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ABSTRACT

The renormalisation group equation for N-point correlation functions can be interpreted
in a geometrical manner as an equation for Lie transport of amplitudes in the space of
couplings. The vector field generating the diffeomorphism has components given by the -
functions of the theory. It is argued that this simple picture requires modification whenever
any one of the points at which the amplitude is evaluated becomes close to any other.
This modification requires the introduction of a connection on the space of couplings and
new terms appear in the renormalisation group equation involving co-variant derivatives
of the [B-function and the curvature associated with the connection. It is shown how
the connection is related to the operator expansion co-efficients, but there remains an
arbitrariness in its definition.
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§1 Introduction

Geometry has always played a central role in the development of theoretical physics.
Recently a new possibility for the application of geometry to physics has emerged, that is
the use of geometrical concepts to understand the “space of theories”, [1] [2] [3] [4] [5].
In this approach to relativistic quantum field theory or stastical mechanics the couplings
which parameterise a theory, e.g. masses, gauge couplings, Yukawa couplings etc., are
viewed as parameters on some space G and it is the geometry of this space which is
studied. It is in principle an infinite dimensional space as there are an infinite number of
operators that one can introduce into any given theory, but there are circumstances where
one might hope that studying a finite dimensional subspace may prove to be sufficient.
For example in a renormalisable field theory there are generically only a finite number of
operators that can be included in the bare action and the properties of all other operators
should be determined by these “basic” operators alone (for an interacting field theory these
must include composite operators). In such circumstances G is finite dimensional and can
be parameterised by the couplings g® associated with each basic operator.

One is then tempted to think of G as being a differentiable manifold, in which case g*
would be thought of as co-ordinates with a = 1,...,n, where n is the dimension of G - for
example it has been proposed that the space of couplings for the dynamics responsible for
the quantum Hall effect can usefully be identified with the Lobachevski plane, [6] . What
would be the geometrical properties of G in this approach in general? For example one
might seek a consistent definition of a metric on G, this would give a notion of the physical
“distance” between two theories. A reasonable criterion for a metric is that it should be
related to the two point functions of the theory, [5] [7]. A connection on G would also
be important to give a rule for transporting tensors around. We shall see that physical
amplitudes of the theory can be thought of as tensors on G. Co-variant differentiation
therefore would give a rule for comparing physical amplitudes for different theories (by
this is meant theories with the same field content but different values of the couplings).
Unfortunately there is as yet no clear physical definition of a connection, though some
suggestions have been made, [1] [2] [3] [4]. The connection is related to the operator
expansion co-efficients, and this relationship will be investigated in detail in section five.
A precise determination of the connection will not be attempted here, however, rather the
existence of a connection will simply be be assumed and some inferences will be drawn.

A more primitive form of differentiation also exists in differential geometry apart from
co-variant differentiation, that of Lie differentiation, but the definition of a Lie derivative
requires choosing a vector field - it is not intrinsic to the basic geometry of the underlying
manifold. It is more primitive in the sense that it does not require either a metric or
a connection for its definition and so does not rely on the geometry to the same extent
as the co-variant derivative. It has been shown, [8] [9], that the renormalisation group
equation for N-point amplitudes can be thought of as an equation for Lie differentiation
of the amplitudes along the vector field defined by the S-functions of the theory. From
this perspective the anomalous dimensions are seen as arising from Lie differentiation of
the basis vectors for the tangent space. From a geometrical point of view the vanishing of
the anomalous dimension of the free energy is due to the fact that it is a scalar function
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on G, being the logarithm of the partition function, and is not a tensor.

However this interpretation of the renormalisation group equation as a Lie derivative
is only valid when the points in Euclidean space at which the N-point function is evaluated,
Z1,...,xN, are well separated with respect to the renormalisation length x~!.* It will be
shown in this paper that there are corrections to this interpretation when some of these
points get close together and that these corrections can be expressed by the introduction
of a connection. One of the main results presented here is a co-variant generalisation of
some formulae appearing in reference [10] for the way in which regularised N-point Green
functions mix with lower N-point functions under changes in the renormalisation scale k.

We shall first state the results. Denote the basic operators, which may be composite,
by [®.(p)] (these will be defined more precisely later) and the regularised Green functions
in momentum space by

GR(p: Q>ab =< [(I)a(p>q)b(Q)] >
GR(p7 q, 74)abc =< [q)a<p)q)b(Q)q)c(T)] > (1)
GR<p7 q,T, S)abcd =< [q)a<p)q)b(Q)q)c(T)q)d(8)] > etc.,
(square brackets around an operator denote that it is regularised). Then, assuming

< [®4(p)] >= 0 for simplicity, it will be shown that the renormalisation group equations
for three and four point functions are

0
|i</{g‘ g + ﬁ@)GR(p, q, T)} = TabdGé%c(p + q, 7’) + TdeGcI?a(q + T‘,p) + TcadGCIlDz(T +p, Q)
abc
0
[<H_‘ + ﬁﬁ) GH(p,q. 8)} = [TabfG?cd(p +q,7,8)+ 5 terms]
w9 abed

- [(VaTbcf)G?d(p +q+r,s)+ 3terms] + -
(2)

The notation Lz denotes the Lie derivative e.g.,
c c c c d
LGl = B10.GE" + (0.8Y)GE + (0,8Y)GE, — (048*)GE,". (3)

The matrix 9,/° is the matrix of anomalous dimensions which mixes the operators under
renormalisation. In equation (2) dots denote terms which are monomials of the momenta
to the power D, such terms are only significant when all N points of the N-point function
are so close to one another that they are unresolvable on the length scale k1.

The tensor 7., appearing in the RG equations above is symmetric in a¢ and b and

involves the second co-variant derivative of the S-functions,

Tabc — vacﬁa - Racbdﬁd7 (4)

* For simplicity we shall take the underlying physical space in which the theory is
formulated to be D-dimensional Euclidean space, RP.
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with R%.4 the curvature associated with the connection. This tensor is central to the
treatment presented here as it governs the way in which N-point functions (which are
rank N co-variant tensors in the co-tangent space T*(G) at the point ¢g) mix with tensors
of lower rank, it is a co-variant generalisation of 9,0,3¢ which appears in [10].

The connection can be related to the operator product expansion co-efficients. The
idea that a connection should be related to the OPE co-efficients has been expressed before,
[2] [3]. In particular the analysis of the OPE presented in section five is similar in spirit
to that of Sonoda [3], but it is implemented in a different way in that reference. The OPE
co-efficients have also been related to the second derivatives of the S-functions, at least
near a critical point, by Zamolodchikov, [11]. He defines quantities Cj.. which are related
to the OPE co-efficients C%,.(x) and shows that é’gc = 0p0.5%.

