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Abstract

We construct a QFT for the Thirring model for any value of the
mass in a functional integral approach, by proving that a set of Grass-
mann integrals converges, as the cutoffs are removed and for a proper
choice of the bare parameters, to a set of Schwinger functions verifying
the Osterwalder-Schrader axioms. The corresponding Ward Identities
have anomalies which are not linear in the coupling and which violate
the anomaly non-renormalization property. Additional anomalies are
present in the closed equation for the interacting propagator, obtained
by combining a Schwinger-Dyson equation with Ward Identities.

1 Introduction and Main result

1.1 Historical Introduction

Proposed by Thirring [T] half a century ago, the Thirring model is a Quan-
tum Field Theory (QFT) of a spinor field in a two dimensional space-time,
with a self interaction of the form (A\/4) [dx(¥xy*1x)?. The interest of
such a model, witnessed by the enormous number of papers devoted to it, is
mainly due to the fact that it has a non trivial behavior, similar to the one
of more realistic models, but at the same time it is simple enough to be in
principle accessible to an analytic investigation. Hence the validity of sev-
eral properties of QFT models, which in general can be verified at most by
perturbative expansions, can be checked in principle in the Thirring model
at a non-perturbative level. The Thirring model has been studied along the
years following different approaches and we will recall here briefly the main
achievements.

Ezact approach. After a certain number of ”solutions” of the model fell into
disrepute after inconsistences were encountered, Johnson [J] was able to
derive, in the massless case, an exact expression for the two point function;
if (T'(1x10)) is the two-point function in the Minkowski space, he found that



(T(Yxtho)) = i(3#0,) " (|x|/20) "=, where 1, = 2(A\/4m)*[1 — (X /4m)]~, 7,
are the Minkowski gamma matrices and x is an arbitrary constant with the
dimension of a length. This result was followed shortly [K] by the general
n-point function at non-coinciding points. The Johnson solution, based on
operator techniques, is essentially a self-consistency argument: a number
of reasonable requirements on the correlations is assumed from which their
explicit expression can be determined. The first assumpion is the validity of
Ward-Takahashi Identities (WT1i) of the form

iaﬂ<T(j5¢x¢_’3£)> = a[d(z — x) = 6(z — y)Ji(T (Uxidy)) , (1)
0T (5 Yxtby)) = ald(z — x) — 6(z — y) ]2l (T(Vxtdy))

where the current j% and pseudocurrent jx’5 are operators, formally defined
respectively as 1x7"1)x and 7" v51)y, and the coefficients ¢! — 1 and
a~! — 1 are called anomalies; they would vanish in the naive WTi which
one would expect from the classical conservation laws, see for instance [A1].
The second assumption was the validity of Schwinger-Dyson equations (the
analogue of the equations of motion), and, combining them with the WTi,
closed equations for the n-point functions were found; from them an explicit
expression for the n-point function at distinct points was derived and, by a
self-consistency argument, the following explicit values for the anomalies:

a_lzl—ﬁ a‘1:1+ﬁ. (2)
The anomalies are then linear in the coupling, that is no higher orders con-
tributions are present; this property is called anomaly non-renormalization
or Adler-Bardeen theorem, and it holds, as a statement valid at all orders in
perturbation theory and with suitable regularizations [AB], in realistic mod-
els like QE D or the Electroweak model in d = 4 (in the last model it plays a
crucial role in the proof of its perturbative renormalizability). The validity
of (2) in the Thirring model is particularly significant, as it has been con-
sidered [GR] as a non-perturbative verification of the perturbative analysis
of [AB] adapted to this case; however the applicability of the [AB] analysis
to the Thirring model has been also questioned [AF]. Another remarkable
relation found in the exact analysis in [J] is

A

7722%

(a—a), (3)
relating the anomalous exponent of the two point function with the anoma-
lies; it is an immediate consequence of the the closed equation for the two
point functions obtained by inserting the WTi (1) in the Schwinger-Dyson
equation. The outcome of this exact analysis is an explicit expression for
the n-point function at non-coinciding points and for the WTi. However,
as stressed by Wigthmann [W], the procedure is not satisfactory from a



mathematical point of view, as it involves several formal manipulations of
diverging quantities; even the meaning of the basic equation (1) is unclear
as the averages in the Lh.s. and r.h.s. has to be (formally) divided by a
vanishing constant to be not identically vanishing.

Aziomatic approach. The Johnson analysis still left as an open problem
the rigorous construction of a QFT corresponding to the massless Thirring
model. Wigthmann [W] proposed to construct the massless Thirring model
following an axiomatic approach; one can start directly from the explicit ex-
pressions of the n-point functions at non-coinciding points derived in [J], [K]
(forgetting how they were derived) and try to verify the axioms necessary for
the reconstruction theorem. Indeed all axioms can be easily verified except
positive definiteness, which was proved later on in [DFZ] and [CRW]; the
idea was to define certain field operators, depending on a certain number of
parameters, whose expectations verify the positivity property by construc-
tion and such that their n-point functions coincide, for a suitable choice of
the parameters, with the expression found in [J], [K]. As the axioms are
verified by the m-point functions of [J], [K], a rigorous construction of a
QFT corresponding to massless Thirring model is then obtained. Note how-
ever that the fermionic mass cannot be included in this approach; moreover
quadratic fermionic operators at coinciding points, like j& or j#5 cannot be
considered, hence the WTi (1) cannot be rigorously derived.

Perturbative approach. The massive case is much less understood; Coleman
[C] considered a perturbation expansion in the mass showing that it was
order by order coinciding with the expansion of the Sine-Gordon model, if
suitable identification of parameters is done; however an explicit expression
for the n-point functions was not obtained, hence a QFT corresponding to
the massive Thirring model has never been constructed.

Bosonic functional integral approach. If the coupling A is positive, the par-
tition function and the generating functional of the massless (Euclidean)
Thirring model can be written as bosonic functional integrals [FGS| by a
Hubbard-Stratonovich transformation; one can then integrate the fermion
variables and it turns out that the partition function of the Thirring model
can be written as

/ P(dA) det(df;[(ii;f“]) , (4)

where A, x is a two-dimensional Gaussian field with covariance (4, x4, y) =
X6,,0(x —y) and vy, are the Euclidean gamma matrices. A similar expres-
sion holds for the generating functional. It is well known [S] that, under
suitably reqularity conditions over A, logdet(v,0, +7v,A,) —logdet(v,0,) is
quadratic in A; by replacing the determinant with a quadratic exponential,
one then gets an explicitly solvable integral, from which the n-point functions




can be derived. As stressed in [FGS], in this way one gets in a very simple
way the results of the exact approach found in [J] and [K]. In particular the
relation (3) for the two point critical index 7, is verified and the anomalies
(2) can be easily computed. If a dimensional regularization is adopted, one
finds @ = 1 and a~! — 1 = A\/(2n), while with a momentum regularization
(2) holds; in both cases the anomaly non-renormalization holds. Of course
in the above derivation an approximation is implicit; the logarithm of the
fermionic determinant in (4) is given by a quadratic expression only if A is
sufficiently regular, but the integral is over all possible fields A, hence one is
neglecting the contributions of the irregular fields and there is no guarantee
at all that such contribution is negligible. This approximation is usually
supported by the fact that one gets in this way the same results found in [J]
and [K].

Fermionic functional integral approach. This is the approach we will follow
in this paper. The generating functional for the Fuclidean Thirring model
is the following Grassmann integral (see below for a more precise definition)

A, 2 7 dx¥x | dxPx

eW(QJ) — % /PN(dw)efdx[—4(wxv“wx) +JM,X¢XVMZ’X+TN+\/T—N] : (5)
where N is a normalization constant, ¢,.J are external fields, Zy is the
wave function renormalization, 1y, 1y are Grassmann variables, Py (d) is
the fermionic integration corresponding to a fermionic propagator with mass
px and a (smooth) momentum ultraviolet cut-off 4V, with v > 1. Note that
the averages of ¥ y"v%)y can be obtained by the derivatives with respect
to J,, using the relation z/_Jx'y“'yE’z/Jx = —iew,z/_fx'y“wx with ,, = —¢,,, and
€10 =1. When J = ¢ = 0 and gy = 0 the r.h.s. of (5) coincides with (4)
(if X is positive) in the limit N — oo.

We will show that, by properly choosing the bare wave function renor-
malization Zx and the bare mass py, the Schwinger functions at non-
coinciding points obtained from (5) converge, for N — oo, to a set of
functions verifying the Osterwalder-Schrader azioms [0S2] for an Euclidean
QFT. These functions depend on three parameters, the physical mass, the
physical wave function renormalization and the physical coupling, but they
are independent on the way the ultraviolet cutoff is explicitly realized. On
the contrary, the relation between the physical and the bare parameters
depends on the details of the ultraviolet cutoff.

In this way we have obtained for the first time a construction of a QFT
for the Thirring model for any value of the (physical) mass. Moreover, even
if in the massless case other constructions were known, we find in any case
interesting to reach a complete construction of the Thirring model relying
only on a functional integral approach, which could be the only possible one
at higher dimensions or for more realistic models.



The analysis of the functional integral (5) is performed by a multiscale
analysis using a (Wilsonian) Renormalization Group approach as in [G]. Af-
ter each iteration step an effective theory with new couplings, mass, wave
function and current renormalizations is obtained. The effective parameters
obey to a recursive equation called Beta function, and a major technical
problem is that this iterative procedure can be controlled only by proving
non trivial cancellations in the Beta function. Such cancellations are estab-
lished by suitable WTi valid at each scale and reflecting the symmetries of
the formal action; contrary to the WTi formally valid when all cutoffs are
removed, they have corrections due to the cutoffs introduced for performing
the multiscale integration. The crucial role of WTi in the construction of
the theory is a feature that the functional integral (5) shares with realistic
models like QED or the Electroweak theory in d = 4, requiring WTi even
to prove the perturbative renormalizability, which is absent in the models
previously rigorously constructed by functional integral methods, like the
massive Yukawa model [Le] or the massive Gross-Neveu model [GK, FMRS].
From the functional integral (5) we obtain, for N — oo and in the massless
limit, WTi of the same form as the one postulated in [J]:

Oy (ay ' tba; Pxby) = ald(z —x) — 3(z — y)[{¥xty) (6)
a,u<¢_’z7'u75¢z§ ¢x¢_’y> = (_1[5(Z - X) - 5(Z - Y)]75<¢x1/_’y> )

where (Yxthy) = im0 ﬁWb (similar definitions hold for the other

averages); however the anomaly coefficients in (6) are given by the following
expression

R Y +e N+00NY) , at=1+ Ay A2 +00N),  (7)
4 4

where ¢y is a non-vanishing constant, (its explicit value is calculated in
Appendix B). The anomaly coefficients are not linear in the bare coupling
(the anomaly non-renormalization is violated ), contrary to what happens
in the values (2), found in the exact approach. Indeed the regularizations
used in the exact solution are different with respect to the ones used in
the functional integral approach, and it is not too surprising to get different
properties (despite often is guessed that the same results should be obtained
by the two approaches). In particular, the constant ¢4, not only is different
from 0, but even depends on the way the ultraviolet cutoff is realized. The
difference of (7) with respect to (2) also implies that the approximation in
(4) of the determinant with a quadratic exponential does not lead to correct
results, at least if a momentum regularization is used.

In (5) a bare wave function Zy for the fermionic fields has been intro-
duced, to be fixed so that the ”physical” renormalization has a fixed value at
the "laboratory scale”; analogously we can introduce a (finite) bare charge
also for the current, defining it as &)y*p. A physically meaningful choice



for ¢ could be ¢ = a~!, implying that the current has no anomalies; this
choice fix the renormalization even of the pseudocurrent (remember that
YyHyOY = ig,, ,1byHp), which has then still anomalies.

Note that (7) is not in contrast to the Adler-Bardeen [AB] analysis,
as they consider a boson-fermion interaction with a massive boson, which
corresponds to require a non local current-current interaction. If we replace
in (5) the local current-current interaction with a non local short ranged one,
still a WTi like (6) is found for N — oo, but the anomalies are linear in A
and identical to the ones found in the exact approach, that is they are given
by (2) instead of (7), see [M].

Finally we will show that a closed equation for the 2-point function is
indeed valid starting from the functional integral (5); it is however different
with respect to the one postulated in [J] (which was the natural one obtained
inserting the WTi in the Schwinger-Dyson equation) for the presence of
additional anomalies. As a consequence, we get a relation between the
critical index of the two point function and the anomalies different with
respect to (3), namely

1= (o= )1 - coA+ OV )
m
with c¢g > 0 nonvanishing. This additional anomalies says that the closed
equation for the 2-point function is not simply obtained inserting the WTi
in the Schwinger-Dyson equation.

