Extended scaling relations for planar lattice models
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Abstract

It is widely believed that the critical properties of several planar lattice models,
like the Eight Vertex or the Ashkin-Teller models, are well described by an effec-
tive Quantum Field Theory obtained as formal scaling limit. On the basis of this
assumption several extended scaling relations among their indices were conjectured.
We prove the validity of some of them, among which the ones by Kadanoff, [13], and
by Luther and Peschel, [16].

1 Introduction and main results

Integrable models in statistical mechanics, like the Ising or the Eight vertex (8V) models
in two dimensions, provide conceptual laboratories for the understanding of phase transi-
tions. Integrability is however a rather delicate property requiring very special features,
and it is usually lost in more realistic models.

The principle of universality, phenomenologically quite well verified, says that the
singularities for second order phase transitions should be insensitive to the specific details
of the model, provided that symmetry and some form of locality are retained. From
the theoretical side, a mathematical justification of universality in planar lattice models
is rather complex to provide. Only very recently Pinson and Spencer established, see
[27, 24], a form of universality for the 2D Ising model; they added to the Ising Hamiltonian
a perturbation breaking the integrability and showed that the indices they can compute
were ezxactly the same as the Ising model ones.

While the critical indices of the Ising model are expressed by pure numbers, there are
other lattice models in which some of the critical exponents vary continuously with the
parameters appearing in the Hamiltonian. A celebrated example is provided by the Eight
vertex model, solved by Baxter in [2]; even if it can be mapped in two Ising models coupled
by a quartic interaction, its critical indices are different from the Ising ones.

Several authors, starting from Kadanoff and collaborators [13, 14, 15] and Luther and
Peschel [16] , have argued that many models, like the Askhin-Teller (AT) model and several
others, belongs to the class of universality of the 8V model. The notion of universality
in this case is much more subtle; it does not mean that the indices are the same for all
the models in the same class (on the contrary, the indices depend on all details of the
Hamiltonian), but that there are scaling relations between them, such that all indices can
be expressed in terms of any one of them.



The notion of universality for models with continuously varying indices has been deeply
investigated over the years, see for instance [15, 22, 23, 28]; it has been pointed out that
such models are well described in the scaling limit by an effective Quantum Field Theory,
and on the basis of this assumption several extended scaling relations between their indices
were derived. While the assumption of continuum scaling limit description of planar lattice
models is very powerful, it is well known that a mathematical justification of it is very
difficult, see e.g. [26].

The aim of this paper is to provide a mathematical proof of some of the exact scaling
relations derived in the literature for planar lattice models. We will focus mainly on the
8V and AT models, but, as we will explain after the main theorem below, our result can
be extend to several other models.

We start from the well known (see [3]) Ising formulation of the 8V and the AT models.
Let A be a square subset of 7 of side L; if x = (zg,2z) € A and ey = (1,0), e; = (0,1),
we consider two independent configurations of spins, {ox = +1}xea and {0l = £1}xea
and the Hamiltonian

H(o,0')=Hj(o)+ Hy(0') — J4V(0,0"), (1)

where J > 0 and J’ > 0 are two parameters, H; is the (ferromagnetic) Ising Hamiltonian
in the lattice A,

HJ(O’) =-J Z Z Ox0x+e; » (2)

j=0,1x€EA

V is the quartic interaction and —.J; is the coupling. In the the AT model, J and J’ can
be different (that case is called anisotropic) and V = Vr, with

Var(o,0') = Z Z OxOxte;OxOxte; - (3)

j=0,1xeA

In the 8V model J = J’ and V = Vv, with

no_ / /
Vav (Uv o ) - E E Ox+j(eo+e1)Tx+eg Ux+j(e0+e1)ax+91 : (4)
j=0,1xeA

In this paper we will focus our attention on two observables,

8V AT

Figure 1: : The quartic interaction in the 8V and in the AT case. The gray and the black
square are the same square of the lattice.

€ ! !
O3 = E OxOx+e; T € E OxOxte; » €=, (5)
j=0,1 §=0,1

and their truncated correlations in the thermodynamic limit

G*(x—y) = lim (O307)) = (O)7(Oy)n » =%, (6)

A—oo



where (- ), is the average over all configurations of the spins with statistical weight
e~ PH(@") 1n the AT model, (OF) is called the energy, while (O ) is called the crossover;
in the 8V model is the opposite, see e.g. [22].

Despite their similarity, an exact solution exists for the 8V model but not for the
AT model. In recent times the methods of constructive fermionic Renormalization (see
e.g. [21] for an updated introduction) has been applied to such models, using the well
known representation of such correlations in terms of Grassmann integrals, see e.g. [25].
It was proved in [17, 18] that both the 8V and the isotropic AT systems have a nonzero
critical temperature, T,., such that, if T # T,, G*(x —y) decays faster than any power of
&|x —y|, with

E~NCIT—T|" as T — T, . (7)
Moreover, at criticality, there are two constants C,, e = +, such that
G~ y) ~ o s x —y] oo (8)
[x — y[**

where x4 are critical indices expressed by convergent series in Jy. The analysis in [18]
allows to compute the indices a, x4+ with arbitrary precision (by an explicit computation
of the lowest orders and a rigorous bound on the rest); the complexity of such expan-
sions makes however essentially impossible to see directly from them the extended scaling
relations.

In the case of the anisotropic AT model, it was proven in [11] that there are two critical
temperatures, 17 . and T5 ., and the corresponding critical indices are the same as those
of the Ising model. However as J — J" — 0:

T1c = Tape| ~ |J = J'|"" (9)

with a transition index, x7, different form 1 if J; #£ 0.
In this paper we will prove the following Theorem.

Theorem 1.1 If the coupling is small enough, the critical indices of the 8V or AT verify

1
T =—, (10)

Tt

1
= ; 11
@ 2 — T4 ’ ( )
and, in the case of the anisotropic AT model,
2 — T4

=" 12
o = 5 (12)

Moreover, if —J*T and —J$V denote the coupling in the two models, there exists a choice
of J{T as function of J§V such that the above critical indices coincide.

Remarks

1. Equation (10) is the extended scaling law first conjectured by Kadanoff for the AT
and 8V models, mainly on the basis of numerical evidence (see eq.(13b) and (15b)
of [13]). The scaling relation (12) was never conjectured before. Note that all the
critical indices we consider can be expressed as simple functions of one of them, in
agreement with the general belief.



2. A similar theorem can be proved for a number of other models in the same class of
universality. An example is provided by the XY Z model, describing the nearest-
neighbor interaction of quantum spins on a chain with couplings Jq, J2, J5. In [7],
by a rigorous Renormalization Group analysis valid for small values of J3, it was
possible to write two critical indices as a convergent series in J3; there were the
index 1+ 1, appearing in the oscillating part of the spin-spin correlation along the
z direction (see (1.20) of [7]), and 1+ 72, the index appearing in the decay rate (see
(1.19) of [7]). In such a case the analogue of the second of (1.10) can be written as

1

b=
T )

(13)
The above relation for the XY Z indices has been conjectured by Luther and Peschel
in [16] (see eq.(16) and table I of that paper).

3. Our results could be easily extended to any Hamiltonian of the form (1), if the
quartic interactions verifies some symmetry conditions, listed in App. O of [18].

4. Several other relations are conjectured in the literature, concerning critical indices
which are much more difficult to study with our methods, like the indices of the
polarization correlations. New ideas seems to be required to treat such cases.

The paper is organized in the following way. In §2 we summarize the analysis given in
[18,19], in which the correlations of the AT or 8V models are written in terms of Grass-
mann integrals and are analyzed using constructive Renormalization Group methods. The
outcome of such analysis is that the critical indices =4, z_, a and zp can be written, in
the small coupling region, as model independent convergent series of a single parameter,
A_oo, the asymptotic limit of the effective coupling on large scale. Note that A_ is in
turn a convergent series (that does depend on all the details of the lattice model) of the
coupling J4. Such expansions allow in principle to compute the indices with arbitrary pre-
cision, but this is not needed to prove (11) and (12), which simply follow from dimensional
arguments. On the contrary, dimensional arguments are not sufficient to prove (10); and
it is apparently impossible to check it directly in terms of the series representing x4 and
x_, as functions of A_ .

In §3 we show that such indices are equal to the indices of the Quantum Field Theory
coinciding with the formal scaling limit of the spin models, provided the bare parameters
of such a theory are chosen properly as suitable functions of the parameters of the 8V
or AT models; such functions are expressed in terms of convergent expansions depending
on all details of the spin models. On the other hand, the QFT verifies extra quantum
symmetries with respect to the original spin Hamiltonian (1), implying a set of Ward
Identities and closed equations allowing to get simple exact expressions for the critical
indices in terms of the coupling of the QFT; (10) follows from such expressions.

