £ — %y is empty. Every line Le %\ & is called a g-Linie of I".
We now state two lemmas which are consequences of the assumed non-
exceptionality of the external momenta and the IR-constraints (3.9). They will be
useful later for the induction through a complete forest.

Let I" be a 1PI diagram having m loops and I the augmented diagram of I'. For
every 1PI subdiagram vy of I', the IR-subtraction degree is given by

e)=4+ % [o(B)—4]— X eln)r, (6.1)

where the o(B) are constrained by (3.9). Let E(I') be the number of g-lines of I" and
V15 ..., 7. be mutually disjoint 1PI subdiagrams of I', I'¢ {yy, ..., 7}

Suppose that an arbitrary parametrization of the loop momenta of I' of the
form

kiw,p)= Y D;w;+p;, i=1,...,m, (6.2)
=1

is given, where det(D)# 0 and p; are fixed momenta, so that for all line momenta [},
le %y,

L=lm.a.p)= %, (COwy+0ula)+Pulp), (63

where @;, P, are linear.
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Let Ay, A4,,...,4, be the mutually disjoint, connected subdiagrams of
I'/yy...y, which are spanned by the g-lines and the lines Le.%, having
0.(q)+ P.(p)*0, and so that for E(I)>1 always B, e A, (cp. the definition of I)
and for E(I')=0: 4,=0. By momentum conservation, all 4,, ..., 4, are 1PI, hence
their number of loops m(A4;)=1, i=1,...,b. Furthermore, let A,,...,4, be the
elements of {y,...,y.} which corresponds in I'/y,...y. to reduced vertices not
contained in &, U...U%,,.

Lemma 6.1. If the external momenta of I’ are non-exceptional, we have
m(dy)Z E(N—1. (6.4)
If in addition for all internal vertices Be %y r(B)=4 and o(B) 24, the inequality
HT)+ 'Zl max(0, 9(4)—4m(T)> —4m(T'/y,...7.) 6.5)
holds, where T=(I'/y,...y)/4y...A,, and ©(T) and m(T) are the IR-divergence

degree of T and the number of loops in T, respectively.

For non-exceptional external momenta and E(I')=2, A, is 1PL If E(I')=0,
Ay=90, and for E(I')=1, &z, consists of one g-Linie.

Proof. We always have m(4,)=0. If E(I') =2, and the external momenta of I' are
non-exceptional, the diagram spanned by the lines of £3,1.%,,, . is connected
and contains all external vertices of I'/y,...7.. This proves the first statement.

To prove the second statement, we first note that if A,=1I"/y,...7., (6.5) is
trivial. Thus, let us assume that A, =+ I'/y,...7,. The number of loops in T satisfies

(1) =m(Tlys..30 ~ ¥ md)
<30 ~(BO-D(=dyn 00— T mA) (69
=m0~ 5, mid).

Furthermore

T —4m(T)z4+ . Z@ ["(B)—4]—4m(T) (by (2.30), T has no external legs)

24+ ¥ [HB)-41+ % (Zestan—4)

BG@Th.%I‘
b

+ 2 (Fain—4)+ (3 e Ao)n—4)(1=0pr, o)

—4m(Tpy.30+4 3 mA) [y 230)

> 3, (Fethn—d) —niT ..

i=1
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where we have used r, >0, m(A)=1 for all i=1,...,b and that r(B)=4 for all
internal vertices B e # (% ,n%, contains only internal vertices of I'). Finally

HT)+ _; max(0, o(A)) — 4m(T)

> X (Z ek(li)rk—4> + Z max (0,4— realbrt ¥ [@(B)—4]>
i E i=1 E Beds,

=1
—4m(I'/y;...y)2 —4m(T[y;...7),
where we have used that all Be 4, are internal vertices and for them ¢(B)=4. [0

To state the second lemma, let 2, ..., X, be the connected, mutually disjoint
subdiagrams of I'/y,...y, spanned by the lines Le %, , satisfying P;(p)=+0.
Every Z, is 1PI and satisfies m(X;)>1.

Lemma 6.2. Set T=(I'/y,...y)/Z,...2,. If all vertices Be & satisfy g(B)<4 and
o(B)=r(B), the inequality

HT)+ _:21 max(0, ¢(y;)) —4m(T) 2 o(I') —4m(l[7;...7.) (6.7)
holds.