In the rest of this section we will define more precisely our regular-
ized functional integral and we state our main results. We will find more
convenient, from the point of view of the notation, to introduce the Weyl
spinors ¢>j<E,w with w = 4, such that ¥x = (Vg i, V5 ), ¥ = Y and
vy = (1/1; 4 w:; _); the ~’s matrices are explicitly given by

0 1 0 —1 1 0
0_ 1_ 5_ 0.1 _

1.2 Thirring model with cutoff

We introduce in A = [-L/2, L/2] x [-L/2, L/2] a lattice A, whose sites are
given by the space-time points x = (z,x9) = (na,nga), with L/2a integer
and n,nyg = —L/2a,...,L/2a — 1. We also consider the set D, of space-
time momenta k = (k, ko), with k = (m + 2)2E and ko = (mo + 3)2F and
m,mg = —L/2a,...,L/2a — 1. In order to introduce an ultraviolet and an
infrared cutoff, we fix a number ~ > 1, a positive integer N and a negative
integer h; then we define the function Cj }V(k) in the following way; let

Xo € C°(R,) be a non-negative, non-increasing smooth function such that

def [1 if0<t<1



for a fixed choice of vg : 1 < 9 < 7y; then we define, for any h < j < N,
def o o
£ x0 (v 1K]) = xo0 (v ) (10)

and C;}V(k) = Zj»v:h fj(k); hence CE}V(k) acts as a smooth cutoff for mo-
menta |k| > yV*! (ultraviolet region) and |k| < "~ (infrared region).
It is useful for technical reasons to choose for xo(t) a Gevrey function, for

example one of class 2, that is a function such that, for any integer n,
|d"xo(t)/dt"] < C™(n!)? ., (11)

where C is a symbol we shall use regularly in the following to denote a
generic constant. With each k € D, we associate four Grassmann variables
{w[h N]U, o,w = *}, to be called field variables; we define plh.N %S {k €D, : C;}V(k) # 0}.
On the finite Grassmannian algebra generated from these variables we de-
fine a linear functional dzz[h’N ] (the Lebesgue measure), so that, given a
monomial Q(1)) in the field variables, [ dg™NQ(1)) = 0 except in the case
Q(v) is equal to Qo(v)) = [lxepinn [To—t w[h NI w[h N+ o1 to one of the
monomials obtained from Qg(¢)) by a permutatlon of the field variables;
in these cases the value of [ dplhN 1Q(1)) is determined by the condition
Ik dzZ[h’N 19, () = 1 and the anticommuting properties of the field variables.

We also define a Grassmann field on the lattice A, by Fourier transform,
according to the following convention:

1 ; ~ o
)[(th]crdesz Z emkxwl[:;}]v] ’ x €A, . (12)
keD,
[h,N]o

By the definition of D,, ¢x /., = is antiperiodic both in time and in space
coordinate.
The Generating Functional of the Thirring model with cutoff is

Wi, J) =log [P, (dv) exp{ —~ AV(VZx0) + (13)
425 3 [ax a3 faix [t ol - oliMer ]}

where [dx is a short hand notation for a3, . Ay

def .~ _ —1
Pry () Z gt T (L7230 (— k1P — s CE v ()]
keDlh.N]

T ' (K) ~n N+ ~hN
exp{ ZN i Z Z o1 (k)w ]%[{w/] } (14)
w,w'=% keDlh. Nl ~h,N
def

O G ph) Lt Do —ikrwk . (15)



defl Z /dX '(/J[hN]+'(/J[hN] w[hN]—i— )[(ff,_]\i}]— (16)

and {Jx }xw are commuting variables, while {¢g ,}x w0 are anticommut-
ing. {Jxw}xw and {93, }xwe are the external field variables.

Remark. It is immediate to check that (13) coincides with (5), if the
notational conventions adopted at the end of §1.1. are used and up to the
trivial rescaling ¥ — v/Z1 of the Grassmann variables. Note also that the
continuum reqularization we have introduced is very suitable to derive WTi
and SDe ; its main disadvantage is that the positive definiteness property is
not automatically ensured; such a property will be recovered indirectly later
by introducing a different regularization preserving positive definiteness and
such that, by a proper choice of the bare parameters, the Schwinger functions
in the limit of removed cutoffs are coinciding.

Setting gdéfxl, ...y Xp, and Xdéfyl, ..., ¥m, for any given choice of the
d d
labels o éf(crl e Om), W éf(wl ..., wp) and §d§f(z—:1 ...,En), the Schwinger
functions are defined as
def . onrmyy
SN oai(min) (4. ) Jim 0,0).
s (X _) L—o0 aJYthl o 'a‘]ym70ma()0§<117w1 ’ a¢xn7wn( ’ )
(17)

We will follow the convention that a missing label means that the corre-
sponding limit has been performed, for instance S[],V whe(mm) = lim,_.g S[],V whea i(min)

In particular, in order to shorten the notation of the most used Schwinger
functions, let:

df N7h770;2
GEVhe(x,y) E gk ) (18)
,1,N,h, def N,h,a,(1;2
GEEN g x y)y H S0P gixy) (19)

We define the Fourier transforms so that, for example,

G2 (x, y) kge-““x-y) G2 (k) , (20)

e k
Gmxy) 9 [ G5 , dp VY (pk). (21)

w’ W w’ W
The presence of the cutoffs makes the Schwinger functions S b (Ci)(m n)(y; X)
well defined, since the generating functional is simply a polynomlal in the
external field variables, for any finite L, and the limit L. — oo gives no prob-
lem, if h is finite. Note that the lattice is introduced just to give a meaning
to the Grassmann integral and it can be removed safely if h, N are fixed. In
§2 we will prove the following result.



Theorem 1 Given A\ small enough and p > 0, there exist functions Zn =
ZN(N) un = pgn (M), such that

Zn =y N1+ 0(N) oy =py V(1 +00),  (22)

with 0, = a;A?> + O(\1), n, = —auA + O(\?), a;,a, > 0, and the following
18 true.

1. The limit
SN Mas(min) (v x) = S (y; x) | (23)

lim
N,—h,a~1—oc0

exist at non coinciding points.

2. The family of functions Sa, . (x), defined as equal to SS?")(X), with
gi=41fori=1,....nande; =—1 fori=n+1,...,2n, fulfills the
OSa.

3. The two point Schwinger function verifies the following bound

A (o)

2
’Gw(xvy)’ < me )
with 1, = ay A+ O(A?). Moreover GZ(x,y) is singular for x —y and
it diverges as |x —y| 17",

4. In the massless limit 4 — 0 two point Schwinger function can be written

as
~ k(M=
G20 = (14 O

with f(A) = O(X\) and independent from k.

(25)

Remark. It is an easy consequence of our proof that the Schwinger
functions do not depend on the parameter v, but are only functions functions
of X and p.

1.3 WTi and chiral anomalies

Once that the model is constructed and the OSa are verified, we can compute
the WTi in the massless limit. We will show that
~2,1,N,h
Dy (p)G2 M (ps k) =
A A R2,1,N,h
= b (G (k — p) = GV (k)] + AL (i k) (26)

w,w’

where Aitf\[h(g k) is a correction term which is formally vanishing if we
replace CE}V(k) by 1.
The anomaly manifests itself in the fact that is nonvanishing in

AZLNh
w,w’
the limit NV, —h — oo; we will prove in fact the following Theorem.



k,w’ k —p,o]
= 6w,w/ - +
k —p,o W' W'

Figure 1: : Graphical representation of (26); the small circle in the last term
represents the function in the r.h.s. of (111).

k—p,o

Theorem 2 Under the same conditions of Theorem 1, in the massless limit,
i.e. p =0, it holds that for finite nonvanishing k,k — p, p

~21,N,h 52,1,N,h
Aw,w/ (p7 k) = Dw(p)Rw7w/ (p7 k) + (27)
+u3f v Do (P)G2 L (i k) + v v Do (p) G2 LN (i K)

where all the quantities appearing in this identity admit a N, —h — oco-limit,

such that
_ A 2 2 2
1/_—47T+O()\), vy =c A+ 0(N) (28)

with ¢4 <0, |éii}/(p7 k)| satisfies the bound (104) below, and
RS (pik) =0, (29)

It is immediate to check that the above result implies the WTi (6), with
al=1-v —vtandal=1+v" —vt.

Figure 2: : Graphical representation of (27); the filled circle in the second
term is the operator implicitly defined in §4.1

1.4 Closed equation and additional anomaly

It is easy to see (see for instance [BM4]) that the Schwinger functions of
(13) in the massless limit verify the following SDe

_ k) dp__ A
G2V (k) = QT]\(/) — g (k) / (2;2XN(p)G%i’fJ’h(p;k) ) (30)

10



where gNV"(k) = C};}V(k)Dw(k)_1 and Yn(p) is a smooth function with
support in |p| < 3yN*, equal to 1 if |p| < 2yN*! (we can insert it freely in

the SDe, thanks to the support properties of the propagator).

k—p.w

Figure 3: : Graphical representation of (30).

Inserting the WTi (26) in SDe (30) and using (27), we get

~N.h
22N 9, ""(k) _N.h / dp _ G210
34V, k — _ 3 k s Ly k _
G5 M(k) I Mg, (k) @~ Xn(P)GZo0" (D k)
_ dp _  GZNV(k - p)
= Ml 00 [ GPaRe TP e 8
R dp .. . D
+ g0k ZAAehN/ o2 3X(P) 5 (( ))Rgﬁfh(nk),
where
Acnn def M (32)
1 ) 1
ap,N = ,  QpN = )

Xn(p) is defined as xn(p), with i in place of N, and X(p) = X~ (P) — Xr(P)
(so that the support of X(p) is only for 2y < |p| < 3yN*1). The bound

(104) below implies that, if k is fixed to a non vanishing value, G*L™ (p; k)

—Ww,w
diverges more slowly that |p|~ 1 8 as p — 0; hence the second addend in the
r.h.s. of (31) is vanishing in the limit h = —o0

If the last term in (31) were vanishing for —h, N — oo (as the second
addend), one would get a closed equation for éf} which is identical to the one
postulated in [J]; it is just the formal Schwinger-Dyson equation combined
with the WTi in the limit of removed cutoffs.

However this is not what happens; despite both WTi and Schwinger-
Dyson equation are true in the limit, one cannot simply insert one in the
other to obtain a closed equation. The last term is non wvanishing and this
is a additional anomaly effect which seems to be unnoticed in the literature.

Despite the presence of the additional anomaly, a closed equation (differ-
ent with respect the one in [J]) holds, as shown from the following theorem.

11



Theorem 3 Under the same conditions of Theorem 1, in the massless limit
there exist functions oz p N, pen,n such that, for non vanishing k,

~N, dp l)au(p)’\777 . _
a h(k)/(%)zx(p)D_w(p)R?J,iV "(p;k) =

%V’h(k) ~2,N.h $4,N,h
= —Q¢h, N ZN + (aevth + pE,h,N)Gu; ’ (k) + Re7 ’ (k) s (33)
with
lim  RYN(K) = 4
Jlim RENA) = 0, (34)

and, in the limit of removed cutoff,

ar =c A+ 0N\, Py = cad + O(N\?)
a_=c3+0(N), p—=cs+O(N). (35)

The above result says that, up to a vanishing term, the last addend in the
r.h.s. of (31) can be written in terms of g and G2, so that a closed equation
still holds in the limit, but different with respect to the one postulated in
[J]; in particular one gets a relation between the critical index 7, and the
anomalies a, a, which is different with respect to the (3), that found in [J].

Corollary 1 The critical index of the massless two point Schwinger func-
tion (25) verifies
A a—a

T T AT A(a + )
with 3. Ac(ac + pe) = co + O(N\?) with ¢y > 0.

(36)

1.5 Lattice fermions and positive definiteness

There are of course several ways to introduce a functional integral formu-
lation of the Thirring model corresponding to different ways of regularizing
the theory. The choice corresponding to (13) is the closest to the formal
continuum limit (the regularized propagator is linear in k) and this is con-
venient under many respects, for instance in the derivation of WTi and
closed equation for the two point Schwinger function which we will discuss
below. However such a choice has the big disadvantage that the crucial
property of positive definiteness is quite difficult to prove; such a property is
however automatically fulfilled with a lattice reqularization. There is an ex-
tensive literature on the lattice fermions [MM]; if one simply replaces k, ko in
the propagator with ! sin ka and a ' sin kga the well known fermion dou-
bling problem is encountered, namely that the massless fermion propagator
has four poles instead of a single one. In the continuum limit ¢ — 0 this
means that there are four fermion state per field component and such extra
unwanted fermions influence possibly the physical behavior in a non trivial

12



way. Several solutions have been proposed; we will follow here the Wilson
formulation of adding a term to the free action, called Wilson term, to can-
cel the unwanted poles [MM]. Then in the Wilson lattice regularization the
fermionic integration is given by

Pza<dw>difexp{ > X (Fw), ‘ﬂkwkw}'

w,w' =t keD,
dwk wdwk w

H H ; (37)

keD, w=
where the covariance 7, (k) is defined as

. d 1
P ()%

e (k) —pa(k)
00 ) e ) @

with kg = (mo+1/2)27/L, k = (m+1/2)2x/L,n,ng = —L/2a,1,...,L/2a—
L,

eu(K) def _Z,sin(k:oa) +wsin(k:a) ’
a a
def 1 —cos(koa 1 —cos(ka
palle) gy L) | L costha) (39)

and N, is the normalization. The generating functional is given by

[Prtav)exp{ = 2aZEV($) + vaZN ()} (40)
exp Z(2 /dexdexwz/wa—l-Z/dx goxwz/wa—l-?/wangw}},

where N(¢) = ¥ _4 [dx ¢ oy . Note the presence of the term (1 —
cos(koa))/a+ (1 —cos(ka))/a which has the effect that, in the massless case,
only one pole is present. On the other hand it is not true, contrary to what
happened in the previous case, that the massless case corresponds simply to
© = 0; the Wilson term breaks a parity symmetry leading to the generation
though the interaction of a mass; we introduce then a counterterm v, to fix
the mass proportional to pu.

We call S(],Vw(? ™) the Schwinger functions (17) (in the limit @ = 0 and

h = —c0) and Sg;ggn) the Schwinger functions corresponding to (40); in §5
we shall prove the following theorem.

Theorem 4 Given N > 0, let ay = 7w(4yN )7L, if X is small enough, there
exist functions Zn (), pgn(A) and Ay (X)), Zay(A), Vay (A)s 1gay (N), such
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that, if all the points z,x are different from each other, then S;”X}(!” in) (z; x)

1s well defined in the limit N — oo and

lim [SNmm) (g; x) — Saa,0min) (2 x)] = 0. (41)

N—oo gWw,g oW,

The above result says that in the limit of removed cutoffs the two differ-
ent reqularizations of the Thirring model give the same Schwinger functions,
if the “bare” parameters are suitably chosen.