2 RG analysis of spin models

2.1 Fermionic representation of the partition function

We begin with considering the partition function of the Ising model with a quadratic
interaction, external sources A; «, and periodic conditions at the boundary of A:

Z(1) = exp { 3 Ij7xaxax+ej} (14)

j=0,1
xEA



where I; x = Aj x + B3J. The purpose of adding the external source is twofold: by taking

derivatives w.r.t. A, either we can write the partition function for (1) in terms of two non-

interacting Ising models, or we can generate the correlations of the quadratic observables.
Indeed, since oy, 0l = £1,

exp (aaxaerej J;,a;”rej,) = cosh(a) + 0x0xte; J;,U;,Jrej, sinh(a) ,
so that the partition function of the two models with external fields is given by:

Z(Ja, I, T') = [cosh(8.J4)]"M -

32
. I I 1+ tanh(ﬁJ4)7~ —
7=0,1 8Aj7xA;‘,x
xEA

Z(Nz(I') (15)

where I} . = A’ + J'; and, in the AT case, ijx = A x and /ngx = Al
8V case, AO,x = AO,X7 Aé),x = A/l,x’ Al,x = Al,erem A/l,x = A/O,x+el'

For Z(I), the partition function of the Ising model with periodic boundary condition,
a fermionic representation is known since a long time, see [25].

The result is the following. Let v = (g9,€1), with g9,61 = + and let {Hy, Hy, Vi,

Vi }xea be a family of Grassmann variables verifying the y-boundary conditions, namely

while, in the

Hx+(L,0) = €0Hx ) Hx-l—(O,L) = e1Hy )
Hyyo=¢oHx , Hxyo,r)=¢1Hx, (16)

and similar relations for V, V' (we are skipping the « dependence in H’s and V’s). Then
we consider the Grassmann functional integral

Z, = [ dHdV 5O | 17
Y

where the action S(t) is the following function of the parameters ¢ = {t; x} xea and of
j=0,1

the Grassmann variables with y—boundary condition:

S(t) = Z {to,xﬁxHxﬁ-eo + tl,xVxVx-i-el} + (18)
xEA

+ 37 [HcHic + ViVie + Viell + VicHic + ViHi + Hic V|

xEA

Choosing t;x = tanhl;x, and for ¢;x = coshl«, the partition function (14) can be
written in the following way:

2(1) = (~)22M ([ e | S (_;)67 Z, (19)

Jx vy

where 6, =1 for v = (+,+), and J, = 0 otherwise.

By (15), Z(J4,I,1’) can be written by doubling the above representation and explicitly
taking the derivatives w.r.t. gj,x and g;x After some trivial algebra, we get the following
result.

Let us call #; 5, ¢jx the expressions obtained from ; x, ¢jx by substituting A; . with

7 ~1
tixr Cixe

Aj x; in a similar way we define Let us now define:

fj,x =1+ tanh(5J4)?j,xg§',x )



Gin = P x tanh(8Jy) g = t tanh(8Jy)
»x (EJ,X)Q fj,x ’ ¥ (Ez‘,x)z fj,x 7
1 tanh(6Jy) ,

@2 Gx? i i

Then we can write the partition function of the interacting models as

hjx = (20)

Z(Ji, 1,1') = 4™ [eosh(BJ)]"M | T Fixcixc)
7,x
(_1)(%-‘,—57/

2o ), ()

’

Y

where Z, /(Jy) is the Grassmannian functional integral
Zoi(J1) = / dHAV AH'dV" ST+ T+g)+vR) (22)

with boundary conditions v = (gg,e1) and 7' = (g(,¢}) on the variables H, V and H’,
V', respectively. Moreover S(t) and S'(t) have a definition which depends on the model.
S(t) is equal to S(¢) in the AT model, while, in the 8V model, it is the function which is
obtained from S(t), by substituting, in the first line of (18), Vi Vi e, With Vi e, Viteote: -
§'(t)7 in the AT case, is obtained from S(t), by simply replacing H,V with H’, V', while,
in the 8V case, we also have to substitute H.H. with VIV/!. . and VIV., . with

Xx-+eo x+e; x+e;

Hl (o Hl\o o, Finally, V(h) is a quartic interaction that, in the AT case, is given by
Var(h) = Z [hox Hx Hx+ oo Hi H o) + 71 xVVrer ViV o, ] s (23)
xeEA

while, in the 8V case, is given by

Vav (h) = Z [hO,xHxHxﬁ-eoV V:é+e1 + hl,xVx+eon+eo+e1H>/c+e1H>/c+e1+eo] : (24)
x€EA

We remark that
9j,x; g;',xv X = = O(BJ4) . (25)

2.2 Fermionic representation of the correlations

The truncated correlations of the quadratic observables are obtained by taking two deriva-
tives of In Z(Jy, I, I') w.r.t. the external sources in two different points, and putting such
external sources to zero. The addends 2|A|In[2 cosh(8Js)] and >,  (In fjx+Incjx+lnc),)
do not contribute when we take two derivatives in the A variables of two different points.
Moreover, it has been proved in [18] that all and 16 partition functions Z, ., have the
same thermodynamic limit; hence, from now on we will substitute them with the same

one, that with v = 7' = (—, —). If we define 95, = 0/0A; x +£0/0A] ,, we get:
9?InZ(A)
Os Os — ¢ = — 26
A Z 1,X ] y 814?(814; B ( )
A=0 A=0
where
Z(A) = / dHAVdH'dV' S()T8(N+22VHB(A) (27)



s, s’ and h are j,x—independent parameters, defined as
5= tjx + gjx| a=o = tanh(BJ) + O(5.Jy)
s’ = t;x + g;}x|Azo = tanh(3J") + O(8J4)
2X = hjx|azg = O(BJ4) ; (28)

B(A) is an interaction with external sources AZ, given, in the AT case, by

B(A) = Z Ai [qé‘ (E[xHx-l—eo + VXVX+91) + q; (H;H)Icheg + Vév)éJrel)} +
xEA
e==+

+ Z Aipﬁ (HXHX+90 H;H;H—eo + vax“rel V;év;é-i-el) ’ (29)

xEA
e=+

while, in the 8V case, it is given by

B(A) = Z Ai [QE (HxHereo + Vereg Vx+eg+e1) +

xEN,e=+
+q;: (E[;(+e1 H}/<+e1+eo + VDZV>£+91)] + (30)
+ Afcps (HxHereoV:éV:éJrel + VereoVx+eo+e1H>/c+e1H>/c+e1+eo) 5
=+

xEA
&

finally, ¢, ¢, and p. are given by the j, x—independent parameters

Z L""‘EL (ftvix""gix)
DA, ' CoAr | eI

7 s

B Ohix  Ohjx
pe = ) <a,4j7x * 68A97x>

qe ) QQZ{EQ—WNI’Q/L

A=0

(31)

2

A=0

Note that g. = 1 —tanh(8J) + O(8J4), ¢. = €[l — tanh(8J")] + O(8J4) and p. = O(BJ4).

2.3 Dirac and Majorana fermions

In order to make more evident the analogy of the above functional integral with the action
of a fermionic (Euclidean) Quantum Field Model, it is convenient to make a change of
variables in the Grassmann algebra. This change of variables is the analogous in the
euclidean theories of the transformation from Dirac fermions to Majorana fermions in
real time QFT.

The new Grassmannian variables will be denoted by 1, 1, xx and Yx and are related
to the old ones by the equations:

Hx—l-in:el% (’l/)x—xx) 5 Vx“l‘ivx:wx_'—xxv
E’x —iHy = ei% ('ij - )Zx) ’ Vx — iV = &x + Xx - (32)
A similar transformation is done for the primed variables. After a straightforward com-

putation, we see that the action (18), calculated at t; x = s, Vj, x, can be written in terms
of the Majorana fields as

S(s) = Ay, ms) + Alx, M) + Q¢ x) (33)



where mgs =1 — 2+ s, My =1+ /2 + s and, if we define 9hx = Vxte, — Ux,

AWem) = 337 [x (0" = 0") i+ cc] —im Y bt +

xEA xEA

3 e (0 =iy ee] (34

x€EA

QW)= = 337 [ (0" +i0") o+ {¥ o x} o] -
xEA
> [)Zx (=i0° +i0") x + {w - x} + C.c.} : (35)

xEA

s
4

where, in agreement with (32), we are calling complex conjugation (c.c.) the operation on
the Grassmann algebra which amounts to exchange ¥y with ¥y, xx with ¥x and i with
—i.

