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Abstract. We study the Sine-Gordon field theory at «* = 87. We prove that the
theory is renormalizable but not superrenormalizable and we show how the
perturbative renormalization procedure works in this case where the interac-
tion is not polynomial. To go beyond the perturbative results we investigate the
B-functional equation for this theory and discuss in what sense at o> =8r the
theory is lacking the asymptotic freedom and how it is asymptotic free for
o? <8m in a appropriate region of the coupling constants.

Introduction

We study the renormalizability and the asymptotic freedom of the field theory
model defined by the potential

y) .
3 =H/j1d2x:e‘““<"xz, (0.1)

V(p)=2 | d*x:cosagp,:=
A
where /e R\0, o®> =8, A is a finite volume in the euclidean d =2 space-time with
periodic boundary conditions. The properties of the Sine-Gordon model crucially
depend on the o value:
a) o®e[4n,8n).

The model is superrenormalizable; there is a finite number of divergences
which can be cured with field independent counterterms. Moreover as o?
approaches 87 the number of divergences tends to infinity. It has been provenin a
series of papers [ 1-4] that in this range of values, for 4 sufficiently small, the model
exists.

b) a?=8xn

i) The model is only renormalizable. The number of divergences does not
depend on the order of the perturbation theory and three types of counterterms are
necessary, two of them field dependent. The renormalizability of the model has
been proven only in a perturbative sense.
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ii) The model is asymptotically free in a region of the (4, ) plane where Z is the
coupling constant and (1 4 9) is the wave function renormalization constant. The
region is specified by the conditions: 6 < —cA if 1>0, d<caif <0, where cis a
positive constant that depends on the model. In all other regions of the (4, d) planc
the model is not asymptotically free. It is not possible to have the asymptotic
freedom starting from a point (1,8) with 6=0.

This paper is devoted to prove statements i) and ii) of b). To our knowledge this
is the first time that the renormalization procedure (at the perturbative level) is
fully developed for a non-polynomial and non-superrenormalizable theory.
Statements ii) shed some light on the properties of the theory beyond the
perturbative results and moreover on the Coulomb gas also for the corresponding
temperature.

1. Definitions and Notations

The free field ¢, is a gaussian random field whose measure has the covariance

1 5 eiPx—y)
C,,= d , 11
= @y P e (-1

or better its periodic version

C,= Y C,,_,., where L is the side of 4.
neZ?

The properties of the covariances we are interested in are the same in both cases.
The field ¢, is very irregular so we do a multiscale decomposition:

N
1= lim <e“”2+"'2)+ ) (e_("z+"'2)Y_2"—e“”2+'"2)r2(k“))
N—-w k=1

= Y F(p*+m?)r ),
k=0

eip(x -y

CH= [ d®pF((p*+m*)Y %) r>1, (1.2)

(2m)? p+m?’
Coy= Y CY. (1.3)
k=0

CY) is associated at ¥ and one can think of ¢, as decomposed in the following
way:

P= k;o oW (1.4)

N
We define the regularized covariance C(5V'= Y. C¥ and the associated field
k=0

N
<N k
PEN=3 oP.
k=0
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The covariances have the following properties:

[0"C¥)| < B YHrle=*m*Ix=31 i depends on Y r, but not on k, (1.5)

2 0 \"
7= 0 v,

ol — 9 — 0 (x — y)| < B(X*lx —y])*, (1.7)

ri, o8 — @IS B M x—yl), (1.6)

i

with probability bounded below by (1 —e™ %),

The scales of smoothness and independence of the field ¢® are the same. These
properties are summarized by saying that the field ¢ is regular on scale Y’ ~*. The
regularized potential is

VgE)=2 | d*xicosapEV=" ¥ [ dPx:iemeE™, (1.8)
A

za:il A

(W do not specify the value of o to follow, the case a? <8 until it is possible.)
We want to compute the effective potential V¥’ defined through

[P dp®t D)P(dp**2).. . Pdp™)e? W@ =) = oV (0= (1.9)

and to study its limit as N—oco. It is well known (see [1-4]) that when o? > 4,
lim V¥ (o'=9) does not exist.

N-w

Before discussing how to renormalize the theory and control the previous limit
we recall how to calculate integrals like (1.9):

JP(d (k))( )= g(k}( ) ‘g)g‘(X;n) lnéa(k)( MNe=o-

d"
(dr)
Of course &7 (x;0)=0, & (x; 1)=& 4(x),

dn d Iné ,, ex i
(drl)nl""’ (dfp)np (k) p I= zjj |t;=0"

EX(Xy, XNy, ny) =

&4 and &7 are related by

©
&e”)=exp Zlgé’l(x;p) (1.10)
p= .

and we have a “Leibnitz formula”
ML

P
| ER(Xys s Xpi gy i),
ny+ny+..np=n n]....np.

ER(AXy+ 20X+ 4+ Ax,5n)=
(1.11)
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Fig. 1

Applying these formulas to V{(e (<"’), which we call simply ¥, we obtain

Ewfe”)=exp z é”N(V k):= " Ve =N (1.12)

1
G’@(N 1) (N)(e) g(N 1) (CXP Z k‘ & (V;k)>

oo}

—op £ Lot (£ G etin)
m= k=1 K!

_ 5 1 1
s=1 ni+ny..+..=s ”1"12 TR
ET_(ETV:1),EHV;2), ... iny,ny, )= WY POEN D) 113

The next step is more complicated and does not improve the intuition of this
formula. Intuition that can be made easier by introducing a construction
developed a few years ago by G. Gallavotti and one of us, (F.N.), which was called
“tree expansion.” We will not give here the details of the tree expansion but we refer
to (Gallavotti [3], Gallavotti-Nicolo [5], and Pordt [6], and we just recall that one
obtains it starting from (1.8) with the following recipes:

a) One has to integrate one frequency scale after the other, see (1.9).
b) At each frequency one performs a cumulant expansion in 2, see (1.10).
c¢) One collects this multiple expansion together.

A tree is just a graphical way of selecting a specific term of this expansion, which
is made of truncated expectations of truncated expectations of...on different
scales. The point is that for each of these terms one can get very good estimates
which take care of the natural length scales of the various factors. A tree is drawn in
Fig. 1.

The tree expansion allows us to incorporate pretty well the counterterms
needed for the renormalization so that one is also able to use it to study the flow of
the running coupling constants. Using this expansion we obtain, starting from
(1.8):

V)= 3 VSR, (1.14)

n=1

): k)

VROE)= Y Y Y dxpedx, WO ey T
0:v(0)=n o1,....,0n b  AxAx,...,xA

;=11 h<N ntimes (115)
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where
v(6) number of final lines (points) of the three 0,
g; charge of the line i,
b = {hv}ve(%
h, frequency of the bifurcation corresponding to the vertex v,
h,, frequency of the lowest bifurcation,
k:root frequency.
It was proven in [3] that at fixed N and o? the following estimate holds:

V8@ =")| < A"C(n, k) sup {z I r*“’v*2><hv‘hv'>r‘@vo<"vo*">} (1.16)
0

h=N ved
v¥uvo
with
o? -
Qv"'—<4_7_; —2> ("0—1)—5"'5@” (1.17)

where n,= 2 is the number of final lines that merge into v and v’ is the bifurcation

n
which immediately follows v (see Fig. 1). Q,= 3 o, is the charge of the n, points
i=1
associated to v and it will be often called the charge of the “cluster” v.