The proof of the above results is based on many technical arguments,
some of which were already proved in [BM1]-[BM4]; hence, in this paper we
shall discuss in detail only the arguments not discussed in those papers.

2 Continuum fermions with cutoff

2.1 Renormalization Group analysis

The integration of the generating functional (13) is done almost exactly
(essentially up to a trivial rescaling) as described in [BM1]-[BM4]; hence we
briefly resume here such procedure to fix notations. It is possible to prove
by induction that, for any j : h < j < N, there are a constant E;, two
positive functions Z;(k), fi;(k) and two functionals V) and BY), such that,
if Z; = maxy Z;(k),

W) _ ~L°E; / Py o hj(w[h,ﬂ)e—v(ﬁ(\/z_jw[hﬂ)+B<f>(\/z_jw[h»ﬂ,so,J)
(42)
where:

1. Pg. i Ch .(dw[h’j]) is the effective Grassmannian measure at scale j, equal
J2F 3]
to

gl 7 [hgl—
. dipy 5 diby
- [h.J] I I I I .
PZ]-,ﬁ]-,Ch,]- (dy™7) /\/}(k) (43)

k:C, 2 (k)>0 ww'==+1

© exp —% Yo Chik)Zi(k )Z¢[hu]+T(J (k W[hu] ’

—; (k)>0 w*l

with Tg{l/ given by (15) with fi; (k) replacing pn, Cp ; (k) ™1 = Zi:h fr(k)

and N (k) a suitable normalization constant.

2. The effective potential on scale j, V(j)(w), is a sum of monomial of Grass-
mannian variables multiplied by suitable kernels. i.e. it is of the form

) [e'e] 1 2n
VO)(y) = > Tin > [H (G wz] Wg(fw(kh o kon_1)0 (Z Uiki> :
n=1 ky,....kan Li=1 =1

(44)
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where 0; = + for ¢ = 1,...,n, 0, = — fori = n+1,...,2n and
w=(wi,...,wn);

3. The effective source term at scale j, B(j)(\/ij/J, ©,J), is a sum of mono-
mials of Grassmannian variables and o=, J field, with at least one p*
or one J field; we shall write it in the form

B2y, . ) = BY () Zj) + BY () Zjw) + W ([ 250, 0,7)

(45)
where Bfg )(1/1) and By)(z/}) denote the sums over the terms containing
only one ¢ or J field, respectively. B(j (\V/Zj, ¢, J) can be written as

sum over monomials of 1, ¢, J multiplied by kernels W2(n)n¢,m,g

Of course (42) is true for j = N, with Zy (k) = Zy, W(O) = 0, and
VN (), B&N)’ BSN) given implicitly by (13). The kernels in W(j), v0)
and BY), j < N, are functions of uy, Zj, and the effective couplings
Ak (to be defined later), with k& > j; the iterative construction below

will inductively implies that the dependence on these variables is well
defined.

We now begin to describe the iterative construction leading to (42). We
introduce two operators P,, r = 0,1, acting on the kernels W) in the
following way

U aW(J’)
PeW ) = W) = _
0 it =0 ! k; pin(k uk(k)

p‘jv"/JN:O

. (46)
We introduce also two operators £,, r = 0, 1, acting on the kernels W) in
the following way:

1. fn=1,

nn'=%1
def 1 = k‘oL k‘L
£ Wi(K) > Wik 01, (47)
m
n,n'==%1
where k,,y = (n%,7'F).
= def
2. Ifn= 2, Eﬂ/V47£ =0 and
EOW(J)(kla ko, ky) ™ W(J)(k—i-—i-v ki, kiq). (48)
def

3. 1t n>2, LW oWy,

15



Given L;,Pj, j = 0,1 as above, we define the action of £ on the kernels
WY as follows.

2n,w

4. If n =1, then

Lo+ L)PWL), + LoPI W)

2,w,w

ﬁW(])

2,w,w’

. (49)

5. If n = 2, then LW Eopoﬁ\/if;.

6. If n > 2, then L) —

2n,w

Note that EOPOWQ(JBM 0, because of the parity properties (in the

exchange k — —k) of the diagonal propagators, whose number is surely odd
LoP W)

2,w,w
there are no contributions of first order in fu; POWQ(JB} —w

in each Feynmann graph contributing to W) = 0, because

2ww7

= 0, since the

only way to get a contribution to WQ(JQ)} _w 18 to use at least one antidiagonal
propagator. Therefore (49) reads

_ L‘0731W(’)

2w,—w *

_ £17?0W(’) ﬁW(])

2w,w ? 2w,—w

ﬁW(])

2ww

(50)

Note also that £2V@) = £V, The effect of £ on VU is, by definition, to
replace on the r.h.s. of (44) W) with LW we get

2n,w 2n, w?

where z;, a; and [; are real numbers and

g h, h,
Fé[hj] — 2 Z Z D, ( )w[ J]"‘w[ il- ’
¢ kL (k)>0
Flhil - = 5 Z Z J[hJH%[{hf]w— : (52)
Y kL (k)>0
; 1
F)[\h,]] - = 3 wl[{fi,JJ]rJr %[{Z,JJ]F wl[{f;ufrwl[{fzjl S(ky — ko + ks —ky) .

kl,...,k4;cl;;(ki)

Analogously, we write BY) = £BU) + RBU), R =1 - L, according to
the following definition. First of all, we put EWI(%] ) = 0. Let us consider

now Bf,j)(\/ij). It is easy to see that the field J is equivalent, from the
point of view of dimensional considerations, to two ¢ fields. Hence, the only
terms which need to be renormalized are those of second order in %, which
are indeed marginal. We shall use for them the definition

B/ %0) = 5 g 5 B 0y Z A
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We regularize Bf,j’z)(\/ Zj1), in analogy to what we did for the effective
potential, by decomposing it as the sum of EBSJ’Q) (v/Zj) and RBSJ’Q)(\ /Z;1),
where L is defined through its action on Eff Br}(p, k) in the following way:

oy 1 s _
LB (p.K) = J0us > PoBIL(0. k) ; (54)

note that EEU(JJ )_w = 0 because of the symmetry property

9V (k) = —iwg? (k") , k= (k ko), k"= (-kok).  (55)

We get

(2)
B Z0) = 5 G [ (Vas) (VZw) . 66)

which defines the renormalization constant Z 3(2); we shall extend this defi-
nition to j = N by putting, in agreement with (13), Z](\?) = ZnN.
Finally we have to define £ for BE,@J)(\ /Z;); we want to show that, by a

suitable choice of the localization procedure, if j < N — 1, it can be written
in the form

BY(Z) = Y Z/dxdy

w,w’ i=7+1

-[go:wgm g VI Zi0) + 5oV 280 s
y,w’

+Z S [ Ru >sokw/+sokwcz““< Kol ] 67)
ww' k0 (k)>0

_|_

where gQ( (k) = > §U(fw (k )QEJNW( k), gu(i)w// is the renormalized prop-
agator of the field on scale j (see (63) below for a precise definition) and
@fj)w,(k) is defined inductively by the relations

QUL = QL) — 2Z;Du(k Z 9o — 5,2, Z 32t
i=j+1 i=j+1
Q) = 1. (58)

The £ operation for Bg ) is defined by decomposing V) in the r.h.s. of (57)
as LYU) + RVYU), £V0U) being defined by (51).
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After writing V) = £V 4+ RYU) and BY) = £BY) + RBY, the next
step is to renormalize the free measure PZ]-, pj,chj(d¢[h’j])v by adding to it
part of the r.h.s. of (51). We get that (42) can be written as

L2t N —pW@ plhdy 13 plhsdl
e [Py, () VOWERIIEOZ - (5)
where, since Z;(k) = Z; = maxy Z;(k) and ji;(k) = p; = (Zj11/Z;) (1 +
Sj+1), if Cf;;(k) = 0, then

Za(K) = 200+ GJ00%] 1000 = sl + G005 (60
-

VU (pealy = P0) (qplhaly — szQ[hJ] — s;Flhl | (61)

and the factor exp(—L?t;) in (59) takes into account the different normal-
ization of the two measures. Moreover

BO)(\ [zl = BO(\[Z;00) + B ([Z0) 1 WS (62)

where Bg ) is obtained from Bg ) by inserting (62) in the second line of (57)
and by absorbing the terms proportional to z;, s; in the terms in the third
line of (57).

If j > h, the r.h.s of (59) can be written as

—L?t; . [h.i—1] . @y .
€ ! /PZj_l,uj_17Ch,j_1(dw ’ )/PZj—lvﬂj—lvf]-_l(dw ’ )
- e a2l D) =RV (2501 BO (Z ) (63)
where f;(k) = fj(k)Zj_l[Zj_l(k)]_l. B
The above integration procedure is done till the scale h* = max{h, h*},

where h* is the maximal j such that 7 < py. If h* < j < N, by using the
Gevray property (11) of xo, see [DR], we get

199, (x, )| € iemeV Tl

w,w < -
j—
. C . . —
o) < g (B) e (64)
j—

where C' and c¢ are suitable constants; moreover,

7% C 7% h*
195 (x,y)| < A eV Iyl

w,w ZFL*_I
<R C i\ i /TR
95" x,y) < 7 (ﬁ)vh eV eyl (65)
h*—1
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Note that the propagator g (8 )( k) is equivalent to @(f)(k), as concerns the
dimensional bounds, since the sum in the r.h.s. of (58) contains at most two
nonvanishing terms. We now rescale the field so that

LB Zi) + RV( 2y = VO 2
BO( 20" = BO( 2, (66)

it follows that £V (yhil) = )\jF>[\h’j] where \; = (Zij__ll)zlj; we shall
extend this definition to j = N by putting, in agreement with (13), Ay = A.
If we now define

e_v(j—l)(mw[h,j—l])_i_g(j—l)(mw[h,j—l])_]}Ej _ (67)
N VD (ST i D) LB (/7 bl =1 1 (G)
[Py r(aptiye T VI O ()
9 7]’

it is easy to see that VU~1) and BU~Y are of the same form of V) and
BY) and that the procedure can be iterated. Note that the above procedure
allows, in particular, to write \;, Z;, u;, for any j such that N > j > h*, in
terms of Ny, Zj, pjr, j' > j.

At the end of the iterative integration procedure, we get

We, J)=-LE,+ Y. S, (e.]), (68)

me4+nd>1

(h)

where Ey, is the free energyand S, . i (¢, J) are suitable functionals, which
can be expanded, as well as E'7, the effective potentials and the various terms
in the r.h.s. of (45) and (44), in terms of trees. We do not repeat here the
analysis leading to the tree expansion, as it is essentially identical to the
one for instance in §3 of [BM1], and we quote the results; it turns out the

kernels S (¢, J) can be written as in formula (102) of [BM2]:

2me ,nJ
0o
SERCEIEDY Z > 2 >
n=0jo=h*=1 & 7€T oo nt |, P
2m® n’
/dX H Soxuwz H Jx2m¢+r7wzm¢+rs2m¢ nd 1w W(X) ) (69)
r=1

where we refer to §3.4 of [BM2] for the notation. In particular,

- Ty nome s is a family of trees (identical to the those defined in §3.2
of [BM2], up to the (trivial) difference that the maximum scale of
the vertices is N + 1 instead of +1), with root at scale jy, n normal
endpoints (i.e. endpoints not associated to ¢ or J fields), n¥ = 2m?

endpoints of type ¢ and n’ endpoints of type J.
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- If v is a vertex of the tree 7, P, is a set of labels which distinguish the
external fields of v, that is the field variables of type 1) which belong
to one of the endpoints following v and either are not yet contracted
in the vertex v (we shall call P{™ the set of these variables) or are
contracted with the v variable of an endpoint of type ¢ through a
propagator g@(); note that |P,| = |P7§n)| +ng, if nf is the number of
endpoints of type ¢ following v.

- Xy, if v is not an endpoint, is the family of all space-time points associated
with one of the endpoints following v.

2.2 Convergence of the RG expansion

In order to control the RG expansion, it is sufficient to show that \, =
maxp<;j<n |Aj| stays small if A = Ay is small enough. This property is
surely true if |h — N| is at most of order A~!, but to prove that it is true for
any h, N is quite nontrivial. In §4.3, by using WTi and SDe, we shall prove
the following Theorem, essentially taken from [BM4].

Theorem 5 There exists a constant €1, independent of N, such that, if
|A| < €1, the constants \;, Z;, ZJ(»Q) and p; are well defined for any j < N;

moreover there exist suitable sequences Xj, Zj ZJ@) and [ij, defined for j <0
; -3 _ 7 (2 _ 22

and independent of N, such thai Nj = NN, Zj = Zj_n, Zj = Zj_N

and p1; = fij—n. The sequence \j converges, as j — —oo, to a function

Aoo(A) = A+ O(N\?), such that
N = Aool < ONZYI/A (70)
Finally, there exist n, = —a,\+ O(A\?) and n, = aAZ)\Q +Q(A3), with a,, and
a, strictly positive, such that, for any j <0, |log.(Z;-1/Z;)—n.| < CA\2yI/4,
A~ 2 ~ 2 . ~ ~ .
|10g,(Z),/Z{?) = n| < O/ and |log, (-1 /1iy) = nul < CI/.

Remark. Note that the definitions of A;, u;, Z; and ZJ(»Q) are independent
of the u value; however, in the theory with p # 0, there appear only their
values with j > h*.