The quartic interaction of the AT model becomes:

VAT ==\ Z Mxlﬁx@cw; + /‘waxj(;cxgc + {’(/1 — X}] — (36)
xeEA
—A Z [XX¢XX;¢; + )wax/lz;cx; + {’(/1 — XH + irr. s
xEA

where the irrelevant part (irr.) is made of quartic terms with at least one (discrete)
derivative; we will discuss later on why these term are less important. In the case of the
8V model, the second square bracket has +\ in front, rather than —\.

If we set b. = (g +€qL)/2 and d. = (¢ — €q.)/2, the interaction with the external
field is given by

B(A) =—1 Z bEAi ["wax + E@;w; + XxXx + EX;(X;J -

xfi
— Z deAi [’ijwx - E’JJ;Q/J;( + XxXx — E)Z;X;] + irr.,
x€EA
e=%

where the irrelevant terms are, in this case, either quartic in the fields or quadratic with
derivatives. We remark that, if J = J’, then d. = 0, while b, = 1 — tanh(8J) + O(8Jy).
We now make another change of variables, defined by the relations
ol Iy mial!
)gc+ — wx 5“/’;( , )Ec = wX 5“/’;( , c = :t , (37)
’ V2 ’ V2

and the similar ones for the y-variables. If we put u = (s +$')/2, v = (s — §’)/2 and
me = (ms +emg)/2, we get

A, my) + AW my) = (38)
= Y G (00 —i0") v v (97— 0" v+ e +

xEA
7 [Vs (00 +30") 4+ (107 +30") U +c.c] +

+% (W54 (8% —i0") Ul 4 + 54 (8 — 10" ) Wi 4 +cc] +

+% [ o (10° +i0") v _ +of, (i0° +i0") v _ +cc] —
—imy [ sy =ikt ] Fime [V g okl T}



where now the c.c. operation amounts to exchange 5 , with ¢, ¢ , and i with —i.
The interaction with the external source is

B(A) =iy (by Af +d_ AWl e — i v + (39)
xEA
X X — XX Y (- Ag +d AL -
xEA

0 U e XX+ X Xae, ] TT

Finally the quartic self interaction is given by

V(b x) = AD [ v v s XX XX
xeEA
+v(¢, x) + irrel. terms , (40)

where v(1, x) is a quartic interaction depending both on ¥ and x, which has a different
expression in the AT and 8V models, as well as the irrelevant terms.

2.4 Multiscale integration

Let D be the set of k’s such that kg = 2Z(ng + 3) and k1 = 2%(ny + 1), for ng,ny =
—%, ey % —1, and L and even integer. Then, the Fourier transform for the fermions with
antiperiodic boundary condition is defined by
dif 1 iekx T
i,w - m Z e’ wlsc,w . (41)
keD
Therefore (38) can be written as
/ o u +
ALy ms) + AW, ma) = 5757 > PSR (42)
keD
where
(I)k = (1/}1;+51/}1;_51/}fk)+51/}fk)—) 3
(I)I = ("/JltJru "/11—:77 w:kﬂr’ w:k,,) , (43)
and , if we define
Dy(k) = —isinko+wsink; ,
1—+2
p(k) = (coskg+cosky —2)+ 2# , (44)
ok) = E(cos ko + cosk; —2) + 27 ,
U u

D_(k) iuk) ED-(k) io(k)



From now until the end of the section we will only consider the case J = J’; some
details about the anisotropic AT model are deferred to the appendix.
Hence we have v = 0 and o(k) = 0, so that we get the much simpler equation

A, ms) + AW, my) = SN e Towr (K) (46)
|A| keD w,w’
with
isin ko + sin ky —iu(k)
Tk)=u . (47)
ip(k) isinky — sin ky

In the same way and with similar definitions, we get also

AQ M) + A M) = 0 50 3 T e TR ) (48)

keD w,w’

where TX(k) is the matrix obtained from T'(k) by substituting p(k) with

1 2
X (k) = (cos ko + cosk; —2) + 2# . (49)

Hence, we can write the functional integral (27) as

_ 1 _
Z(A) = v /P(dw)Px(dX) eLW.x)+V(¥,x)+B(A) , (50)
where N is a normalization constant and P(dy) is the (Grassmannian) Gaussian measure

with propagator
1 —tkxp—
X) = = 3 e T ), (51)
keD

P, (dx) is the Gaussian measure with propagator g, (x), which is obtained from g(x)
by replacing T'(k) with TX(k), Q(v,x) is the sum of the quadratic terms Q(v, x) and
Q', x'), represented in terms of the new variables; B(A) and V (¢, x) are defined in (39)
and (40).

If J > 0 and Jy is any real number, u is a strictly increasing function of tanh(/3.J)
and has range (0,1), as one can check by using the definition of s, see (28). On the
other hand, detT'(k) = 0 only if k = 0 and u(k) = 0; hence, g(x) has a singularity at
u = ue = /2 — 1, which is an allowed value; moreover, if 3|.J4| < 1 (as we shall suppose
in the following), u = tanh(5.J) + O(8J4). Since we expect that the interaction will move
th1s smgularlty7 it is convenient to modify the interaction by adding a finite counterterm
vz Dk wz/Jk wwk __,» which is compensated by replacing, in the matrix T'(k), pu(k) with

*

pr(k) = (cosko +cosky —2)+2(1— =) | w*=v2—-1-v. (52)
u

Let us call T (k) the new matrix and P;(dv) the corresponding measure; we get

Z(A) = /\i/l /p1 (d) Py (dy) eV P @0+B(A) (53)
where
VO (4, x —w—wakwwk Lo TV,X) (54)
w,k

10



and v has to be determined so that the interacting propagator has an infrared singularity
at u = u*; the critical temperature is uniquely determined by the value of u*.

Let us now remark that det TX(k) is strictly positive for any k, as one can easily see
by using the fact that u € (0, 1). On the other hand, it is easy to see that

( X) = |A| Z Z wk,wj(\l:,w’ + X\Iﬁwq/b\;yw/]Qw,w’(k) s (55)

keD w,w’

where Q(k) is a matrix which vanishes at k = 0. Hence, if we define
t=etQTt L T =Ty, (56)

the change of variables y* — y* + ¢+, Y~ — y~ + 1, allows us to rewrite (53) in the
form

_ 1 L e
200) = ¢ [Py (@)P ) & DB (57)

where B(A) is the functional obtained from B(A) by replacing y with y—1 and Pz, . (dY)
is the Gaussian measure with propagator

X) = 30 e RTO) (k), (58)

keD

where T (k) = T'(k) — Q)T 'Q(k). In order to agree with the conventions about
fermion models we used in our previous papers, we make also the trivial change of variables

U = —iwdt g, = s k=(kok) . k=(kiko).  (59)
Hence, by an explicit calculation of (k) and using the identity u*/u =1 — u1(0)/2, one
can see that 7™ (k) is the matrix

Z1(—isinkg + sinky) + p4 4+ (k) —p1 — pg,— (k)
Ci(k) ( i — gy (k) Zi(—isinko —sink) + (k) ) (60

with C1(k) =1, g1 = 2u*u1(0)/(2 — 11(0)) and Z; = u*; moreover py 4 (k) = —p— _(k)*
is an odd function of k of the form p4 4 (k) = 2u* 1 (0)(—isinko +sinky)/(4 — 2p1(0)) +
O(|k[?), while p4 (k) is a real even function, of order |k|?, which vanishes only at k = 0.
Finally, det 7™M (k) > C(2 — cosko — cosk), so that Py, ,,(di) has the same type of
infrared singularity as P;(dv)).

The fact that det T} (k) is strictly positive implies that g, (x) is an exponential decaying
function; hence, we can safely perform the integration over the field x in (57). The result
can be written in the following form (see Lemma 1 of [18])

_(A) =¢ S(A) _ /PZLMl (dw)eL%\/(l)-ﬂj(l)(¢)+B(1)(A) , (61)

where N’V is a constant and the effective potential l_)(l)(w) can be represented as

VO =35 3" Woaeon (Xt Xen)0¥ 05 o 000530 L, o (62)

n>1o,w,e X1,..,Xn

The kernels W, o2, in the previous expansions are analytic functions of A and v near
the origin; if we suppose that v = O(\), their Fourier transforms satisfy, for any n > 1,
the bounds, see [18]

[Wawean(Ki, . Kon 1)] < L2C™ A" . (63)
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A similar representation can be written for the functional of the external field B™)(A).