Itiseasytorealize that simple estimates of the truncated expectations give for
C(n, k) a very bad n dependence, worst that n!, so the estimate of the series would be
divergent for every 4 +0. More refined estimates [7,8] show that for «® <6 the
power series in 4 is convergent, but up to now the result has not been proven for
o?>6m. Anyway before summing over n we have to remove the cut-off N and,
because of the sum over 4, it is necessary ¢, +2>0, Yo+ v, and ¢,,>0 to have the
coefficients of the series finite as N — co.

These are essentially the two main problems one is faced to prove the existence
of a field theory model. The solution of the second one proves the perturbative
renormalizability of the model; the first problem in many cases cannot be avoided,
after the renormalization, and simply tells us that the perturbative series is not
convergent but only asymptotic and that to prove the existence of the theory
beyond the perturbative level, one has some (hard) extra work to do. The next
sections are devoted to the study of the second problem. In the last section some
steps toward a solution of the first problem are performed.

2. The Perturbative Renormalization
We distinguish two cases a) a® € [4n, 87) and b) «* = 8.
a) o e[4n, 8n)

This case has been studied in [1-4] (see also [9]) where the model has been
proved to exist also constructively. We recall only some results to make more
evident the analogies and the differences with case b).
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iii)

Fig. 2

If Q>0 there are not divergences [see (1.17)]. It can be verified that if
a?e[4n, 6m) the only divergences appears when n=2, i.e. the tree (i) of Fig.2
diverges (when we sum over the frequencies).

If «?e[6m,42n) divergences are present for n=2,4. Terms with n odd are
forbidden by the condition Q=0. There are, therefore, many trees whose
contribution is, before the renormalization, divergent, namely all those with a
number of final lines smaller or equal to 4. The tree (ii) is one of them.

If «? €[22, 7n) the divergences are present when n=2,4,6. An example of
diverging tree with n=06 is the tree (iii).

This proliferation of diverging trees corresponds to the existence of the

o ) 1
thresholds of the Sine-Gordon model. With fixed n it must be «? < 87 (1 — > for
the tree with n final lines to be convergent. n

b) a*=8n
The situation changes drastically: from (1.16) and (1.17) we have

0,=2(Q7 —1). (2.1)

Therefore if Q,=0 also the sums over the frequencies of the internal bifurcations
can give divergent contributions. Moreover the n dependence in ¢,, and the n,
dependence in g, has disappeared. This is the sign that the theory is only
renormalizable. In fact, for fixed Q,, there are infinitely many trees with arbitrary n,
and the same Q,. The first consequence immediately appearing is that the
divergences of the trees with n=2,3 drawn in Fig.3 require to be cured the
introduction of field dependent counterterms.
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0=0, 9o=2 quadratic divergences
g

)

Q=+1,0=0 logarithmic divergences

g4
3
” " g, E‘(O'; =1
Fig. 3 05

)

Now we estimate the contribution of some of these divergent trees and illustrate
the mechanism to cure them. We do not specify the o value to treat together the
cases a) and b) as far as possible.

(contribution of the tree j)

N Ao s A en
= Y i Eny [ APxydPx, 1| D e D eS| (22)
h=i1 2 "y 2 2
Let us take 6, =+1 and o,= —1, we get
2 N

% </21> h=%+ i A;{A 2 dPx, el V(@O 1)1 (23)

With standard estimates the previous integral is (upper) bounded by

N 2

cuale x e 2>, (2.4)

which for a? <4n is convergent and for «?>4n divergent. As we have said, for
o? <4 the theory has been constructed with different techniques [10] without
using the renormalization group, so we discuss only the «® > 47 case. It is clear that
if we had in the previous integral an extra factor |x — y|? the same calculation would
have been given a convergent result for o? < 8n. To achieve this zero in |x — y| we
proceed in this way: we sum to the previous tree a similar one with the opposite
charges obtaining

2 N
<&> S dd,etCat et 1) cosa(@EH — glER): . (2.5)

2) h=k+14x4

Then we observe that the substitution of cosa(p="—¢@ZY) with
(cosa(p' =P — @ =P)—1) would produce a zero of order |x— yl2 which would
guarantee the convergence of (2.4). Therefore, when o2 < 87, the recipe to make the
contribution of this tree finite is to subtract from it a similar contribution with
cosap\F — p=") replaced by one. It has been proven in [3] that to cure the
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divergences, (a finite number increasing with «?), which appear in more com-
plicated trees it is enough to proceed in the same manner replacing in their

expressions cosa( Y, 00 "’) with (cosoc< y apf"’) 1) when Y ¢;=0.
j=1

j= j=1

When o*=8n thls subtraction is not sufficient as a logarithmic divergence
remains. This suggests that we define also in this case, as was done in the @} theory,
two operations denoted with the symbols R and L which have to be applied to the
vertices of a generic tree of the expansion and which modify the factor associated to
the vertex itself. The way the R and the L operate is in principle very simple: A
truncated expectation with respect to the frequency h, is associated to each vertex v
of a tree operating over functions of the fields ¢{=" = go("") + ¢ "™, the result being
a function of the fields of lower frequency <p<<"") The R operatlon is defined on the

function of these fields, the L operates as — —L= —(1—R) on the field function and
N hy

moreover changes Y, into Y. (see[5]). The vertex contributions is modified
o=hy +1 v=0

in such a way that applying these operations to all the vertices of a generic tree it

becomes finite also when the cutoff is removed. The way the R and L operations

have to be defined depends, of course, on the model we are considering.

In this way a new tree expansion has been produced where each tree has
appended to each bifurcation the symbol R or the symbol — L in all the possible
ways denoting which operation has to be performed on each bifurcation. This new
expansion will be called: “renormalized tree expansion” [11]. The proof that the
theory is (perturbatively) renormalizable is accomplished in the following two
steps:

i) First one proves that each term of the “renormalized tree expansion” is
finite in the limit N —co.

ii) Second one has to show that this “renormalized tree expansion” can be
reobtained by simply starting from a new interaction which differs from the
original one because its coupling constants are different (the “bare coupling
constants” instead of the physical ones) and by the (possible) presence of some
other terms (counterterms) in a finite number.

Of course it is the possibility of proving ii) that makes the proof of i) relevant. This
will be discussed in Sect. 3.