The second main result of this paper is that certain OPE co-efficients satisfy the
following renormalisation group equation, in momentum space,

) . .
(h 5 g+£5)052 (p) = Tap® + -+, (5)

where C’fbc(p) are regularised OPE co-efficients, in the sense that their integral over all p
(or equivalently over all space) is finite. This equation is a co-variant generalisation of a

result presented in [12]. It relates the OPE co-efficients to the connection via the tensor

C
Tab -

The layout of the paper is as follows. In section two the renormalisation group equa-
tion, including the possibility of composite operators, will be discussed from a geometrical
point of view. It will be argued that, at least when all of the points are well separated, the
equation reduces to nothing more than the definition of the Lie derivative of tensors on G
with respect to the vector field given by the S-functions of the theory. In section three the
necessary changes required to regulate Green functions when two of the points get close
to one another are discussed and the technique of using position dependent couplings is
outlined. The resulting expressions are not co-variant under general co-ordinate transfor-
mations on G. Section four is devoted to the development of co-variant expressions and
a co-variant renormalisation group equation. It is shown how the renormalisation group
flow mixes up tensors of different rank. In section five the operator product expansion
co-efficients are discussed and a co-variant renormalisation group equation for them is de-
rived. It is argued that the connection is related to the OPE co-efficients. In section six the
results are summarised and some comments are made on possible future directions of de-
velopment. A derivation of the non-covariant expression for regularised N-point functions
with arbitrary IV is given in an appendix, for massless theories in four dimensions. A sec-
ond appendix gives the co-variant renormalisation group equation for four point functions
with arbitrary momenta.



§2 The Renormalisation Group Equation

The regularisation of quantum amplitudes involving composite operators is more sub-
tle than for those involving just elementary fields, at short distances new divergences
appear over and above those present in the standard treatments. In reference [10] a
technique was described for dimensional regularisation of amplitudes involving only those
composite operators associated with couplings appearing in the original Lagrangian of
the theory and this was extended in [12] to include more general composite operators.
For example if we consider the renormalised composite operator [¢?] in A¢?* theory in
four dimensions then the operator [¢*(x)][¢*(y)] is singular as z — y and requires a new
subtraction (here and subsequently square brackets around an operator or product of op-
erators means that it is regularised, thus [¢*(2)][¢*(y)] # [¢*(2)¢*(y)]). The technique
adopted in [10] involves defining ‘basic’ composite operators, one associated with every
coupling g% appearing in the bare Langrangian density Lo(z). These basic operators are
given by ®,,(z) = 0,4, Lo(x). For example in A\¢? in four dimensions for g% = )Xo one
has @), = $;¢5. In a renormalisable theory there are a finite number n of these opera-
tors, where n is the number of couplings agp = 1,...,n. ®,, are of course bare operators.
Renormalised operators can be defined by [®,(z)] = Z,% ®y, () where Z," is a matrix of
renormalisation co-efficients which mixes operators. This matrix can be interpreted as a
co-ordinate transformation matrix

bo 09 bo

Za - 8—9‘1 (6)

in which g% are renormalised couplings and [®,(x)] = 9, Lo(z). Thus the space of couplings
G is viewed as a n-dimensional differentiable manifold with ¢g* and g®° being different co-
ordinate systems on G. The bare couplings, g*° (g%, €), are analytic functions of g% and of
the regularisation parameter €, provided € # 0 (e = D — 4 in dimensional regularisation).
The matrix Z,” is a co-ordinate transformation matrix. Viewed from this geometric
perspective the quantities

O(z) = [Pa(z)]dg” = P, (2)dg™ (7)

are operator valued one-forms on the co-tangent space T*(G). This picture has also proven
useful in conformal field theories in two dimensions where the operators [®,] are primary
fields, [11].

N-point Green functions are now rank N tensors on G. Provided all the points x; are
well separated,

GO (@1, 2N) =< [®a, (21)] -+ [Bay (z3)] > . (8)
Note that in general the tensor nglv)a +(z1, ..., zN) has no particular symmetry properties.

When all the x; are well separated the renormalisation group equation has a very simple
geometrical interpretation, it is simply the Lie derivative of Gt(lllv.?.aN with respect to the

vector field on T(G) given by the S-functions of the theory g = (¢ 8‘;, [8] [9]. To see
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this we simply write the N-point functions with the basis dg® for real valued one-forms
included
G(N) =< [(bal (1‘1)] e [(I)CLN (xN>:| > dgal o 'dgaN

9
=< Cpaol (371) co q)aozv (xN) > dga01 e ~dga°1". ( )

The usual renormalisation group argument is now applied to G(N)| it should be independent
of the renormalisation point «. Thus

d 0
/fcde (/ﬁa,{ g-i-Eg)G 0. (10)
This immediately leads to
0
’i& gGr(zjlv) N(xh o '733]\/') =
N (11)
_ BbﬁbGéjlv.)..aN( Z 5b G(N) i 1basss (331, S XN,
=1
where we have used p da®
s a __ g a b
h——dg _d( =2 )-dﬁ — 9,8%dg". (12)

The matrix of anomalous dimensions, 0,3%, is thus seen to come from Lie dragging of
the basis one-forms dg®. Note that equation (11) is co-variant under general co-ordinate
transformations, even though the derivatives on the right hand side are not co-variant,
because the Lie derivative is co-variant by construction, [13] . There is no need to introduce
a connection to define Lie derivatives. However the interpretation of the matrix 9,4 as
having physical significance is tied in to a special choice of co-ordinates. More generally
one would expect a co-variant generalisation of this matrix, V,/3?, to have the physical
interpretation of a matrix of anomalous dimensions, [8].

This treatment of the RG equation, though conceptually simple, is not the whole
story. We must be careful to regularise [®,, (7;)][®4,(7)] whenever any two of the points
x; and x; start getting close to one another. The operator product expansion co-efficients
clearly play an important role here and this combination becomes a single renormalised
composite operator as x; — x;. Thus the regularised Green functions,

Gl (@1, an) =< (@, (1) -+ Pay (Tn)] >, (13)

are linear combinations of all the lower, unregularised ones, G for M < N including
M = 0. This phenomenon manifests itself at the level of the renormalisaion group by the
fact that GE(V) gets mixed up with tensors of lower rank under RG flow. This mixing
was exhibited in [10], but the tensor expressions in that reference were not co-variant. For
example the mixing co-efficients involved the second derivative of the S-functions, 0,0,5°¢
which is clearly not a tensor and this can only be consistent if it is legitimate to put a
flat connection on T'(G) and a co-ordinate system can be found in which the connection
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co-efficients vanish (e.g. if T'(G) admits a flat metric, with g* Cartesian co-ordinates, and
the connection is the Levi-Civita connection). The remedy for this problem is pointed out
in [10], a connection on T(G) must be introduced. It is even indicated how this should
be done, but the authors do not do it because they do not know how to calculate the
connection, in general. However a connection must be introduced, whether it be flat or
not, in order to make the renormalisation group equation co-variant and the approach
adopted here will be to introduce one, without any prescription as to how it might be
calculated, and co-variant expressions will be derived.