Proof. Let Ay, ..., A, be the elements of {y,,...,y.} which corresponds in I'/y,...7,
to those vertices not contained in &5, U...u%5,. Then, using m(T)=m(I'/y;...y.)

- i m(X), we get
i=1
WD)+ 3 max(0, e(r)—4m(T)

= [4 + Y [HB-41+ ii @: el4) rk—4) + ii (; e (Z)r— 4)

BeBTnBr
- yemn |- anrr -4 5 mE) |+ 5 maxt,e0)
24+ 5 BB-41+ 3 (Talin—4) =T,

BeABrnABr

+ 5, max (0,4 Y einct L (@B)~4) ~4m(Ty,...

(by r,>0 and m(Z)=1)
2 (4+ Y [e(B)—4]-Y el )m) —4m(I'/y,...3),
Be#%r k
where we have used e(T)=¢,(I') for all k and ¢(B)<r(B), ¢(B)<4 for all vertices
Be%,. [

Using the mechanism of complete forests we now prove the IR-power counting
conditions (II). The starting point is Lemma 5.1. The idea of proofis along the lines
of [10].
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Always in the following let I" be a 1PI Feynman diagram and m the number of
loops in I', H e # given by variable (v)={v, ...,v,) and constant ()= (4, ..., 4,),
and let U be a I'-forest which is complete on H. At first, for every ye U we define

No(y)=4 L m(z(U)). (6.8)

The sum is over all t € U(y)u{y}, T(U) constant, and m(7(U)) is the number of loops
in 7(U). For y=I, Ny(I')<4r. This follows from My (I')=4m— Ny('}=4d and
r+d=m (cf. (5.10)).

The next lemma states the action of the operators £, onto 17;

Lemma 6.3. For every ye U, the following inequalities hold.
1‘ degrz‘dq“/u(sy - l)fy Yy(kv(u’ v, q)a qya Sya H, a)

degrﬁquv(sV -1) ﬁ(k}’(ua U, q)a qya Sy’ “ a) for ’J?( U) Uariable
2 | min [degreg 5, Bk (1, 0,9),47; 8%, g @) — (e(y) - 1),
degry oy — 1y (0w, v, 9), 475 57, p, a) ] Jor  §(U) constant .
(6.9)

2. degriye - 1yt Yk (1,0, 9), 475 57, 1, 0)

degryrosr— 1) Yk, v, ), 4" 5%, 1, ) for o(y)=0

min [degriz - 1y, (K", 1, 9), 4'; 7, 41, a),

degtyproer— 1, B, 0,9), ¢ 5 @) +e()]  for o(y)>0. (6.10)
3. Suppose 7(U) is variable. Then the inequality

"

degr@(sv - 1)|v(1 - fy) f’y(ky(ua v, 61): qva Sy, K Cl)
g degrﬁlqu(SV - l)z(ky(u, U, q)9 qya Syn U, a) + maX(O, Q(Y)) (61 1)
holds.

Proof. 1, is written in the form

A

A — A A A — A A
L=ttt —tta=1,+1—1,)%,,

where P
A a1 A _ 73
Ty1= tgs’y(i“’— 1)» Ty = tq%’ .

If $(U) is variable, every factor in the denominator of Yy depends on v or is
independent of ¢7 and (s* —1).
1.a) Using (2.11), Lemma 4.4.3 and Lemma 4.3, we get
degrﬂ[qv(sv - 1)(1 '—fyl)fv2 ffv(ky(ua v, q)n qya Sya U a)
g degr,ﬂqv,,(sy - l)fyz ?y(ky(ua U, Q)’ qy; Sya K, a)
= deglypoer - 1) (K@, 0,9),47; 57, 1, a).
b) Using (5.7b), (5.8) and Lemma 4.4, we get

degrﬁlqvv(s’y - l)f'yl ?y(ky(l'h v, q), qya Sva H, a)
{degrﬁlqvu(sv - 1)?})(](?(“: v, q), qva Sv, H, a) for ')7( U) variable