The R and L operations can be defined first for the simplest trees and then in
general. Looking at the tree (j) of Fig. 3 we define:

R:cosa(psP —p5): =:cosa(p(FH — 9i59) — (M“"( —x,))%1,(2.6)
=1 —;—xz’ a? =8n we still denote by a2,
L:cosa(ls? —o5H) =11~ %2 (0= (x; —x5))% .
As

2
< a <
cosa(pfsY — S — 1+ = (@(pﬁ—f"’(xl —x,))?

=0(x 4|<P(<k — oGNS BYHx, —x,l*,
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substituting in the sum (2.4) we get the following estimate:
N o2 _
Y NUERE Y4 2.7)
h=k+1

which now converges as N — 0.

Due to the R and L operations a term which contains the gradient of the field
squared has been generated. This implies that from now on we have to calculate
truncated expectations in which a new type of Wick monomial can be present and
that if we want to connect the renormalized tree expansion to the presence of
counterterms in the original interaction it will be necessary to include this term in
the regularized interaction we start with. We would write, therefore:

V(p'=N, An(2), N)= 4 j d*x:cosapEN:
+d(%,N) [dzx (00 =M +u(4, N) | d*x, (2.8)
A

where at the second order in 4,
u(Z,N) | d*x
A

;» 2 N <h- 2 <
=(~) Y[ dPxydPx,e Sl (e e — 1) [~ Licosa(plEV — plEV): 1,

2 h=0A%xA

/1- 2 N 2 2 2(_‘(<h 1) ZC
=—|5) X | dx;d*xye G i 1),

2) K=0ax4
and
d(2,N) f d?x: (0 EN)?
ANz N *
= <~> [ dPx d*x,er G (e O — 1) [ — Licosa( N — @l EV) 1],

h=0 AxA

1™

AR 2. g2, ja2Cish-b g2c o (=N 2
=|5] X [ dx;d*x,e" % (e x‘xz_1)57@¢x= (x;—x2))":

2 h=0A4%x4

. . . _ X t+Xx -
= <mtroducmg the variables x= —* 5 2 z=x, —x>

VAR 2 _a2CLSh=1) 42000 2 ¢ g2 (SN)2
=\7 Y [ dPze® 6" (e S0 — 1) |z|? | dPx (0o EN)A . (2.9)
h=0 A

The L brings an extra index because the localization of :coso(p=? —{=¥):

generates two terms and the index near them remembers which one is produced.
Now we consider the Q = +1 and n=3 case. We start examining the tree (jj) of
Fig. 3. Its contribution is:

3'gk+1,...,éﬁh_1
2 2 2 x T A iag 1l SH) A iag (=M A ino 3l =h)
x | d*xd*xyd’xy Y. 6 e R IR S N
1

AXAXA h=k+ 2 2
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To consider a definite case we choose o, =1,0,= —1,05= +1, and we sum to this
contribution that one with all the opposite charges obtaining

1 l ’ 2 2 2
31l Axf d*x d*x,d*x,

3! AxA
N < < < (h) (h)
8 h=k+1 e~ PIGE l)ﬁq;?;1),6’&:;-2*1)]{(60;2@1”_1)(80526”)(3* 1)
_'_(e—achffm 1)( aczC,(!;)xB__l)
(h)
+(e“zcx1xz 1)(e” s —1)
(h)
e e )2:consl 4 o500, (210

which, estimated in the usual manner, gives
; X h(°‘—2 —4) 3
Ci41A> Y 1Y\ Iz’ N->ow, for N-oow, (2.11)
h=k+1

and this is the expected logarithmic divergence.
This divergence can be cured as follows: define

R:cosa@l P — @S + @l 2Y) =1 cosapl P — =P + @ 5P) — cosapEH) :
which has a zero of order one when all the points shrink. (2.12)
L:cosa(p(ZP — @l ZP + p5H) = cosa(p{FY):. (2.13)

The introduction of the R operation over the fields of the previous integral gives
the following convergent estimate

N a? 2
A Yh(z_n'4)r‘h, -y (2.14)

h=k+1 2n
This is the second new aspect of the model at o?=8x. Another field dependent
counterterm has been generated beyond the gradient squared which, being of the
same form as the starting interaction, modifies the original coupling constant. If we
want, at this level, to describe the theory in terms of the bare coupling constants we
have to add g(4, N) to u(4, N), and d(4, N). g(4, N) is the bare coupling constant
associated to the | d*x:cosa@!=": part of the interaction. At the third order in 4 it

A
receives a contribution, from the previous tree, of the following kind:

)3 h—1 <h-1 <h-1
QN =i+ S z gz G,
h=
% {2 ZC(M; )(eazC((:)_y,g_1)+(e-<z2Cz<g)v1)(ealc((?>_y)0-1)
(G 1) (=W — 1) (o)) (2.15)

The crucial fact is that these are the only counterterms we will need, multiplied by
the appropriate bare coupling constants, formal series of the physical ones. The
next pages are devoted to prove this statement.

We will study the theory in the “renormalized tree expansion” framework and
modify the potential written in terms of the physical coupling constant as follows

V= dxicosaglEV: 48 | P @pEN) v | dPx (2.16)
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This just means that the final lines of the various trees in our expansion have to be
thought of as bringing a label denoting to which one of these three terms they are
associated. The bare coupling constants will be in this case u(4, 6, v, N), d(/, d, N),
and g(/, 0, N), three formal series in the physical coupling constants.

A similar calculation to the one performed with 6 and v equal zero [see
Eq.(1.15)] gives for the effective potential on scale k:

VideE)= ¥ X ZVR(eEY), where 1=(4,0), s=(ng,n,). (2.17)

m=1 no; Ny
notni=m
The effective potential of a fixed order can be written, using the tree expansion,
in the following way, which although a little cumbersome is appropriate for the
subsequent estimates:

m

S Be™= ¥ $op oy vy sy

no;ny 0:v(0)=m ng=0 h:h=N ¢ (a.8,7) ? ¢
no+ni=m

X ) d*xq, .. d?x, dyy, .. dPy,,

AXAX . XA
X WO(0,b; yi 032, 8,3, 2,%): ] (0, 9
j=1

. . (5k)
x ] Trig, 05k T1 e ;| (2.18)

vePo vePy

where

_ﬁz(ﬂl“'ﬁnl) ﬁj:(071)9 Q‘z{au}veﬂ’ OCUZ{C,S};
y=019m)  1;=(0,1);  Zis asubset of {v},0, {v}22.

Y * is the sum over all the possible 2 such that for any v,v’ € Z: vnv' =0,
2

: <k) _ <k : <k) o <k
Trig (5,5, = cosap(5,),  Trigyp(Rl, =sinag(Sl,),

4={9,},., » where ¥,=(nJ° z,) is a couple of non-negative integers describing,
vtug
for any bifurcation (cluster) v=v,,

nZ¢: the number of 0" factors present in the term associated to the
bifurcation v of the tree after one has integrated over all the frequencies > h,. 7 is,
therefore, the number of grad¢ lines going out from the cluster v (which can
become internal half lines for one of the next cluster of lower frequency contain-
ing v).

z,. the number of zeroes present in the field part associated to the bifurcation v
(before the integration over the lower frequencies be performed); of course, again,
these fields can be integrated but the zeroes will remain in each term of the sum.