To appreciate the necessity of the aforementioned regularisation consider the two point
functions, Gup(x1,x2), for a theory in flat Euclidean space, R, where D = 4 — ¢ and a
and b are indices associated with dimensionless couplings. In dimensional regularisation
[®,] are dimension 4 — € operators. The renormalised two point Green functions are of the
form,* [14]

Gay(2,y) = Gap(2,y) + £~ “Au006(x — y), (14)

where Agp(g,€) is a tensor on G, independent of x and y, but depending on g% and con-
taining poles in € in general. [ is the four dimensional Laplacian in Euclidean space,
[0 = 0"0,,. The tensor Aq(g, €) is chosen to cancel the singularities at  ~ y in Ggp(2,y),
so as to render [ dPzGE (z,y) finite. These counterterms introduce corrections into the
RG equation which will be developed in section four. First we develope a technique for
determining regularised N-point functions for general N.

63 Regularised N-point Functions

The technique developed in [10] for handling the counterterms described in the pre-
vious section will now be summarised, leaving out the connection on 7%(G) until the next
section. Expressions for the regularised N-point function, in the absence of a connection,
can be derived by induction. The renormalised Green functions are obtaiérgad by introduc-

0

ing position dependent renormalised couplings, g*(z) so that [, (x)] = TROL where Sy is

the action Sy = [ dPzLo(x) with z# Cartesian co-ordinates on R”. Next a counterterm
proportional to the identity, which involves derivatives of ¢g%(x), is subtracted from the

bare action,
—€

K
50(9.0 = Solg. ) = 5 [ dPwduDg 09" (15)

Defining the generating functional in the usual way,

W=—-InZ  where Z= | Dpe™, (16)

allows the regularised N-point functions to obtained by functional differentiation. Thus
SNW
09 (x1) -+ - 69"~ (xN)

Gl oy, zy) = (=1)NH .

* Henceforth the superscript (V) on N-point functions will be omitted since it is clear
from the index structure on GG which value of IV is under consideration.
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Now the two point functions (14) can be obtained from

(52 InZ 530 (SSO (5250

R S X .
ob(2:9) = 69°(2)dg"(y)1 9,9 =0 <5ga(w> 59”(y)> 9,9 =0 <5ga(w)59”(y)> 9,9 =0
(18)

where it is assumed for simplicity that
< [¢a(2)] > |9, 90=0 = 0. (19)

This assumption simplifies some of the equations. Non-zero expectation values are easily
accounted for by using (11) with N = 1 giving

0
Ko gGa = —B°0,Gy — 0.8°Gy (20)

(one point Green functions, G, are of course independent of position because of transla-
tional invariance).
The new counter term in (15) gives rise to

625y

5g 5 = bu(y)] ‘ o

59°(x)69° (y) Oug =0 (21)
= (z — y) K ap[de(7)] — Kk AO006(z — ),
0ug =0

where it is assumed that the bare basic operators are independent of the couplings,

gjbo gzg = 0. The quantities K¢, here are defined by

ag
Keu(0:) = 0a009% ( 22 = 0,2,%(271)4," (22)
ab\9, = 0q0pg (9gd0 — Ua4p do

and contain poles in e. Combining equations (18) and (21) now gives the regularised two
point functions (14).

In four dimensions there are other counterterms proportional to the identity that can
be added to Sy which are necessary for regularisation when N > 2. For simplicity we
shall assume that only couplings that are dimensionless in four dimensions appear in the
Lagrangian (no masses). Including masses introduces more terms but is straightforward
in principle.

By simple dimensional analysis only terms involving the appropriate number of deriva-
tives of the dimensionless couplings can contribute. The most general counterterm, invari-
ant under parity transformations, consists of the following combination (modulo integration
by parts),

SO(Q, E) = SO(gv E) - 10(976)7
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where

I0<g7€) =

P

dP 2Ty
D

N

1
/RD dDIIJAabD gaD gb + 5 /1;{D deBabcaugaaung gc (23)

1
-I-—/ deCabcdﬁugaB“gbﬁygcﬁ”gd.
4 Jan

Bape(g,€) and Cgupealg, €) are new quantities with no explicit x and y dependence, but
depending on ¢%(x) and containing poles in €. As emphasised in [10] they are not tensors
because they do not transform co-variantly but this will be remedied later when a connec-
tion on T*(G) is included. Note the symmetries Bype = Bpae and Coped = Cedab = Chacd =
C’abdc~

The structure of this counterterm would be more complicated if there were masses
around, but these can be treated by similar techniques and (23) will be sufficient for the
purposes of illustration. Iy also depends on the number of dimensions D, for example in
two dimensions Bgp. and Cypeq do not appear and

Lo = %Aab3u9”0“9b~ (24)

The arguments here will be illustrated using (23). Thus, for example, the operator which
gives a finite 3-point function is,

080 88y 88y 8%5, 88 8%5, 48
6g%(x) 0g°(y) dg¢(2) 69 (x)dgb(y) 6g°(z)  0g*(x)dgc(z) dgb(y)
(5250 5§0 63§0

55 (w)09°(=) dg°(x) 59 (@)dg"()0g (=)
and it involves Bgp. as well as derivatives of Agp.

In momentum space the regularised two, three and four point functions can thus be
determined in terms of their unregularised counterparts and Bgp. and Cgpeq by setting
0,9% = 0 in the appropriate finite operators. The two and three point functions are
derived in reference [10] and are, after Fourier transforming to momentum space,

GE(p,q) = Gup(p,q) + k “Awp®q®,  with p+q=0 (25)
GE (p,q,1) = Gape(D, ¢,7) — K% Gac(p + ¢,7) — K%eGaa(q +1,p0) — K% uGap(r + p, q)
— K € (p2q2Aab,c + q2T2Abc,a + rzpzAca,b + r2p~qBabc + p2q'erca + q2r'chab)

with p+q+r = 0. Using the same techniques the four point function can also be determined
to be

G a0, a7, 8) =Gapea(p, 4,7, ) — (K aGeca(p + ¢, 7, s) + 5 permutations)
+ (K¢w K7 caGep(p + q,7 + s) + 2 permutations)
+ (Keached(_S, s)+3 permutations)
+ k~(r?s* Acq,ap + 5 permutations)
+Kr € (pz(r.s)Bcda,b + 11 permutations)
+ 267 ((p.q)(7.5)Capea + 2 permutations),
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with p+ ¢+ 7+ s = 0. In these expressions a comma denotes partial differentiation with
respect to the couplings g* and K€, is defined as

839f0 aga

K%ca = (agbagcagd) dglo

= 8dK“bc —+ Kechaed. (27)

In equation (26) some terms involving exceptional momenta (e.g. p+ ¢ =+ s = 0) have
been omitted for clarity. The reason such momenta cause extra terms to arise is that N-
point amplitudes (17) are not simple expectation values of the basic operators, for N > 4.
For example the four point function in position space, Gaped(, ¥y, 2, t), involves products of
two point functions Gap(x, y)Gea(z,t). However such terms are discarded when momenta
are non-exceptional because both the two point fucntions are separately translationally
invariant. Thus in momentumm space this reads Gup(p, q)Gea(r, $)0(p + q)d(r + s) and
excluding exceptional momenta excludes such terms. This is also true of the expectation
values themselves, < [®,(p)] >. Translational invariance demands that these vanish except
at p = 0, thus if they were to appear as factors in a N-point amplitude momentum
conservation would require exceptional momenta among the other N —1 momenta. Hence
excluding exceptional momenta automatically excludes expectation values for the basic
operators. This simplifies some of the following formulae. In all of the ensuing expressions
it will be assumed that none of the momenta is exceptional.