The above result implies that we can remove the cutoffs and take the
limit N, —h — o0, by choosing the normalization conditions

Zo=1 po=p. (71)

In fact, by using (71), it is easy to prove that, if Zy = Z](\?) = XA (Z-1/2Z))] 1
and pn = ([T (j-1/p5)] 7", then

pi =y " PN, Zi =T vV, ZJ@) = (MY B8 (N,
(72)
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where

0o 72 7
«n=1I 5> (73)
j=—o0 Zj Zj-1

and F; j (), i = 1,2, 3, satisfy the conditions
Fion(A\) =1,  [Fi;n(\) = 1] < CAPy WomaxUON/A - (74)

Note also that the first of (72) implies that, in the limit N, —h — oo, if [z]
denotes the largest integer < x,

_ 1
o lgilul] ' (75)
1—n,

Moreover, the proof of Theorem 5 implies that the critical indices 7, and 7,
are given by tree expansions, such that everywhere the constants A\; and Z;
are substituted with A_, and 4~ 7=/, In particular 7, is the solution of an
equation of the form

N = a N2 o0 + AL H(A ooy 1) (76)

which allows to explicitly calculate the perturbative expansion of 7, through
an iteratively procedure.

Remark. The normalization conditions (71) could also include the value of

ZJ(»Q) for 7 = 0, but we have chosen to fix the value of ZJ(»Q) for j = N, by
putting it equal to Zy. A different choice would only change the value of
¢(N) by an arbitrary finite constant.

2.3 The Schwinger functions

Theorem 5 allows us to control the expansion of the Schwinger functions, by
using the following bound for the kernels appearing in the expansion (69):

J N e e A e (o Y

2meh g% IPul/2

v h Zh, > —d
) - v, 7
Ueyellz I (G5) G

where h; is the scale of the propagator linking the i-th endpoint of type ¢
to the tree, h, is the scale of the r-th endpoint of type J and

dy=—2+|P)|/2+n] +2(P,), (78)
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with
3/4 if |P)|=4,nf=0,1,
3P, = 3/2 %f |P,| =2, n? =0, 1,J
3/4 if |Py|=2,nf=0,n) =1,
0 otherwise.

’ (79)

The above bound has a simple dimensional interpretation; how to prove
it rigorously has been explained in detail in the very similar model studied
in [BM1] (see also §3 of [BM2]). We simply remark here that, had we defined
L = 0, we would have obtained a bound similar to (77) with 2(P,) = 0 in
(79). The regularization procedure has the effect that the vertex dimension
d, gets an extra Z(P,), whose value can be understood in the following way.
If we apply the regularizing operator 1 — Ly to the kernel associated with
the vertex v, the bound improves by a dimensional factor v/ =hv if ¢/ is
the first non trivial vertex preceding v; if we apply 1 — Ly — £1, the bound
improves by a factor yz(hv/_h”). Moreover, if to a kernel associated with the
vertex v the operator 1 — Py is applied, the bound improves by a factor

e 1 e e e IR R 1)
= 7(1—6/_\10)(h*—hv) < yg(hv/—hv) :
if 1 — Py — Py is applied, the bound improves by a factor (|us, |y~ ")? <
yg(hv/—hv)'

By suitably modifying the analysis leading to the bound (77), we can
derive a bound for all the Schwinger functions and get a relatively simple
tree expansion for their removed cutoffs limit. We shall here consider in
detail the Schwinger functions with n’/ = 0, at fixed non coinciding points;
we shall get a bound sufficient to prove two of the OSa, the boundedness
and the cluster property. Since relativistic invariance is obvious by construc-
tion, to complete the proof of OSa there will remain to prove only positive
definiteness.

Given a set x = {x1,...,X;} of k (an even integer) space-time points,
such that § = minyzyex [x —y| > 0, and a set w = {wi,...,w} of w-
indices, the k-points Schwinger function Sy, (x) is defined as the k-th or-
der functional derivative of the generating function (69) with respect to
O - .,@Ik/%wkm and QO P, a6 J = @ =0, see (17)
and item 2) in Theorem 1. By using (69), we can write

(e}

N-1
Sk,g(z) = |h|,1]1VH—l>oo Z Z Z Z Z Z Sk,O,T,£(§)7 (81)

m(x,w) n=0jo=h*~1 @ T7€T;) nro PEP
‘P'UO |=k

where >y ) denotes the sum over the permutations of the x and w labels
associated with the k/2 endpoints of type ¢, as well as those associated
with the k/2 endpoints of type ¢~ .
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We need some extra definitions. Given a tree 7 contributing to the
r.h.s. of (81), we call 7* the tree which is obtained from 7 by erasing all
the vertices which are not needed to connect the k special endpoints (all
of type ). The endpoints of 7* are the k special endpoints of 7, which
we denote v}, ¢ = 1,...,k; with each of them a space-time point x; is
associated. Given a vertex v € 7, we shall call x}; the subset of x made of
all points associated with the endpoints following v in 7*; we shall use also
the definition D, = maxy yex: x —y|. Moreover, we shall call s} the number
of branches following v in 7%, s¥! the number of branches containing only
one endpoint and s%? = s* — s, Note that x* C x, and s} < s,.

The bound of Sy 0,74 (x) can be obtained by slightly modifying the pro-
cedure described in detail in §3 of [BM1], which allowed us to prove the
integral estimate (77), in order to take into account the fact that the points
in x are not integrated. First of all, we note that it is possible to extract

a factor e=¢ V7" Dv for each non trivial (that is with s* > 2, n.t. in the

following) vertex v € 7%, by partially using the decaying factors eV ¥ |x-yl
appearing in the bounds (64), which are used for the propagators of the
spanning tree T = {J, T, of 7 (see (3.81) of [BM1]); we can indeed use the
bound

e~V < oSV L~ XV € g
>~ ’ 2 Z(;.;O 7‘]/2

and the remark that, given a n.t. v € 7%, there is a subtree T} of T,
connecting the points in x}, (together with a subset of the internal points in
Xy), made of propagators of scale j > h,. It follows that, given two points
X,y € X}, such that D, = |x —y]|, there is a path connecting x and y, made
of propagators in T}, whose length is at least D,; the decomposition of the
decaying factors in the r.h.s. of (82) allows us to extract, for each of these

propagators, a factor e=¢ VY"IXl and the product of these factors can be
bounded by e~V 7" Dy,

Note that, after this operation, there will remain a factor e~ (¢/2)v77x=y|
for each propagator of T'-, to be used for the integration over the internal
vertices. Moreover, there will be 1 + Y . (s5 — 1) = k integrations less
to do; by suitably choosing them, the lacking integrations produce in the
bound an extra factor [[,c,« 72" (s~ L=2 so that we get

|Sk,0,7—,£(§)| < Ck(cj\jo)n,y—jo(—2+k/2) [ H 72hv(82_1)6_c/‘ /~hv D,
n.t.veT*

hi |Py/2
. 77 i _d'u
11 L 11 (Zhv—1> S (83)

=1 v not e.p.

Let E; be the family of trivial vertices belonging to the branch of 7*
which connects v with the higher non trivial vertex of 7* preceding it;
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the definition of 5! and the fact that, by assumption, 1/Z;,, < %" with
17 < cA3, imply that, if £ = U;E;,

%

k
[ gy < [0 T st )
i=1 \“hi

vEER n.t.ver*

Let v the first vertex following vy (the vertex immediately following the
root of 7, of scale jp+1) with s > 2; then we have, if k,, denotes the number
of elements in x (hence k, = k, if vg < v < vf),

o (= 24k/2) H ,Y—dU:,Y—hvg(—Q-H%g/?) H V_dva (85)

vp <<y vp <v<vg

where we used the definition,

. ko\ P — ko
dv—dv—(—2+2>— 5 (86)

note that d, > 1/2, for any v € 7*.
By inserting (84) and (85) in the r.h.s. of (83), we get

3 N |Pu|/2
|Sk,0,T,g(§)|§Ck(C)\jo)”l I ¢ \/“/”—’%‘||: I (Zihi1> ]

n.t.veT* v not e.p.

M +* [Hy—dv—lm/z]{ I %

vgT* vER vo <v<vg

v not e.p.

where

Fsz—hvg(—2+kU3/2) 11 7hv[2(s;;_1)_(1_77/2)3;‘;1] M % . 8

n.t.veT* vh<ver*
vgE
Given a n.t. vertex v € 7%, let s = s*, 51 = 5%, 5 =s—s; and vy, ..., 03

the n.t. vertices immediately following v in 7*. Note that k, = s1+35_, ky,;
hence, given € > 0, we can write

—(—24+e+k,/2)+[2(s—1)— (1 =n/2)s1] =
=2—c—ky/2+4e(s—1)+(2—e)(s14+5—1)— (1 —n/2)s; =

i=1

s

=c(s—1) +s1(1/2—e4+1/2) =D (-2+¢e+ky/2). (89)
=1

24
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This identity, applied to the vertex vy, implies that, if vy, ..., vs, 5§ = s}« —

Yo
s**l, are the n.t. vertices immediately following v in 7%, then

Choa(— . By« [2(s* . —1)—(1—n/2)s*}
g ( 2+kvo/2)7 i (8”0 )—(1—n/ )8”0]

S
_ fyeh”(’ifya”ah”a H ,Y—hvi(—2+e+kvi/2) . H 7—2+e+kv/2 ’ (90)
i=1 veC;

where C; is the path connecting v§ with v; in 7 (not including v;) and we
used the definition

ap =e(sh— 1) +s0H1/2—e41n/2). (91)
The presence of the factor v~ /wi(=2+e+kv; /2) for each vertex v; in the r.h.s. of
(90) implies that an identity similar to (90) can be used for each n.t. vertex
v € 7*. It is then easy to show that

h * — 7

0 l H ,Ya'uh'u‘| H ,Y dy+e . (92)
n.t.veT* vET* VEE

By inserting this equation in (87), we get

|Sk07w( )| <O (0)\]0 n ehy 0 l H ,Yavhv m]

n.tver*

{ T ¢ Zh, )|Pv|/27—czv] 7 (93)
v not e.p.

Zhy—1
where -
d~ if vg <wv <Y
d, = dy %fvET*,v(’)“gvgéE (94)
dy + 1 -n/2 ifvekE
dy otherwise

Note that d, > 0 for any v € 7, if ¢ < 1/2; moreover, if this condition is
satisfied, o, > € > 0, for any n.t. vertex v € 7%, uniformly in \;;. Moreover,
since by hypothesis D, > § > 0, there is ¢g such that

Ay
,Yavhve—c/\/ythv < sup $2ave—c/r\/g < (C_0> a%av ) (95)
>0 o
Note that 1 1
> avzik‘(l —|—77)—5§§k:(1 +1). (96)
n.twer*
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Hence, by using (93) and (96), we get

|Sk,0,7—,£(§)| < Ck(k!)1+77(0ij)né—[k(l"‘ﬁ)/z—‘?]‘f‘aua .

(7)™ o

v not e.p.

.7(%3%)%3 eV "0 Dy

where Dy denotes the diameter of the set x.

Let us now observe that, since the vertex dimensions d,, are all strictly
positive, if we insert the bound (97) in the r.h.s of (81), we can easily perform
all the sums (by using the arguments explained, for instance, in [BM1]), once
we have fixed the scale of the vertex v; and the values of S:S and s:(l;l (so
that the value of oy is fixed) and we can take the limit —h, N — oco. By
using Theorem 5 and the remark that the bound (97) implies that the trees
giving the main contribution to Si . (x) are those with 'yh“a Dy of order 1, it
is easy to prove that the limit can be expressed as an expansion similar to
(81), with the sum over jy going from —oo to 400, the sum over 7 including
trees with endpoints of arbitrary scale (satisfying the usual constraints) and
the values of Sy o r.(x) modified in the following way:

1) in every endpoint there is the same constant A_., in place of Ap,;

2) the constants Z;, and p; are substituted everywhere by 47" and
uy ™I respectively, see (72);

3) in the expansion which deﬁngs the constants z; and s; needed, respec-
tively, in the definition of Z;_;(k) and pj_1(k), see (60), one has to
make the same substitutions of items 1) and 2).

The bound (97) also implies the following one (valid for C;|A\| < 1, with
C. — o0ase— 1/2):

k s
|Sk,£(§)| < Ck(ce|)\|)k/2—1(k!)2+775—[k(1+77)/2—6] Z Z 56(8—1)+81(1—26+77)/2 .

s=2s1=0
+00
. Z ,)/[es+sl(1—2e+77)/2]he—c/ ﬂ/hDig
h=—00
ks 5 est+s1(1—2e+n)/2
< Ck(06|)\|)k/2—1(k!)3+2q75_k(1+77)/2Z Z <_> ) (98)
s=2s1=0 .S

Since §/Dx < 1, the sum over s and s; is bounded by Ck?(§/Dx)*; hence
we get the bound

1

k k/2—1 3+2n c—[k(14n)/2—2
|Sk,g(§)| < CF(Ce|M]) / (kN)>T=15 k(1-+n)/ E]TDie’

(99)
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which proves both the boundedness and the cluster property, see Appendix
A.

In conclusion,we have proved the following result.

Theorem 6 If €1 is defined as in Theorem 5, there exists eo < €1 such
that,if the normalization conditions (71) are satisfied and |\| < €9, then the
Schwinger functions Sy, (x) are well defined at non coinciding points and
verify all the OS azxioms, possibly except the axiom of positive definiteness.

The positivity property will be proved in §4, together with the claim
in item 4) of Theorem 1. Moreover, it is easy to derive from the previous
bounds (see for instance [BM4] for the case p = 0) the bound for the two
point Schwinger functions (24). Finally, the previous arguments can be
extended to prove that also the Schwinger functions with ny; > 0 are well
defined in the limit of removed cutoffs, so completing the proof of Theorem
1, except for eq. (25), which will be proved in §2.5 below.