As explained in detail in [18], the symmetries of the two models we are considering
imply that, in the r.h.s. of (62), there are no local terms quadratic in the field, which are
relevant or marginal, except those which are already present in the free measure and are all
marginal. It follows that the integration in (61) can be done by iteratively integrating the
fields with decreasing momentum scale and by moving to the free measure all the marginal
terms quadratic in the field. We introduce a scaling parameter v = 2, a decomposition
of the unity 1 = f; + 22:700 fn(k), with f;(k) a function with support {y"~'7/4 <
|k| < 4"*17/4}, and the corresponding decomposition of the field ¢ = E;:_OO ) If
the fields 9, .., "+ are integrated, we get

eSA) = 5™ (A) /pZWh (dyp(EM) eV (VZ =)+ BN (Vi< A) (64)

where 1(=h) = Z?:_OO ¥ and Pz, 1, (d) is the Gaussian measure with the propagator
obtained from (58) by replacing in (60) C;(k) with Cj (k) = [ZZ__OO fnk)] L, w1 with
Wn, Z1 with Zj, and the functions pe, . (k) with similar functions u( ) ,(k) (which turn out

o, o’
to be neghglble for h — —o0, as a consequence of the following analysw) The effective

interaction V) (1)) can be written as
VW) =" D + MEY + RO@) = v () + RO (@), (65)

where v, and )y, are suitable real numbers,

FM = LQZZAS: L (66)

<h) (Sh)+ 7(<h)+ N(<h)— 7(<h)—
i - L8 Z 1/)k1+) USRI ok — e + ks — k)

.....

and R (1)) is expressed by a sum over monomials similar to (62), with 2n+a;+..+az, > 4
; the kernels are bounded if supys,(|Ax| + [vk|) is small enough. According to power
counting, F, is relevant, Fy is marginal while all terms in R" are irrelevant. Moreover

BW(\/ZpSW, A) = 3" 79 A20EMe + RV (y(=M A) = (67)

€,X

B (\/Zpp <P, A) + R (=M 4)

where
OFEMT = S g™ g Sy (68)
OEM™ = afE T T,

and Rgh)(w(gh),fl) is a sum of irrelevant terms. Note that many other possible local
marginal or relevant terms could be generated in the RG integration, which are however
absent due to the symmetry of the problem, as proved in [18], App.F (see also [11], §A2.2).
The above integration procedure is done till the scale h* defined as the maximal j such
that 79 < |u |, and the integration of the fields ¢("") can be done in a single step.
Roughly speaking, h* defines the momentum scale of the mass.

The propagator of the field /(") can be written, for h < 0, as

I =M (x,y) = o5 (x,y) + 1 (x,y) | (69)
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where

<h 1 —ik(x— 1 _

" e y) = 15 3 e T (k) (70)
keD h
_ —iko + k1 —[4h
Ty (k) = Ca (k) < AR (71)
and, for any positive integer M,
20
=M (x,y)| < Cu (72)

L4+ (YMx —y|M)

The propagator g(Th)(x,y) verifies a similar bound with 7" replacing v2*. A similar de-

composition can be done for ¢ (x,y).
The effective couplings A; (which, by construction, are the same in the massless =0
or in the massive u # 0 case, see [11]), satisfy a recursive equation of the form

A1 =N+ 89 (O, 20) + BY (A, w55 Ao, v0) (73)

where ﬂg\j ), ng ) are p-independent and expressed by a convergent expansion in Aj, vj.., Ao, Vo;

moreover ng ) vanishing if at least one of the vy, is zero. From the decomposition (69), the

smaller bound on propagators r and because of a special feature of the propagator gr, the
following property, called vanishing of the Beta function, was proved in Theorem 2 of [9]
for suitable positive constants C' and ¢ < 1:

1B (Mg ooos A < CIN P (74)

Moreover, it is possible to prove that, for a suitable choice of v1 = O()), v; = O(y%\;), if

Aj = supy>; | Ak, and this implies, by the short memory property ( see for instance A4.6

of [11]), 7§\j) = O(y%)3) so that the sequence \; converges, as j — —o0, to a smooth
function A_o(A) = A + O(A?), such that
Ay = Ao] < AP (75)
Moreover
Zj-1 () 300 .
T :1+ﬂz ()\ja"'a/\0)+6z ()\j,Vj,..,A(),V()) , (76)
J
with ng) vanishing if at least one of the v is zero so that, by v; = O(y%/);) and the
short memory property, 3 = O(X\jv%9). Finally

BN s M0) = Be(A_oos ooy Aoo) + O (77)

where the last identity follows from (75) and the short memory property. An important
point is that the function 8, (A_o, ..., A—oo) is model independent. Similar equations hold

for Z,(Ii), Wr, with leading terms again model independent.
By an explicit computation and (77) there exist 74 (A—o0) = 1A —0c+O(A2 ), - (A —no) =
—C1 Ao+ ON2 L), Nu(A—oo) = iAo FO(AN2 ) and 1, (A_oo) = 202  +O(A2 ), with
c1 and ¢y strictly positive, such that, for any j <0,
[log(Zj-1/Z;) = 1:(A—c0)| < ON*4"7, (78)
[log,, (1j-1/117) = u(A-c0)| < AW,

)
[1og,(Z%)/2)) = ne(A-o)] < X2y
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The critical indices are functions of A_,, only, as it is clear from (77); moreover from
(6.28) ad (5.4) of [18],

xe=1—-nr+mn. , nu=nr—n=1—x4. (79)

When the limit ;1 — 0 is taken (after the limit L — oo, so that all the Z, , have the same
limit), the multiscale integration procedure implies the power law decay of the correlations
given by (8).

If 4 # 0 (that is, if the temperature is not the critical one), the correlations decay
faster than any power with rate proportional to pp«, where, if [z] denotes the largest
integer < x, h* is given by

lo
B { 8y Iul] 7 (80)
1+mn,
so that 1
=y (81)

3 Equivalence with an effective QFT
3.1 The effective QFT

We introduce a QFT model, which has a large distance behavior of the same type as that
of the formal scaling limit of the spin models with Hamiltonian (1.1). As a general fact,
the relations between the critical indices and the coupling depend on the regularization
procedure used to define the QFT model; the kind of regularization that we are going
to use allows us to get expressions for the critical indices, simple enough to prove the
extended scaling relations.

The QFT model is defined as the limit N — oo, followed by the limit —I — oo,
to be called the removed cutoff limit, of a model with an infrared 4* and an ultraviolet
~N momentum cut-off, —I, N > 0. This model is expressed in terms of the following
Grassmann integral

S / Pl e {V(N)(w[l’m) +2 / dx AL Oz s+ (82)
g
+ 3 [ax et o g+ ol H} ,

where x € A, a square subset of R?, Of and O are defined in (68) and P(dy!“M) is

a Gaussian measure with propagator gg,l!N] (x,y) given by (70) with up = p, Zp, = 1 and

O, ! (k) replaced by C’lfj\l,(k) = Z]kvzl fr(k). The interaction is
Aoo _
V(N)(U’) = T Z/dx/dyv;((x—y) :cr,w ;'r,fuﬂ/}x,w y,—w (83)
where K < N and vk (x —y) is given by

1 — ip(x—
vk (x=¥) = 73 > xo(y " p)ePEY) (84)
P

Xo(p) being a smooth function with support in {|p| < 2} and equal to 1 for {|p| < 1}.
The correlation functions are found by making suitable derivatives with respect to the
external fields Ay, Jx, ¢x and setting them equal to zero.
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Note that limg_,oo vx(x —y) = 6(x —y), so that the model becomes the Thirring
model in the limit K — oo (taken after the limit N — oo), if one also introduces an
ultraviolet renormalization of the field, A, and u. However, in the following we shall take
K fixed, for example K = 0, so that no ultraviolet regularization is needed.

We shall study the functional Wy (A, J, ¢) by performing a multiscale integration of
(82); we have to distinguish two different regimes: the first regime, called wltraviolet,
contains the scales h € [K + 1, N], while the second one contains the scales h < K, and is
called infrared.

3.2 The ultraviolet integration

We shall briefly describe how to control the integration of the ultraviolet scales, without
encountering any divergence We shall assume that the reader is familiar with the tree
expansion, as described, for example, in [7], and we only sketch the proofs, omitting many
details. Moreover, for simplicity, we shall only consider the case A = ¢ = 0 and p = 0,
but the result is valid for the full problem; for more details in a similar case, see [19, 20].