The structure of the terms involving the unregularised Green functions on the right
hand side of equations (25) and (26) is independent of the dimension D in which we are
working and is not affected by the introduction of masses. In other dimensions, or in
theories with masses, only the A, B and C terms differ. e.g. in two dimensions only the A
term is there (with p.q instead of p?¢?) since there are no B or C terms in two dimensions.
Also extra terms independent of the G™)’s appear when there are masses.

The various terms in equation (26) can be given the following physical interpretation.
The integral of the left hand side with respect to any of its arguments is finite and the
terms on the right hand side involving three point functions are necessary in order to cancel
singularities in the integral of the unregularised Gpcq that occur whenever one of the three
independent momenta gets large. This happens if two of the four points get close in space so
that the unregularised Green function becomes effectively a three point function multiplied
by divergent operator product expansion co-efficients. The divergent part is extracted as a
d-function in position space and the three point functions appearing on the right hand side
of (26) cancel this divergence in momentum space. These three point functions only depend
on two of the momenta because of overall momentum conservation, e.g. Geeq(p+q,7,s) =
Gecq(—7 — s,1,8) and independence of the third momentum corresponds to J-function
singularities in position space. The K%, are thus related to the operator product expansion
co-efficients in a manner which will be analysed more fully later. Similarly the terms on
the right hand side involving two point functions cancel singularities in double integrals of
Gapbeq that arise when two of the momenta get large. Lastly the terms involving momenta
to the fourth power cancel the singularities that occur when all the four points in position
space collapse to a single point in a triple integral - the momentum structure of these
terms indicates that they correspond to fourth derivatives of d-functions and are thus
more singular than the other terms.
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The regularised N-point functions can be obtained from this technique by induction
and are given in an appendix. The expressions given here are however not co-variant under
co-ordinate transformations on G.

84 A Co-variant Renormalisation Group Equation

The regularised N-point functions in the previous section have been derived assuming
the connection vanishes. Everything can now be made co-variant by introducing a connec-
tion as described in [10]. The basic idea is the following. For position dependent couplings
the matrix M,* = 9,g* gives a map between T*(G) and T*(RP),

M, T*(G) — T*(RP)
a (28)
Wa — wy = M, "wq,

where w, is a one-form on 7*(G) and w,, a one-form on T*(RP). Introduce a connection
I'*y. on T'(G). Then for any vector V¢ € T'(G) a co-variant derivative V,, mapping 7'(G) —
T(G) ® T*(RP) can be defined by

VvV, V=0,V + Auabvb where AL = M T (29)

In this expression 9,V is to be interpreted as 9,¢°9,V®. Thus V, V¢ = MMbeV“. Now
the Laplacian in flat Euclidean space acting on couplings is modified to read

(g% — Vg® = V,0"g" = 0,0"g" + T, 6" g°. (30)

The idea here is that the co-ordinates g® are not vectors, they are n functions on G, and
O*g® are n vectors on T(RP). The co-varaint derivative is now used in the definition of
Iy in (23) to replace d,9%. Thus (23) now reads

1 1 1
To = 54wV 9"V 6" + S Bascdug 99"V 9" + 7 Cuvcadyg 09" 0,9°0"g" . (31)

where all three of Agp, Bape and Cypeq are now tensors. The A, B and C' in (31) are not the
same as those in (23) - they differ by terms involving the connection. From now on these
symbols will refer exclusively to the co-variant forms in equation (31). Note that only the
symmetric part of the connection, I'*,, = I'%., is relevant and so it is sufficient for our
needs to take the connection to be symmetric.

One defines a curvature tensor in the usual way,

R%ca = 0% — 0alcp + Tl — Ieal o (32)

It would be wrong to call R%,.q a Riemann tensor as there is no definition of a metric on
T'(G) here and hence no Riemannian structure, only a connection.

There is probably a natural definition of a connection for any given theory, e.g. the
Knizhnik-Zamolodchikov connection for certain conformal theories (for which R%p.q = 0

11



despite global holonomy), [1], but the question of a general definition will not be addressed
here. Rather it will just be assumed that one exists and no prescription will be given for
calculating it, though it will be argued in the next section that it must be related to the
operator product expansion co-efficients. Connections on the space of couplings in other
theories are also discussed in, [1] [2] [3] [4].

The calculation of N-point functions proceeds in principle as before, though the in-
troduction of the connection causes some extra complications. Consider the covariant
analogue of (21)

( 0 [cbb(y)]—rcab[¢c<x>]5<x—y>)

6ga(x) ‘ Bug =0 (33)

= 0(z = y) (K — Iw) [$a(2)] 9.g=0 kAo (z — y).

The difference K€, — I'°,p is a tensor symmetric in ¢ and b which will be denoted by
TCup. Of course T¢,;, may contain poles in € since K¢, does, although I'“,;, is assumed
independent of € and finite.

The regularised two point functions are the same as in equation (25) but the three
point function is now

GE (p,q,7) = Gave(D, ¢;7) — T4 Gac(p + ¢,7) — TeGaa(q +7,0) — T%aGap(r + p, q)

— K€ (p2q2Aab;c + q2r2Abc;a + rzpzAca;b + T2p~qBabc + p2q'erca + q2r'chab)7
(34)
where a semi-colon denotes co-variant differentiation, Agq.p = VpAeq.
For the four point function (26), however, the situation is much more complicated.
The order in which the second derivatives on A, is taken is important. For simplicity, we
shall restrict ourselves to the symmetric point in momentum space,

12
PiD; = 5 (405 — 1). (35)
The co-variant result is

Gzljbcd(pv q,7,8) =Gapea(p, q, 7, ) — [TeabGecd(p +q,7,8)+5 permutations}
+ [Teabechef(p +q, 7+ 5s)+2 permutations}

e s o ey

q<s T s
+ (Tecd;b + chdTebf)Gea(_p7p)
1
57U [ (B oo + R vea) Aga+ (b d) + (c 6 )

1
+ = (R cap + RT qep) Aga + 3 (Acgzap + 11 permutations)

— | =

2
— = (Bcdb;a + 11 permutations) + 9 (C’abcd +2 permutations)] .
(36)

w
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Note that the indices a and b now occur on a different footing to ¢ and d. The expression
is not so symmetric as (26) because co-variant derivatives do not commute.