2.4 Bounds for the Fourier transform of the Schwinger func-
tions

The main bound (77) can be also used to get bounds on the Fourier trans-
form of the Schwinger functions at non zero external momenta; these bounds
are uniform in the cutoffs and allow, in particular, to prove (by some obvious
technicality, that we shall ship) that the removed cutoffs limit is well defined.
Here we shall only consider, as an example, the function éii/]\[h(g k) in
the massless case. 7

By using (69), we can write

co N-1

GVMMp =3 Y > Y Gk, (100

n=0 jo=h—1 Te?}'g,n,Q,l PeP
‘P'U()‘:Q

with an obvious definition of C:‘%’l(p,k). Let us define, for any k # 0,
hx = min{j : fj(k) # 0} and suppose that p, k, p — k are all different from
0. It follows that, given 7, if h_ and h, are the scale indices of the 1 fields
belonging to the endpoints associated with o' and ¢~, while h; denotes
the scale of the endpoint of type J, G‘g’l(p, k) can be different from 0 only
if he = hy,hx +1, hy = hy_p,hi_p+1and hy > hp — logﬂ/2. Moreover,
if T, npk denotes the set of trees satisfying the previous conditions and
T € Tjyn,pks |G21(p, k)| can be bounded by [ dzdx|G2!(z;x,y)|. Hence,
by using (77) and (72), we get
| A2717N7h(p; k)| < C,Y—hk(l—nzﬂ),Y—hk—p(l—nz/2) )

w,w’
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co N-1

S Y Y e I . oy

n=0 jo=h—17€T; PeP v not e.p.

n,p,k
0:7P; \PUO\:Q

The bound of the r.h.s. of (101) could be easily performed by using
the procedure described in §3 of [BM1], if d, were greater than 0 for any v;
however, by looking at (78), one sees that this is not true. Given 7 € T} , p k»
let v§ the higher vertex preceding all three special endpoints and v] > v
the higher vertex preceding either the two endpoints of type ¢ (to be called
Vp,+ and v, _) or one endpoint of type ¢ and the endpoint of type J (to be
called vy). It turns out that d, > 0, except for the vertices belonging to the
path C* connecting v} with v§, where, if |P,| = 4 and n} = 0 or |P,| = 2
and n} = 1, d, = 0. Hence, we can perform as in §3 of [BM1] the sums
over the scale and P, labels of 7, only if we fix the scale indices h{ and hj
of v and v}, after multiplying by 4~0(hi=h5) the r.h.s. of (101), § being any
positive number. Of course, we have also to perform the sum over h{, h] of
~9(hi=h) which is divergent, if we proceed exactly in this way.

In order to solve this problem, we note that, if v ¢ C*, d, — 1/4 > 0.
Hence, before performing the sums over the scale and P, labels, we can
extract from each y~% factor associated with the vertices belonging to the
paths connecting the three special endpoints with vg or v, a 'y_l/ 4 piece,
to be used to perform safely the sums over h{, h in the following way.

Let us consider first the family 7}5)1,7)%p,k of trees such that the two special
endpoints following v} are v, ; and vy, — and let us suppose that [k| > |k—p]|.
In this case, before doing the sums over the the scale and P, labels, we fix
also the scale hy of v;. We get, if by = max{hp +2,hj + 1}:

o N-1
)N DI DD SR (¢IP1) LI [ B (102)
n=0 jo=h—1 TG’T(l) PcP v not e.p.

josm.pk [Pog =2

h—p hi 400
<C Z Z Z vé(hf_ha)fy—i[(hk—hi)ﬂhk_p—h{)+(hJ—h3)]

hi=—00 hg=—00 hj=h}

I

and it is easy to prove that the r.h.s. of (102) is bounded by C9(—he) if
d <1/8. If |k — p| > [k|, we get a similar result, with hix_p in place of hy.
Let us consider now the family ’];f)szrr),k of trees such that the two special
endpoints following v] are vy and vy, . We get, if b’y = max{hp +2,h]+1}
and ho = min{hx_p, h}}:

oo N-1
X > Y e I v < (103)
n=0 jo=h—1 TGT(1’+) PcP v not e.p.

jo-n,p;k ‘P'UO [=2
hx FLO —+o00
<Cc Y 3 Y APy b+ e p =)+ (g kD]

hi=—o00 hg=—o00 hy=h}%

9
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and it is easy to prove that, if § < 1/8, the r.h.s. of (103) is bounded by
C~Ohm—hep) 'if |k| > |k — p|, by a constant, otherwise. The family ’T( n];)>k
of trees such that the two special endpoints following v} are v and Vg, —
can be treated in a similar way and one obtains a bound Cry%(—p—hi) if
|k — p| > |k|, or a constant, otherwise.

By putting together all these bounds, we get, for any positive § < 1/8:

Cs

k| =7k — p| '

l(%)é ! (|k|;|p|>6 ! (|k|l—<|p|>6 ! (|k|;|p|ﬂ |

with Cs — oo as § — 0.

G55 (pi k)| <

w,w’

(104)

2.5 Calculation of G2 (k) in the massless case

We want now to discuss the structure of the limit —h, N — oo of the inter-
acting propagator G3V:"(k) for p = 0.
By using (69), we can write

co N-1

BN =Y Y Y Y G, (105)

n=0 jo=h—1T7€Tj)n,2,0 \PIZE\ZQ
with an obvious definition of G2 (k).

Let us define hy as in §2.4 and suppose that k # 0. It follows that,
given 7, if h_ and h, are the scale indices of the 1 fields belonging to
the endpoints associated with ¢ and ¢, G’%(k) can be different from 0
only if h4 = hy, hy + 1. Moreover, if T}, , x denotes the set of trees satis-
fying the previous conditions and 7 € Tj, , k, |G2(k)| can be bounded by
[ dx|G%(x,y)|. Hence, by using (77) and (72), we get

—h
GENI()| < Oy i
w — th
o N-1
PIDIED D MECL U IS
n=0 jo=h— lTG’TOnk v not e.p.

\PUO\ 2

where d, > 0, except for the vertices belonging to the path connecting the
root with v*, the higher vertex preceding both the two special endpoints,
where d, can be equal to 0. These vertices can be regularized by using the
factor y~(M<=70) in the r.h.s. of (106); hence, by proceeding as in §2.4, we
can easily perform the sum over the trees with a fixed value of the scale
label h* of v* and we get the bound

hk _hk

—(hx—h
Z v 2 <ol 7 (107)

he pr—— oo hy

G2 <
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By using Theorem 5, it is not hard to argue, as in §2.3, that the removed
cutoffs limit C:‘f}(k) is well defined and is given by an expansion similar to
(105), with the sum over jy going from —oo to +0o and the quantity ég(k)
modified by substituting, in every endpoint, A\; with A_, and, in every
propagator, Z; with vy =, n = n,; this property easily implies that éf} (vk) =
'y”_l@i(k). On the other hand, the symmetries of the model imply that
there is a function g(z,\), defined for x > 0 and A small enough, such
that G2 (k) = D51 (k)g(|k|, \); by the previous scaling property, g(yz, \) =
¥1g(xz, A). We want to show that g(z, A) = z7f(\), with f()\) independent
of z.

To prove this claim, first of all note that G2™"(k) is independent of -,
since the cutoff function € }V(k) only depends on vy and vy > 7o, see §1.2.

This property is then valid also for éi(k), hence for g(x, \). However, since
the expansion heavily depends on -y, the value of 7 is apparently a function
of v; we want to show that this is not true.

Note that, for any v and any integer j, g(77, \) = 477 g(1, A); it follows
that, if there exist, given v; and 9, two integers ji, j2, such that ' = ~3?,
then n(y1) = n(y2). Hence, given an interval I = [yo,7] and «y € I, the set
{Y €I:n()=mn(y)}is dense in I, as the set of rational numbers is dense
in the interval [log, o,log, 7]. Since n(v) is obviously continuous in 7, it
follows that it is constant.

Let us now put g(x, \) = 2" f(x, \); we see immediately that f(yz, ) =
f(z, X\). Hence, by varying ~ in the interval [2,4] and by choosing x = 1/,
we see that f(1,\) = f(z,\), if x € [1/4,1/2]. By using this equation,
by varying x in the interval [1/4,1/2] and by choosing v = 2, we get also
f(,N) = f(z,N), if z € [1/2,1]. By proceeding in this way, it is easy to
show that f(1,\) = f(z, \), for any = > 0.

The previous discussion and the fact that, in the expansion (106), d, >
1/4 for any v > v*, imply also that

K"
D, (k)

GLVM k) = [F(O0) + O(kly ™)) . (108)

3 Ward—Takahashi Identities

3.1 Proof of Theorem 2

In order to derive WTi in the massless case p = 0 from the generating
functional (13) (in the continuum limit a = 0), it is convenient to introduce
a cutoff function [C§7N(k)]_1 equivalent to [Cp, n(k)]™! as far as the scal-
ing features are concerned, but such that the support of [CfL ~(k)] 7L is the
whole set Dy and lim. o [Cf, y(k)]™! = [Ch v (k)] ™5 we refer to [BM2] §2.2
for its exact definition. We then substitute [Cj, n(k)]™* with [CZ,N(k)]_l in
the r.h.s. of (13) and perform the gauge transformation ¢):5w — e ¢):5w
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(equivalent to the usual phase and chiral transformations). The change in
the cutoff function has the effect that the Lebesgue measure dzz [:NT 5 invari-
ant under this transformation and we get the WT1i (26), where, if <. >p n
denotes the expectation with respect to measure N =1 Py, (di))e 2RV W)
(see (14)-(16) for the definitions), AZL,Nh(p, k) is the Fourier transform of

2717N7h . def - . .

Aw7w/ (X7 Yy, Z) = <¢y7w/7 ¢Zw/7 5Tx,w>h7]v ’ (109)
where (—; —; —) hn denotes the truncated expectation with respect to the
measure (14),

defZN i(kt —k— N ~_
0Tyw'= 77 S el > N (KT KOO e (110)
+ —
et e

and
Chnw(& k) =[G, y(k7) = 1] Dy (k™) = [Cf, n(kT) = 1] Dy, (k) . (111)

Let us now suppose that p is fixed independently of h and N, as well as k,
and that p, k and k — p are all different from 0. This implies, in particular,
that the condition X(p) = 1 is satisfied if |h| and N are large enough and
X(p) is the function appearing in (31). Hence we can prove Theorem 2
by substituting in (27) ﬁit/]\[h(p, k) with )Z(p)ﬁiL/Nh(p, k), which is the
Fourier transform of

0 0?
aJx7w a(p;w/a@;w/

Walj=p=0 , (112)

where

Valle) 4] / APV (3)) exp{ — WV (VZyy) +
3 / dx [ of Ve T U uP] } : (113)

exp {Z [Tow — Ve NTw—v_NT_ )] (J, \/ZNw)} ,

w

with
- 1 ~ CZ,N;w(k7 k— p) i S 1
TO,w (Ja ?/1) = i Z I ,wX(p) D (p) 1/Jf{,w¢k_p7w = 72 Z Jp,wépp,w )
k,p w p#0
= 1 ~ D:I:w(p) -~ ~_
k,p ©
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The coefficients vy y will be fixed by the requirement that (29) holds. A
crucial role in the analysis is played by the function

CE7N;w(k+, k™)

(ZJ) + ) — _
AUJ (k 7k ) Dw(k+ _k_)

3.5 (kM)g (k) (115)

where g(J) = gw(]u), By proceeding as in §(4.2.) of [BM2] (where only the
case N = 0 is considered), one can show that, if p = kT —k~ # 0 and

|p| > 27"+ (which is true since Y(p) = 1):

1. if h <i,j < N, since [C}; y(kF)]7! =1,

AU (K k™) =0; (116)

2. ifh<j<N,
ANt k) = —P 8Okt k) ; 117
(k) = s 1) (117

where SY) (kT k )def

functions such that

(S(J) (kT k™), SL{)l(kJr, k™)) is a vector of smooth

7—N(1+m+)7—j(1+m_)

my am— o(f) .+ 1,—
(kT k < Chstm_ ;
|ak+ ak— Sw,l( ) )| — C ++ ZNZ]_l (118)
3. ifh<i<N,
i
A(i,h) k+ < —(i— ) .
LD ) < 0y T (119)
4. if i =j=h,
AP (Kt k™) =0. (120)

Note that, in the r.h.s. of (119), there is apparently a Zy/Z,_1 factor
missing, but the bound can not be improved; this is a consequence of the
fact that Z,_1(k) = 0 for |k| <"1, see eq. (63) of [BM2].