If the fields V), N=1 4+ are integrated, we get an expression like (64) in
[1.h ], and V" is sum of
., variables and n Jz]'-,wj’-

external fields, j = 1,...,n, multiplied by suitable kernels Wi’,z i2m) (k) (z;x,y). These

kernels are represented as power expansions in A and v, with coefficients which are finite
sums of products of delta functions (of the difference between couples of space variables)
times smooth functions of the variables which remains after the constraints implied by the
the delta functions are taken into account. With an abuse of notation, we shall denote

which the fermionic integration is P(dyl"") with propagator g;-

integrated monomials in m 1/1x w; variables, i =1,....,m, m ¢y,

by [ dzdxdy ‘W“(}Zﬁm)(k) (z; x, X)‘ the expansion which is obtained by summing, for each

coefficient, the L' norm of these smooth functions. We introduce the following norm

n;2m € 1 T2
IWEE N & [ dadsiy [Wi2 0 @xy)| (52

Theorem 3.1 If A\ is small enough, there exist two constants C1 > 1 and Cs, such that,
if K < h <N, the relevant or marginal contributions to the effective potential satisfy the
bounds:

HW(O;Q)(’”II < C1 ooy y 25D (86)
W2 535, | < ColAaoly™ =5, (87)
W)™ — X evda0u,—o || < 02|Aoo|2v-<h-f<>, (88)

where d2(z;X,y) = 5(z—x)5(z—y) and v04(X1,X2,y1,y2) = 0(x1 —¥1)vK (X1 —X2)d(x2 —
Y2)-

Proof. The proof is by induction: we assume that the bounds (86)-(88) hold for h :
k+1<h <N (for h = N they are true with C; = C5 = 0) and we prove them for h = k.
The starting point is the following remark. Suppose that we build the tree expansion,
by defining the localization operation so that it acts as the identity on the relevant or
marginal terms, that is WUSOQ)(h), VVQ()1 i)(h) and Wugof/)(h) while it annihilates, as always,
all the other contributions to the effective potentlal Then, it is easy to see that the
inductive assumption implies the following “dimensional” bound, for A, small enough:
” o n;2m k)” < Cn-’_d"‘m|Cl)\oo|d"’m’yk(2_n_m) , (89)

W
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where d, ., = max{m — 1,0}, if n > 0, and d,, ,, = max{m — 1,1}, if n = 0, and C
is a suitable constant larger, at least, of 7. In fact, the localization procedure and the
bounds (86)-(88) imply that all the tree vertices have positive dimension and there are
three types of endpoints, associated to WQ(JO;Q)(M, Wu(}fi)(h), WLEO:I,)(}L), which contribute
(up to dimensional factors and for As small enough) a factor Ci|Aso|, 1 + CalAse| < C
and [Aso|[l + C2|Aso]] < Ci|Aso], Tespectively. Note that the condition C' > + comes
from the bound of the trivial tree (that with only one endpoint) contributing to the tree
expansion of WUSOQWC).

We need to improve the bound (89) when 2 —n —m > 0. We can write, by using the
properties of the fermionic truncated expectations and the fact that, by the oddness of

the free propagator, Wwiko (k) =0,
W (x,y) = (90)
= Ao /dwdw' vk (x — w)glFt N (x — wH W EDE) (e &/ 3y |

—w;w

which can be bounded, by using (89), as

A W, — -« -
X y I o y

Figure 2: : Graphical representation of (90)

g

N
. 1;2)(k i
IWEDE < gl o= WD ST 1199 <
Jj=k+1

C _ _ _
_;,nZKCI/\ooIv F <Oyt PR (91)

<
-1

where, for example, C; = max{2, 17‘2—,;,10}; hence (86) is proved. Note that the condition

Cy > 2 is introduced only because C is the same constant appearing in (89).

Figure 3: : Graphical representation of Wﬁfi)(k) (z;x,y)
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Let us now consider Wi};i)(k) (z;x,y) and note that it can be decomposed as the sum
of the five terms in Fig.3, The term denoted by (a) in Fig.3 can be bounded as

WGP < ool oo [WEDE) §j 19911 < CC1Aoo|y =21 . (92)

(a); W', —w;w
Jj=k+1
The bounds for the graphs (¢) and (d) are an easy consequence of the the bound for
wlo2)k)
In order to obtain an improved bound also for the graph (b) of Fig. 3, we need to

further expand Wﬁf/)(k) as done in Fig 4, if we suppose that the arrows in the fermion
lines of graph (b2) can be reversed.

Figure 4: : Graphical representation of graph (b) in Fig.3

The bound for the graph (b2) can be done by using the previous arguments. We can
write

W((blgi(,]_ci(z; x,y) =\ 6(x—y) /dwdu’dz' v (x — w)vg(u' —7) -

/dudw LN (3 — ) gl LN (! — ) g+ LN (! Y -

W D% (z,2z';w' u) . (93)

LUU.) —w

In order to get the right bound, it is convenient to decompose the three propagators g,
into scales and then bound by the L* norm the propagator of lowest scale, while the two
others are used to control the integration over the inner space variables through their L!
norm. Hence we get:

12 k 2;2 k
W Il < oo Pllurcllos okl WD) - (94)
31> 1D gz llgl L < CslAse[?y ™25 (95)

k1<t <j<i<N

for some constant Cs.
The bound of (b1) and (b3) requires a new argument, based on a cancelation following
from the particular form of the free propagator. Let us consider, for instance, (b1):

Wit (z:x,y) =
2
= Aoolu/—wd (X —y) /dw v (X — W) [g[kjl ] (w— Z):| . (96)

On the other hand, since the cutoff function Cj, n (k) is symmetric in the exchange between

ko and kq, it is easy to see that g[ ’ ](azo,:zzl) = —zng’ ]( x1, —Zp); hence

/du [ (h+1.N] )}2=0. (97)
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It follows, by using (97) and the identity

1

vg(x —w) =vg(x—2z)+ Z (z; —wj)/OdT (D) (x—z+7(z—W)), (98)

7=0,1

that we can write

W™ (2%, ¥) = Asobur —wb(x —y) - (99)
! 2
: Z / dr /dw (Ojvk)(x —z+7(2 — W)) (25 — w;) [g[f:)rl’N] (w— z)] .
j=0,170
Hence,
N i
1;2)(k i
”W((bl)i(’;iH < 4| ZZ [P /dx |(0jvi ) (x)] - (100)
i=k j=k
[aw lusllg L)l < Cabrchy 0 (o)

By summing all the bounds, we see that there is a constant Cs such that
W2 — 6, wrbal| < Cal Aoy~ *5 (102)

which proves (87). The bound (88) for W (%) follows from similar arguments.

3.3 Equivalence of the spin and the QFT models

As a consequence of the integration of the ultraviolet scales discussed in the previous
section, we can write the removed cutoffs limit of (82), with ¢ = J = 0 and with the
choice K =0, as

Jim i [ Py 7, (@g(S0)eV V@B WE ) (103)

where the propagator of the integration measure in (103) coincides with g(TSO) (x,y), de-

fined in (70), £LV© = X\F\” and £B© is defined as in (67); from the analysis of the

previous section it follows that \g is a smooth function of Ao, such that A\g = Moo +O(A2).
The multiscale integration for the negative scales can be done exactly as described in

§2.4, with the only difference that, by the oddness of the free propagator, v; = 0 and

A1 =M + B;J)(AJ < A0) (104)
where, by (69) and the short memory property,
B (g -20) = B (g, - do) + O(G™) (105)

/(\j) (Aj,...A;) being the function appearing in the bound (74), so that we can prove in the
usual way that A_o = Ag + O(A3); since \g = Moo + O(AZ), we have

A oo = h(Aoo) = Ao + O(N2) (106)

for some analytic function h(As), invertible for Ao, small enough. Moreover

+

VA ~i
—Zjil =1+ 5 (N0 M) (107)
J
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with . ) - )
D (N, 20) = B9 (N, o) + O(N3y") (108)

B(ij ) being the functions appearing in the analogous equations for the model of §2.4. This
implies that

e =log [1+ 85 Aoor o Aoa)] s (109)

that is the critical indices in the AT or 8V or in the model (82) are the same as functions
of Ao

Of course A_, is a rather complex function of all the details of the models. However,
if we call )\;- (M) the effective couplings of the lattice model of the previous sections, the
invertibility of h(As) implies that we can choose As so that

h(Ase) = N_ (V) . (110)

With this choice of A (), the critical indices are the same, as they depend only on A_;
the rest of this chapter is devoted to the proof that the critical indices have, as functions
of Ao, simple expressions, which imply the scaling relations in the main theorem.

Remark (109) and (110) play a central role in our analysis; they say that the critical
indices of the spin lattice models (1.1) are equal to the ones of the QFT model (82),
provided that its coupling is chosen properly; such a model is defined in the continuum
but the non locality of the interaction has the effect that no ultraviolet divergences are
generated. On the other hand, the model (82) verifies extra symmetries, involving Ward
Identities and closed equation, which allow us to derive simple expressions for the indices
in terms of A\, as we will see in the following sections.