The renormalisation group equation for regularised N-point functions will now be
derived, for N = 2,3,4. The simple result (11), for the case when the points z1,...,zn
are well separated, is modified by the mixing with the lower M-point functions (M < N).

The derivation involves S-functions for the counterterms (23),

d 0
K—IO == K—‘ + B”@a IO
1 2 2 1 2 1
= —5XaV g"V i §xabc6ug“6”gbv g¢ - Zxabcdﬁug“f?“gb@ugcﬁ” <,

where Xab, Xabe and Yabeq are finite functions of the renormalised couplings g, independent
of e. Using the expression (31) for Z; leads to the following equations for the x’s in terms
of Aab7 Babc and Cabcd7

Yo e = (£54),
Xabc :eBabc - (EﬁB) abe 2(vavb6d - Rdbaeﬁe)Adc

Xabed =€Dabed — (EBD)ade — Bape (vcvdﬁe - Rfdceﬁe) — Bege (vavbﬁe - Rebafﬁf) .
(38)
Again the symbol L3 here denotes Lie differentiation with respect to the vector field 3.
The combination V,Vp3¢ — R%, fﬁf will occur so frequently in the sequel that it will be
convenient to define 7,,¢ = V, V8 — Ry B, T4 is a tensor symmetric in the indices
a and b.
The RG equation for N-point functions now follows by application of the operator

/ii =k +Lp (39)

to the regularised N-point functions. A considerable simplification is introduced by noting
that kL acting on unregularised Green functions gives zero, kLGN = 0 (equation (11)).
Another useful identity in the derivation is

(,CgT)abC = —Tbca. (40)

Note that this expression is finite although 7%, itself is not. Equation (40) is the co-varaint
generalisation of equation (2.22) in reference [10].

For two and three point functions the renormalisation group equation is obtained by
applying r-L to equation (34) and using (38). The result is

0 —e
{(fﬂ—‘ + ﬁﬁ)GR(p, q)} =~k (P-@Q)Xab
K g ab
[(“% +L5)G (0. ’“>] = [7"Gik(p+ ¢,7) + 2 permutations] e
g abe

+ k= (P*¢*V eXab + 7°D-qXabe + 2 permutations).

13



The RG equation for four point functions be obtained from (36) in a similar fashion. The
result for general momenta is however rather long and for simplicity it is again given only
at the symmetric point,

K'ﬁ‘ +L5)G (b 5)} = [rav! Galp+a,7,8) + 5 terms|
Mg abed
B (VTf)GR(—SS)—f— berd -+ cerd _(VTf)GR(—pp)
albe fd ) g s r s bled fa s

1
— rput [5 (Vavacd + 11 terms) (42)

+ ({ (Rebca + Recba)Xed + (b A d) + (C A d)} + (Recdb + Redcb)X6a>

Wl Wl

2
(VaXpea + 11 permutations) + 5 (Xabea + 2 permutations)}
Again the general form of the terms involving the G’s will be the same for any theory, only
the structure of the pu* terms will be different in different theories. The general expression,
away from the symmetric point is given in appendix two.

65 Operator Product Expansion Co-efficients

The fact that, for a given N, the renormalisation group flow induces mixing with
Green functions of lower order is intimately related to the operator product expansion
(OPE). The connection between the OPE co-efficients and K%, was mentioned previously
and this will now be made more explicit. In particular the RG equation obeyed by the
OPE co-efficients will be shown to involve the tensor 7,°€.

In general the OPE involves an infinite number of operators and the basis [®,(x)]
should be extended to include higher dimension operators,

[Da(@)][@y(y)] = Ca’ (& = )[04 (T2 2)]. (43)

where [O4(z)] are a complete set of operators, in general an infinite set, but certainly
containing all of the [®,(x)] as a subset. Cop” ( — ) are the OPE expansion co-efficients,
which of course are singular as  — y. If the (mass) dimensions of the operators [®,], [Pp]
and [O4(z)] are d,, d, and d 4 respectively (including anomalous dimensions) then dimen-
sional counting gives the short distance behaviour for the OPE co-efficients as

Cop (z — y) ~ |z — y|4a e, (44)

Thus the most singular behaviour, for given a and b, is for operators on the right hand side
with the smallest values of d4. Using naive dimensions the operators of lowest dimension
are precisely those that appear in the original bare Lagrangian, and the same conclusion
will hold for the full dimensions provided none of the anomalous dimensions is too large.
A large anomalous dimension would probably be indicative of having chosen unphysical
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degrees of freedom in the original Lagrangian. Thus, for example, in scalar Ap* theory in
four dimensions the operators ¢} for p = 1,2, 3,4 are allowed to appear in the Lagrangian
but higher powers of p would give a non-renormalisable theory and are excluded. The
most singular terms in the OPE expansion are therefore given by

as-l-y)]

[@a(@)][B3(0)] = Car”(e — ) [0 ("

+ less singular terms. (45)
The less singular terms can be investigated by using the non-linear source source renor-
malisation techniques of reference [12]. It is clear that C,,“(x — y) are tensors on G.

Consider the unregularised N-point functions in position space G, ...qn (Z1,- .., TN)
when only two of the points get close but all of the others remain well separated, e.g.
1 &~ 9. Close here means that |r; — z2| =~ k~' where k is the renormalisation point.
From the above discussion we have

1+ T2
9 y L3, -

..,:z:N) + less singular.
terms

Gayooan (T1, - xN) = Ca1a2d(a;1 — 22)Gdas-an (

(46)
The purpose of the counterterms is to tame the singularity as x1 ~ z5. Referring to the
regularised three point functions, (34), in position space,

G(]z%bc(x7 Y, Z) =
Gabc<x7 Y, Z) - 5(33 - y)TdabGdc(x7 Z) - 5<y - Z)Tdchda (y, .’L‘) - 5(2 - x)TdcaGdb<Z7 y)
(47)
it is clear that we want the combination [ dDa:lC’alazd(ajl —x9) — T%,. 4, to be finite. To
this end we shall define a new tensor

Cﬁazc<x) = Ca1azd<x) - 5($)Tda1a2, (48)
whose integral over all space is finite. Thus [ dDa;C’flazd(aj) is finite, whereas [ dPxCy,q,% ()
is not.

Now recall the definition of the tensors T%,..,
Tabc = Kabc - I‘abc: (49)

where K%, is given in terms of the renormalisation matrix Z°; in equation (22). Equation
(49) can be inverted to give an expression for I'*;. in terms of computable quantities and
CE*,

%, = K%, + /dDa:(Cﬁa(aj) — Cpe(2)). (50)

This equation is similar to the definition of a connection used by Sonoda, [3], except that
the K-terms are not present in that work since it assumed there that the basic operators
are independent of the couplings. This has the consequence that the regularised OPE
co-efficients defined in [3] are not tensors, instead they transform inhomogeneously under
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general co-ordinate transformations. The K-terms in (50) are present because the renor-
malised basis operators do depend on the couplings, in general. Note that equation (50)
does not determine the connection but merely expresses it in terms of the undetermined
finite tensor [ dPxCE"(z).