P -~
degr@(s"’ b 311 Yy(ky(us v, q)a qy5 s7, K, a) - (Q('y) - 1) for ')T(U) constant.
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Taking the minimum, assertion 1. follows.
2.a) degripor -1yl — 1,01, V(K (.0, 9),4"; ", 1. @)
g degrﬁlqvv(s? - 1)fy2 ?y(ky(u: v, 61): ‘1?; Sya U, a) +max (03 Q(y)) >
(by Lemma 4.4.4)
2 degtyroer— 1) Y,(KW, 0, 9), 473 87, 1, a) + max (0, (7)),
(by Lemma 4.3).
b) Note that g(y) <0 implies 1,, f’y =0. If o(y)>0, we get
degr@(s‘f - 1)|v’fy1 i}y(k})(“, v, q)a qy, s}', M, a)
g degr@(m’ - 1)]v ?y(ky(ua b, q)a qy, S}’, ﬂa a) (by Lemma 441) -
Assertion 2. now follows by taking the minimum.
3. Let 7(U) be variable. Then Lemma 4.4.4 yields
degrﬁﬁ(sy - 1)]1;(1 - fyl) ?y(ky(u: v, q): qu Sya Hs a)
g degrﬁ[q?v(sv -1) Yy(ky(ua b, q)5 qu Sy: K a) + max(O, Q(y)) .
Using 1 —%,=(1—1,,)(1—1%,,) and 2.a, the assertion follows. []

Using Lemma 6.3, we get the following lemma which states lower bounds on
the IR-degrees of the functions defined in Lemma 5.1.

Lemma 64. 1. For every yeU
degromier— 10 (K, v,9), q7; %, i, @) 2 0(2) — Nyy)  if  7(U) constant .

d_Cg_ralqw(sv - 1)2(1‘}’(“, 0,q),q"; 5", @) 2 — Ny(y) (6.12)
(= holding only if Ny(y)=0).

2. Let ye U and A be a maximal element of U(y).
a) degrzﬁ[q'r‘v(sy - l)Syf}. ?/l(kl(u’ 0, q), qla SA, H, Cl) -Z - NU(/’{')
(=holding only if Ny(1)=0). (6.13)
In particular
@g{ﬁiqrv(sr - l)fl"?f‘(kr(ua v, Q)> qr, Sra 22 a) > —4r.
b) degrﬁ[q”u(s? - I)Sy(:l - fl) i\,l(kl(ua v, q): qla S}v: 22 [1) g - NU(/F{)
(= holding only if Ny(4)=0),

for 7(U) constant and A(U) variable.
C) g@@(ﬂ - 1)|vSy‘LA'}. Yl(kl(ua U, q): ql5 Sla U, a) g max(O, Q('l)) - NU(A) (61 5)

for #(U) constant and I(U) constant.
d) degrizer— 10,1 — ) Vi(k*(u, v, 9), ¢*; 5%, 1, @) 2 max (0, g(4)) — Ny(4) (6.16)

for 3(U) constant and J(U) variable.
The statements a)-d) are also valid without S, and with q*,(s*— 1) instead of ¢’,
(s"—1).

(6.14)
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Proof. By complete induction. o
1. For minimal y, we have y=9(U) and Y,=1.. In general

degrﬁlqvu(sV - l)fy(ky(u7 v, q)’ qy’ Sya Hs a) g 0 9

because of (2.11) for every line Le &,

If p(U) is constant, let %, ..., Z, be all 1PI subdiagrams of y which are spanned
by the lines Le &, satisfying k}(0, 0, g) 0. Because of ¢(B) <4 and ¢(B) = r(B)for all
Be 4, using Lemma 6.2 and writing T=y/2,...X,, we get

degr;?q\‘/(sy -1 )Ivfy(kv(ua v, q)9 qy> sya H, a)
; degr;ﬁ(sy - I)TT(ky(us v= 07 q= 0): qy, Sv: K, a)
=r(T)—4m(T) 2 o(y) — 4m(y)= ()~ No().
This proves the first statement of the lemma for minimal ye U. .
2. Letye U and 4 be a maximal element of U(y). By hypothesis of induction, Y,

satisfies Lemma 6.4.1.
To prove the statements 2a) and 2b) of the lemma, we use Lemma 6.3.1 and get

@mqmsl - L)fx f’;_(k"(u, v,q), ql;bsl, #a)= —Ny(d)
(=holding only if Ny(4)=0)

and

d_Cgﬁquu(sl— 1)(1 —1,) f’a(kl(us v,q), ql§ s?, U, a)
Zmin [degrgansn-1 j}b degry aner—1)ts ?z]
= —Ny(4)

(=holding only if Ny(1)=0).