Eachsinag{;"y) hasazero,if O, =0, when ¢ is shrinked to a point (remark that
is different, in general, from v). [] cosue;;") although it does not produce a zero

veP
when shrinked to a point gives 1 which in the next truncated expectation acts as a
second order zero provided that: i) | 2| =1, ii) n7¢=0.
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We rewrite Eq. (2.17) in a more compact notation with the obvious meaning of
the symbols,

o= ¥ Y IVReE=3Y Y ¥ » ¥ ¥
m=1  ng;n; - m=1 08:0(0)=m ng=0 h:h<N @
nopt+ni=m
X 353 dudy: @0)a(Trigg)(e*);:
x W0, h;x,y;0:2,%). (2.17)

An estimate similar to Eq. (1.17) is given by the following
Theorem 1 (the unrenormalized case). The following estimate holds:
[ dxdyd(y,) W0, h; x, y; 05 P, G)]er™ O
<C(myk) [] v~ mthe=hoy —nwoto=k) (2.18)

ved
vFuvg

where ho=h,,, ¢ is a constant >0, d*(0,, ..., 0, ) is the largest distance between s,
points one in each subtree 0;.
Differently from (1.17) we have:

ny=2Q; —D)+nic+z,, (2.19)

and if v= v, cosap <" has not to be considered producing a zero as there are not
other truncated expectations of lower frequency. We have defined
ne= Zl Bi,  zy=n%,=s,vEP). (2.20)
i=1
Finally the presence of Y in (2.17) implies that if n%¢ is even (odd) then z, is even
(odd). ?
Assuming [3y;0*¥| < B,, we have the following estimate [see Eq. (1.16)]:
V(0 =9) | < G(By.k,5)| 7708™| sup { > Y‘"v"'v"’v"r*"vd"o*’} .

0;2,% Yh:h=N veb
v¥vg

(2.21)

The proof of this estimate is similar to that for the «® <8 case [see (1.17)]. The
result is nearly obvious for a tree with only one bifurcation and then one proceeds
inductively in the “level” of the tree which is defined as follows:

Definition 1. A tree is of level f if starting from its root, there is at least a final point
such that to reach it one meets f bifurcations and for all the other final points the
number of bifurcations met is smaller or equal to f.

We do not discuss this proof here as the same proof, although more
complicated, will be necessary in the next theorem where we will produce the
estimates associated to the renormalized tree expansion.

Looking at the estimate (2.18) we see that there are trees which give a divergent
contribution when one sums over their frequencies. In fact from (2.19) we see that:
a) When Q,=0 and nl°+z,<2 we have a logarithmic or a quadratic
divergence (a linear divergence is excluded as n7¢+z, is even).
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b) When Q,= +1, if n%*=0 a logarithmic divergence appears.

In all the other cases the contribution associated to v is convergent.

The main difference with the a?<8n case is that there only the lowest
bifurcation could produce a divergent sum. Therefore, fixed o?, only a finite
number of trees give a divergent contribution while here, as in any renormalizable
but not superrenormalizable theory, an infinite number of trees of any order in the
coupling constants produce divergent contributions. The simplest of them have
been already discussed and the R and the L operations have been defined for the
field factors they produce.

We want now to define the R and the L operations for all the field dependent
parts which need it. We start looking at the tree of level 1 starting from the
interaction (2.16). Denoting by k the root of the tree the field dependent parts of
these trees are:

I—[ (a)’Jq)( <k) Trigavoq)g."u? Tug) * : lf Qvo = Q = 0 B

) (2.22)
: ,-131 (8,,0'Z9) Trig,, @Y ,, e*0i =0 if Q, =00,
when Q=0 «, =s if g is odd and =c otherwise.
A simple application of (2.19) shows that
Moo =200*—1)+q+z,, (2.23)

and the R operation will not be the identity only when 5, <0. In this case they are
following: We denote

<k) (Zk) k _
P =0l = Z a;0{=9  (here v=u,),

; ijj=)7a - Z, yi=y

J

2 n 2
R:cosapls¥ :=:cosapsP —1+ 7(_& =0y ajyj> a
=1

2
L:cosagish :=:1— 7(8@“"’ Z o; yj> =:11— %(@(pﬁyé"))z(ﬁ)z:, (2.24)

R: 0,00 sinagl:=: 2,0\ [sinagl " — @0y =) ()] +: 0,0EH(2,04")
_(aﬁ€0(<k))) (,V)ﬂ i

L:0,pE sinagls? : = (6go‘<"’) 0),:, (2.25)
R:0,04=R0,0 =P cosapisH = 0B<p‘<")8y<p‘z§"’(cosocgo‘§")—1):

10,0700 (00 — o)

L:0,0P0,0 =P cosap(sH = 1(0p=)*: 6., (2.26)
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R:0,pE00,051 :=10,0 (0, (0= — 9=V,

o s (2.27)
L: 0p\=00,0559:= 3:(095")" 3y,

Q=0=+1.
The only factor we have to consider is : cosa < Y quoﬂf"’): with n>2 odd and
n j=1
Y o
j=1
R:coscx(Z o}q)ﬁ:")> = Cosq ( y j(p<x<k>> —cosap(=h:,
ji=1 ji=1
L:coso ( X 00 "’) =:cosap=h:. (2.28)
j=1

The L operation (=1—R) acts in the way we have listed under the integral sign
after we use the invariance of the covariances for translation and rotation of ¥
around each axis.

This completes the definition of the R (L) operation for the trees of level 1. After
the R operation has been applied all the right-hand side of Egs. (2.24)(2.27) have
nZ°+z,>2. For a generic tree one has to investigate which other field expressions
can appear which still need the R operation that is have n7¢+z,<2. It is easy to
realize there are few of them:

R:0,0\ =9 cosaplsP sinagis : =: 0,0 = (cosap5 ) — 1) sinagps)
+ 10,0 F[sinog(5Y — a(dp{=*) (9)]:
+0:0 (P(<k)(a((,0(<k) (p(<k)))
¥ x

L: 0,0\ =9 cosapls® sinapls) : = x ( P =), (2.29)

With this definition of the R and L operations we are able to write for the
effective potential the renormalized tree expansion and show that it is finite, at each
order uniformly in the cutoff. We proceed again as in the case of the unre-
normalized expansion, first we give the general expression which we prove by
induction, then we prove the estimate analogous to (2.18). Now, due to the
presence of the R and the L’s the estimate give convergent results when summed
over the various frequencies.