More generally one could define a position dependent connection by smearing out the
d-functions §(z)K%. — K%:.(x) and defining

% (z) = K%(z) + CE" (2) — Cpe(z). (51)

Such a position dependent connection appears in the version of the RG equation presented
in [1].

Returning to equation (51), combining (46), (47) and (48) now leads to a regularised
version of (46),

T+ T2
2 y L3y«

d
Gf”lmaN (1‘1, NN ,QZN) = C(i% (331 — xQ)Gdag”'aN(

Lay) e (52)
where the dots denote terms that are negligible provided that none of the x; is close to
x1 or xo for ¢ > 3. We now follow the standard argument that the OPE co-efficients also
satisfy a RG equation. To this end consider the action of /@% = ’ia% + L3 on (52) when
N =4,

t L5)CR (x — y)]Gecd(m,z,t) 4o (53)

0 R _[(.9
g+£B)Gabcd(x7yv Z7t) - |:(K_ 2

(K% Ok
where equation (11) with N = 3 has been used. In momentum space this reads

0
(’fﬁ

0
R —
g + ‘Cﬁ)Gabcd(pv q,7, 8) - |:(K8/i

e(P—4
g+£5)cclb%b <T):|G§cd(p+cbrv 8)+ (54)
where we have replaced the three point function on the right hand side with its regularised
counterpart - the difference only affects the omitted terms. Now it is clear from (42) that
the renormalisation group equation for x &~ y and all other points well seperated takes the
form

0
(/{% g + ﬁB)GaRde(pv Q7T7 8) - TabeG}e%cd(p + q’ ’[", S) -"- e (55)

Thus we deduce that, for large momenta,

0 c

K| +Lg)CE (p)=7Ta "+, 56
( 6& g /3) ab (p) b ( )
where the dots refer to terms that fall off with momentum, the term exhibited on the right
hand side is the most significant at small distances. A similar equation for the singular
OPE co-efficients Cy;“ is presented in reference [12], but with vanishing connection so 7,4,°¢
reduces to 0,0,8°¢.
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The second derivative of the [ function also appears in the treatment of the OPE by
Zamolodchikov [11], where a Taylor expansion of the S-functions near a conformal theory
is performed and it is shown that the OPE co-efficients are essentially the quadratic terms
in this expansion. For a conformal field theory Zamolodchikov shows that

c ~e 1
Car"(x = y) = Cap |z — y|datds—de" (57)

dg,dp and d. hefe are the dimensions (including anomalous dimensions) of the operators
concerned and C¢, are independent of |z — y|. Zamolodchikov argues that the basis oper-
ators can be chosen so that

CC, = 0,0, 5° (58)

His argument assumes that a metric exists and that the connection is Levi-Civita.
Riemann normal co-rdinates, compatible with (57), can then be chosen so that the con-
nection vanishes and (58) ensues. Clearly this arguement cannot always be applied. Even
if co-ordinates can be chosen so that the connection vanishes, it is not true that derivatives
of the connection vanish, unless the space is flat, and these are important when more than
one derivative is taken. It would seem that the correct tensor to use is 7,,° rather than
0,0p3¢ unless one has reasons to believe that the curvature vanishes. It may be that a flat
connection is reasonable for fixed points (i.e. the curvature vanishes at fixed points) but
this is not yet clear and, even if this subsequently proves to be the case, it seems unlikely
to be true away from fixed points.

An important point of physics in the analysis presented in this section is that the
definition of the regularised OPE co-efficients (48) requires integrating over all of space
and for large separations the less singular terms in equation (45) may become important. In
other words the assumption that the operators [®,] give the most important contributions
in the general OPE (43) might not hold for large separations and other operators might
become significant for describing the physical degrees of freedom of the theory at larger
scales. Such a phenomenon occurs in QCD, for example, where quarks and gluons are
believed to be the physical degrees of freedom at short distances whereas mesons and
hadrons are more appropriate for larger scales. If one tries to integrate gluonic degrees of
freedom over all space one is hit by the infra-red problem. In perturbation theory, at least,
this would present insurmountable problems. One must therefore include an infra-red cut-
off, for example integrating over only a finite volume, and hope that the volume can be
made large enough that finite volume effects are not important, but that [®,] still give the
most important contribution to the OPE within the whole volunme. Such a procedure, if
valid, allows the determination of at least the short distance behaviour of the theory using
the techniques here, but it must be borne in mind that it may not always give sensible
answers.

§6 Conclusions

In conclusion it has been argued that N-point amplitudes, G(V) | should be thought of
as tensors on the space of couplings, G, and the renormalisation group equation mixes up
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tensors of different rank, G™) being related to linear combinations of G™) with M < N.
The crucial quantity that determines this mixing is a tensor given by the second co-variant
derivative of the S-functions of the theory,

be = ViV — R paffe. (4)

The RG equations for two, three and four point functions for a massless theory in four
dimensions are given in equations (41) and (42). When all the points are well separated in
space it reduces to the definition of a Lie derivative with respect to the vector field given
by the p-functions of the theory, equation (11). However when any of the points start
to get close to one another, relative to the renormalisation length x~!, there are extra
contributions. The form of the terms involving the tensors y (defined in equation (38))
is specific to massless theories in four dimensions and result from a subtraction which
is necessary in the circumstance when all the spatial points in the Green function are
degenerate. The other terms on the right hand side of (41) and (42) are present in any
theory and the M-point functions with M < N reflect singularities that arise when some
of the points start getting close to one another. It should be observed that the mixing
between tensors of different rank is linear. This is only true for the Green functions of the
theory (excluding exceptional momenta). Were one to consider the composite operator
analogues of the proper vertices, I'™) | then the resulting mixing is non-linear even when
exceptional momenta are excluded, see reference [12].

No prescription as to how the connection might be calculated in general has been
given, it is merely assumed that one must exist, but it has been argued that it should be
related to the operator product expansion co-efficients, through equation (51),

%, = K%, + /d%(qﬁ“(az) — Cp* (), (51)

dg%o
OPE co-efficient whose integral over all space is finite. If one could calculate I'*;. then one
would immediately know [ dPxC["(z) and vice versa. This will not be attempted here
but is clearly an interesting programme with much scope for development.

Further questions concerning the nature of the connection present themselves. Would
it be metric compatible, if one were to give a physically reasonable definition of a Rieman-
nian metric on G7 For example the Zamolodchikov metric constructed from the two point
functions of the theory

where K%, = 0,0,g% ( 09- ), equation (22). In this expression Cf**(x) is a regularised

Gab = Gab(x7 Y, )‘ |z—y|=r—1 (59)

might be a candidate. It is expected to be positive definite for unitary theories. It is not
clear if the Levi-Civita connection associated with this definition of a metric would provide
useful physical information for a theory, or perhaps it would have to be supplemented by
more structure. As mentioned earlier, the connection is symmetric so if it is not Levi-Civita
then it cannot be metric compatible - the extra structure is not simply a torsion tensor, it
would be given by the regularised OPE co-efficients, [ d” xC’lﬁa(a:).
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Lastly it should be emphasised that everything that has been presented here is in
terms of the local geometry, the global structure of G has not beem addressed at all, but
clearly it would be very interesting to be able to ascertain something about it.

