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Abstract

We study the 2D Vector Meson model introduced by Thirring and
Wess, that is to say the Schwinger model with massive photon and massless
fermion. We prove, with a renormalization group approach, that the vec-
tor and axial Ward identities are broken by the Adler-Bell-Jackiw anomaly;
and we rigorously establish three widely believed consequences: a) the in-
teracting meson-meson correlation equals a free boson propagator, though
the mass is additively renormalized by the anomaly; b) the anomaly is
quadratic in the charge, in agreement with the Adler-Bardeen formula; c)
the fermion-fermion correlation has an anomalous long-distance decay.

1 Introduction

Since early days of Quantum Field Theory, (QFT), 141 dimensional models have
been widely investigated as example of relativistic fields with local interaction: the
Thirring and the Schwinger models, [38], [34], are probably the most celebrated
cases. Although these systems are so simplified to have an exact solution, they
nonetheless suggest ideas and mathematical tools to approach realistic theories
in four space-time dimensions.

One of the aspects that are certain relevant also in higher dimensions is the role
played by two Ward Identities (W) related to the invariance of the Lagrangian
under vector and axial transformations. In agreement with the general Adler-
Bell-Jackiw mechanism, [2], [4], the vector and the axial symmetries are broken
at quantum level by the W1 anomaly. Many salient features of QFT are related
to such an anomaly; let’s consider some of them. In any dimensions, by the
Adler-Bardeen (AB) argument, [3], the anomaly is expected to be linear in the
bare coupling, i.e. not renormalized in loop perturbation theory at any order
bigger than one; besides, it is a topological quantity, i.e. it doesn’t depend on
the choice of the cutoff (to some extent). The anomaly is also responsible for



the anomalous dimension in the distance decay of the fermion correlations, [25].
And, finally, when a fermion field and a gauge photon interact through a minimal
coupling, as for instance in the Schwinger model, the anomaly also represents a
dynamically-generated physical mass for the photon field, [34].

In two dimensions the anomaly is said “mild”: although the formal W1 are
broken, the anomaly has the only consequence of changing the normalization of
the vector and axial currents, that remain conserved. Therefore using the Wi
it was possible to find formal exact solutions of the Schwinger-Dyson equation,
(SDE), of the Thirring, the Schwinger and related models, in this way computing
all the correlations: see [25], [14], [37], [23], [26] and [28]. An alternative approach
- still related to the mildness of the anomaly - is the bosonization, i.e. the equiv-
alence of the the fermion currents with boson free fields. This fact is behind the
solution of the Thirring and the Schwinger model, [21], [19], in the path integral
formalism.

The above analysis - and much more, see chapters X and XII of [1] - has been
based on formal methods and sound assumptions only. Rigorous results are few;
though, at this stage, the reader might have few interest left for them. It is worth
explaining, then, why the matter is still very tangled.

In fact, earlier formal solutions of the Thirring and the Schwinger models
were incomplete or incorrect, [23], [40], [1]. And, after all, the distinction among
formally correct, incorrect or incomplete solutions may be quite faint. Wightman,
[40], to put order in the confusion of the results, took the approach of considering
any set of correlation functions, no matter how they were obtained, as trial the-
ories; and then of promoting them to QFT if they satisfied certain axioms. This
viewpoint has been moderately prolific (see for example [18], [17], [16]). There
is at least one clear issue with it: being based of some sort of exact solution of
the correlation functions, it is limited to few special models. A massive fermion
field, for example, or an additional interactions that, in the renormalization group
language, is irrelevant, would represent a severe obstruction to the method.

The recent approach to the Thirring model in [5], [6] is different. We derived
the correlations from the Lagrangian, so that in the massless case we obtained
the exact solution, while in the massive case, where no exact solution is known,
we can still prove the axioms. But, most of all, the major advantage of using the
Lagrangian (as opposed to correlations) as starting point, is that it keeps track of
the relationship between a special class of statistical mechanical problems - such
as the Eight-Vertex models and the XYZ quantum chain - and their scaling limit,
that turns out to be the Thirring model; in this way we were able prove some
scaling formulas for non solvable models, [7], [12]. The heart of the technique is
the control of the vanishing of the “beta function” for the effective coupling: this
route, that have been useful also for other statistical models, was opened in [8] by
exploiting the exact solution of the Luttinger model; and reached its final form,
based on W1 and independent from any exact solution, in [10], [11].



The extension of the above techniques to the Schwinger model poses some
serious issues because the infrared divergences related with the massless photon;
therefore we take up a problem of intermediate difficulty, the theory of the Vector
Meson, [39], i.e. a Schwinger model in which a photon mass is added by hand.
This model still preserves some interests, because we can prove that the bare
photon mass is renormalized into the physical mass just by an additive constant,
exactly as expected in the Schwinger model; besides, we can establish the anoma-
lous dimension of the fermion field. Finally, we can prove the AB-formula in a
genuine example of QFT, i.e. removing the all the cutoffs of the theory: in this
sense this paper is a completion of the objective of [29], [30].

Although the present technique allows us to treat other aspects of the theory,
we shall not verify the Osterwalder-Schrader axioms, nor we shall discuss the case
with massive fermion or the bosonization of the final result; this is because details
would be largely similar to [5], [6]. We shall rather focus on the novelties with
respect to those papers.

To conclude, we mention that other rigorous results on the W1 anomalies,
but in different regimes and with different techniques, were established in [36],
[33]. Whereas for the study the true Schwinger model, i.e. the case with null bare
photon mass, a change of viewpoint seems needed: boson and fermion propagators
should be treated on the same ground along the Renormalization Group (RG)
flow; perhaps that is possible in the approach of [31], [15].

2 Definitions and main results

Let’s begin with the definition of the formal path integral formula in Euclidean
formulation; afterwords we will introduce infrared and ultraviolet cutoffs to eval-
uate the correlations. The Vector Meson model is made of one fermion field,
(Ux, y), for x = (zg, 1) € R?, and one vector boson field, (A2, AL), interacting
through minimal coupling. The free meson with mass u (a gauge field if p = 0)
is described by the action

/dx F‘“’ ,u /dx A“

for FI'V = orAY — 0¥ AL, The quantization of a gauge theory (namely the case
i = 0) requires a gauge fizing term which makes convergent the integration along
the orbits of gauge transformation: for av > 0

o [ax oeagy?
In our case p # 0 and the gauge fixing would not be required to make sense

of the theory. Nevertheless, the Vector Meson model defined by Thirring and
Wess had the purpose to be equivalent to the Schwinger model in the limit of
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vanishing p; therefore, with them, we shall consider a > 0 only, that will make the
interaction superrinormalizable. For notational convenience, we also introduce a
further non-local term for the vector field

g ARy A1 _ oA
> dxdy (@ 4)A7 (x ~ y) (@A)

where A™! is the inverse of the Laplacian and o is a real parameter with the
dimension of the square of a mass. The three terms we have introduced so far
are collected together into the following term

; /dxdx ARDM (x —y)AY

y

aer. 1 [ dk
2/ (2n)2

AL {(kQ ) - (1 —a+ ;) k“k"] A

Sometimes we will write D* for the operator with kernel D" (x). The massless
electron, with charge ¢, interacts with the photon through a minimal coupling

/ dx Py (10 + qAR) 1)y,

where 7° and ~! are generators of the Euclidean Clifford algebra. The total
Euclidean action of the Vector Meson is