To write the explicit expression for the effective potential first we list all the
possible Wick functions of the fields which can appear in the effective potential. A
Wick function is a Wick monomial or a Wick monomial to which the R operation
has been applied and we denote it by : #. Q”(gp(<")) where Q, is the charge of the
cluster v,a labels the different functions and q is the value of n%°. We denote
w=2Q%+q+z, where z is the order of zero of the function.
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Wick functions:

Q,=0,

10,122

<

1 COSaP(5

1 COS Q5

ssinag;

. yiaap(=h)
e & COSUP iy

e

(<h.
(=m_1:

2

- o o
rcosapnt —1+ 5 (00599)?

(=h).

(=h)

[sinag(5" —a(0pi=") (9)]:

qv
11 0,,05"):

j:

L M SURL

9v

11 0,,057) cosapls™:

j=1

: ﬂ (0,,0'3") (cos (5" —1):

: ]—[ (0,,0>") sinop(5":

100 =" [sinag(5" — a(@pi=") (§)]:

(<h).

iagp(=h)

€795 (cosapls" —1):

inap(=h) (Zh).

€7 sinags

: ﬂ (@,,pE")e* 6" cosapls":

qv
. <h\ iagp(<h) (<h).
: _]_[1 (0,03 Net*re 5" sinap(Sh:

j=

ia(p((f)") .

. o <h) laa<p(<“J
.J]__[ (0,05 ")e

439

q,

q,

q,+1

W kAN g ~

q,+2

q,+3

207

200 +4,

(2.30)
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Remarks. i) In the generic Wick function all the coordinates are associated to the
same v, both the x’s of the grad fields and the y’s of the trigonometric functions.

i1) The factors we have listed are associated to a vertex (bifurcation) of the
generic tree. In other words the final field expression of a generic term of the
effective potential will be constructed by the product of these factors each one
associated to a specific vertex. Looking at Eq.(2.17) we see that they are the
generalisation of the factors

ST Koo <k . . K . K. . iap(=h)
(Trig, oK i=1cosaph, 1, i Trigielsh) i=risinaglzh o e

and av

This is due to the fact that in the renormalized tree expansion the R or the L
operations act at each bifurcation modifying the Wick monomials and introducing
appropriate zeroes to guarantee the convergence of all the sums. These zeroes once
introduced must be kept in all the next scales. This is the reason [see also (5)] why
the field dependence has to be written in terms of the Wick functions
C QU(Q)L< h)).
Notlce thatifa single 7,72%(p{=") describes the field dependence of a vertex v of
a tree then w =y, + 2. Therefore if the normalized expansion with these definitions
of the R and the L must produce finite results at any order the field expressions
must be products of Wick functions such that #, >0 always. This is obvious, just by
definition, for the tree of level 1 and will be proved by induction for the generic tree.
The next theorem is the generalization of Theorem 1 to the renormalized tree
expansion. To prove it we will need a canonical way of decomposing the generic
F2:2(e =) in a part which depends on ¢{=" and a part which depends only
on oM.
Lemma 1. For any 7.2(p{=") the following decomposition holds:
Faii 2 (oM = 3 Fyi 2o " F G2 o), (2.31)
b

where c(b) is a well defined function depending on b which is unique if we require the
right-hand side to be symmetric under the interchange of @\<" with @®. All the
addends in the right-hand side have at least the same order of zeroes as the left-hand
side.

The proof of this lemma is just a matter of trivial computation and we do not
include it here.

Theorem 2. The effective potential on scale k with a fixed cutoff N, V{(¢'=9) can
be written as a formal series in the physical coupling constants in the following way:

W)= 3 T 2VRe'E)

m=1 no;ny
no+n;=

o4}

-y ¥y S  fdxd

m=1 0:v(0)=m nog=0 h:h<N

X 1* X ., >0): F o2 (ﬁl’(ék))> (2.32)

xW(")(Hhxy )

oo

II
fiNeER
1o
Sy
Y
=
oy
<

m=1 0:0(0)=m no=0 h:h<N ¢a

XZ*ZW“‘)OhX

i\«
NS
i
SA
IIA
i
<=
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where 2 is a subset of {v},cq, {v}22. Y *is the sum over all the possible 2 such that
Z

for any v,v'eP:vnv'=0 and y(n,,>0) reminds us that we are doing the
renormalized tree expansion. Moreover all the final lines merge in some ve 2. The
coefficients W®(0, h; x, y; 2, a) satisfy the following bounds: We define the norm

“ W(k)(e’ h, ...,.@, Q)H(QU}
= Y [dxdy|W®0,h;x,y;0;2,0)

{Q,,.)gfixed
X O(y)eet 0O 0:0)| (zeroes)|

where d*(0,, ..., 0,) is the maximum distance between s, points one for each cluster,
0>0 will be chosen later on (see after Eq.(2.38)) and

[(zeroes)| := H D& Pl

We remark that this factor just takes into account the zeroes which are present in the
field dependent part of Eq.(2.32). The following bound is satisfied uniformly in N:

(WO, b, ... 2,00, S clk,n) [] YT hoy ok, (2.34)

vef
v¥uvg
where y,>0, 1,, has been defined in Eq. (2.23) and c(n, k)= c(n)Y**o* with c(n) a
constant whose n-dependence will be left unspecified. This k dependence originates
from our definition of the (zeroes) factors.
From (2.34) the following estimate also follows:

IW®O,h,..)|:= sup [[WHO,h,...2 a)|,Sckn) [ Y 7t"h)
(Qu}; (2 0) ved (2.35)

with x,>0 for any ve®.

Some comments are appropriate at this point.

i) This theorem says that the formal series in the coupling constants of the
effective potential has finite coefficients uniformly in N. The same results
immediately follows for the Schwinger functions.

i) Differently from the polynomial case we do not discuss here the n
dependence of the order n coefficients. We will consider again this aspect when we
discuss this model from the constructive point of view.

iil) The crucial point of the theorem is to prove that the number of different
types of Wick functions which are needed in the field parts of the different tree
contributions is independent from the tree level. This implies that the R(L)
operation is different from the identity only in the finite number of cases we have
listed.

Proof. The proof of this theorem is long but does not require any computation. We
proceed inductively. The result is true for the level 1, we assume it true for all the
levels < f and we prove it for the trees of level f+ 1.
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Let 0 be a tree of level f+1, v, its lowest bifurcation of frequency h, s, the
number of subtrees merging in v, and k its root frequency,

Fig. 4

The following expression holds:

YEWOO, b x,yi0: 2,0, 0'=0) = ( [ > z(m,>0)>
P.a

t=1 @) g(t)

s0
x T W0, kO; x©, y0; g; 2O_g0)

t=1

X R& .6}, (1 [ FoZs(@=", . 1 fa"iii%‘*(ﬁl)@’”’):),

(2.36)

vseP(1) fsids vse P50
where W0, h0; xV, y©; ¢0; 2, a") satisfy the estimates (2.33) by the inductive
assumption.
Asinthe norm (2.34) thereis the factor |(zeroes)| which takes care of the zeroes in
the ficld dependent part. It is crucial that all the manipulations performed on the
field dependent parts must preserve the =zeroes appearing in each

[T Z252(p'=")) in each term of the sum one gets performing the various
vse PV

expectations. The decomposition of Lemmal has this property. Therefore
applying (2.31) we obtain:

REASHO= | L RE (s TL FES @ 1] Ao

B(1; . ps0) vee P ’ vs e P(50)

.....