The multiscale integration of Wa has been described in detail in §4 of
[BM2] (of course the scale 0 has to be replaced with the scale N). After the
integration of 1y(") we get an expression like (42) and the terms linear in .J
and quadratic in 1) in the exponent will be denoted by KgN_l) (VZn_1phN=11);
we write KgN_l) = KSG’N_I) + Kgb’N_l), where Kga’N_l) was obtained by

the integration of Tj and Kf,b’N_l) from the integration of T+. We can write
K(avN_l)
J a
Kga,N—l)( [Zn_av) =D Zn / dex7w{T0,w(J, p) + (121)
w

+X [dydz [F 2 txym) + B iy, 2] [w;@w;@]}
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where F\¥ =Y and Fl(i\j_l) are the analogous of eq. (132) of [BM2]; they rep-

2,w,w
resent the terms in which both or only one of the fields in 6 pp, -, respectively,
are contracted. Both contributions to the r.h.s. of (121) are dimensionally

)

marginal; however, the regularization of Fl(i\d[—l is trivial, as it is of the form

[Chon (k™) — 1Dy (k) Zngs" (k) — un (k)
D, (kt —k-)

FND (et k) = G2 (k)

(122)
or the similar one, obtained exchanging k* with k—; uy (k) = 0 if |k| < 4V
and uy (k) = 1 — fn(k) for |k| > +V. By the oddness of the propagator
in the momentum, G¥ (0) = 0, hence we can regularize such term without
introducing any local term, by simply rewriting it as

FL0e0) = (6D =GP 0)] -
[Chr (k) = 1]Du (k™) Zng8 (k) — un (k)

123
D,(kt —k7) (123)
By using the symmetry property (55), FQ(Z;I) can be written as
FOVD (et gy = L Apwo(kT k™ Aok k™ 124
2,w,w ( ) ) - [pO O,w,w( ) ) + D1 l,w,w( ) )] ) ( )
H D,(p)
where A; , »(kT, k™) are functions such that, if we define
— 1
LRSS = By A0wa(0,0) + pidLus0)], (125)
then D(p)
N— N— —w(P) ,3.—
£F2(,w,w1) = Z?\;—_i_l ) EF( Y == A (126)

2w,—w Dw(p) N—1>

where Z;’\;J_rl and Z;’\;:l are suitable real constants. Hence the local part of
the marginal term in the second line of (121) is, by definition, equal to

Y ZN I Ty (TN ) 4 2 23T T (2N 12r)

w

The terms linear in J and quadratic in ¥ obtained by the integration of Ty
have the form

— 1 v " D
KPN D (Zn ) = 2y 3 X0V e Y0 s s

kt,p w,w

D_,
—V+,NGWJ,\Q(1<+7 k+ - p) — VN D (i)p)) G(—]\L),d)(k—i_v k+ - p) (128)

By using the symmetry property of the propagators, it is easy to show that
G(E}]Y_)W(O, 0) = 0. Hence, if we regularize (128) by subtracting GS\Q(O, 0) to
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Gﬁ\g(kﬂ kT — p), we still get a local term of the form (127). Finally by

collecting all the local term linear in J we can write

CEY N2y V) = S [ 2T (RPN Ty - (129)
T (L ETRI) T (1),

where ZN_QU:t7N_1 = ZN_l[Uj;N — Z?\}:_tl + V:I:,NGEI:]\L),:I:w(OvO)] (0111” defi-
nitions imply that Zy_1 = Zy). The above integration procedure can be
iterated with no important differences up to scale h+1. In particular, for all
the marginal terms such that one of the fields in Ty, in (121) is contracted
at scale j, we put R = 1; in fact the second field has to be contracted at
scale h and, by (119), the extra factor v*~7 has the effect of automatically
regularizing such contributions.

The above analysis implies that vy ; gets no contributions from trees
with an endpoint of type v_j, kK > j, and viceversa; moreover, if a tree
has an endpoint corresponding to T; 0,w, this endpoint has scale index N + 1.
Hence we can write, for h+1<j < N —1,

U:tvj_l = Uiv.] +/8]:|:,Z/()\]7U]7)\N7UN) 9 (130)

with

N
ﬁgl:,zx()‘jv Vi AN, VN) = ﬁgl:,zx()‘ﬁ ) )‘N) + Z V:I:,j/ﬁi?y()‘ﬁ ) )‘N) (131)
J'=j

and, given a positive ¢ < 1/4,

8L Ay s AN)| < CAjy 2PN (B0 (N, An)| < CAZy 2010

(132)
We fix v4 y so that
N .
vin=— 3 B, (v, AN vN) - (133)
j=h+1

By a fixed point argument (see §4.6 of [BM4]), one can show that, if \j, is
small enough, it is possible to choose v+ x so that

V| < colny "N (134)

forany h+1<j<N.

The convergence of vy y as |h|, N — oo is an easy consequence of the
previous considerations. Moreover, from an explicit computation of (130),
we get v = 2 4+ O(\?) and vy = c; A2+ O(\3) with c; < 0.

34



Figure 4: : Graphical representation of the lowest order contribution to v~
and to vT; the small circle represent the operator C' (111)

~2,1,N,h
The convergence of G

plete the proof of Theorem 2, we have to prove that X(p)ﬁit/]\[h(p, k) —0
, if p, k and k — p are all different from 0. In fact, since x(p) = 1 for p # 0
and |h|, N large enough, this implies (29).

This result can be obtained by a simple extension of the arguments given

(p; k) was discussed in §2.4. Hence, to com-

in §2.4 to prove that éi’i}N’h(p; k) is bounded uniformly in h and N. In
fact, )Z(p)ﬁit/Nh(p, k) can be written by a sum of trees essentially identical

to the ones for C:‘ZL/Nh, with the only important difference that there are

three different special endpoints associated to the field J, corresponding to
the three different terms in (129); we call these endpoints of type Ty, T, T—
respectively.

The sum over the trees such that the endpoint is of type T4 can be
bounded as in (101), the only difference being that, thanks to the bound
(134), one has to multiply the r.h.s. by a factor |A|y =™V ~"7) which has to
be inserted also in the r.h.s. of the bounds (102) and (103). Hence, it is
easy to see that the contributions of these trees vanishes as N — oc.

Let us now consider the trees with an endpoint of type Ty. In this case
there are two possibilities. The first is that the fields of the Ty endpoint are
contracted at scale j, N; this implies that the sum over h; is missing in the
r.h.s. of the bounds (102) and (103) and hy = N. Hence it is easy to see
that the sum over such trees goes to 0 as N — oo. The second possibility
is that the fields of the T{y endpoint are contracted at scale j, h; this implies
that the sum over jy is missing in the r.h.s. of (101) and jo = h. Since
dy —1/4 > 0 for all vertices belonging to the path connecting the root to
the vertex v§, we can add a factor y~(0=")/% to the r.h.s. of the bounds
(102) and (103), which then go to 0 as h — —oc.

4 Schwinger-Dyson equations and new anomalies

4.1 Proof of Theorem 3

In this section we study the last addend of the Schwinger-Dyson equation
(31), so proving Theorem 3; the analysis rests heavily on §4 of [BM4].
Let us consider a fixed finite k and let us define its scale hyx as in §2.4;
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then, if —h and N are large enough, gV"(k) = g, (k). We start by putting
(see §4.1 of [BM4]):

~ def . dp _, . D.,(p) OWr,
G219 009 [ IR p RN (04 = e

(135)
where ¢ = £ and Wy, is defined (in the infinite volume limit) by the
equation:

Mre(J.) %] /dPZN<w> exp{ ANZRV (¢ /dx PF ™ +

ol o] + 2 [T = v T — v WTL| (8,7) } . (136)
with
@ def t/‘dpdk’ ~ C., (K, k' —p)
T ) J wHw - /.
1/1 k, g ( ) D—w(p)
wk p, wwk/ ew,wk/ —Pp,Ew ? (137)
def dpdk’ ~ ~
Ty (0, ) / D) TGV Bp T
def dpdk’~ A~ Du(p) ~y  ~
T—(¢a J) - / (2 )4 X(p)Jk,wgw(k) D—w(p) wk—p,w¢k/,wwk/—p,w ’

and v4 y are defined as in (133).

The calculation of C:’EUJJV (k) is done again via a multiscale expansion,
very similar to the one described in §4 of [BM4]. The main differences are
that here we are considering a quantity with two external lines, instead
of four, and that the external momenta are on the scale hy, instead of the
infrared cutoff scale h. However, the last remark implies that the integration
of the fields of scale j > hyx + 1 differs from that discussed in [BM4] only
for trivial scaling factors; in particular, there is no contribution to é?ojy (k)
associated with a tree, whose root has scale higher than hy.

Let us call VIV=1 ([N =11y the sum over the terms linear in .J, obtained
after the integration of the field v); we put:

D(N—l)(w[h,N—l]) _ p(N—l)(w[h,N_u) vég—l)(¢[h,N—1]) +

where ]7(5{\1[_ ) V(N Y is the sum of the terms in which the field zzlf pw

appearing in the definition of Tle) (1) or Ty (v) is contracted, V(N U and

V(N 2 denoting the sum over the terms of this type containing a 7} or a

P04 P

T, vertex, respectively; is the sum of the other terms, that
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is those where the field ,(z;l—:—p,w is an external field, the index ¢ = 1,2 having
the same meaning as before.

Let us consider first V(N 1); we shall still distinguish different group
of terms, those where both ﬁelds sz{/ -, and le—p, .., are contracted, those
where only one among them is contracted and those where no one is con-

tracted. If no one of the fields sz{/ and 121:/ is contracted, we can only

—p,ew
have terms with at least four external lines; for the properties of A( ) (see
(115)), at least one of the fields wk/ w and wk/—p,ew must be contracted at
scale h. If one of these terms has four external lines, hence it is marginal, it

has the following form

dpdk’ ~ _
ZN/ (p Vi e pGéN)(k—p)giV’h(k—p) :

~ _ k'k'—p) ~ ~
S (K Gl K ) 5y oo 139
Jk, g ( )X(p) D_w(p) wk ,ewwk —p,ew ( )

where GgN)(k) is a suitable function which can be expressed as a sum of
graphs with an odd number of propagators, hence it vanishes at k = 0. This
implies that GgN)(O) = 0, so that we can regularize it without introducing
any running coupling.

Figure 5: : Graphical representation of (139)

If both J;&w and ,(z}\l:/—p,ew in Tl(e)(z/}) are contracted, we get terms of
the form (up to an integral over the external momenta)

oo W TV (4 K, ) (V20 ] 05 (140)

where n is an odd integer. We want to define an R operation for such
terms. There is apparently a problem, as the R operation involves deriva-
tives and any term contributing to Wéﬂ\:l_ Y contains the A(N M) and the
cutoff function x(p). Hence one can worry about the derivatives of the fac-
tor X(p)pD_o(p)~!. However, as k is fixed independently from N (and far
enough from V) and k — p is fixed at scale N, then |p| > vN~1/2, so that
we can freely multiply by a smooth cutoff function x(p) restricting p to the
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allowed region; this allows us to pass to coordinate space and shows that
the R operation can be defined in the usual way. We define

LW (k ki, ko ks) = W (0, .., 0) (141)

Wi D) = WD 0) + koW D (0) (142)

Note that by parity the first term in (142) is vanishing; this means that
there are only marginal terms.

Figure 6: : Graphical representation of Wi_ ) and W( 1

If only one among the fields ‘Z;{/,ew and J}?—p,ew in T1(v) is contracted,
we get terms with four external lines of the form (up to an integral over the
external momenta):

ZN G0 (k) T it o Ve o Prt ity / Ak (kT — k) -
Gk — kT + k)G (kT kg k+ k- — k) -

[Chv (k™) = 1] Doy (k7)gl" (kF) uy (k™)
{ hN P _D_wgd—k—)}’ (143)

or the similar one with the roles of k™ and k= exchanged. Note that the
indices w1 and wy must satisfy the constraint wiwy = €.

Figure 7: : Graphical representation of a single addend in (143)

The two terms in (143) must be treated differently, as concerns the reg-
ularization procedure. The first term is such that one of the external lines is
associated with the operator [C, n (k™) — 1]Dey(k™)D_(p)~t. We define
R = 1 for such terms; in fact, when such external line is contracted (and this
can happen only at scale h), the factor D.,,(k™)D_,(p) ™! produces an extra
factor v"~V in the bound, with respect to the dimensional one. The second
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term in (143) can be regularized as above, by subtracting the value of the
kernel computed at zero external momenta, i.e. for k— = k = k; = 0. Note
that such quantity vanishes, if the four w-indices are all equal, otherwise it
is given by the product of the field variables times

un (k™)

ey

— ZnGu(k ka/dk+ kHaVxH ™Mk, 0,0)
and there is no singularity associated with the factor D_,(k*)~!, thanks
to the support on scale N of the propagator g ""(k*). The terms with two
external lines can be produced only if € = +1 and can be treated in a similar
way; they have the form

nggw(k)fk,w/dkﬂz(w ~ kM, -

(€5 v (&) — D0 (0)gS (k) uy (k)
' { = D_,(k+ —k) "D, (kT-k) [ (145)

where GgN)(kJr) is a smooth function of order 0 in A. However, the first term
in the braces is equal to 0, since we keep k fixed and far from the cutoffs,
hence Cf, (k) —1 =0, and the second term can be regularized as above.

A similar (but simpler) analysis holds for the terms contributing to
V(N 1), which contain a vertex of type T or T_ and are of order Avi.
Now the only thing to analyze carefully is the possible singularities associ-
ated with the factors y(p) and pD_,(p)~!. However, since in these terms
the field ,(z;l—:—p,w is contracted, |p| > v ~1/2; hence the regularization pro-
cedure can not produce bad dimensional bounds.

We will define z( ) , and )‘g\/) 1, so that (recall that Zn_1 = Zy)

— (N ~ Z3 o - _
E[V(N 1)—|—V(§f\2[ 1)](w[h,N—1]) :_)\g\e[)_1 g]\;zF,Lh’N 1](w[h,N—1]7J)_
ZN 1

AL e T D300 Je (146)

where we used the definition

. ) dk,dk S -
Fy(pV=1) :/#kagw( )ity Vit ko woViey o (147)

(N-1)

Let us consider now the terms contributing to ]_/bﬂ. , that is those where

zZl'—:_p ,, Is not contracted. Such terms can be analyzed exactly as in §4.3 of
[BM4]; it turns out that

D VG @) = v Zy o T (N ) -
—V_N-1 ZN—2T6(¢[h7N_1]7 J) ) (148)
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vy N—1 being exactly the same constants appearing in (129).