3.4 Ward ldentities

We consider the case g = 0 and we call D, (k) = —iko + wk. We shorten the notation of
Wy (0, J,n) into Wy (J,n). By the change of variables 1 , — eFi*x«yE  we obtain the
identity

Wy . OWn
Do(P) 220, 7) — v 5 (p) Do (p)—X (0, 1) = 111
(p) o7 (0,7) kx(P)D-u(P) o7 . (0,7) (111)
dk OWn OWnN N OW 4
= [ —= — - 0 —(0,0,n),
/(27T)2 |ﬁk+p,w aﬁ;w( 577) 6ﬁl:+p,w ( 777)771()“} - 6O‘p,w( 77)

where v is a constant to be chosen later,

[, N]—

Wallan) /P(d¢[l,N])eV(N)(w“’N])-l-Zw Jdx Tl DTkl

oo J xS g b ol ST LA —v A (a,u BN

Il 7

~

de d d ~ -~
Aot ™ S [ G CLlapBampeiiilye (12)
w==%

~

e d d ~ ~ >
A (a7 w) d:f Z / (;171')5 D—w(p - q)UK (p - q)aq—P,wchlr,fw p,—w (113)
w==+

Cu(a,p) = i x(P) — 1]Du(p) — [xin(a@) — 11Du(q) , (114)
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and x;,n (k) = Y0, fu(k).

Remark - As explained in §2.2 of [8], (111) is obtained by introducing a cut-off function
X n (k) never vanishing for all values of k # 0 and equivalent to x; n (k) as far as the scal-
ing properties of the theory are concerned; ¢ is a small parameter and lim._,q+ X, N
x1,~ (k). This further regularization (to be removed before taking the removed cutoffs
limit) ensures that the identity [(x{ ) 7' (k) — 1]x n(k) =1 — x¢ (k) is satisfied for all
k # 0. When this further regularizaﬁon is removed; all the quantifies we shall study have
a well defined expression.

The two equations obtained from (111) by putting w = £1 can be solved w.r.t. 8eWN/8:fp,w
and, if we define

(v) 1 a(p) 1
a(p = a\p =
1—vok(p) 1+ vok(p)
Ac(p) = () J;m( ) ; (115)
we obtain the identity
deVVN A (p) HeWVA
o (0.0 - e (0,0m) = (116)
8Jp1w W' p) ap w’
A p HeVVn HeVWn o
- w’ (0777) B — (Oa 77)77 w’
Z p k+P, a/\;{i-wl ankerM, k,
Given a correlation function with m external fields of momenta ki, ...,k,,, we shall
say that its external momenta are non exceptional, if, for any subset I of {1,...,m},
Zie ; 0ik; # 0, where o; = +1 for the incoming momenta and o; = —1 for the outcoming

momenta. Note that our definitions are such that 5™ is an incoming field, while n=, J
and « are outcoming.

An important role in this paper will have the following lemma, which was already
proved in [19].

Lemma 3.2 If A\ is small enough, there exists a choice of v, independent of | and N,
such that

Aso
=— 11
y (117)
and, in the limit of removed cut-offs,
Apwr ( ) QeWV4
0,0,m) =0, 118
Do(p) Oap, w,( n = (118)

in the sense that the correlation functions generated by deriving w.r.t. n the Lh.s. of (118)
vanish in the limit of removed cutoffs, if the external momenta are non exceptional.

Proof. We sketch here the proof, as it will be useful in the following, referring for more
details to [19] (see also [10] and [5, 9]). The starting point is the remark that W («a, 0, 7)
is very similar to Wy (J,n), see (82), the difference being that [ Jy .93 1y, is replaced

by Ap—vA_. A crucial role in the analysis is played by the function C,(p, q) appearing in
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the definition of Ag; this function is very singular, but it appears in the various equations
relating the correlation functions only through the regular function

2 0d def ~ 4
089 (a+p,a) ™ W (p)Cula+p,a)dl (a+p)d (a) (119)

where Y x (p) is a smooth function, with support in the set {|p| < 37V 1} and equal to 1 in
the set {|p| < 2yV+1}; we can add freely this factor in the definition, since U (q+p, q)
will only be used for values of p such that X n(p) = 1, thanks to the support properties of

the propagator. It is easy to see that Uu() ) vanishes if neither j nor i equals N or [; this
has the effect that at least one of the fields in A has to be integrated at the N or [ scale.

As a matter of fact, the terms in which at least one field is integrated at scale [ are much
easier to analyze, see below. In order to study the others, it is convenient to introduce
the function §§}j} defined by the equation

U8 (a+p,q) = ZD (P)S2 (@+pa) . (120)

One can show that, if we define

i, dpdq —ip(x—z) i —z) q(4,J
silmxy) = [ B e 05 (b (121)

then, given any positive integer M, there exists a constant C'y; such that, if j > [,
N

| i
sSSP mxy) < C 0 h 7 =
198,07 (2%,Y)| < OM R =y T iy — 27 -

a bound which is used to control the renormalization of the marginal terms containing a
vertex of type Ag. We choose v as given by

.S [ 5@ (123)

i,j=l+1

by an explicit calculation one can see that, for any [ < 0 and N > 0, v satisfies (117). We
remark that, to get this result, it is important to exclude from the sum in the r.h.s. of
(123) the couples (4, j) with one of the indices equal to I; without this restriction, v would
be equal to 0, for any N > 0.

The fact that the external momenta are non exceptional is important to avoid the
infrared singularities of the correlation functions. This condition on the momenta is taken
into account by using the fact that, in the tree expansion of the correlation functions,
there are important constraints on the scale indices of the trees. This allows us to safely
bound the Fourier transforms of the correlation functions by the sum over the L' norms
in the coordinate space of the contributions associated to the different trees; see [5], §3.1,
for an example of this strategy. Moreover, the tree structure of the expansion allows us to
express the L' norm of the correlation functions in terms of the L' norm of the effective
potential on the different scales; hence, in the following, in order to study the effect on
the Fourier transform of the correlations of the ultraviolet region, we shall study the L!
norm of the kernels in the coordinate space.

We will proceed as in the analysis of Wi (J, 1), integrating first the ultraviolet scales
N,N—1,...,h+1, h > K, following a procedure very similar to the one described in
§3.2, the main difference being that there appear in the effective potential new monomials
in the external field o and in .
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We consider first the terms contributing to W4 (a,0,7n) in which at least one of the
two fields in Agp or A_ is contracted at scale N. The marginal terms such that only one
of these two fields is contracted are proportional to W(%2(*) o that one can use (86)

to bound them. Hence, we shall consider in detail only the terms such that both fields
7> (n;2m)(

of Ag or Ay are contracted and we shall call K77 7 " the corresponding kernels of the
monomials with 2m -fields and n a-fields. In the case n = = 1, we decompose them as
follows:

VSN Z Do (P)WAZ™0 (pi ) | (124)

Ajo,w;iw!

where p is the momentum flowing along the external a-field. As in §3.2, we have to

improve the dimensional bound of Wg 02 15]2, We can write the following identity, which
is represented the first line of Fig.5 in the case o = —1:

ng)fg, (z;x,y) Z /dUdW S69) (z:u W)WQ(JOA)UC) (0, w,X,y) —

ow,w ,w’
i,j=k
V-1, /dw vi(z — W)nguﬁl(,k) (W;x,y) . (125)
w ! !
y ¥, y w
w - —w -
— Uy
z W’ z W’
u x - x "
@ oWy
w —w
= , — UN
A u “ z=1u ."‘{/
X X

Figure 5: : Graphical representation of WA1 E)l(i)w,

(1 )(k)

We can further decompose WA " |, as in the last there lines of Fig.5. The term (c)

can be written as

Aoo Z /dudu dwdw’' S (z;u, w)gF N (u — u vk (u — w') -

—Ww,w

i,j=k
~W(1’4)(k)/(w/;u’,w,x, Y) . (126)

—Wwiw,w
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Hence, if we put b;(x) =4 v /(1 + [y7]x]]?), we recall that S(w)w is different from 0 only

if either 4 or j is equal to N, and we use the bound (122), we see that the norm of (c) is
bounded by

—Wiw,w

Cobllolie Y / dxu’dwdw’ WG (W' u w.x,y)] -

i,j,m=k
-/dzdu bi(z — w)bj(z — u)|g{™ (u — u')] (127)

where * reminds that max{i, j} = N. Since the L' and the L* norm of b; satisfy a bound
similar to analogous bounds of gff ), we can proceed as in the previous section to bound