S, is a linear transformation
S,:¢*~>q (k" v,9),q"), '8,
where the k?-dependence of ¢* is only by the explicit k?-dependence of the external
lines of 2, i.¢. lines which belong to &y, The denominator of ¢, ¥, is independent
of g* and (s*—1), hence
degrﬂIqVU(SV - l)Syf,l ?l(kl(ua v, Q), qla Sla H, Cl)
= degr, algrv(sA— 1 )fz Z(k’l(u, v,q), q/l; s, wa)Z —Nylh)
(=holding only if Ny(1)=0).
If $(U) constant and A(U) variable, every denominator factor of (1—%,)¥; is
independent of ¢* and (s*—1) or dependent on v, and ¢*(k'(u,v,4),q") is
independent of ». Hence
degrqu“’u(sy - I)Sy(1 - f}.) f,).(k;‘(u; v, Q): qla Sl: i, a)
g degrﬁ]qlv(si - 1)(1 - f}.) ?A(kl(“, v, ‘1), qla SA) K a) g - NU(/{)
(=holding only if Ny(1)=0). (6.17)
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_ Next, we prove the statements 2.c and 2.d of the lemma. Let 7(U) be constant. If
(U) is constant, we get

degriz— 1ot Yk (u, 0,9), ¢*; 5%, 1, ) 2 max (0, (4) — Ny(4),
where we have used Lemma 6.3.2. If Z(U) is variable, using Lemma 6.3.3, we have
degriza— o1 —12) VilkHw, v,9), 4% 5%, 1, @) 2 max(0, () — Ny(4).
Using the above mentioned property of the substitution operator §,, we get
Elgg;q\v(s?’— 1)|vSyf,l ?ﬂ.(kl(ua U, q)n ql: Sla H, a)
g degru/q)(s‘t - l)lvfl ﬁ(kl(u’ v, q)s qla Sl: U, a)

> max (0, o(2)) — Ny(2)
and
deglime - 1,1 — 1)) Yy(kMu, v,9), 4*; s*, p, @)
2 degrizr— (1 —€2) Vi(kH(w, 0,9), 4% 5% 1, a)
2max(0, o(4)) — Ny(4).
3. Let yeU and vy, ...,7. be the maximal elements of U(y). By hypothesis of
induction, Lemma 6.4.2 holds, where 1 represents v, ...,7,. We must show that y

satisfies Lemma 6.4.1, which concludes the proof.
In general,

degry o — 1 Yk (1, v,9), 475 57, 1, @)
= degrﬁquv(sV - 1)I 7(0)(ky(U, v,9),q"; 5, 1, a)

+ Z degrulq'r'v(sy - 1)Syf(yi) ?y,-(kyi(ua v, 5]), qyi; Syi’ ”a (1)

=1i
20+ 3 (~Nulr)
2 —Ny(y) (=holding only if Ny(y)=0),
where we have used that Ny(y)= Z Ny(yy), and that all propagators of IﬂU)
depend on (s*—1).

Now let (U) be constant.

Let ¥,,...,%, be the mutually disjoint, connected and consequently 1PI
subdiagrams of §(U) spanned by the lines Le.#,, satisfying k}(0,0,4q)=0.
Using ¢(B)<4 and ¢o(B)<r(B) for all verticcs BeZ, and writing
T=(fy1- 7/ E 1. Sy We got

degr@(sv Dfv A (k)'(u v, q) qy. Sya K a)
>degruq7(sv Dlv y(U)(k (u,v q) q S > Ky a)

+ 'Zi degr@(s‘»’— I)IUSyf('Yi) i\lyi(k%(ua v, Q)a lIwQ SH’ ua Cl)
g degr@(s‘” - l)fT(kY(ua 09 0)7 qu Sya i a)

+ 'Zl degrtﬁﬁ(sy - l)luSyf(Yi) ?yi(kw(ua v, q)a qyi; Swa i a)



666 T. Reisz
2r(T)—4m(T)+ ¥ max(0.e0)— 3. No)

Z0()- [4m()7(U))+ b Nu(yi)}, (by Lemma 6.2)

=0(y)~Ny(y). O

Finally, using Lemma 6.4 we can prove that the renormalized Feynman
integrand R satisfies the IR-conditions (IT).