It is a pleasure to thank Denjoe O’Connor for stimulating discussions on the renormal-
isation group, and also Prof. N. Dragon for his hospitality at the Institut fiir Theoretische
Physik, Hanover where this investigation was begun.

Appendix 1

For completeness we include the non-covariant expression for the regularised N-point
Green functions in terms of their unregularised counterparts, for a massless theory in four
dimensions. Unregularised in this context does not mean bare - it is always assumed
that renormalised operators [®,(x)] are used in all Green functions - rather it means
regularisation in the sense of regularisation of the infinities that occur when two or more
points get close together in the Green function.

The regularised Green functions are obtained by functionally differentiating the gen-
erating functional,

e Wil — /Dgpe_‘%(“p’ga). (16)
Thus
INW
6ga1 (a’;l) P 5gaN (ajN) '

The regularised N-point function can be obtained by induction. We first write down the
formula for the N-point function in momentum space. It reads

GaRl-..aN(x17"'7xN) = (—1)N+1 (17)

[N/2] (_1)N+S+T0
GaRl...aN<p17"'7pN |a#g 0 — Z Z 5! K;?lK;ZS

s=0 partitions

X Gwomlmms <p7r0(1)7 < s Prg(ro)> Ezlzlpﬂl(k% sy Ez;lpﬂs(k}))

—€

K _
+ (—1)Nm Z agi..?gNAalmpzlpiz}
permutations
+ (_1)N2(]\/;7_3 Z agi\iii)LN Balazag (pal -paz)p33}
permutations
+ (—1)Nm Z agii%3N0a1a2a3a4 (pal -paz) (pa3 -pa4}),
' " permutations
(60)
where the sum over partitions involves splitting a4, ..., ax up into s+1 sets, 7, ..., s each
with r; elements a, (1),...,ax, ;) such that ijorj =N,0<rp<Nand2<r; <N
for 1 <j <s. Thus 7; = {ar,(1),- -+ 0n,(r;)} is some subset of ay,...,ax consisting of r;

elements. The number of sets lies between 0 and [N/2] where [N/2] is the integral part of
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N/2. In any given partition each subset occurs only once, regardless of the ordering of its
elements. For example, for N = 4, s has three possible values, 0,1 or 2, and the partitions
are

s=0: mo = {a1, a9, as,a,}
(mo = {ai, a2} ™ = {asz, a4}, 7o = {a1,a3} m = {az, as},
o = {a17@4} T = {az,as}, o = {Clz,ag} ™ = {al,a4},
. mo = {az,as} ™ = {a1,as}, mo = {as,as} ™ = {a1,az},
s=1:
7o = {a1} m = {az,as, a4}, mo = {az} m1 = {a1, a3, as},
mo = {as} m = {a1, a2, a4}, 7o = {as} m = {a1, a2, a3},
 mo = 0 71 = {a1,a2,a3,a4}
mo =0 m = {ay, a2} m = {as, as}, mo =0 m = {a1, a3} 72 = {az, as},
s=2: mo = 0 m = {a1, a4} ™ = {ag, az}, mo =0 71 = {az, a3} ma = {a1, a4},
mo = 0 m = {az, a4} ™ = {a1, a3}, mo =0 71 = {a3, a4} T2 = {a1, az}.
(61)
The co-efficients Ky’ = K. JJ (1), (r;) 10 equation (60) are defined analogously to

(22),

og™
m _ d
Kaﬂ'j(l)"'awj-(rj) - (ale-(l) "'aaijj)g O) <3gd0) : (62)

Terms involving exceptional momenta are omitted from the above expression. It is straight-
forward to show that equation (60) reproduces the regularised two, three and four point
functions in the text (equations (25) and (26)), provided G,(p) =< ®,(p) >= 0.

It will be more useful to work in position space in order to construct an inductive
proof. Equation (60) translates as

N/2] (_1) N+s+rg
GR on(@ . an)og=0= > Y X K K
s=0 partitions
_|_
X G7(T7;Omf) Mg (ajﬂ'o(l)7 A 7'1:71'0(7‘0)7'1:71'1(1)7 cc xﬂ's(l)) H H 6$7"j(1)"r"j(7”)
j=1m=2
N—
(_1)N (N 2) 7 .
+ 7[8 ~vAayas Oy, 4. O oy H Ca; tay T permutatlons}
2(N - 2) e ’ j=3 "
N-—
—1)Nge _ .
+ <2(N)7—3)' [8&5..3&Ba1a2a3 (5;21@%.5;&2’%1\] Ty ay H TaysTay T permutatlons]
! i
N—
(-1)Nk~e N—4
" (2!>2(N - 4)! [6((15“.%)\70&1@2@3&4 (5;'11733'11\1 59,%2,90(11\,)(5;3(13,33,”\] ma4’ma1\r H PajrTay
+ permutations],
(63)
where the d-function notation used here is a shorthand for d,, ., = d(x; — ;) and a

prime denotes differentiation with respect to the first argument of the J-function. Thus
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Opiw;, = Ba0(w — xj) and &y, .0y, o = 08 6(2; — 25)0z,,0(z; — x)). The number of
arguments in the unregularised Green functions on the right hand side has been shown
explicity as a superscript in order to try to make the formulae easier to interpret - thus
G(70+5) is a (rg+ s)-point function. The fact that exceptional momenta are being excluded
is interpreted in position space as meaning that terms which factorise into products of
amplitudes which are separately translationally invariant are omitted from (63).
Proceeding inductively, we relax the condition 0,9 = 0 in the regularised Green
functions and functionally differentiate (63) with respect to g*¥+!(zn41) and then check
that the resulting expression agrees with (63) with N replaced by N + 1. The regularised

N + 1-point function is thus given by

_5G£...QN<3317"'7$N)‘ . (64)
69N+ (TN 1) 0ug =0
Consider, therefore, a generic term from the right hand side of (63),
a s+ m ms ~(To+s :
FS [g (m)] = <_1)N+ + 0’[("71'11 te 'Kﬂ's G7(T00m1‘)"m5 H H 6I7rj(1)a‘r7rj(7n)7 (65)
j=1m=2
where the argument of G has been omitted for brevity, thus
ro+s ro+s
Ggroomr)"ms = Ganoo(l))'"awo(ro)ml'“ms (.’Eﬂ.o(l), ey Torg (o) Loy (1) - - -9 .’Eﬂ.s(l)). (66)

The index structure on G is sufficient to deduce its arguments.
Functionally differentiating Fs and subsequently setting the couplings to be indepen-
dent of position gives