Jdzdu bi(z — w)b,(z — u)[gi™ (u — u')|, by taking the L norm for the factor with the
smaller index and the L' norm for the other two. By also using (89), we get the bound

Cog| Ao Py 2B KDy 0 N=R) (128)

for any 0 < ¢ < 1 (Cy is divergent for ¢ — 1). With respect to analogous bound in
§3.2 ((b2) in Fig.4), there is an improvement of a factor 4y~?(N=F) The term (d) can be
bounded by

N x*
Cloolllvcllzoe Y billor [1Blles < Clsoly~* 90y~ =0,
i,j=k

for the term (e) we get the bound C|Ay|?y~3*—K)y=(N=k) By putting together all the
previous bounds, we get

1(e) + (@) + (e)l| < ColAoo |y~ Iy V=R, (129)

We consider now the terms (a) and (b), whose sum can be written as

/du Ao Z Sfuf)w (z;u,u) —vé(z —u)
n,j=k
~/dw vg(u— W)Wﬁl;?)(k) (W;x,y) . (130)

wiw’

By using the identity (98), (130) can be written also as

Aoo Z/duS(”) (z;u,u) — v /dva(z— )Wilwi)d,(k)(w;xy)-&-
n,j=k

Ao Z Z /duS(_le)wz u,u)(up — 2p) - (131)

p=0,14,5=Fk
/ dr /dw (Opvr)(z — W + 7(u — z))WSﬁl,(k) (W;x,y) .
0

The latter term is again irrelevant and vanishing for N — k — +oo; in fact, its norm can
be bounded by

e WD 1 3 [dzbita = st - wlu - 2, <
i,j=k

< Ol |y~ k=K y=(N=k) (132)
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Contrary to what happened for the graph (b1) of Fig4, the contribution of the graph (a)
to the first term in the r.h. side of (131) is not zero (that is, the fermionic bubble is not
vanishing); however, in this case its value is compensated by the graph (b), thanks to the
explicit choice we made for v. Indeed we have

Aoo Z /du ’J) (z;u,u) — Z /du ’]) (z;u,u) , (133)

i,j=k Jj=l+1

that easily implies that the first term in the r.h. side of (131) is bounded by C| Ao |y~ V5.

Let us finally consider ngf)l(i)w/, for which we can use a graph expansion similar to
that of Fig.5, the only differences being that v is replaced by 0 and the indices —w are
replaced by w. Hence a bound can be obtained with the same arguments used above,
with only one important difference: the contribution that in the previous analysis was
compensated by the graph (b) now is zero by symmetry reasons. Indeed if we call k*
the vector k rotated by /2, it is easy to see that §§}j} (k*,p*) = wwS ’J)(k, p), which
implies that

Z/duS(”)zuu 2/2 S0 (k, —k) = (134)
) w

i,j=k

We have then proved that
IWEZSD N < Clasoly ™0, (135)

Ajo,w;w!

which implies, by dimensional bounds and the short memory property, that, for K < k <
N,
IWaim | < (ClAso )yt =N =0 (136)

. !
Aso,wiw

It remains to analyze the terms contributing to W4(«,0,7) in which no one of the two
fields in A is contracted at scale N. If i > [ we can use the bound

0% (q+p,q)

—l—i
< -7 : > 91
Do(p) <Cy 7 , if[pl =297, (137)

i—1

and the factor v~ (=% in the r.h.s. of this bound is an improvement w.r.t. the dimensional
bound and makes indeed irrelevant the marginal terms containing a vertex of type A, if
one of the v fields is contracted on scale [ and p has a fixed value different from 0, as we
are supposing.

The contributions to the correlation functions generated by the L.h.s. of (118), such
that one of the y-fields in Ag is contracted at scale I (hence it is an external field at scale
k), vanish in the limit [ — —oo, if the momentum p of the « field is fixed at a value
different from 0, as we are supposing. This follows from the bound (137), since the value

of ¢ is essentially fixed at a value of order log,, |p| and the extra factor v~ ("~ vanishes for

Il — —o00. The correlations generated by the terms containing W(1 2m)k) are vanishing in

the limit of removed cut-offs, thanks to the extra factor v~ (V- k) in (136), with respect
to the dimensional one, and the short memory property.

3.5 Closed equations
The Schwinger-Dyson equations for p = 0 are generated by the identity, see [6],

an/\Jr (0,1) = xi,n (k) nk,weWN(Om) _
k

W

Dy (k)
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dp 0%eVN
o | —= 0 —(0, . 138
/(27r)2 k(P) 8Jp,—w677/¥kk+pﬁw( n) (138)

By using (116) we easily get:

derVn ~—  Wn(0m)
Dy (k) —=—(0,7) = x1,n (k)3 B eV —
ankw '
A,W (p)
e / A-ww(P) (139)
2 D-.(p)
dq — 86WN 86WN o~
’ n w’ (Ovn)_ ~ (0777)77 w' |
/(27T)2 l e 8ﬁ;w/8ﬁi+p,w 8ﬁi_—ﬂb,w877q+p7w/ &

, 26WA
—AOOZ/(;TPP v (p) e P) O <o,o,n>}.

D_, (p) 6ap,w/ 877k+p,w

We now want to prove that the last term in the r.h.s. of (139) is negligible in the limit of
removed cutoffs, if k is fixed at a value far from the cutoffs.

Theorem 3.3 In the limit of removed cutoffs, the correlation functions generated by de-
riving w.r.t. 1 the functional

dp Ay (p) 02eVA0.0m)
v = 140
; / (27)2 K(p) D_,(p) 80&p,w/ 8;71F+p,w ( )

vanish, if the external momenta are non exceptional.

Proof. It is convenient to write (140) as > __ Dre (0,7m), where

0Pk, w
eWT,E(ﬁ,n) — /P(dw[l,N])ev(N) ZN])+E fdx lN]Jrn;wJr dej[z JN]— ]
([ ) m
and
dk dpdq (o), C—co(a+p,q)
a) P q (5) cw\d TP, q
o) = ¥ [ieta ) Conlatpa
Z « () D_.(p)
ﬁk wwarpw q-+p, 75ww7—5w7 (142)
dk dp dq R
0.5 =3 T O i s (143)
where

D..(p)
D_.,(p)’

Note that v%) (x) and u(I;) (x) are smooth functions of fast decay, hence they are equivalent

to vi (x) in the bounds. This is not true for ugj) (x), whose Fourier transform is bounded

but discontinuous in p = 0. However, in the following we shall only need to know that
[l || < Cv2E and that [a% (p)] < [6% (p)Uk ()|, which are easy to prove.
As in §3.4, we now perform a multiscale integration for the ultraviolet scales N, N —
., k+1, k> K, very similar to the one described in §3.2, the main difference being

50 Yok Ap) @ () = (p)ik(P) (144)
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that that there appear in the effective potential new monomials in the external field 8 and
in 9. As explained in the previous section, in order to control the Fourier transform at
non exceptional momenta of the correlation functions, it is in general sufficient to control,
in the ultraviolet region, the L' norm in coordinate space of the kernels appearing in the
effective potential. This is in general true also in the proof of this theorem, except for a
bound, where one has to be more careful, see below.

The contributions to the correlation functions such that one of the -fields in Tls) (W, 5)
with momentum q + p or q, see (142), is contracted at scale [ (hence it is an external
field at scale k), vanish in the limit [ — —oo, if the momentum k of (3 is fixed at a value
different from 0, as we are supposing. In fact, in this case either |p| or |k + p| is greater
than |k|/2; hence, by using (137) or the short memory property, these contributions satisfy
a bound containing the extra factor 4'|k/2|, which vanishes for [ — —oco. We consider
then just the terms contributing to Wr (8, n), in which at least one of the two -fields in

Tl(s)(@[}, B) with momentum q + p or q is contracted at scale N. We shall call wikzm=1

T,e5w;w’
the corresponding kernels of the monomials with 2m — 1 i-fields and 1 a-field. We claim
that

HW(1;2m—1)(i~c)” < 07(27m)k7719(N7k) _ (145)

T,e;w;w’

By the usual arguments, this is a consequence of the improved bounds:

;1) (k _ _ Y

IWEDB | < Gy N Ry =205 (146)
1;3)(k _ _

IWEDBN < Oy 0. (147)

We prove first the bound (146). We can write

WD) _ gy Dk) - (1 (k) (148)

T,e;w,w (a)T,e5w,w (b)T,e5w,w

where
a) wELD*)

(a)T,e;w,w

is the sum over the terms such that the field 8 belongs only to a Tl(g)—

vertex, whose 1-field @ZJF either is contracted with zzl: pw (this can happen only for

q+p,—ew
€ = —1) or is connected to it through a kernel wa® (a+p).

b) W((;);%)gz)) ., is the sum over the remaining terms.