1 - )
3 /dxdy ALDM (x — y) Ay + /dx eyH (108 + qAL) Uy

Finally, putting together all the above terms, we define the generating functional
of the truncated correlations of the the Vector Meson model, K(J,n), as follows:

K Tm) def. /dp(w)dP(A) exp {/dx [—qA,’”Z(?/jx’Y“@Dx) + JEAR + kb + @EXUX} }
(1)

where J is a real external field; 1, 7 are Grassmann external fields; dP(¢) is a
Gaussian measure on Grassmann variables (1, 1x)x With zero covariances, but

for [dP(¢)) ¥xtby that equals

def. . H/ dk e—ik(x—y)ku.
( )

SO(X - Y) =y 27T)2 k2

and dP(A) is a Gaussian measure on real variables (A%, Al), with covariances
JdP(A) ALAY equal to

w2 dgf. / dk —ik(x—y) o . 1 _ 1 k*k”
Gy’ (x—y;p,0) (27)2 € lkz + 12 K2+ 2 ak2+pu2—0) k2




(we will abridge the notation of G§”(x;u?, o) into G5”(x), sometimes). These
covariances are also called free propagators as

iy (0" S)(x) = 0(x) (D"*GE) (x; 12, 0) = "6 (%) .

To make sense of (1) we have to introduce a cutoff function. For a fixed y > 1,
let X(¢) be a smooth function, positive in [0,) and

o1 ifo<t<1
W0={y ity : 2)

then, given two integers h, h’, define
S (k) = X (Y k[) = X (K]

and in correspondence, define two Gaussian measure dPy, (¢) and dP, v (A),
determined by the covariances:

of. dk R efikx
SO,h,h’ (X) o o W Xh,h'(k) K2 k",
v def. dk ~ _ikx 5/“/ 1 1 k*k”
G (x) = / {2y X (K)e [k2 2\t aklrpi—o) K|

Given the integers —I, N > 0, the regularized functional integral, I, n(J,n), is
given by (1), replacing dP(¢) and dP(A) with dF, y(¢) and dP, n(A). Finally,
let S(x—y) and G*(x—y) be the interacting propagators, namely the correlations

def. . 62/C1,N
Sx—y) = _lm iy (0,0) (3)
e . 82ICZ N
G"(x —yip®,0) S lim —(0,0) (4)
~LN=c0 0J%0JY

where the derivatives in 7 are taken from the right; and the limit in N is taken
before the limit in [. Define

dk ez _ 1
Flzi,0) = [
(=447, 0) (2m)? [ak? + pu? — olk?
dk ekz _ 1
Fy(zsi®) = [
5(Z7:u ) (271')2 [k2+u2]k2 ) (5)

and note that, for u*> > 0, 0 < pu?, a > 0, we have the following large |z
asymptotic:

1 1
— 1 Fy(z; y?,0) ~ —
27?(,u2 —O') H’Z‘ 9 5(Z7,u 70> o7

F(z;p?, 0) ~ — In|z| .



Theorem 2.1 Given the meson mass u*> > 0, for o < u*, a > ay > 0 and |q|
small enough, the explicit expression of the interacting propagators are:

S(x) = & [F(X;“ 271'5’””7”5)%5(&“27”5)} So(x) (6)

G (x;u?,0) = GEY (x; u® — vs, 0 + v — v3) (7)
with v = —vy = ¢*/(2).

This result is uniform in a > ag: Feynman-'t Hooft’s and Landau’s gauges,
for example, are recovered for &« = 1 and a — oo, respectively; the two point
correlation of F* is a-independent. Although (7) means that the interaction
changes the free meson correlation of an additional mass term only, the theory is
not free; indeed, in (6) we can see that the large distance decay of the fermion
correlation has an anomalous dimension 7:

1 A 1
|x| 1+ T 9 pwr—vs  pP—o—v

S(x)

(8)

We shall see that v and v are the anomalies of the vector and axial WT’s, re-
spectively. To clarify the relation of this result with the literature, it is worth
mentioning the (unproven) uncertainty principle of the anomalies, [23],[24], [19],
[13], namely the fact that the most general numerical values are

q2

e
v="—(1-¢ v=--L
™ T
for £ a real parameter fixed by the kind of regularization of the functional integral.
Hence the meson mass, vs, is regularization dependent (this is not an issue for
the meaning of the model, because ¢ is the bare, not the physical charge). Our
result is in agreement with [39], where 0 = 0, £ = 1 and a = 1; and with [19],
where £ is any, 0 = 0, a = 0.

Solutions of the Vector Meson model for o« = 0 (a case that this paper doesn’t
cover) are in [37], [14] and [24], for £ = 1/2, £ = 1 and any &, respectively. Those
results are in agreement with our theorem only formally: in that case F(x, u?, v)
is not defined and from S(x) one has to divide out a divergent factor. This is
not a surprise: when o = 0 the large momentum asymptotic of the free meson
propagator is

GH (k) ~ k"k” /K>
that makes the interaction renormalizable as in the case of the gradient coupling
model, [19]. The correct approach for this case would be the one in [5], with
vanishing beta function and field renormalization. Anyways that rises a question:
the AB-formula is not valid in [5], where radiative corrections do change the
numerical value of the anomaly; is this the case also for the @ = 0 Vector Meson
model? We will discuss this issue in a possible forthcoming paper.



As mentioned in the Introduction, were y = 0, we would read (7) as the
dynamical mass generation of the Schwinger model; but unfortunately we are not
able to cover that case.

3 Idea of the proof. Ward Identities. Anomalies

Firstly, we have to prove that there exist the limits (3) and (4). To do that, we
use some Lesniewski’s ideas, [27]. Define the functional integral

Win(J,m) = In / AP,y (1) e

where V(1, J,n) is the interaction (self-interaction plus coupling with external
fields) of a non-local version of the Thirring model:

A - _
V(. J) = 5 [dxdy (Bv) GE'(x = y) (By7"y)
[ T (i) + [dx (e + i) (9)

Now take the integral over the vector field A* in (1), and obtain an identity
between the functional integrals of the Thirring and the Vector meson models,
for coupling \ = 2¢°

1
K(DJ,m) = W(=aJm) + 5 [dxdy JED"(x = y)J; . (10)

If we can control the field and the current correlation derived from W, we can also
construct the limits (3) and (4). To bound the Feynman graphs, one has to use
that, above the scale of the photon mass, the interaction in C is superrinormaliz-
able; but, to see that in W, we will need some identities among Feynman graphs,
as in [27], [29] and [20]. This point is discussed in Section 4.1. Then, with a clas-
sical bound for fermion determinant, [27], the convergence of the perturbation
theory is proved.

Secondly, in Section 4.2, we shall prove that the correlations generated from
W satisfy two anomalous WI’s. From the (formal) invariance under the vector
transformation 1) — €1}, 1 — e~ we obtain the vector Ward identity,

ion / dz [0"5(x — z) — VG (x — 2))] W —20id1 Ik
W) OW(L1)
W, g 2 11
anx 77X nx 87_])( ) ( )

and from the (formal) invariance under (Euclidean) axial-vector transformation
Y — ", ) — P with 45 = —in04!, using v49° = —ie"’~", we obtain the
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axial Ward identity

1P / dz [076(x — 2) — vsGE” (x — 2)] ay\gf}{, M) _ 9, eomign
OW(J,n) . . . 5OW(J,n)
AR VPV N AL /D)
e e T Y (12)

v, vs, © and Oy are the Adler-Bell-Jackiw anomalies. Assuming the validity of
(11) and (12), the proof of (7) is just a computation in which the AB-formula
plays a crucial role. Before showing that, let’s pause for some technical comments.
At J =0 (i.e. without the terms proportional to © and ©3), (11) and (12) were
proved in [5] for local self interaction of the fermion field, i.e. G§”(x) = §*d(x);
and later on they were proved in [29] for G{”(x) = §*”v(x) where v(x) is a short-
range, bounded self interaction, i.e. without removing IR and UV cutoffs in v(x).
Of course the latter case is technically simpler; nonetheless it is remarkable for,
as opposed to the former, it gives an example in which the AB-formula is valid.
The main task of the present paper is to extend the proof of the WT’s to the case
J # 0 and for the given G§”, that is a symmetric matrix with short-ranged but
unbounded entries.