OF,
E — (—1)NVtstro KM ...Kmi-1[9, KMl KM+t ... K™Ms
5gaN+1 (ajN—l—l) 8“9% —0 ( ) Z T Ti—1 [ N1 7 ] T4l Ts

j=1

S T4
(ro+s)
X GWOml'”ms(s‘rN-i—l:Inj(l) H H 6I7rj(l)a‘r7rj(m)

j=1m=2

E] Tj
N+s+r m mg ro+s
+ (_1) OKTF11 o .KTFS [5GN+1G$rQOm1.)..mS} 6$7r‘(1)’x7r»(7n)
J J

j=1m=2
(67)
where 4y, , 1= m. From the definition (62) we have
K, .ay = Kpgyoa, — Koy, K™ et (68)
We also observe that, from equation (16),
o1 Gt . = =Gl o,

0
§ : c (ro+s)
+ K Ao (k)AN+1 Gaﬂou) Qg (k—1)Chmg (k4+1) " Arg (rg) M1 MMs 51’N+1 L (k)
k=1

s
}: c To+s)
+ K mkaN+1Gan-o(l)"'awo(ro)ml"'mkflcmk+l“'ms5mN+17mﬂk(1)
k=1
(69)
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(in general there are other terms on the right hand side here involving A, from equation
(21), but these only contribute to the final result if there are exceptional momenta and they
will be omitted from this analysis). The (r¢ + s + 1)-point function in (69) is a shorthand
notation for

ro+s+1 ro+s+1
G( o ) s = G( © ) (xﬂ.o(l),...,xﬂo(ro),x]\[.,_l,xm(l),...,xﬂs(l)).

TOAN41MM 1 Mg Arg (1) " Omg (rg) AN+1TL Mg

Thus both the terms on the right hand side of equation (67) involve

s
mi M c (ro+s)
K7r1 "'Kﬂs E K mkaN-HGﬂoml'”mk—1cmk+1ms7 (70)
k=1

but with opposite sign so that they cancel.
Equation (69) can now be re-arranged as

S T4
6F8 — (_1)N—|—1—|—5+T0Km1 . 'KmSG(T(H_S—'_l) H H 5
an+1 a; _ T Mg TTOAN41ML Mg T (1)1 ; (m)
0g*N+1(zN4+1)19,9% =0 i e
s
N-+s+rg E mi mi_1 I7m; mjt1 ms ~(ro+s)
+ <_1) K7T1 o 'Kﬂ'j‘ll Kﬂjja]\r+1K7Tjil o .Kﬂ's GWOml"'ms
=1
S T4
X 6IN+1,I7rj(1) H H 53€7rj(1)7$7rj(m)
j=1m=2
T0
_1\N+s+r0 grmi | pemes § Mst1 (ro+s)
+( 1) KTF1 Kﬂs Kano(k)aN+1Gaﬂ'o(l)"'aﬂ'o(kfl)ms-i-lawo(k:«kl)"'aﬂ'o(ro)ml"'ms
k=1
s T
X 6$N+17mﬂ0(kz) H H 6m7rj(1)7m7rj(m)
j=1m=2

(71)
where the summation variable ¢ has been replaced in a suggestive manner by mg1.
We now note that the indices on G("0t) can be permuted, provided that one also
understands the arguments to be permuted as well, thus

G(TO"‘S)
Ao (1) Oy (k—1)Ms4+10xq (k+1) " " Crg (rg) 1" Ms
= Gt (z x x x x x Tr (1))
- a.,ro(lywaﬂ.o(k_l)ms+1aﬂ0(k+1)~~-a.,r0(ro)m1~~~m5 7r0(1)7"7 ﬂo(k—l)) N+17 ﬂo(k—l—l))“? 71'0(1”0)7 7r1(1)7--7 TFS(I)
= G{rots) (x x x x x x TN+1)
= Yarg 1) Ong (k—1)Cmg (k1) Cmg (rg) M1 MsMst1 \ Lo (1) o5 Lmg(k—=1)s Lmg(k4+1)s ++» Lao(ro)s Ly (1)r o5 Ly (1) L N+1

_ G(To-i-s)
- Ao (1) Arg(k—1) g (k+1) " Qrg (rg) ML s MM s 41 °

(72)
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Thus, introducing an overall minus sign, we arrive at

B Tj
. 0F _ (_1)N+1+5+To+1Km1 . KmSG(To-i-S-l-l) H H A
an+1 ai T TOAN 4111 "M Lrj (1) % (m)
dg (zN+1)10,9% =0 ot
s
N-+14s+rg § my mi_1 [om Miy1 ... T Ms (ro+s)
+ <_1) Kﬂ'l K j K7TJJGN+1K7T311 K7Ts G7T0m1~”m5
S Tj
X 6IN+1,$7rj(1) H H 5357rj(1)7$7rj(m)
j=1m=2
_1\N+14+s+1+ro+1 grmy ms Z Mey1 (T0+5)
+ ( 1) KTFl K K wo(k)aN-q—l Amg (1) Amg (k—1)Amg (k+1) " B (rg) VL M Ms 41
s Tj
6$N+1a£7r0(k:) H H 6I7rj(1)a‘r7rj(7n)'
j=1m=2
(73)

Using this in equation (63) and (64) and re-arranging the summations one sees the
desired structure emerging, but there are more terms to be taken into account. These come
from extra contributions to the regularised Green functions (63) when 9,,g° # 0. One only
need consider the terms linear in 9,¢° # 0, as higher order contributions vanish when the
condition 9,,g° = 0 is imposed after one functional differentiation. These extra terms have
the effect of symmetrising the result between all N +1 indices, and the full expression (63)
is recovered with N replaced by N + 1. The A, B and C terms can be verified without
diffuclty.

The form of equation (60) is basically the same in dimensions other than four and/or
when masses are included - all that changes are the terms involving A, B and C.

Appendix 2

In this appendix we give the full expression for the co-variant renormalisation group
equation for regularised four point functions, not just at the symmetric point. The deriva-
tion is a straightforward, but tedious, application of the techniques described in the text.
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The result, in momentum space, is
0
{(KE + EB)GR(p’ a7 S)} = [TabfG?cd(P +4q,7,8)+ 5 terms]
g abed

_ [(VaTbcf)G?d(—S, s) + { g : ;l } + { i : ;{ H — (Vorea?)GE (=, p)

- /{— (pQQZVaVchd + 11 terms)

2
KRS 2/ 2 2 e 2(..2 2 e b« d c<d
5 {(s (¢° +p” +4¢.p)R%cq + 5°(r° + p* +4rp)R cba)xedJr {p . 8} + {r - SH
/{—6
5 p*(® +7* +4q.r) R + p°(¢* + 8> + 4q'5)Redcb)X6a
— K € [(q.T)SQVaXde +11 permutations} — K € [2(p.q)(r.8)Xabcd +2 permutations].

(74)
Once again the structure of the x-terms is peculiar to massless theories in four dimen-
sions, but the 7-terms are the same for all theories.
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