The integration over subsequent scales is performed in a similar way; as
described in more details in §4.4 of [BM4], it turns out that, if j > hy, the
local part of the terms linear in J has the form (coinciding with eq. (131)
of [BM4] for Zy =1and w=¢ = —1):

LYU) (plhily = ZNTl(E) (Il gy — U+7ij_1T_5(’(/J[h’j], J)—

. A/ B .
v 2T, ) = NP B ), )

N-1 T R
=3 A7 S D)3, e (149)
i=j N

If j < hi, £VU) has the same structure, but there is indeed no term with

two external legs, since zZLh;{H = 0; for a similar reason the term with four

external legs is different from 0 only if 37/~ > v, However, the constants
5\5»6) and ZZ.(E) are defined for any j > h and their value is independent of k.
Note also that, as in the expansion of a normal Schwinger function, we do
not localize the terms with four external legs, containing both a J vertex
and a ¢ vertex.

It follows that we can write CNJEU]JV (k) as a sum of trees with two special
endpoints, similar to those described in detail in §4.5 of [BM4]; they differ
from those present in the expansion of the function éiN h(k), see §2.5, since
one of the special endpoints corresponds to one of the addenda in (149), to
be called of type T, Ty, T, 3\(5), 7). By construction the constants V4 j
coincide with those introduced in §3.1, hence they verify (134). Moreover, it
was shown in §4.6) of [BM4], by a fixed point argument, that, if A is small
enough, it is possible to choose oy p, v = c1A+0(\?) and a_pN =c3+0(N)
so that there exist two positive constant, C' and 1, independent of A and N,
such that, if h +1<j < N —1,

|2 ce N — Efe)| < Oy PO N aenn — X£E)| < Capy PN
(150)

Then we can write
o~ d -~ ~
G2V ) AN (k) + AZN (k) + ATENP () + AT (k) (151)

where A?U]JV o AEU]JV h A?@’N’h and AETéV ' contain respectively one endpoint
of type X(E), 2@ T T.

In order to bound AETéV ' we repeat the analysis in §4.8 in [BM4]. It
follows that it is bounded by an expression similar to the r.h.s. of (106),
with the following differences. Given a tree 7 contributing to AETéV h the
dimensional bound differs from that of a tree contributing to G2V (k) for
the following reasons:
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Figure 8: : Graphical representation of the leading terms contributing to
c1A; other four graphs contributing to cq A, as well as the graph contributing
to ¢z, are vanishing in the limit of short tail (79 — 1) of the cutoff function
(see definition (9)). The two graphs giving the 0—th order expansion in A\ of
a; n cancell each other by symmetry.

(1) there is an extra factor Zp, /Zy, because one external propagator is
substituted by the free one, Zy' g, (k) (see the definition of Tle));

(2) since there is no external field renormalization for Tl(e) (which is di-
mensionally equivalent to a term with four external fields), there is an
extra factor (Zn/Z;..)?, if jr is the scale of the endpoint of type T

(3) if at least one of fields in T 1(6)) is contracted on scale h, there is an extra
factor Z;,/Zn, because of the bound (119);

(4) because of (116), either j7 = N + 1 or the root of 7 has scale h — 1.

Hence, AETLjV b can be bounded by an expression equal to the r.h.s. of
(106), multiplied by a factor ZZp, /Z?T < HONIGr=h)+ljr=hicl] which takes
into account the items (1)-(3) above. This factor can be absorbed in the sum
over the scale labels, since all vertices have an ”effective” positive dimension
(see remark before (107)). Then, by taking into account the remark in item
(4) above, it is easy to show that

—hy
(7_(N_hk)/4 + 7_(hk_h)/4) ) (152)

ATNh <C
AT < 7

Let us now consider ATi’N’h. We still have some extra factors with

respect to the bound (106), the same factor of item (1) above and a factor
(ZNn/Zj, ), due to the partial field renormalization of T’ ; the product of these
factors can be treated as before. We do not have anymore a condition like
item (4) above, but we have to take into account that the running constant
associated with the special vertex of type Ty satisfies the bound (134). It
follows that

TN () T —(N—hy)/4
AT5V 9] < €= . (153)
k
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Let us now consider AQLV " and let us suppose that |k| = 4™, so that
(see (60) and (64)) 5 (k) = [Du(k) Zn,—1]7L, if j = i, while 5 (k) = 0,
if j # hx. This condition, which greatly simplifies the following discussion,
is not really restrictive. In fact, since the external momentum k is fixed in
this discussion, one could modify the definition (24) of the cutoff functions
fj(p), by substituting it with f;(p/po), po being a fixed positive number
< v, to be chosen so that p51|k| = M, for some integer hi. Since our
bounds would be clearly uniform in this new parameter and the removed
cutoffs limit is independent of v (see §2.5), this procedure can not produce
any trouble.

By using (149), we can write

Z.N,h 1,2,N,h Jw(k) 1 = ~(e)
Azl k) = ALZN R (k) — vl Z Z77Z:| (154)
kb =y

where A;:E’N " contains the contributions to AEU]JV " coming from trees with
at least one A endpoint. Since Z;_1 = Z;(1+ 2;) and Zy_1 = Zn,

N-1
Zhe1 — Y Zjzj=Zn , (155)
J=hx
hence we can write
N—1 ~(e) N-1
Z; ZZ Z ~(e) Zz (th—l >
Z —_— = Z; ' — ZiQep N ) = + Qe b, N -1 . (156)
i=hy ZN z’:hk( ' ) ZN ZN
The first term in the r.h.s. of (156) can be written as
N-1 N-1 hx—1
Z; () Zj () Zj
>, (9 — aepnz) - = S (ET —aennz) = D (5T = aennz)
i=h ! ZN j=h J ZN j=h J ZN
d
2 penn + RPVR(K), (157)

where p. N is independent of k and satisfies, by (150), the bound

N
el < CIA Yy~ m N < Ol (158)
j=h
implying that there exists the limit p. = lim_j, Ny o0 pen,n. By an explicit
computation one can show that p, = coA+O(\?) and p_ = ¢4+ O()), with
c2 and cy strictly positive constants. On the contrary, R2":(k) is vanishing
for —h, N — o0; in fact

P ) '
[R2N(K)| < CIA| S A7) < A=A (159)
j=h
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Figure 9: : The first two graphs are the graphical representation of coA; the
last is the graph for cy.

By collecting all terms we get

g (k)
ZN

+(penp + e nn) G0 (k) — R2VN(Kk)gl) (k)

AZIMK) = AV (k) — ac v + (160)

with ’R?N’h(k)gfjhk)(k)’ < C|)\|,Y—thEk1,Y—19(N—hk)'

We now consider AL=N! together to ANV, We proceed as in [BM3],
formulas (161)-(165); to summarize, given a tree 7 € Ty », n > 1, we can
associate to it a tree 7’ € T ,,41, substituting the endpoint v*, on scale j*,
of type A with an endpoint of type A, and linking the endpoint v* to an
endpoint of type z. If we define

éi,N,h(k)défg(hk ) + Z Aj B2Nh (k) (161)
J*=hx

then it is easy to check that

g Zh 1 Nl Y 2,N,h
A = = 3 NPBIR ),
N j*:hk
_ 7 N-1 Z\i—l E{E)Z'
A;:UZJ’N’h(k) _ _% Z Aje % Bi’é\i’h(k). (162)
N j*:hk hk_l

N-1 5(¢)
N Z; -
T
k_
A ZhN : [Qcnn + pepy — BEV(K)) (163)
k_

By the usual arguments, one can see that |B2§Vh(k)| < Oy~ ngl (v~ el
hence, by summing the two equations in (162), we get:

AN+ AL ) = (e v+pen ) [GEV () — G0 (1) +-BEVA (k)
(164)
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where

N
de Zp, — ~ Z
REN () Zhel ST BRI (k) [(“5) — o) = 5

2.N,h
7 w,j* J* h, )‘j*Re (k)
N e Pt

(165)
is bounded by C|)\|'y_thEk1'y_(l9/2)(N_hk).
Finally, the summation of all terms in the r.h.s. of (151) gives

= k
GE(1) = a2 (e )G+ REVA0  (160

with
4N,k y e 9/2)(hye—h 9/2)(N—h
|RENA(K)| Swa (7—( /D (hi=h) o =(9/2)(N— k)) ‘ (167)
k

This ends the proof of Theorem 3.

4.2 Proof of Corollary 1

If we insert the identity (166) in the r.h.s. of (31) and we take the limit
h — —o0, we get

A B d G2N(k — p)
2,N N | L w p
Nk)D, (k) = =~ — — ——————+ Hyu(k), (168
where x v (p) is the function appearing in (30), By = (1-An >, Ac nae ) [1—

AN e Ae N(ae N + pen)] 7 by = ANAL N1 = AN 2. Ae N(ae N + pen)] !
and Hy (k) is a function satisfying the bound

Hy (k)| < CIA|Z; O/ (IN =) 169
) hk

On the other hand, by (108), there is a function f(\), independent of k,
such that

B |k|77z

G5 = D

Fy(k) , Fy(k)=/f(N)+0(0"Nk)’;  (170)

hence, we can rewrite (168) as

By dp _ Fn(p)
k|":F k:—b/— k)|p|™ Hy(k
(171)
and, subtracting the equation with k = 0, we obtain
dp |p[™ xvk+p)  xn(p)
k|*Fn(k) =10 / Fyn(p — +
I =0 | e Do) ™™ Do+ p) ~ D (p)
+Hy.o(k) — Hnw(0) . (172)
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The integral can be written as the sum of two terms

d Nz Dk
/ (2;))2 ||I;||2 Fy(p)xn(k+ p)w(_y)p) B

?/éﬁJﬂgﬂwmwN&+py—@wmm (173)

and the second addend is vanishing in the N — oo limit, as it can be written
as

dp |p|™ o _
1 [ YK VRt R) ~ o) (174
and Yo(7"Vk + p) — xo(p) is O(y"N|k|) and with compact support. On
the other hand, by (170), the integral we obtain, if we substitute Fx(p)
with f(A), is vanishing as N — oco. Hence, in the limit N — oo we get the
identity:

e = [ Dl b < dp 0
*) @rE pE Dulktp) 2no pl o 2w K|+ pe?
(175)

that is

boo [ d mdy 1 b L d b
2 Jo pl7m= Jo 271+ pet 2 Jo pl=n= 2w,

which proves (36).

4.3 Proof of Theorem 5

The Beta function equations for the running coupling or renormalization
constants are

)\j—l = )\j—l—ﬁg\()\j,...,)\]v),

2l 14BN, M) S

Zj

(2)

z! .

o= 1890 ) (177)
7

J

with ﬁgj), g), Lj’k) independent from p and, if a,, a., a,, are suitable pos-
itive constants,

(j’k)()\j, .-)\j) — a“)\jcsmk + 0(5\3) )

m
DAjy ) = a:Xf+0(0), (178)
é;')(AJ» A = az2)§ + 0(5\?) ) (179)
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Moreover, these functions do not depend directly of Zy, but only depend
on the ratios Z;_1/Z;, j < N; hence the value of \; is a function of Ay = A
and the number of RG steps needed to reach scale j starting from scale N.
It follows that, if we call Xj, 7 <0, the constants we get for N = 0, then, for
any N >0and j < N, \; = Xj_N. The problem with N = 0 was studied
in detail in [BM4], where it has been proved (see Theorem 2 of that paper)
that there exist constants ¢1,e1 (independent of N, h), such that, if |\| < eq,
then |A;| < cie1 for any j. The proof of this statement is based on the
analogue of SDe equation (31) for the four point function; if the momenta
are calculated at the infrared cut-off scale 47, a relation is obtained between
A; and A implying that A; = A\ + O(A?). This properties implies, see (3.48)
of [BM3], that

B (N5 s A < O Py~ V9 (180)
From (177) and (193) one gets immediately, see §4.10 of [BM1], the bound
(70) with A_oo (A) = A+O(A?) together with | log, (Z;_1/Z;)—n.| < CAZy~(N=9)/4,
|log., (pj—1/pj)—npul < CI\|y~ =94 finally by the WTi (26) with momenta
calculated at the infrared cut-off scale 47 one gets, see [BM2], |Z ](2) /Z;—1| <
C|A.

5 Lattice Wilson fermions

5.1 Integration of the doubled fermions

In order to prove Theorem 4, we have to compare the Schwinger functions
of the continuum model with ultraviolet cutoff scale N with those of the
lattice model (37) with a = 7/(4yN*1). In this model the momentum k
belongs to the two-dimensional torus D, of size 27 /a and we shall denote
by |k — k| the corresponding distance.

To begin with, we define f(k) so that

Oy (k) + F(k) =1, (181)

where Cy' (k) = Z;V:_OO fi(k), with f;(k) as in (102; since Cy' (k) = 0 for
k| > vN*1 = 7/(4a), the support of the function f(k) is given by the set
{k: |k —7/a| < 3w/4a}. Therefore, it is possible to decompose the prop-
agator 7, s (k), defined in (38), as the sum of ?fif\[)(k) = O (k)7 (k)

and ?(NH)(k) = f(k)7,.(k). With this decomposition we associate the

w,w’
following decomposition of the measure (37)

Py, (d) = Pz, (dpSN)) Py, (dyp VD) . (182)

Note that the second integration has a “very massive” propagator; in fact,
since the function f(k) is a Gevrais function of class 2, with a compact
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support of size a=2, and [1 — cos(kga) + 1 — cos(ka)]/a > Ca™t = CyN
its support, it is easy to show that

e < CyNem eV (183)

The integration of W(¢, J) is performed in a way very similar to the one
presented in §2, except for the first step, made with Zn11 = Z,, Ant1 = Aq,
UN+1 = Va, iN+1(k) = pq(k). We define all localization operators as in §2,
except L1, which is defined as

h 1 () - sin koga sin ka
LW 0 =7 D Wil k) +0' g . (184)
nn'=+1 L L

in order to take into account the lattice structure of the space coordinates;
hence the localization procedure is essentially unchanged. However, the pres-
ence in the interaction of the term proportional to vy has the effect (see
below) that in the effective potential a new type of vertex will appear (which
we shall call v vertex); this new vertex changes the symmetry properties of

the functions W(J ) . s0 that, in particular, Py, 2 w _w 7#0.