Theorem 3. Let I' be a 1P1 Feynman diagram having m loops and
Upy ooy, UyyeensUg,

r+d=m, be an arbitrary basis of &, the set of alll;, Le % and of all k}, for all 1PI
subdiagrams y of I and Le &L, Let He # be given by variable (vy, ...,v,;) and
constant (U, ...,u,),and U a T~ forest which is complete on H. Then X ; of Lemma 5.1
satisfies

degrﬁluXU(k(u> U, CI); q; 8, K, a)|s= 1>~ 4r > (618)
hence
degry, Rpk(u, v,9),4; 5, 41, @)= +4r>0. (6.19)

This means that the IR-convergence conditions (IT) are satisfied, and Theorem
1 is proved.

Proof of Theorem 3. We must show that
degrﬁlv(1 _fI‘) i71"(](1—‘(“, v, q): qra SF: i, a)lqr=q,sr= 1> 4r.

Atfirst, note that the denominator of £, ¥, is independent of " and of s” — 1. Using
Lemma 6.4.2, we get

degrﬁlv‘fr ?I’(kr(% v, q)a qr; Sr> u, a)lq‘" =q,sT'=1
Zdegr; rosr—1)tr i71‘(kr(u, 0,9),q"; s , wa)> —4r.

All what remains to prove is that
degrﬂu?[‘(kr(u: v, q): qT’ ST7 Hy a)lqr=q, sT=1> """ 4r. (620)

Let y,,...,7, be the maximal elements of U(I), so that
~ N c
Yr(kr’ qr’ Sr, o, a): IT(U)(kT’ qr: Sr’ U, a)+ .Zl SI*T}, vl(k.y', q71 S)’z ’u’ a)

1. Suppose that I'(U)is variable. Then N ()= Z Nyly,) <4r(=holding only
if Ny(I')=0). Using

degr&lufT(U)(kT(ua v, (1)> qT, Sr’ H, a) Z 0
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and Lemma 6.4.2, we get

degrﬁ[v i\,l“(kr(ua b, q)’ ql"; SF’ H, a)lq"=q, sT=1
g degrﬁlvll_‘(U)(kr(ua v, q)a qra ST’ My a)lqr=q,sr= 1

+ Y degry ruer— 1Sty Y (k7w v, @), g7 87, p, a) > —4r .
i=17

2. Suppose that [(U) is constant. - _
Take all mutually disjoint, connected subdiagrams Aq,..., 4, of I'/y;...y,
spanned by the g-lines and all lines Le ¥y, satisfying

Furthermore, let 2y, ..., 4, be the elements of {y,,...,7.} which corresponds in
I'fy, ...,y to vertices not contained in B, U...ufBy,, and let gy, ..., 0 € {1, .., Y}
the remaining ones, i.e.

{01, 0} V{Aps A ={y1, oy}
{Qla ""Ql}m{ﬂ'lﬂ "'518} =®7

At first, the following lower bounds on the IR-degrees can be given.
a) The denominator of S;%£,,Y,, is independent of ¢ and s —1, hence

[4e=c.

degrﬁivsffgii}gi(kgi(ua v, q)’ qu; SQi’ Hs a)lqr =g,sT=1
g degrﬁ]qrv(sr— I)S["fgi ?Q,-(kgi(u’ b, q)a qei; SQir Hs a)
= —Ngle) (=holding only if Ny(g)=0), (by Lemma 6.4).
b) For g, variable, using the same arguments as for (6.17),
degrﬁivST(1 - fgi) ?g,-(kgi(u’ v, (I), qgi; Sgi’ K, a)lqr =q,s=1
g degrﬁlqrv(sr~ 1) SI"(1 - fgi) ffgi(kgi(ua v, Q)a qai; SQ{: i, a)
> —Nyle;) (=holding only if Ny(g,)=0), (by Lemma 6.4).
¢) For every 4,,...,4,
q"=q"(k" (4, v,9), g Ngr =g =" ()
is a linear function, hence
degralvsrflizi(kli(ua 2 q)’ qh; Sli: M, a)'qr=q,sr— 1=0
g degr@(sli - l)lufl,- ?li(kli(ua U, CI), qli; slia i, a)
2max(0,0(4;))— Ny(4), (by Lemma 6.4)
and for 7(U) variable
degrﬁleT(1 _f}.i) Tfli(kli(ua v, 61), qli; Sli: M, a)lqr=q,sr— 1=0
= degrpnni— (1 —12) Y (k¥(u, v,9), g™ 5%, . a)
>max(0,0(4;))— Ni{4;,) (by Lemma 6.4).
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Next, we use the inequalities a}<c) to conclude the proof of Theorem 3. By
assumption, the external momenta of I" are non-exceptional, and for every internal
vertex Be%, we have r(B)=o(B)=4. Applying Lemma6.1l to
T=(T/py...7)/Ap... Ay, We get