To continue the computation, use (10) to turn (11) and (12) into identities
for derivatives of KC; since

DL = [—aly+p? =00l DY = [~Ax+ p?] ™0
at

take a further derivative in Jy, at n =7 = J = 0 and obtain:

[—an +pt -0 — V} OEGH (x —y) =i000(x —y)+

+ (2q2@ — V) OLGH (x —y) (13)

[—Ax +p? - u5] ePHIORGH (x —y) = P00 (x — y)+
+ (20205 — v5) £ (x — y) (14)

Here comes the crucial point: in establishing the validity of the W1 and the
presence of the anomaly, we will also verify the AB-formula, i.e. the fact the
anomaly is given by the first order perturbation theory, without higher order
corrections. Therefore we can explicitly evaluate v = \@ = —v5 = —\O5 = ﬁ.
Since A = 2¢?, the second line in both equations is zero; and the theorem is
proved by explicit solution of (13) and (14). We stress that in formal versions
of this computation, [32], the quantum anomaly is just added into the classical
equations by hand where it is expected, and so the terms proportional to 2¢>6 —v

and 2¢*©s — v5 never appear at all.



To prove (6), we need the SDE, i.e. the field equations written in terms of
the correlations. In the functional integral approach that is nothing but the Wick
theorem for the Gaussian measure. For the fermion fermion correlation we have:

o*wW PwW
Ditdny 0.7 0m0ny

A
90— (0,0) = d(x — ) + 57" [dz G} (x —2) (0,0) (15)
That is not a closed equation, though we can use the W1 to close it. Take
derivatives in (11) and (12) w.r.t. 7x and 7y, at J =77 = n = 0: we obtain two

equations that are equivalent to

23W(0,0)

— T = [F(x—y)— F(x— S(w —

ajgaﬁwny t X[ (X Y) (X W)] G;f;_VES (W Y)
+ei0L [F(x —y) = Fs(x = w)] | o, i7”S(w —y) (16)

0'+V7V5

/dz Gy (x — z)

(we have abridged the notation of the mass terms in F' and F;). Plug (16) into
(15), and obtain the closed equation

A
iMokS(x —y) =d0(x—y)+ 5" [OLF(x —y) — OLF5(x —y)]

w2 S(X—y)

otv—v
Cooan
that is solved by (6). There is a subtle point, though. (16) can be plugged into
(17) after the limit of removed cutoff has been removed only if one proves that
the limit is continuous at w = x. In Section 4.3 we will prove (17) in a slightly
different way: we will plug the W1 into the SDE before removing the cutoffs, and
we will show that the the limit of the remainder is vanishing (as opposed to the
case in [5], where the limit of the remainder gives rise to a further anomaly in the
closed equation).
Summarizing, in Section 4.1 we will study the limit of removed cutoffs; in
Section 4.2 we will prove (11) and (12); in Section (4.3) we will prove (17).

4 Renormalization group approach

As mentioned, from the viewpoint of the formal power series in ¢, the RG de-
scription of (1) is quite simple. Above the meson mass scale, i.e. in the UV
regime, the coupling of a fermion current with a boson field is superrenormaliz-
able; below the meson mass scale, i.e. the IR regime, the interaction is renormal-
izable, and the RG flow equals, up to irrelevant terms, the flow of the Thirring
model. A qualitative explanation is the following. At energy E > u, boson
and fermion propagators have typical sizes E° and E', respectively; then, the
energy of a graph with p vertexes, 2m external fermion legs and n external bo-
son legs is E4Pm2m) for d(p,n,2m) = 2 — m — p: the only relevant graphs are
(p,2m) = (1, 1), the uncontracted vertex, and (p,2m) = (2,0), which is zero by
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symmetry; so no renormalization of coupling constants is required. At E' < pu, the
size of the boson propagator becomes (E/p)?; then a graph size is p? E® (Pnm2m),
for d'(p,n,2m) = 2 — m — n, that is the same power counting of the Thirring
model. Still qualitatively, the limit © — 0 gives the Schwinger model; the limit
p — oo gives the free boson field; whereas replacing G5 with p2G§”, and taking
the limit © — oo give the Thirring model.

In this paper we consider a fixed p > 0. The issue with the above argument
is that we are not able to prove the convergence of the perturbation theory with
both boson and fermion fields. To overcome that we integrate the boson field
before the RG analysis so that the fermion-boson interaction is turned into a
fermion-fermion quartic interaction. Now the theory looks marginal at any scale.
To recover the superrenormalizability of the UV scales we use identities among
the Feynman graphs: the identities of this paper are the same as in [20] and
[7]; as opposed to approach in [29], [30], they permit to take advantage of L,
inequalities, which is the key to control an unbounded Gy. This part is largely
inspired to [27].

Before discussing technical details, we set up some more notations. The ex-
plicit choice of generators of the Euclidean Clifford algebra is

o (0 1) 1_(0 —i>.

then we call n = (nc_, ), T = (i), x = (Vg thx_) and Uy =

( I s ; +) - note the opposite notation for the components of the spinors 7,

and 1, ¢ - so that, for O, = i9° — wd?,

— jwryt

0
_ -7 _ o
)—:w Xw pr 9 wx ) Zw;waw¢x,w = 2%{y”8“¢x .

w

The interaction becomes

1
Voot (X) = 3 [inéo(x) +iw' Gy (%) + G (%) — wW' Gy (x)} ;

and since GJ}(x) = G{°(x), also vy 4/ (X) = vy o (x). Finally, for Jx, = J2+iwJ},
the functional integral formula for the non-local Thirring model is

A
Wi () /dPlvN(@ZJ) exp {2 Z /dxdy ¢Zw¢;w Vo (X — ) w}tw/w;w/}

o {3 fax S+ 3 [ix (v + v | (08)

for dP, n () determined by the covariance:

B dk e—zkx R .
/sz,NW) Ve wluw = gM(x) = /(27r)2 le,N(k) ; D(k) = k° +iwk' .
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Without loss of generality, since 1 is constant, we absorb in the interaction v, .-
a factor p?: as explained, this clarifies the relation with the RG analysis of the
Thirring model.

Finally, we stress two points. Firstly, we are assuming that the limit of re-
moved cutoff in the propagator v, .- is already taken: this is not an abuse, since,
otherwise, the estimates that will follow would be anyways uniform in the [, N of
V- Secondly, all the claims about W(J,n) (and the same for other functional
integrals that we are about to define), must actually be understood in terms of
the correlations that it generates, i.e. for a finite number of derivatives w.r.t the
external fields, at J = n = 0. (In fact there would be no need to prove that
W(J,n) is a convergent power series of the external fields even if we wanted to
verify the Osterwalder-Schrader axioms, see [5].)