X &, (i [ ZGiRne®) . 11 “?2%:(@“’“)) (2.37)

vge P vge P(s0)

Let z, be the order of zero of %52 (p'="), then in the decomposition (2.31)
%‘{gﬁ;ss (") has a zero of order w, <z, We have for & () of (2.37) the following
estimate:

. So Sée
(€1 S Cln, sg)e ™ 04000 T T Yool yhop, &, (2.38)

t=1 vs€b,

where Y s 75¢ is the number of the d¢ fields coming out from 6, which are
vseb,
contracted in v, d(0,, ..., 0, ) is the distance between the s, clusters 04, ..., 0, . k>0

and d; is the zero order of the subcluster v; appearing in &/ (). In the
definition of norm (2.33) ¢ has been chosen <x. The proof of this
estimate is very simple as we are not interested to an optimal estimate for
C(n, s,) and we do not report it here.
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We rewrite (2.36) in the following way:
Y*EWHO,h;x,y;0;2,0,0=Y)
?a

So

= (( [1y*y (ml>0)> y )FOI W0, h0; x0, y0; ¢V 29, )6 ()
bV ;b0 ) T

t=1 2@ g 1

,,,,,

bsigs s3Qs
vse Pt vs€ P(50)

}RE (¢ 1 FEE s T AES@T) 236)

We need to rewrite the field dependent part according to the following

Lemma 2. The following decomposition holds:

Ré">k(1 [ F3ige(@ =" 1 %“f;Q”S(<ﬂ(<h°’)i)

vee P S pepso) o
=2*): ( [T 72 (o )> LA (X, y,0) (2.39)
P a vsEP
with £5:19(x, y, @) satisfying the following estimate:
500, y, 0)| SY 2N T] Y28 (zeroes) of £]. (2.40)
t=1

Proof. The proof of this lemma is trivial. It is enough to recall how one can
rearrange everything inside a couple of Wick dots. Some examples will be given in
the Appendix. Using this lemma we can write:

= ( 1*y X(’?vo>0)> o sto) (2, a fixed)) ff(@f;'o)(& y,0)

=1 2 g

1—01 Wko(g, p0; xO, y0; g0 p0_qO)ET (). (2.41)

To estimate the norm of this expression we can neglect the (finite) multiple sum and
estimate the norm of the generic term of it. Therefore we are left with the norm of

W0, b x, y; 0: 2, @y = £5(x, y.0) [] (1, >0)
t=1

x WG, hO; x©, yO; 60 PO )T (1) (2.42)

uniformly in the indices on which the multiple sums are performed.
We have

|W*O0, h;...;2,0)l0,
50
= dxVdyo(y
r—l( g%) T ’ o
{Qule, fixed
S0
% @Y 0d* (01, - 0s) HI e—erw*w{r).A.A,(L‘p)é’;,Tol(-)I
f=
y ﬁ [eQY"td*(Ul(” ..... 9;:’>|W"'°)(0,b");)_c") . 5o ,@(z) (‘)))((”Iu >0)]

t=1

X |56 (x, y, 0l ;(ZemeS) 0f< Il %Zf}?"5(¢(§k’)>’~ (2.43)

v EP
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Using the estimate (2.38) we have:
I W*(k)(ea h;..; 2, Q)H{Qu‘,

STdyD, . dyeo - 5(ye 2
% ls—ol |: Z fdx(t}dy(t)é(y(lt))egrh:d*(0[(t) ,,,,, es(lt)IW(ho)(G’ b(t); ?(t)’ a(t))lx(’,l > 0)
t=1 B - o

Yhod(y(". ..., yl(so))

c®

{Qu}e, fixed ﬁ
x |(zoeroes) of (&1(+), (1) Tls Yn;;ehoJ

vsely

X [£5:57(x, . o)l ‘(ZeroeS) of < l—lg 7z 3:,5%5&11(9)))}, (2.44)

Us€E

where |(zeroes) of (&}, )), (1) is the product of zeroes of &7 (-) associated to the
subtree 0,

From this expression it is possible to reexpress the right-hand side in terms of
the norms associated to the subtrees 0,,...,0,, and then proving the theorem,
using the inductive assumptions on the norms, provided that:

a) one can reconstruct all the zeroes present in the definition of the previous
norms.

b) One shows that also the dependence on h, produces a convergent sum
over hy,.

To prove a) we observe that, due to the decomposition (2.31) of Lemma 1 and to
Eq.(2.38) of Lemma 2 the zeroes present in the definition of the norms for the
subtrees 0, are partially in the &/ (-) factor [we have called them |(zeroes) of
(615(+)), ()] and partially in the R& . () part of Eq.(2.36). This second factor is
then decomposed in Lemma?2 in such a way that these zeroes are partially
contained in £%"(x, y, 0) and partially in ( 1 Z‘ff"s&p(ék’)). One has still to

Us€ ’
observe that from these last two factors the zeroes appear as [Y"), | when they
are in £5:(x, y, o) and as [Y*p, | when they come from the second factor and of

course
dy+dy:=d=z,—wy. (2.44)

The zeroes produced by the second factor give an extra factor, beyond the part
needed from the norms of the subtrees, proportional to (Y~ o ~R)&"
Taking the zeroes correctly into account we obtain the following estimate:

[(r.hs.) of (243)]

K S0
—ZYP0d( (Y, .., $(50) Y =20%ho H Y'2Q7ho
t=1

< [dy(, L dyso - S(y(D)e

s ”ﬁﬁ.‘eho
x [T I] Y™

t=1 vseb;

S0
Y ~ (v~ 2udho |: l‘[ Y‘("vt_zut)hOHW(hO)(et’ b(t);y(t), g(t))”]
1 =1

S0
X

t

X ns Y‘—(ho-k)d;” (2‘45)

vs€f;
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S0
the factor []_[ Y o= 2udbo || kol g R p®) g“’)H} is estimated by the inductive

t=1
assumption and gives

[ ﬁ Y(ﬂvt'—zvt)ho ” WU'O)(G,, h(t); @(t), g(t))iJ é ls_o[ [)”’lut<hu¢_h0) H Y‘xL‘(hrhuf)]

t=1 t=1 | vF v,

IA

H Y #vthe = hyr) (2.46)
Uv:l?()

and y,=0.
The estimate of the remaining part gives

K S0
—Eynod(y(1), ..., pls0))ys—202h0 ~202h,
1 1
fdy ),~~~,dy(1s°)'5(y(1 Ne 2 i Y [] Y*<

t=1

Sy
% ]—OI [T Yo ﬁ Y "0 zedho [y okl

t=1 vseb, t=1 vs€B,

0 S0 A
X () Yeoy 2O B 00 [H Y- 203 Doy e”} y = 2hofso 1)

B A ehg v —
x ] Yithoy —hoswo (247)
t=1
where z, =) di, ng¢:= Y A% Y *to=D js the volume factor and
N vseb

Y, (50— i) =l
t

Collecting all together we get
[(r.hs) of (2.43)] S c(n) Y*evoy 2@~ D¥nipetzuglho [T yrolho=ho)

vel
v¥uvg
éc(n)y'kzuoy‘~nvoho H y‘xv(hrhv')’ (2.48)

and #, is positive due to the presence of the R operation in the last bifurcation.