degrﬁlv f/1"(kr(u7 v, q):r ql"’ Sr’ i, a)‘qr =q,sT=1
g degrmvfl-"(U)(kr(ua v, ‘I), q; Sr: U, a)lsr =1

l <7 s : :
+ ‘Zl degrﬁ]vsl’f(gi) Yg,-(kgl(ua D, q)a qel; SQ!> Hs a)‘qy=q,sr= 1

M

degrﬁlvsl"f(}'i) ?}.i(kli(ur v, q)> qli; S}hi> 4, a)lqr=q,sr= 1

+ .
>degr, [1(k (u,v=0,9=0),g=0;5s=1, 4,0)

+ 3 (-Nofed)+ 5, [max(0,¢6i)—~NofA)]

I}

—HT)=4m(T)+ T max(0.e()— ¥ Nuly)

> [4m(f N+ _i N U(y,-)] (by Lemma 6.1)

=—=NyNz—-4. O

Conclusions

We have proposed a renormalization procedure for lattice Feynman integrals
which applies also in presence of zero-mass propagators. The method is a fusion of
the lattice version of the BPHZ renormalization prescription [4] and the auxiliary
mass method of Lowenstein and Zimmermann [9, 10]. It applies to a wide class of
lattice field theories. Under very general conditions, the renormalized theory is IR-
convergent for every finite lattice spacing, and the continuum limit exists. The set
of renormalizable, IR-finite theories is constrained by the condition that all
vertices should have an IR-degree not less than four. Apart from the possibility of
massless propagators, the assumptions on the structure of momentum space
Feynman integrals are the same as in the masstve case [4]. The integrand should be
periodic with the Brillouin zone in all the momenta, a property which is reflected
by the fact that the counterterms are also periodic. The propagators are assumed
to have only one pole in the Brillouin zone. In particular, the renormalization
program does not work for lattice fermions whose propagators have poles on the
boundary of the Brillouin zone. Furthermore, the integrand should be differenti-
able to such a degree that all subtractions necessary to subtract the divergencies
can be done without problems.

With respect to universality of perturbation theory and power counting
renormalizability, the same arguments as in the massive case [4] apply also to
massless lattice field theories. The continuum limit of the renormalized theory does
not depend on the specific choice of the lattice action. It is given by the continuum
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field theory which is described by the (naive) continuum limit of the lattice action
and is renormalized by the BPHZL finite part prescription [9, 10]. Furthermore, if
all coupling constants are dimensionless, a lattice field theory is renormalizable by
power counting if and only if its (formal) continuum limit is renormalizable. Also,
the counterterm philosophy is the same as in the massive case. After some
symmetrizations with respect to the external momenta of the Green functions (as
described in [4, Sect. 4]), the subtractions can always be written as counterterm
contributions to the lattice action, which can be chosen to be local.

Actually, we have defined the renormalization procedure for scalar fields only.
This we have done to simplify the notation. There is no problem to generalize the
method to fields carrying internal symmetries and spin. This can be done by
introducing so-called index-distributions in Feynman integrals [4] which associ-
ate every line ending with a set of symmetry labels. The definitions (2.27), (2.28) of
divergence degrees are replaced by

w(ﬁL)z gz}é @QSEL(ZQ oy, Brs s, u,a),

"(EL) = g}lﬂr}‘ 11_6_&‘1’; s— 1)2L(1L’ ar, Br; s, u, a)
for every line L and

o(Vy)= max degrey,. Vy({Lo, a1} g3 5 14,0),

7(173) = gii}g degr{l/Z}B(s- 1) I7B({lb aL}B; S, /L, Cl)

for every vertex B, where the maxima and minima are over all possible symmetry
labels of line endings at the vertex B.