4.1 Correlations.

In evaluating W, n(.J,n), to have bounds that are uniform in [ and N, we have to
slice the range of allowed momenta into scales. We use the decomposition

h
Xwa(k) = > fe(k)
k=h'+1

where fi(k) = Xip—1x(k); in correspondence we have the factorization of the
Gaussian measure

)= w(h') + w(h”rl) N w(h)

APy (1) = dPy (")) d Py (V) - d By (™) (19)

and dP;(1)*®) is determined by the covariance

) = [ s g 00

We integrate iteratively the fields with smaller and smaller momentum. After
the integration of 1 = ™) pN=D " 4)(h+1) we have the effective potential on
scale h, V™ such that

Win () — /dﬂ,h(w) VW (Tm) (20)

Consider the case 7 = n = 0. Assume by induction that, for any scale h =
k+1, the effective potential is a polynomial in the fields (J,,,), (¥ ) and (¢ ).

w,X w,y
We call kernels on scale h the coefficients of the monomials of V: for z =
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n;2m def M a a
Wg(’é . )(ZS X,y) = H o H ot o (h)(w, J,0) (21)
j=1YYziw] i=1 Y¥x 0 YV 0 J=p=0

(where the derivatives in 8@Z);Wi are taken from the right). To evaluate Y k) (v, J,0),
use the formula for the truncated expectations:

V¥ (1, J,0) = In /deH(g) oV ETD (4¢,7,0)

=2 Em[ VED(@ 4 ¢ L 0) VD + ¢ J0)] (22)

p>0

p times

where E[,, is by definition the truncated expectation w.r.t. the Gaussian random
variables (¢S ,,) with covariances (gl¥"'(x)). Accordingly, (22) gives through (21)
the kernels W&fm)(k). Formula (22) gives also the well known interpretation of
each kernels as sum of Feynman graphs belonging to a given class, that is deter-
mined by the “external legs”. Later on, we will take advantage of the following
two identities on the structure of the graph expansion of the kernels.

Lemma 4.1 The derivatives of the effective potential satisfy two identities:

ay® ) oY)
g (0 0) = Tt + e [du g6 = ) 5 (0:.0.0)
YW ovH gpt)
—l-/\‘;w/ /dwdu Voo (X — W) g (x [GJW v + D awiw] (1, J,0)
oy
+)\2/dw b (6 = WU 57— (0, 10) (23)

oYk
D

oy gy
(o) =t [ gl 03

“out, g,
, oPVH  gv® gp®
+/dudu g (x = )go(x — ) [ R T ous, ovg

These identities are clear from graphical interpretation of the multiscale integra-
tion; in appendix A we will prove them from the definition of V*) and V.
We introduce the following L; norm

¢;w] ()

] W) (24)

WSz W) = [axdydz, (W52 (2x, )| (25)
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for dz, = (za, ..., 2,); namely in (25) we are integrating all but one variable; by

. . 2m)(k
translation invariance, the norm does not depend upon z;. Since wa (k) may

contain delta-distributions, we extend the definition of L; norm by considering
them as positive functions.

Let p? = ?M. We will use the following straightforward bounds, for ¢, ¢, ¢/, B, B, >
1:

def

198712 = sup 957 (x)] < "

1/p
def _2
o2 l, | fax g o] " < 72
def. —
198 s [ Ll 192 (0] < 9~ (26)

and, since ak? + p? — o > ap[k? + ag ' (p? — )], uniformly in o > ag

. 1/p 1
||'Uw7w/ ||Lp d:f' |:/dX|/Uw7w/ (X)|p:| S Bp/yz(l P)M
def.
|05l [ [(O00) ()] < B 27)
Let’s consider separately the two different regimes: the UV one, that corresponds

to the scales k: M < k < N, and the IR, for k: | < k< M — 1.
Define

wl(z,x,y) = 6(z — x)3(z — ¥)d
wfﬁii) (x,y,0,V) = 0(X — ¥)vww(x —u)d(u—v) (28)

and note that at h = N we have W2V (x y) = 0, W&f)(m(z,x, y) =

w
Z
w
Figure 1: Graphical representation for wg,i) and wf?ii)

n:2m)(N)
w

w(1 i2) _(z,x,y) and W (N) (x,y,u,v) = )\w (X y,u,V); all the other W,
are zero.

Theorem 4.2 For || small enough, there exist constants Cy, C' > 1 such that,
for M <h<N

WM < A"

13



W i2M w2 < o,

0;4)(h 0;4
WS = XN < €A (29)
and, for any other (n;2m)
IWS2m® | < Gt tmam (O] )dnamoh=n=m) (30)

where dpo =1, d,, o0 = 0, otherwise d,, 2, = m — 1.

The point in the bounds is that C', Cy are N — h independent. The proof of (30)
for h = k, assumed iteratively (29) and (30) for h > k + 1, is standard. We shall
focus, therefore, on (29) that improves (30) in the cases of marginal and relevant
graphs, i.e. (n;2m) = (0;2),(0;4), (1;2).

Proof. To shorten the notation, in this proof we define Cdéf' PEFD) ppk+2) o
™) and g, < gL The derivatives in 1=, n~ and ¢~ are taken from
the right. The proof is for C' large enough with respect to Cy, ¢, ¢, ¢, B, B,.

1. Improved bound for (0;2). By symmetry we have Wfﬁo)(k) (w) = 0; hence from
(23) and (24) we expand the two-points kernel as in Fig.2

WO (x,y) = A3 [awaw’ vus(x = wigu(x = wIWLD O wiw’y) | (31)
so that, from Hwil,i)H < 1 and from (30) for (n;2m) = (1;2), we obtain, for C
large enough,

N
. ; C g
IWEDET < N+ Co) 3 Nvwwllzs 3195y, < EWW s (32)
w’ j=k

that proves the first of (29). The factor r; > 1 will be useful for later.

2. Improved bound for (1;2). By (23), the kernel Wu(};i)(k) can be rewritten as in
Fig.3. Graph (a) in Fig.3 is given by:

(a)w';w w W' w

W (2%, y) NS [wdu v n(x = w)gu(x — WD (2, wiu,y) (33)

14



Figure 3: Decomposition of the class of graphs Wu(}};i)(k). The darker bubble is
for W(}.ﬂ)(k) — w(lﬁ.Q)

w’w

From (30) for (n;2m) = (2;2), we obtain
”W(a)w w” < |>\|C§’7 kZ ||UW w"||L3 Z ||gw ||L3/2 — 4 |)\|7_§(k M) (34)
w” Jj=k
where a large enough constant ro > 1 will be used later. For graphs (c) and (d)
we use the just improved bound for W(*2®): for instance, graph (d) is given by

WA (:%,3) & bl = 2) [du gu(x = W)W uy)  (35)

and using (32) for a r; large enough to compensate other constants, we get

N
2)(k . i _4
W2 (. 9) < WD S 16, < 1A 360 (30)
=k

In order to obtain an improved bound also for the graphs (b) of Fig.3, we need
to further expand W2 %" Using (24), we find

UJ—OJ

w'—w

Wﬁf%k) (z,w) = /du'du go(w — 1) go(w — 0 YWU2W (2.0 1) (37)

and then, replacing the expansion for Ww 21& )(z; u’,u) in the graph (37) we find
for (b) what is depicted in Fig.4. Graphs (b4) and (b5) have been obtained also
using the expansion (31). A bound for (b2) and (b3) can be found in the same

way. Consider, for instance, the expression for (b2):