3. The Running Coupling Constants for the Sine-Gordon Model at > =8xn

From the results of the previous section it follows easily that the theory is
renormalizable in the perturbative sense, namely we can write the interaction:

V™M =g(J,N) [ d*x:cosap =N :+d(A,N) | d*x: (00 =")*:u(A,v,N) | d*x
A A A
(3.1)

where g(4, N)=g(4,6=0,N), d(4, N)=d(4,0=0,N) and u(4,v, N)=u(4,=0,v, N)
are the bare coupling constants such that if we compute the effective potential
V4= as a power series in A, each order is made by a finite number of terms whose
coefficients are uniformly bounded in N.
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This result is proven in this way: Let V{EFTD(@EkF Dy = P=k*D be the

effective potential at the level k + 1 computed with the renormalized tree expansion
which we describe, graphically, in the following way:

k+1 N
-L C :| R
*— + + .——{: )
[ k+1 %h k+1 k?Zh k+1
> k+1
= Zl )L§;)+1;N)I:?D)(§k+l))+ WI\(/ ), (3.2)
a=

where——@ denotes the sum over all the trees with all the possibie frequencies

except the last one h, = h fixed and with R or — L at the internal vertices. VASk*D

has been decomposed in a local part which we denote by Z AR I P EFD)

and the non-local one. We have

M= I d*x:cosap(EH = /jldzx:e""“’“’»‘cé"’
1P = /jl d*x: (g =2, (3.3)
I®= }[1 d*x and W{M=0.

We compute Vi=¥ performing the standard tree expansion (the non-renormalized

one):
T P, A R R o

k+2

£ 1
L B e U B e )

=& /1 I(a) (Zk+1) + & {
k+1{a§ wr;ml e )} k) k+2 k’TO

+ f 1 RELL A )L gt =4 )

5 LI S L ).
(3.4

The last two terms can be represented as% andk—L@ and collecting

with the previous ones, we obtain:

V(ék)=[ ko—+ %hko_—L@ ]+ k%h]:—R@

3
= X A0 =)+ . (3.5)
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Therefore the proof that a finite renormalized tree expansion implies the
perturbative renormalization is achieved. A= 11m 2y, are the running cou-
pling constants.

From Eq. (3.4) and the fact that V}{=*"!) has the same expression as V3=" with
k+1 substituted by k everywhere, it follows that we can express V(=¥ with a new
tree expansion where at each bifurcation there is a R label and the final lines bring
instead of the physical coupling constants the running coupling constants with the
frequency of the first bifurcation where they merge. This expansion will be called:
“the running coupling constants tree expansion.” To be useful one has to know,
at least formally, the running coupling constants. They are defined as solutions
of the following fS-functional equations whose derivation we recall [5], [12].
From Eqgs. (3.4), (3.5) we get:

3
by (j'(k+1 N) lii’m)l‘“)(fp‘é"))

= fz LEL (R D@50,V e = D)) (36)
D

The right-hand side can be written, using the “r.c.c. tree expansion”

3 0 m

X o ox X X XX

a=1m=2 0:v(0)=m n=0 ay,..., on a (P;a) h:h<N
hyo=k+1

x f dPxy, ., dPx, WEED0; x5 03 hs o 25 a)
AxAx,...,xA
mllmes

x L(: P(¢, 09)?) H j«(h, N)» (3.7)

where Y 1is the sum over all the possible final field dependences for a tree with
(230)
v(0)=m and ) sums over the different final lines. : P(p, d¢): are complicated

polynomials in d¢ and ¢**, depending on 2 ; ¢ whose expression is explicitly given
in Theorem 2. L¥(: P(¢'=Y, 09p=¥):) is =1®(¢'=¥) or =0 depending on the local

part of the polynomial P(¢, 0¢).
We write (3.7) in the following compact way:

II/\

(3.7):= i ](a)((p(ék))ﬂ(a) <{)L("’)(h;N)} o

hz

=

1)
and the f-functional equations are:

A, 10— A ) = ﬂw({w(h N} §> 2=1,2,3. (3.8)
>k+

If we try to solve Eq. (3.8) perturbatively fixing as initial data
(;»f(l)?N)s /lf%);)zv}: ZfoN)) =(4, 0, v)

(the physical coupling constants) we find, obviously, that A}, y, is the bare coupling
constant with index . Moreover (3.7) and (3.8) produce a tree expansion also for
the running coupling constants.
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To go beyond the perturbative approach one looks for a non-perturbative
solution of Egs.(3.8). This is a complicated task as the right-hand side of (3.8) is
defined through a tree expansion as a formal series which in general will not be
convergent. Nevertheless there are chances that the right-hand side has a rigorous
meaning if we stay in the small field region (see [ 13]). In this case we can keep the
first few terms of the series and neglect the others provided the physical coupling
constants are chosen enough small. Therefore we look at the solutions of the
f-functional equations, truncated at the second order, in the N—oco limit. In
particular we are interested in the solution Af;) such that:

lim A} =0, (3.9)
k— o0
which corresponds to a asymptotically free theory. The f-functional equation at
the second order has the following graphical representation:

g
)v(k+1 ;N) ;L(k N = Z =
iy K k+1
)
9
pTC R 1c) 5 -~
(k+1;N) Mg N) — oy K kel
g1+a,=0 02
9 3
I —M= % = +
(k+1;N) (k; N) Tl Kk k+1 k k+1
61+62=0 o) )
Fig. 5

The rules explained in Sect. 1 must be used to calculate these expressions that
become (changing k into k—1)

My = M- 13 = a()A Ay
Mty = AL 1= b(k) (M) w))? + k) (i) s (3.10)
iii’;’m - %3)— 1my = —c(k) (/151%;)1\{))2 —d(k) (/lfl%;)N))z )

with

a(k)= —- f d’z((0zC5HY —(2.C5* 1)),

bik)= (4) I G e L
(3.11)