Renormalized Green functions depend on the auxiliary masses introduced by
the subtraction scheme. This dependence may be absorbed by additional finite
renormalizations satisfying the IR-constraints and leading to equivalent re-
normalization schemes. For instance, by an appropriate choice, this corresponds
to subtractions at non-exceptional momenta plus additional finite renormaliza-
tions at vanishing momentum for two- and three-point functions necessary to get
IR-finite amplitudes in higher orders. In most applications, these additional
subtractions are needed only for diagrams with two or three massless external
lines.

The renormalization program proposed here applies also to lattice gauge field
theories. After convenient gauge fixing, such a theory is perturbatively renormaliz-
able by power counting, i.e. with increasing number of loops the order of
subtractions needed does not increase, and the continuum limit of the re-
normalized theory exists. The counterterms needed can always be chosen to be
local. A priori, only little can be said about their structure. However, if there exists
a BRS-symmetry on the lattice, the Green functions satisfy the corresponding
Slavnov-identities. It then should be possible to show that to every order, the
counterterms needed are of a restricted form which allows the theory to be
renormalized simply by renormalizing the parameters in the original lattice action.
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Appendix. Properties of Lattice Degrees

In this appendix we list those propertics of the IR- and UV-degrees defined in
Sect. 2.3 which are permanently used in the text without explicit reference. They
are direct consequences of the definitions.

Let Ve %* be of the form (2.18). Then

degruq(s l)lvV(u U, q, q’ S, U, {1)|q 0,s—1=0 2 degruq(s l)lz;V(ua v, CL q, S, H, a):

N (A.1)
degrﬁlqv(s— I)V(uﬂ v, 4g, f1> S, 1y a)|q= 0,s—1=0 ; degrz‘dqv(s— I)V(u7 v,4,9;8, U, a) 5

and
degr V(u v, 4, q: S, U, a)lq 0,5=0— degrvqu(u9 U, 4, q_s S, Uy a)lq=0,s=0

<degrgV(u,v,q,4; s, 11, a), (A2)
degr,V(u,0,9,3; 5t )= 0,5= 0 <degr,V(u,v,4,q; s, 11, a).

The degrees of derivatives and of sums and products of functions of the
function class & satisfy inequalities which are direct generalizations of the
corresponding inequalities for the UV- and IR-degrees with respect to the
momenta only, as given in [3, Lemma 2.2] and [6, Lemma 2.1], respectively.

Let F,F,,...,F, be of the form (2.19). Then

degrulvq(s 1) Z F; >i m1n degru[vq(s 1)F17

o

degruq(s 1)(11.2 F> Il'lln degruq(s I)I:;Fn

i=

ok . (A3)
degrr‘zh}q(s—l 1;[1 Flg Z degrﬁlvq(s 1)F1>
degra— 1) Ijl 12 =Z degras- o Fis
and
degruqs Z F.< , Jnax degr,,qs is
(A4)

€

degr,,qs ﬂ F.= Z degrz F;
=1

Furthermore, for every beINy={0,1,2,...} and I=(l,,...,1,) € INY, we have
ab al
degrﬁlqv(s— 1) m 5&? F(”? v, 4, q, S, U, a) g degrﬁlqv(s~ l)F(ua v,q, q; S, U, a) s
(A5)

ab al
(M v, q:qas Hs a)>degruq(s 1)|UF(u7 v, 4, q;S, ,u,a)—(b+|l|),

degr“q(s Do A 1\b a(s 1)b aq

and by

— & 0 -

degr; = a7 F(u,v,9,q;s, 1, a) Sdegr, F(u,0,4,4; s, 1, a),

b al (Aé)
qu a 8 lF(u v, 4, Q?S 25 a)<degrvqu(u> v, 4, q—> S, U, a)—(b+,ll)>

where |l|= Z L.
i=1
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Note added in proof. The constraints on the IR-degrees of the vertices imposed by the
convergence theorems of Sect. 3 may be relaxed somewhat [10]. Namely, there may be at most
one internal vertex B with an IR-degree r(B) equal to 3. Correspondingly, the IR-subtraction
degree o(B) of that vertex must also be equal to 3, ie.

1B)=0(B)=3.

(If the external momenta are integrated over, then 3<g(B)<r(B)). That is possible because the
IR-dimensions of the fields satisfy r, > 1. All statements remain true with this modification, and
the only change is in the proof of Lemma 6.1.

The generalization will be useful in applications.