WA (2%,3) L A6 (x ) [dw v ul(x = W)g (w —2) (38)

15



Figure 4: Further decomposition of the class of graphs (b) in Fig.3

We want to use the cancellation [du g2(u) = 0 that is a consequence of the
symmetry under rotation of the model. In order to to that, expand

1
V(X — W) =vpw(x—2)+ Y (27— wy) /0 dr (Ojvyw )(x—z+T1(z—W)) (39)
j=0,1
and plug (39) into (38): one term in zero; the other can be bounded as follows:
(1:2)(k) N ([0 ~ C _-ur
Wl < AMI05vwwr e DD 1907 29l 2y ) < Wmv_( —D (40)
i—k j—k

Now consider (b1)

W&Q@(z; X,y) o Mx—y)> /dwdu’dz/ Vo o (X — W)U o (0 — 2')-

s
,0°50

. /dudwl go(w — u)go(w — u’)gg(u/ — W/)WLZQ)(M (Z, Z/; W/7 'Ll) ; (4].)
therefore

WG < Wlles o, [aw’ dudz [WE2P(0, 25w w)

Hea

: /du’ AW |Vyo (0 — 2" )go(W — u)gy(Ww — u') g, (0 — w')]| . (42)

We have to find a bound for the second line that is uniform in N — k. For
that, it is convenient to decompose the three fermion propagators into scales,
Z?fq,p:k g9 gl g®) and then, for each realization of j, ¢, p, we take the || - ||z, on
the fermion propagator with lowest scale. This is always possible:

for p <gq,J

[ dud 0,0 (a = 2) g (' = w)gl®) (' — w)glP) (w — )

16



= [’ Jogpr(u = 2)g (' — W] [dw g9 (0~ w)gd) (w — w)

v ],yp

_ 9
3

< [0 ||L3||9w)||L3/2||gg)||L1||90 ln < Gy

for ¢ < p. j
/ dw du’ |vyqr (0 = 2)gd (0 — w)gl? (0 — w')glP (w — w)]
= [aw 19 (w = w)| [ o (0" = 2)gl (0 = w)g) (' — w)|

< Hga ”LIHUUU HLSHgUJ)HLa/QHQU)HLoo S C 73 7 ’Y 37

and finally, for 7 < p,q
/ dw du’ [0, (0 — 2')gd (0’ — w)gl? (0 — w')g?) (w — u)|
= [aw 19 (w = w)| [ o (0" = 2)gl) (0 — w)g) (' — w)|

< 19PN oo 2198 2y 19N e < Ciy3™My Py 87

so that, summing over the scales ¢, p, 7, we obtain

ol

[ o0 — ), 0 — W)y (0 W) o — )] € Cayi
From (46) and (42), we obtain:

12 k
Wi | Ay~

’_2

Finally, the latter argument applies also to the bounds of (b4) and (b5).

instance, the expression for (b4) is

Whitt®) (2%, y) = 6(x — y)\? / dz'dw v, (X — W) g (W — 2)-
) Z /dWldu/du Gu' (W - W,)gw’ (Wl - u)vw’,a (Wl - 11/)'
W(l ;2)( (u/; u, Z/)gw/<Z/ . Z)

Hence, the bound for such a kernel is:

i2)(k (k

IWEREN < 2P sz, [ da' du’ du (WS (s 0,2)g..(2)|
-/dw dw' |gu(Ww — 2)g,(Ww — W) g, (W —u)v, ,(W — )|

17
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For
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that by (46) becomes

Wi e (50)

(1:2)( k) <
~ 207y
Therefore we have proved
WD — ] < iy (51)
that is the second (29).

3. Improved bound for (0;4). By (23) we obtain the identity in Fig.5.

Figure 5: Decomposition of the class of graphs W©4®) The darker bubbles
represent Wu(}?:ﬁ)(k) — )\wg?f,) and Wﬁf)(’“) — wwl;f,).

The bound for the sum of the graphs (a), (b), (d), and (e), all together, can be
easily obtained from (51): for r, large enough

Aol WSS = wlE N (1 + g, [WO2E ) < |A| AN )
To bound (c), use (30) for (n;2m) = (1;4), to get, for || small enough,

W

a www

2l < Pl s GOl gl < 5 IAITg (b= (53)

The proof of theorem 4.2 is complete. m

The analysis for n* = n~ # 0 is not different, because the monomials in the
effective potential that are proportional to at least one field nt or = multiply
a kernel that doesn’t need any power counting improvement. This is important

18



for pointwise estimations on correlations: w.r.t. the L; bounds of the kernels
the pointwise estimates have some missing integrations; but they never involve
W2 w2 W04 where, as we showed, missing integrations would spoil the
bound.

On scales k < M the above arguments do not give a power counting improve-
ment: the factors of type v~"*~M) that we have seen in the estimates so far are
unbounded. Indeed at IR regime the interaction v, is effectively local, namely
the system is effectively like a Thirring model. The RG approach to use is the
one in [5]: with respect to that paper, the UV scale now is replace by M; and
to the interaction, that there is purely quartic, now has a further term, that is
irrelevant, generated by the integrations of the scales [M, N].

We do not repeat all the details of [5]. We just stress that W2 7/1:2)
W4 must be localized to extract the relevant part of the interaction. In this
way, W2 causes the flow of the field renormalization, which is responsible of
the anomalous dimension of the large distance decay of fermion correlations.
W12 causes the flow of the current renormalization, that is responsible for the
anomalous dimension of current correlations. Finally W (%% changes scale by
scale the effective coupling of the quartic self-interaction: the related flow stays
bounded thanks to the vanishing of the beta function, asymptotically for M —k —
oo; this crucial property is not modified by the additional irrelevant interaction
on scale M, see [5].

The final result of the multiscale integration is that there exists the limit of
removed cutoff of the two point correlations; and for large |x — y/,

O*W C *W C

Y 0.0~ — 0.0~ —
8n}tw3ny‘,w( 0 x —y[t+n’ 8Jx,w8Jy,w( 0 x —y[*Y

At this stage we do not know yet the explicit expressions (6), (7) of the two above
correlation; nor we know the formula for n and the fact that y = 0. We only have
a convergent power series for them. Explicit evaluations come from W1 and SDE.

4.2 Ward Identities

P4 o _ 1190 _ ., 9
By definition of Jx ,, we have o 2 [ 50 — W

will be done in Fourier transform: these are the conventions

dk iekx T dk 1ekx
f(,w :/(27_[_)2 eak wli,w ) ni,w = / (277)2 esk ﬁli,w )

while Jy ., and v,,.(x) follow the same convention of ¢, and 95, respectively.
Setting

} . The analysis of this section

A dk [, owv oW

Vw,w’(p) = 7Uw,w’(p) ) Bw(p) - /7 [77 w Q- T aa—
A (2m)2 ["PYORE,  Olhp

nk,w )
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we want to prove that the correlation functions satisfy, in the limit of removed
cutoffs, identities generated by the following equation for W

ow 8W 1

oJ. Zyw w’ &] - ED—w<p)j—p,w = Bpu(Jin) . (54)
p,w p,w’

D, (p)

Since v . (P) = Vi w(P), summing (54) over w we find

ow

%DW(P) Buowr = Vv (P)] 52— i 4WZD P)J pw Xw: Bpo(J.n)

that is (11) for v = A® = 2. Whereas multiplying (54) times w and summing
over w we find

ow

Z wa(p) [5w,uﬂ TV ( ) o ZWD J—P —w ZWBP,W(Jv 77) )
w’! p,w’ w

that is (12) for v5 = A\O5 = —ﬁ. In order to prove (54), use a general combination
of the vector and axial vector transformations: for a real ap, (with the same
Fourier transform convention as Jp,,) and transform the fields in W, y(n, J) as
follows