Let us consider the first term. Given k, for N large enough, x; (k) — 1 = 0; hence
we can write:

~(—1)
= (1,1) () _ dp Vg '(p) .
W(a)T,E;W,w (k) - 65,—1 / (27‘()2 wa(p) [X—OOJV(p + k) 1] (149)

L+ N TEDO(p+19] [L4+ 5N R TOD0 0]

Moreover, since 6(71)(p) =0 for |p| > 27X, then x_con(p +k) —1 =0, if ﬁ;{l)(p) #0
and N is large enough. It follows that, given a fixed k, for NV large enough,
wEhE gy —0. (150)

(a)T,e5w,w

Let us now consider W((;);%?gz)w

By using (125), it can be written as

(x —y), which can be decomposed as in Fig. 6.
Z /dz u(;) (x — z)gff’N] (x — w)ng;f}_(’ZL;w(z; Y, W), (151)

26



Figure 6: : Graphical representation of W 55"

(0)Tes00,0
hence its norm, by using (135), can be bounded by
[P Z 91 WAl S ClAsoyfy IOy =2NR - (152)
In order to prove the bound (147), we write
Wélfi(ff« = W((;)f}) iku)u w T W((bl);:i?ég;g ; (153)

where W((l)?’)(k) , contains the terms in which the field 7Zk+p w of Ty and T_ is not con-

tracted or is linked to a kernel VV“(,0 2)(k) , while the other terms are collected in W((;);)gz)) o

Let us consider first W((al);) (:3) ' its Fourier transform, if we call k™ and k=~ the momenta,
(e)

of the two fields connected to the line u’, can be written as (note that w’ is of the form
(w,w',w)):

W&fr) (i (kT k) = [1 4 g N (K 4 kT — k) WODE) (k4 kT — k)

a9 (kt — Z WP® (k4 kt -k k). (154)

Aa—aww

Then, if ¢ = —1, since ||v§<_1)||L1 < C, by using the bounds (135) and (86), we find

(1;3)(k _9(N—
W) | € ClAe |y =0 (155)

This bound is not true in the case € = +1, where it is necessary to take carefully into
account that we are indeed bounding the Fourier transform of the correlation functions

generated by (140), at fixed (non exceptional) external momenta.

(1;3) (k)
W(a)THrl;w;g

can be of two different types. There are terms such that the line corresponding to &’\ker,w
is connected to the rest of the graph only through the vertex of the field 8. In this case,
we have to bound an expression of the type

The terms contributing to these correlations and containing , as a cluster

(k- )1 (K)Ga (k) (156)
where k' and k" are a set of independent external momenta, q = — Yok, q—k =
>, okl and G (k") contains the cluster associate to oW gl 02 )(ﬁ}) 5 this expressmn is
bounded by C|G1]||T2||, the same result that we should get in the case ¢ = —1, by
bounding the full expression with the || - || norm. Hence, the final bound is the same we

would obtain by using (155) for ¢ = +1.
We still have to consider the terms such that the line corresponding to Yx4p,. is
connected to the rest of the graph even if we erase the vertex of the field 5. Now we have
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to bound an expression of the type

[ 0 + G K). (157

where ». ok; = k and G(p,K') contains the cluster associate to Yoo w{D® L this

Aso,—w, W’
expression can be bounded by C||g]|11]|G||, the same result that we should get in the case

e = —1, by bounding the full expression with the || - || norm.
Let us finally consider W((bl);)(k) ,» which can be represented as in Fig.7.
(b1) = w
w_ Y
X u
W v -
®3) =z - (b4) z -
w (.()/ w !
T ook u, totx s
—w- — -
w v W v
Figure 7: : Graphical representation of W bl);)iku)) o
We can write
w LB E (x,y,u,v) = (158)

(0)T,e5w,w’

Agw,w’

= / dzdw uf) (x — 2)gli N (x — w) WL (2w, y,0,v)

so that, by the bounds (135), [[WE™) | < Clheoly 4 N9 and [[ul||~ < C4°K,
we get:
W s || < Clog [y~ 2Ky =0 =) (159)

Again, with respect to the analogous bound in §3.2,we have an extra factor v~V =) and
this implies, proceeding for instance as in §4.1 of [5], the proof of the Theorem.

3.6 Solution of the closed equations and proof of x,x_ =1
We want to solve the closed equations for the correlation functions

Wrotin) = Sux—y), (160)

Wty ity Y Guxy,uv), (161)

in the limit of removed cutoffs. By taking in (139) one derivative w.r.t. 7, and then
putting n = 0, we find

D.(93,00 =1+ s [ (jTP) Fr (p)8.(k+p) . (162)
where (2)A. ()
=~ def vk (P)A: (P

Fre(p) = Do) (163)



In the space coordinates, equation (162) becomes
(0Sw) (%) = Ao Fi, - (%) S0 (%) = 0(x) , (164)

where 9, = 0y, + iwd,, and Fg,_(x) = [ dp/(QW)Qe_ipxﬁK_(—p). Hence, if we define

dk efikx _ efikz .
Autxla) = [ Gy S Pk (165)
its solution is:
S, (x) = et 0 g (x| (166)

Note that, for large |x|, thanks to (115),

a(0) +€a(0)

pm In x|, (167)

A (0
A (x]0) ~ —%111 x| = —

which implies, in particular, that the critical index 7, defined in (78) is equal to [a(0) —

a(0)]/(4m).

Let us now consider the 4-point correlation (161). If we take in (139) three derivatives

w.r.t. ﬁ_w, ﬁl:—l-q—s,w and 7 _,, we find:
~ ~ d ~ ~
Do(k)Go (k. q,5) = 3(q — )50 (@) + A / 7 P (P)Gulk+p.a,s) +
d ~ ~ ~
P / oz Fes(®)[Collet poa—p.s) ~ Cullet poa.s+p)] (168)

which, in the space coordinates, becomes:

(05G.) (% y,u,v) = 0(x = v)S_o(y —u)+

Ao |:FK)+(X —y)—Fxi+(x—u)+ Fg,_(x— V)} Gu(x,y,u,v) . (169)
By using (166), we find that the solution of this equation is given by

oo | A4 (x—y|Vv—y)—A i (x—u,v—u
Coxy,uv) = e [ +(x—ylv—y)—A( )} .

Su(x—=Vv)S_u,(y —u). (170)
If we put in this equation x = u and y = v, we find, using also (161) and (167), that

— - — - —2X 0o [A 4 (x—y,0)—A_ (x—y,0
(W Vo5 oy ) = (U W W5ty g~ A lB+ ey 0) = A Gy 0))

~ C
[x—y|—00 [x — y[21—a(0) (e /2m)]

(171)

If we put instead x =y and u = v, we get

+ + - — — + + - — 2A 0 [A —1u,0)+A_(x—u,0
< x,wd}x,—w u,—wwu,w> - <¢x,w¢x,—w u,—wwu,w>06 [ +(x h ) (x h )]

~Y C
poulmee I TP e /2m)]

(172)

By using (171), (172), the first line of (115), (117) and the definition (8) of 24, we finally
get the first identity in (10).
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4 Appendix: the anisotropic Ashkin-Teller model

In this appendix, in order to derive (12), we briefly recall the analysis of the anisotropic
Ashkin-Teller model in [13]. The integration procedure is similar to that described in §2,
the main difference being that the quadratic part (42) of the interaction now contains

also terms of the form w6(<h)1/1 <h). It follows, see (12) (where different definitions of the
fermion fields were used) for detaﬂs that we have to substitute the Grassmann integration
Pz, . (dy(SM) in (64) with a new measure Pz, ,,, o, (d(S"), where p, and o}, are the
constants multiplying, respectively, the quadratic mass terms

2 Z PEMTYEMT and —2i Z SISOk (173)

One can see that
[log, (115-1/15) = Mu(A—oo)| < CA*Y%
[log, (0j-1/0;) = no(A—c0)| < ON4%7 . (174)

Hence, since the two mass terms are clearly proportional, respectively, to the operators
O™ and O, we find that

N =N+ — Nz Noe =N— — 1Nz . (175)

It turns out that the difference of the critical temperatures scales as |v|*T where 2, see
(5.26) of [13] (where the indices are defined with a different sign and the definitions of up,
and oy, are exchanged), is given by

1+mn,

) 176
1470 ( )

T =

which implies (12), since n, =1 —24 and 9, =1 —z_.
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