2,w,w’?
To be more precise, we note that WQ(JQ)} w 1s given by the sum of graphs
with

1. either an even number of v vertices, an even number of non diagonal
propagators and an odd number of diagonal propagators;

2. or an odd number of v vertices, an odd number of non diagonal propa-
gators and an odd number of diagonal propagators.

Moreover W(J )

2w,—w

is given by the sum of graphs with

3. either an even number of v vertices, an odd number of non diagonal
propagators and an even number of diagonal propagators;

4. or an odd number of v vertices, an even number of non diagonal propa-
gators and an even number of diagonal propagators.

As the diagonal propagators are odd in the exchange k — —k while the

non diagonal ones are even, we get EOPOWQ(JBM £0P1W2(Ju)}w = 0 and
LyPoW?) _, = 0. Then

W) =L poW W = £oPoW) v LoPy W L (185)

2,w,w 2,w,w? 2w,—w 2.w,—w 2w,—w
This implies that we can write

VD (@lhdly = 2 BP9 4 (55 + dng) FI 4+ N (186)

where /n; = EOPOW(J) while s; = £0P1W(J) as in (50)-(51).
j j

2w,—w? 2,w,—w?
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The renormalization of the free measure is done exactly as in §2, see
(60), that is we do not put the term proportional to n; in the free measure,
but we define a new running coupling constant v; = n;(Z;/Z;—1). It follows
that the rescaled potential V@ (1) differs from that of (67) because its
local part contains the term ~/ viFy [hdl,

For j < N, the renormalized measure takes the form:

(k) e_(k) —fij(k)
et (ke Zk) ( )(—ﬂj(k) e+J(k) >w7w/ ’ (187)

with fi;(k) = f1;(k) + [Zn/Z;(k)][1 — cos(koa) + 1 — cos(ka)]/a, [ij(k) being
a function equal to u for j = N, which satisfies the same recursion relation

as fij(k) in (60).
It is convenient to split the propagator (187) as

def

()=

w,w

r9xy) = g9 (xy) + gD (%, y) (188)

where g(])/ is obtained from T(J) , by substituting fi;(k) with fi;(k) (hence
it has the same form as the propagator of (43)). We shall prove below that
the flow of the running couplings and the free measure can be controlled as
in §2, if the value of v, is suitable chosen. This implies that there is h*,
satisfying a bound like (73), such that, as far as h > h*, |f;(k)| < +7, so
that

95D (x,y)| < Oy~ (N=Ddemevr vl (189)

The flow equation for A\; can be written, for j < N + 1, as

No1= A+ BN, o A) 7 Ay s ) (190)
+ZVkB§’k(>\a,Va,>\N,VN, SOVRZIE (191)
k>j

where the functions in the r.h.s. can be represented as sums over trees
similar to those of (69); in particular, we have included the sum over all
trees with at least one v-endpoint in the last term in the r.h.s. of (191) and

we have split the sum of all trees with no v-endpoints as ﬁ/\ + TA, where ﬁ/\
(4)

contains the trees with propagator 9t

(the decomposition (188) is used),

while all other terms are included in r3§. The fact that the contribution of
a single tree satisfies a bound similar to that of (77), with d,, > 0 for any v,
easily implies that, if |v;| < C|A,| for any j,

B0F] < Oxy= B4 ]| < OXBy (VD (192)
Note also that (193) still holds, as the only difference comes from the fact

that in the continuum model the delta function of conservation of momenta is
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L25k705k070, while in the lattice model is L? > nmez2 Ok 2xn/aOkg,27m/a- HOW-
ever, the difference between the two delta functions has no effect on the local
part LV, because of the compact support of <" and only slightly affects
the non local terms. To see that, let us consider a particular tree 7 and a
vertex v € 7 of scale h, with 2n external fields of space momenta k;; the
conservation of momentum implies that ), ¢;k; = mza—”, with m an arbitrary
integer. On the other hand, k; is of order v for any 4, hence m can be
different from 0 only if n is of order vV ~"v. Since the number of endpoints
following a vertex with 2n external fields is greater or equal to n — 1 and
there is a small factor (of order S\j) associated with each endpoint, we get an
improvement, in the bound of the terms with |m| > 0, with respect to the
others, of a factor exp(—C~y™N~"). Hence, by using the remark preceding
(192), it is easy to show that the difference between the two beta functions
is of order X?y_(N_j)/4.

Lemma 1 For any given Any1 small enough, it is always possible to fix
Un+1 SO that, for any j < N +1,

il < OGNV B A = A < OAZ. (193)

Proof. We consider the Banach space M¢ of sequences v = {v;}j<n+1
such that '
lulle = sup NI < glAd| (194)
<N+1

J

with £ to be fixed later. From (191), (192) and (193) it follows, see §4 of
[BM1] or Appendix 5 of [GiM] for details, that there exists ¢y such that, if
both |\,| and §|Ay| are smaller than €y, then, for any v, v/ € Mg,

Njw) = Xal SCAT L () = A ()] < Calllz = e - (195)

We want to show that it is possible to choose vy 11 so that v € M¢. Note
that v verifies by construction the equation

Vi1 =y + ﬁl(,j)()\a, Va; AN, UNG -5 Aj, Vj) (196)

and that, if v € Mg, lim;__,, v; = 0; by some simple algebra, this implies
that

vi == > AT (N, vas A, v s Mg ) (197)
k<j

Hence, we look for a fixed point of the operator T : M¢ — M defined as

de G
T(w); < = 37 70 (N v A (©), v, o M), 05) - (198)
k<j
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Note that

ﬁl(,J) ()\aa Vg, )\Na UNyooes )\J’ y]) = ﬁl(/ld)()\N’ ceny )\]) +

+ 3 B (Nay va, ANy NG s A ) (199)
k>j

where ﬁl(,j 1) is a sum over trees with no endpoints of type v and no endpoints
of scale N + 1. By using the decomposition (188), the parity properties of

ng;)w/(X, y) and the remark preceding (192), we get the bounds

B < Claly™ N BIR < Caly T (200)
which implies that
IT(v);] <3 ClAaly Uy~ RIE < | Ay~ =2)/8 (201)
k<j

Hence the operator T : M — Mg leaves M invariant, if { > ¢y and
Aq is sufficiently small, and it is also a contraction since |T(v); — T(V);] <
C|Aalllv—=7||¢. It follows that there is a unique fixed point in M, satisfying
the flow equation (196).m

An important consequence of the bound (193) is that, if we construct
as in §2 the Schwinger functions, by imposing the normalization conditions
(71), we get, as N — oo, exactly the same expansion in terms of trees,
containing only A endpoints with a fixed coupling constant A_o(Ag) =
lim;_,_ Aj; in fact, the trees containing at least one v vertex vanish in
this limit.

By a fixed point argument, one can show that we can fix A\, so that
A_oo(Aa) has the same value as A_og(A) in the continuum model; this remark
completes the proof of Theorem 4.

A Osterwalder-Schrader axioms

Osterwalder-Schrader axioms were partially stated in [OS1] and completed
in [OS2] by the “linear growth property”. We show here that they are
satisfied by the Schwinger functions of our model.

A.1 Linear growth condition and Clustering

In order to verify the linear growth property, see the bound (4.1) of [0S2],
for s = 3, let us consider the space Sp(R?*) of the test functions such that,
for any m € N,

171 sup |1+ ) (D21 ()] < o0 (202)

|| <m
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and which vanish, together with all their partial derivatives, if at least two

among the points in the set x = {x1,..., Xy} are coinciding. By (99)
|(Skws £)] < CHRNP21Y /dX1 o dx, |f(x) (203)
= B ' i<j |XZ — Xj|k(1+77)/2_25 ’

On the other hand, by (202), | f(x)| < ||fllar+1(1 + |z|*T) =" and, for any
i 7 J, [F(x)] < 25[(20)!) 7 xi — x[¥[| fl2x; hence, since || fllar < [|fllar+1,

] < 1 llansry/ (1 + [ #+1) =1 2R [(20) ] L; — 1% . (204)

It follows that
(Skas /)] < CEED*T)| fllas - (205)

In order to prove the “cluster property”, fixed any integer p € [1,k — 1],
yeR?and f € SO(R%), we first prove that (Skw, fpy) goes to 0 as |y| —
oo, if fpy(x) = f(x1,...Xp,Xpy1 — ¥,..., X — ¥). Let us consider the
characteristic functions xy (x) and xj (x) of the set

def 2k
e . | < v <
M e R max gl <Iyl/4. max -yl <y} (200)
and of its complementary, respectively. Since Dy > |y|/2in M, by using (99)
and (204), we see that |(Skw, fpyxy)l < [1+(I¥1/2)%] 7 CF(R)* 727 f | ap1,
so that (Skw, fp.yXy) is uniformly bounded and vanishes as |y| — co. On the

other hand, by (204), |(Sk w, fp,yxg,)| < Ck(k!)2+2n||f||4k+1 Jdxy/(1+ |x[4F+1) =1y (x),
so that even (Skw, fpyXy) is uniformly bounded and vanishes in the limit
ly| — o0, as well as (Skw, fpy)-

The cluster property EO, defined in §3 of [OS1], now simply follows, by
decomposing the connected Schwinger functions as finite linear combinations
of the truncated Schwinger functions, .

A.2 Symmetry, Euclidean invariance and Reflection positiv-
ity

From the explicit definition of the generating functional, (13), two proper-

ties immediately follow. First, since the fields anticommute, the Schwinger

functions are antisymmetric in the exchange of their arguments. Moreover,

the generating functional (13) is invariant under the Lorentz transformation

of the fields by construction.

Finally the “reflection positivity” E2, defined in §6 of [OS1], is verified in
the lattice regularization (40), as proved in [OSe], hence it holds even in the
removed cutoffs limit of the regularized model (13), which we have shown
to be equivalent to the a = 0 limit of the lattice model, see Theorem 1.4.
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B Lowest order computation of v_ and v,

B.1 Lowest order computation of v_

Calling §w7w(k)d§f§w(k) and uo(t)défl — Xo(t), the lowest order contibution

to the v_ y, appearing in (113), is obtained, from (125) and (126), by taking
the p — 0 limit of the following expression (see the first graph in Fig. 4),
whose value is independent of the infrared cutoff for any fixed p and |h|
large enough:

)\/ dk ChNiw( 1:(1;) p)§(<N)(k)A(<N)(k p) =
Dw(p)/ dk ug(y~ Nk — p|)xo(yV|k|)
D_,(p)J (2m)? D,(k — p)D,(k)

ol k) )
| G Dk P ate) 207

where we have used (111) and rearranged the terms. In the limit |p| — 0,
the first contribution in the r.h.s. of (207) vanishes by the symmetry g, (k) =
—iwg,(k*), k* = (—ko, k). As regards the second term, if we write the first
order Taylor expansion in p of the numerator as a linear combination of
D_,(p) and D, (p), the term proportional to D, (p) also vanishes, again for
the symmetry k — k*, so that

= - +

A [ dk xo(k]) A /°° / A
=2 -2 4 = 208
DA e A P xolp) = (208)

B.2 Lowest order computation of v

If we define

L (v"Vk) = / N+ 1) (209)
w (27’1’)2 w w ’

then the lowest order contribution to the anomaly coefficient v y, appearing
n (113), is is obtained, from (125) and (126), by taking the p — 0 limit and,
after that, the h — —oo limit of the following expression (see the second
graph in Fig. 4):
dk Cpnw(kk—P) <y <N N
_)\2/ : ’ (_)k( Nk —p)]_ k) =
(27’1’)2 Dw(p) 9w ( ) ( p) w( )
dk Nk - Nk
:)\2/ zuo(v [k —pDxo(y_ k], (,Y—Nk) B
(27T) Dw(k - p)Dw(k)

dk xo(y"N|k|) = xo(y |k — p|) _
Sl Ao e v ey e S GO BE CD
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In the limit |p| — 0 and h — —o0, we get

dk  [uo(k[)xo(Ik])  xo(k|)

2 0 0 0 2

= - I _,(k)D” (k), (211
Vi A /(27’1’)2 [ |k|4 2|k|3 w( ) —w( )7( )
where we are using the symbol I_, (k) to denote even its h = —oo limit,

which is finite. Note that the term in square brackets is nonnegative; more-
over, it is different from 0 only for 1 < |k| < v (defined in (9)). We now fix
w = + for definiteness (the result is w-independent); then if ikq + k = ye'®
and ik} + k' = ze”’ we get:

—9 dxd?d yo(|lze™™ +y » i
so that
dxdd re W 4
D? (K)I_(k) = yz/ (27r)2X0($) XT:(UL—W n y|g|) (zcos29 +ycosv) . (213)

The integral (211) is easily shown to be strictly negative in the limit vo — 1;
hence by continuity in g, v+ < 0 for 79 — 1 small enough. Indeed in the
limit 79 — 1 (211) becomes

a2 1 2rxo(Jlze™™ 4 1))
— d dy =—/—————~ 29 9) ; 214
(27?)4/0 x ; P (x cos20 + cos ) ; (214)

on the other hand, since |:ce‘“9 +1] <1, cos?¥ < 0if x >0 and xcos29 +
cost = cos V(1 + xcos?d) — xsin®d < 0if 0 < x < 1; it follows that the
integrand of (214) is < 0 for = # 0, 1.

A numerical calculation also shows that |v4 | is not constant as a function
of 79, but is a strictly decreasing function near vg = 1.
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