'lvbkw _)wkw_‘_ / apwwk-i-epw )
that gives the identity

an,N

Dw(p) Y
p,w

(J7 77) = BP,UJ(‘]? 77) + Rw,l,N(p; J7 77) (55)

where R, n(p;J,n) is a remainder w.r.t. the formal W1: the presence in the free
measure of the cutoff function x; y (k) explicitly breaks the vector and axial-vector
symmetries. To study R, ; n(p;J,n) we introduce a new functional integral,

M () / APy (1) ¥+ a)—A- (pa)

where

dqdp
Z/ q+p q)@pwwq+pw q,w

dq dp o~ o
Z / —w )Vw,w’(p)apwd}c—;rp,w’ q,w’

w,w'=+

and, for p,q € (771, 4V )

Co(a,p) = bun(P) — 1Du(p) — [in(a) — 1]Du(q) -

)
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By explicit computation one can check

OH OW
l7N(07J77]>:RwlN(pan Zyww LN

Dy aJp o

—=—(Ln)  (56)

The fundamental issue behind the Adler-Bell-Jackiw anomaly corresponds, in the
viewpoint of our RG scheme, to the following fact: although C,(q, p) is zero for
p,q € [, ¥"] and point-wise vanishing in (/=% 4N 1) in the limit of removed
cutoffs, its insertion in the graphs of the perturbation theory, i.e. R, n(p;J,7),
is not vanishing at all. Our result is that the remainder, in the limit of removed
cutoffs, can anyways be computed:

0 1 ~
i TN (7 0) = LD _(p)p (57)
T

—I,N—oo aap w

(Recall that (57) must be understood as generator of identities for correlations).
This formula gives (54). In order to prove it, we need a multiscale integration of
H; n. Define the effective potential on scale h, AWM such that

M (e dn) _ / AP, (1) ¥ @I+ AN (@Tn) (58)

(so that A™(0,.J,n,4) = 0) and, correspondingly, the kernels of the monomials
of A" that are linear in a

. i m o 0 A(h)
HEm ) ) def
wiw'w ( W X, X 1;[ wlw L[ wL a¢ o Zw

For the results in this paper, we only need n = 0, 1. Because of the definitions of
Ay and A_, we can have quite an explicit formula for the Fourier transforms of

(0,0,0,0) . (59)

Hgﬁim)(h). Consider the identity, at a = n = 0,
0A dq
aapw 7/ C (q+p q)l/}qwd}erQw
dq ~ oYW oy
+/ Cw + ) w w - Au.) + -~ +w
(2n)? (a+p,q) [wqﬂ, 5 wqﬁwg (@) = gu(a +p) it e
oy gph)
+ Z / Na+p )=
i,j=h aw;rq,w 8¢<;,w
( ) ) 92y )
“q+p,q) =
i,j=h aw;+q,wad}c;w
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—ZD,w VWiooor ( )aA), (60)

for
i def. ?
Uo(J J)(q +p,q) = C,(q+p, q)gt(u)(q + p)gff)(q) .

That suggests the following decomposition of the kernels:

n;2m n;2m in;2m) (h
HS2 ™ (ks q) = Hy )™ (pr ks @) + Z Do (p)Hy iy (b1 ki @)

+ Z Do ()KL ™M (i K q) . (61)
The first line of (60) corresponds to uncontracted Ay, therefore is not included
in the kernels. In Hélw”j";) " there are the terms generated by the second line
of (60), i.e. graphs in which only one between v, and ¢F,  , is contracted;
H C(,lw"WQTZ)(h) comes from the third line of (60), i.e. when ¥, and ¥, , are both
contracted but to different graphs. Fourth and fifth line of (60) are kept together
(because we want to exploit a partial cancellation among them) and generate

K glw"jn;)(h) To explain the sum over o, we define 55}2 such that
v (/208 (a+p,a) = Y- Do (p)SS(a+ p.a) (62)
o=%

(we freely add the factor x; y(p/2) because we are only interested in the case of

fixed p # 0), so that, for example, for the Fourier transform of Kalwnf?(h)
find
Koz "o Z / dudw S, (2w, w)WIET™ " (0, w,y)

i,j=h

ot 3 [aw v (2= W)W ITE M (wixy) (63)
This kernel for (n,2m) = (0,2) and (1,0) is depicted in the the first line of Fig.6

and Fig.7, respectively.

Theorem 4.3 For |\| small enough and fized p # 0, there exists a C > 1 and a
¥:0 < ¥ <1 such that, foranyk:MﬁkSN@ndozi

IKL22W (pi k)| < CIAly " H)

)
|K01w1£) k)( ) 5%“]/507_1 il;)| < C,Y—ﬂ(N—k) (64)
and, for any other integer (n,2m),
[K{2m W) (p; g, k)| < (CIA)y iy /R (65)
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[HOGE™ ™ (:.g, k)| < (CIA) iy =o0vh) (66)

Proof. Note that U (q + p,q) is zero if none of i and j is N or . Besides, in
the appendix of [20] there is the proof of the following bound: for any ¢ positive
integer, there exists a constant C, > 1 such that

1559 (2%, y)| < C, . i
L+ [yix —2[]71 + [y — 2]

Also, we need the result of [5],

lim Z / ww (p,p) = 417r : (68)

“hN=eo,

We bound |K®m2m®)| and |HEm2m®)| with the Ly norm of Km2m k) and
HEm2m)(k) - respectively. The estimate (66) is a straightforward consequence of
(29), (30) and (67) for i or j equal to N; indeed, in the graphs expansion if
H (I”Qm)(k) there is no loop to worry about other than those ones already in
the kernels Wm2mk) - The estimate (65), for (n,2m) # (0,2), (1,0), is simple,
because it derives from (64) by standard methods. For the estimate of the relevant
and marginal kernels, (64), we have to take advantage of partial cancellations.

Using the expansion for Wffﬁ)(h) in Fig.5, we can expand (63) for (n,2m) =
(0,2) according to Fig.6 (we have also used, for the class of graphs (d), the
decomposition in Fig.2). Consider the case ¢ = —. Fixed the integer ¢ and

calling b;(x) < C,77/(1 + [77]x[]?), we bound the rh.s. member in the same
spirit as in Section 4.1; though this time we also want to find the exponential
small factor y~?(V=k),

Let’s first consider graphs (a) and (b) together:

5(2;11)] [aw vt = w)WS2S (wix, y)(69)

/\Z/du [Z S(_Zj)w (z;u,u) —

i,j=Fk
Using the identity (39), for graph (a) we have

A Z /dudw S(_Zuf)w (z;u,u)v, (0 — W)W(}Ia}(k)(w;x, y)

w ij=k

:)\Z/dw V(2 — W )Wu(},i, ¥ (W;x,y) Z /du ,ww (z;u,u)

i,j=k

2 Z /du _Zuf)w (z;u,u)(up — zp)-

p=0,1 " i,j=Fk

[dr [aw @puan)s = w ot ru - WIS (wixy) - (70)
0 ,
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Figure 6: Graphical representation of K

The latter term of the r.h.s. member of (70) has the wanted estimate: using that
one between ¢ and 7 is on scale N, a bound for its norm is

N
SIS 100 4 w2y - Wil < (IG5~ #4070 (71)
i=k
The former term of the r.h.s. member of (70) - as opposed to what happened for
(b3) of Fig4 - is not zero, but is compensated by (b):

N hy 1 .
> /du S(f;i)w(z; u,u) — = 2 ) /du S%’fw)(z; u,u) (72)

ij=Fk j<k—1
and hence the bound for such a difference is C5y~¥~*). The global bound for (a)

and (b) together is therefore |\|Cgy~ (V).
Graph (c) corresponds to

N . .
AN /dudu’dwdw’ S(fgi)w(z; u,w)g,(u—u)u, . (u—w)
ivj=k W'

L)

ww,w!