1 2 k-1 2C(k
c(k)=— 4 [dPze¥C5 V(e — 1),

d(k)= — Z [d?2((0.,0.,C55¥)* —(0.,0.,C55* 1)),

i;j:1

e(k)=0 because of the invariance properties of the covariances.
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A
I
I i_/ II1
N y */47[7( .
AP
Fig. 6 IY%N\

Observe that, differently from A%y, and A%y, the Gy, r.c.c. are dimensional
quantities. Defining Ay, := Y?*A% v, where 4, 1s the adimensional constant the
p-equation becomes:

if,% ,N)—li,% -1;N)

= (1= Y"1 — Y 2ke(k) (A — Y " 24d(K) G2y (3.12)

We neglect the third equation which is associated to the vacuum counterterm and
we study these equations with a(k), b(k), c(k), d(k) substituted by their k— oo limits
we call a, b, ¢, d. We perform the limit N — co and finally the limit y—1 to transform
the finite difference equations into differential ones. Defining ¢ : =k logy, Eq.(3.10)
becomes: 2
A=als, 6=bi*, where AN =A1), AZ=0(t); i= %, o= Z—f :

This system is easily solved (see also [ 14] where similar results have been obtained)
and the solutions in the (4,9) plane are hyperbolae.

The horizontal line is a line of fixed points stable when J <0 and unstable when
0>0. The plane is divided in four regions by the separatrices of the equation:

(3.13)

p\1/2
S=+4cl with c= <E> . (3.14)

In regions II, 111, IV the solutions do not fulfill Eq. (3.9) and therefore the theory is
not asymptotically free. Every point that begins in these regions goes to infinity
moving along the hyperboles. Starting in region I, viceversa, the point does not go
to infinity but to a stable fixed point (0,5 <0). It is easy to see that in regionI
(A(2), 8(t)) tends to a fixed point with exponential rate (int) if we start inside the
region while if the initial point is on a separatrix it tends to the origin as 1/t.
Although one would be tempted to conclude that the theory is asymptotically
free at o® =8n this is not correct for the following reason: the value of o in the
interaction part | d*x:cosa, : can be modified by a simple redefinition of the field

A
¢. Therefore o> = 87 implies also that the wave function renormalization constants
is fixed to 1.

If the theory is defined through the running coupling constants we would like
therefore, on the finite scale k, we decide to choose as the physical one, the effective
potential which has a local part | d*x:cosag,: and not a local part

A

I®(p' =9 = | dx: (00 V):.
A

This is possible if and only if the running coupling constant A} : = 6(t,) can be
chosen equal zero. This means we need to solve Egs.(3.13) choosing as initial
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conditions a point (4, 0). This is certainly possible but the solution does not satisfy

the condition lim Ay} =0, that is the point (4, 0) goes to infinity (see Fig. 5) and not
k—

to a stable fixed point. This can be rephrased by saying that the theory is not

asymptotically free at o =8x.

The asymptotic free region I of Fig. 5 has to be interpreted in the following way:
Let us choose a fixed value §, < 0 and assume we start from the point (4, d,). Then if
[Al<c ™18, the theory described is asymptotically free and corresponds to a value
a2 =8n(1+]5,|)*. This suggests an approach different from that developed in (2)
to study constructively the theory for a? < 8n and moreover tells us which is the
maximum value of A for which this is possible.

Appendix

In this appendix we explain, through an example, the content of Theorem 2 and of
the lemmas we need to prove it. We consider the contribution I(8,) of the trees of
the following kind with ¢, +0,=0 and g5;+0,=0:

Fig. 7

4 N
wo-5(3) 5, %

h=k+1 q1;q2=h+1

(492)

X { AP dPx,dP 5 d2x e V(e )58 T Y (e )
AXAxAXA
2
< RS -] | scosatelh - A=t . 00, 5,
x rcose(pls" — ") — 1+ (6(p‘<")(x3—x4)2) ] (1.a)

This is just the term in the expansion (2.32) associated with the tree 6, where
YR WO, b; x,y; 03 2,0, 0'=P)
P a -

is written as in Eq. (2.36) with s, =2 and

(q1)

A
W("’(Gl,ql;xl,xz;g;g’,a)=(—) e R i |
(2.2)

“uA

2 (e 1),

2\2
W®0,,q,; x3,%4; 0; P,a) = <§> PGS

To arrive at the same expression as in the first term of the right-hand side of
Eq.(2.32), one has to compute explicitly the factor

RE ., 67 [cosa(w — M) — 1+ (0<p‘<’“(x1—x2)2) scosa(pGM — (5

a2
14 5 (@0 rs —x,)) J ()
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To do that one has to use first Lemma 1 and then Lemma 2. Using Lemma 1 we get,
defining

(Sh <h)y.__ <h <h (<h (<h
oG-S =405, oS5V —eE" = 405"

h <h <h <h <hp._ <h
cosag!H— qo;] )= CAOE,  sinsll— ol SAgfF,

5

(4.2)

[(3.a)]= $>k{ CAGP—1::CApP—1: 6T CAYY :: CA0P) ]
2
+:CA95P—1:6F I:CAQD(h) :CAp¥) + ((jgogi)(x3—x4)2:}

+:CApSP — 1:5{[CA(,)"” :CApP) + %Z(éqog')(xl—xz)zz]
2 2
+& [CAQDU') — (09P(x3 —x4)*:: CApf + @‘Pg')(x1"x2)2:5]
+:S4¢5M — 6(p(<’”(x1 X5)::SAQSY — 00 M (x5 —x,):
x EX:SAQP - SA0Y, ]
+ 1849157 — 005 (xy —x3) 1 008X —X4):
X En[:SApY} 1 SAps — 0pPx; —x,)1]
+ 184955 — 09 (x3 —x,4) 11 00 P (x; —x,):
X EX:SApY)::SAQW — 0P (x, —x5):]
+ 1005 M (x5 —x4) 11 00 P x; — X))

x 6y [: SAQE) — 0p(x3 —x,4):: SAQT} — 09 x; —x) ]} (5-a)

What is left now is an easy application of Lemma 2; we give the result only for a
couple of factors. We define C:= (Ap{3" 40P, then:

6 or (:CA9P—1::CAp —12)
1 2 <
—EsmhjC[ 25 C(Ag5H— A9k50): —e 26:C(A<p‘1%">+A(p‘ﬁ"))J
+:(CAQYH —1)(CAFI—1):, (64)

fg>k’('SA¢(<h) 6’(p‘<h)(x1—x2) SA€0(<h) 8g0(<h)(x3—x4):)
=1(e"C—a2C—1): C(49'5° — A9p5Y):
_(1_ ZC —acZC) C(A(p(<k)+A(p(<k))
+a2C: (CA(p(<k’—1)(CAgo(<k)—1).
+ (84959 — 00 EP(x, —x,)) (SAFH — 00 FP(x3 —x4)) - (7.2)

Finally on each of these terms the R operation has to be applied following the
previous rules.
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