(Wid,woxy) . (73)

Since either ¢ or j has to be N, and because of the bound (67), the norm of (c)
is bounded by

/
,w

N  «N
Y S [dxdudwaw' (WS (w' ' wx, )]

m=k i,j=k
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: /dzdu bi(z — w)b;(z — u)|v, (1 — w)g™ (u — )| (74)

where *N reminds that at least one between ¢ and j has to be N. As in the
previous section, we bound the second line as follows:

168 1y 1050 2g)0 10w s 195 2o for i=N, m <
18 1y 1050 2oe Nvwir s 195 iy, for i=N, j<m
100l 2y 116812y s (0wl 195 L0 for j =N, m <

10ill e 108121 NVl 1952y, for j =N, i<m (75)
and hence we get the bound, for 0 < ¢ <1/3, C3 > 1

[z bz~ )by~ W)t — g ()| < Gy HEN4 I
(76)
(with C3 — oo if ¥ — 1/3). Using (30) for wi, . )(k/ we have for graph (c) the

bound |A|Cgy~3¢My=?(=k)  Graph (d) is bounded in the same way as (c)
(in fact (d) was distinguished from (c¢) only for enumeration reasons, whereas
topologically they are the same). We find

> /dxdu'dwdw' |W£},;.23(k)(u; w' ) g, (v — W)u, (W — v’)Wé;lf,)(k) v'ix,y)|
N Nx

AP N /dzdu z — w)b;(z — 1) |v, (1 — W)g™ (u — )| ;
m=k i,j=Fk

then, with the aid of (29) and (76), we find a bound of the type |A|C5y =3 *k=M)y 2N —k),
For (e) and (f), by a simple argument, we have the bound

12 k
ANIWEDN 1+ gl VPO g o 2y Z 1ill 2, 1185112,

i,j=Fk

that less than ])\|Cgfy’§(k’M)’y_”(N_’“). Now consider the case o = +. The graph

expansion of Kff i)( ) is given again by Fig.6; the only differences is that the

graph (b) is missing (that because of the d,_; in (63)). Hence a bound can
be obtained with the same above argument, with only one important difference:
the contribution that in the previous analysis were compensated by (b) now
are zero by symmetries. Indeed, calling k* the rotation of k of 7/2 and since

§g7g)(k*, p*) = —w@gg’g)(k, p), in place of (72), in this case we have:

Z/du S0 (z;u, ) Z/dk S0 (k, —k) = 0 (77)

i,j=Fk i,j=k
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The proof of the first of (64) is completed. We now consider the second. Expand
Wﬁfj)(h) as in Fig.3, and obtain the decomposition of Fig.7. In particular, class (e)

comes from the kernel wﬁf,) that is is darker bubble of Fig.3; while for (d) and (f)
we also used the identity in Fig.2 to extract a further wiggly line. It is also worth
stressing that (e) is not included in (a), because by construction Wf;o,)(h) (W, x)

does not contain 9, ,,0(x — w). It is evident that graphs of classes (a), (b), (c)

W
w CL), ) (.U// CU/

Z X im 4 X

u
(a) (b)
- w (.U/ ) CU” w/
T in
Z u e Z=Uu X

(1;1;0)(h)

!
—wiw

Figure 7: Decomposition of the class K

and (d) can be bounded as the graphs in homonym classes in Fig.(6): the only
difference is one external wiggly line in place of two external fermion lines, but
that does not change the power counting, nor the topology of the graph. A bound
for graph (f) is:

Al /du’dw'dw |W§f2(k) (Wi, x)g,(w — x)|

3 / dzdu b;(z — w)b; (2 — X) v (1 — W')gu(u — )] . (78)

i,j=k

By (76) we have the bound |\|Csy~?V=F),

The only graph that is not bounded by the exponential small factor is (e). In
fact, this kernel is finite; and to cancel it we need the to subtract d, ;1 /(47), see
Fig.8. The difference equals (72) for 0 = —1, and (77) for 0 = +1. Therefore
also the second of (30) is proved. m

We still have to consider a last kind of kernels, ﬁé}jﬁﬁm)(m. They can easily
bounded, supposing p # 0 and finite. Anyways to extract the small factor one
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— L amwewwy
Z X im Tz =x

Figure 8: Cancellation of graph (e) in Fig.7 for 0 = —1 with the factor 1/(4r).

might need the IR integration also: indeed, either the small factor comes from a
contraction of Ay on scale N, or on scale [; the (simple) details are in [5].

As consequence of the analysis in this section, by the argument in [5], in the
limit of removed cutoffs, the correlations generated by H satisfy the identities
generated by (57).

4.3 Closed Equation
From the Wick theorem, see (98), we find the SDE equation

1+>\Z/ dp;w IWy__(0,0)
aJp w'ank—l-p wank W
(79)

that, in the limit of removed cutoffs, would be equivalent to (15); we do not take
the limit now, though. Using (55) and (56), we find

PW,
——=—(0,0) = gM(k)
aﬁltwank,w

~— 5«) W ~ anN
D ! v —D_ 7 1w (P) ==
2 Do) @) = Dos(p) T s () 7 (001)
aHl N
B
pu(0m) + 57 =00 (80)

where the inverse of the matrix U, . (p) is

P 1 o ]
(@ (P))ww = (p2+ﬂ2)5wﬁw_§ (1 —a+ pg) {<p0>2 —ww'(ph)? —i(w + W/)popl} .
As done to prove (13) and (14), use that

Z D A_l ))W,w’ = (ozp2 + MQ - 0) D—w’(p)

> wD(P)(H (P))ww = —' (P*+ 4?) D_s(P)
to obtain a more explicit form of (80)

vaw

aJpw

OHZ,N

Odip o

0.1) = X Mocsl) | Byl + 5 0] (81
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for M, . (p) the Fourier transform of —d,,F(x) + w0, F5(x). Plug (81) into (79)
and obtain an equation that, in the limit of removed cutoff, equals (17), but for
a remainder term,

S [ oM ) g (0. 2

8ap w’ 877k+p w

We have to prove that, in the limit of removed cutoffs, (82) is vanishing. To this
purpose, as in the previous section, we introduce a new functional integral

eZenn(Bim) — /dplw(¢)6V(¢,O,n)+65,o(wﬁ)fBe,—(wﬂ) (83)

for

dk dp dq ~ o~ A ~
B&:,O(w76> - Z/W Mw,sw(p>csw<q + p7 q) ﬁk,wwk_;.p,w c—;+p,€w q,Ew (84)

dk dp dq ~ ~
5 - ¢ 5 Z/ w’(p)D—w’ (p)Vw’,aw(p) ﬁk,w¢k+p7w¢;—+p’gw Q,Ew

(85)
Therefore we find:

aTelN dp 82H1N
X0,7) = [ g My e (P) e mi——(0, 1) -
a51(@( 1) / o M (p) 6ap6w8nk+pw< 1)

We now perform a multiscale integration of 7, x(3,0). Define B (3,7,1), the
effective potential on scale h, to be such that

oTean (Bm) — / AP, (1) VM @O0 +B By (86)

and correspondingly, the kernels of the monomials of ’];(h) that are linear in :

o 0 02B®
w;i;’wi awbjhwi aﬁu,waw;,w

(0,0,0). (87

57&7“’

Tem2)(0) (. yiu,v) def. II 5
=1

To make more explicit the kernels T272™ we use the following identity at 5 =
n=0:

oB™ dpdq i 92 P Y™
a Z / w Ew p)Ua(w’])(q + p7 q) ’\Jr -~ 8A+
ﬁk,w i,j=h a¢q,ewawq+p,5w 77k+p7w

oy gyt

a p Ew 8nk-{-p w

+ 3 [ Mo IO )57 —
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d

pdq i _ oY)
(27T)4Mw,sw(p>Us(w’J)(q + b, q)gw<k + p)

~ = =
8wk+p,wad}(—;gwad}q+p,ew

+y

1,j=h

dp o?y)
+ /7Mw,w’ p D—w’ P)Vu ew\P .aw k+p A+ a7
; L (P) D (P) Vi 2 (P) G )5¢k+pw 7

w0 [ ymav® gp®

a k+p w anq,sw anq+p,€w

B / dpdq

2n) My eo(P)Cau(a+p,q) € (88)

We decompose the kernels as follows:

T(Qm 2)( h)(q k) T02m i2)(h) (q k) + T1(2m i2)(h) (q. k) + T2(2m i2)(h) (27 k) .

giw,w giw,w gw,w giw,w Y

Téirz,a(h)(x;u,v) we collect the term generated by the last line of (88); in

Tl(?;z%z(h) (x;u,v) we included the terms generated by the third and fourth line of

(88); finally, TQ(QE”Z,QLZ( )(X; u, v) is related to the first two lines of (88).

Theorem 4.4 For |\| small enough, there exists a C > 1 and a9 : 0 <9 < 1
such that, for any k- M < k< N,r=1,2 ande =+

122" (k)| < O™ AR R (89)
Proof. Again we use the L; norm of T?™2®*) as upper bound of |T?™2®)|  In

the cases r = 1,2 the proof of (89) is a direct consequence of (64), (65). Indeed,
for r = 2, there is not new loop in the graph expansion of T(Qm (k) wort. the

graph expansion of K! (1 0:2m)(k) for ¢ = 4. Whereas for r = 1 there is only one

loop more, that can be easﬂy bounded: for uw"gw( ) the Fourier transform of
Mw,ew (p)DUEw<p)

TiEW,Ww

T1(2m 2)(k W X, y Z /dzdu u,, X — z)gw(x — u)K(?;O;2"7+2)(k‘)(Z; w, u, y)

Note that the bound for ||u7), ||z, is essentially the same of [[v,, .||z, ; therefore,

L -

Figure 9: Graphical representation of 73 Ew(k)

external fermion field f3.

. The dashed line represents the
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using (64), we obtain the bound
(1;0;2m42)( A (kM) . —9(N—
2||um||L3§:||gw lea ol G 2P < CIA 36407000 (90)

That completes the proof of the theorem. m
We shall now analyze the last kind of kernel left, TD(2£2)(1<;)( k). We further
expand the last line of (88)

dpdq v gyt gyt
M, o (P)Ce(q + P, q = -
/ (2m)4 (p) ( )aAf(i_+p w 377(1.% aanrp,sw

w sw<p)C€w (q + P, q)gsw( )—wq-i-p,aw

B / dpdq . oY) ~
a77k+p wawq Ew

dpd oy gyt
/ (;;}Mw,w(p)@w(q + P, 4)Gew(q+P) Y

q,ew n T—
a Ttpw azbq—i-p,au

v gy
a{b\éﬁaw a{b\(;er,sw

dpd _ R 0
+/ P qu,w(p)Uw(Q+p,q)9w(k+p) (91)

(2 ) a&l—g»p,w

In the terms generated by the first line each of ¢k o Q/Jq ipew and ¢q .., 1S con-

tracted with a different kernel W(©2m®) (if any); therefore this term is bounded

with (29), (30); the small factor can be extracted only if at least one between

aipew and W ., is contracted; otherwise it comes from the IR integration, as in

[5]-
In the terms generated by the second and third line, one between o

q,cw

R qpew and
Yq.ew 18 MOL contracted; anyways in the graphical representation there is a loop

that is not included in the kernels W©2m®  with momentum p. Its explicit

e
~1E

k+p k+p

Figure 10: Graphical representation of possible terms generated by the second
line of (91)

expression is

J B Mot (1 it = p)) — (1)~ 1l — )
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./g\w(k + p)W(O;2m+2)(k) (k + p, kl — b, k) (92)

w,EWww

The addend proportional to (1 — fy(k; — p)) has the constraint that |p|
cyV; then |M(p)| < ey 3N, and the bound is Cy~||g,| 1, ||W @2m+2&)|
Chyy~ Ry =2(k=M)y=(=m)k whereas the addend proportional to (x; y (ki) — 1)
will be contracted on scale | (otherwise is zero), so obtaining the exponentially
small factor, see [5].

Finally, from the fourth line we obtain terms in which 1212 ipw 18 contracted;

~ o~

and also both ¢f, | _, and v
same kernel as ¢y, , ,. We find

>
<

qew are contracted, but one of them is linked to the

~

N
>N /dzdwdw'dudu’ ul (2 — w)SET) (w —u,w — u)g.,(z — W)

ow,w
o 5=k

W(0;2m1)(k) (u/7 X)I/V(();ng+2)(k) (W/, u, K/) (93)

that is bounded by

N
A collallgollza o 0wl D2 11012, W OBy O2mae 2@
j=k

< Cyfmima, (R AR (g

The consequence of the analysis in this section is that, using the argument in [5],
the correlations generated by (82) are vanishing when cutoffs are removed.
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A Proof of the graphical identities

We remind that the derivative in the Grassmann variables ¥*, n* and (* are
taken from the left, while the derivatives in ¢»~, n~ and (~ are taken from the
right. The definition of V) is given by (20). Accordingly, the relation between
V&) and V is

VO, J,0) = In [ APy n(Q) 95050 (95)

and we have the two identities:

o V10 = Inu g (6,0,0)

92 v
+)\Z/dwvww X — W)(‘?wa@n (¢, J,0) . (96)

52 V(k)

s (¥, J,n) = (¥, J,n) (97)

O3t 0N
Moreover the Wick theorem for dP(¢) Gaussian mean values gives

JaPean(Q) GEF(Q) == [du g M(x —w) [dPiyin(Q) ff;fo (98)

this identity is straightforward for F' = exp{> . ¢ 7 + Xk 74 ,(x ) and so is
also for any formal power series with even numbers of fields. Therefore

8€V(k)

ons .,
= e’ +€/du g N (x — ) ——

(¥, J,n) = /deH,N(C) <¢ + Cxw) V(+¢,Jm)
de p(k)

VG

We plug the identity for € = + into (96) and get (23). Also, since g*+1N(0) = 0,
from (99) and (97) we obtain:

(¥, J,m) . (99)

9ev™ eV
57 W) = Vg (@b J.n)
— [ g ) T o ~(6. ) (100)
g a¢+ a — ) 7,'7

that gives (24).
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