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A number of universal relations (proposed by Kadanoff, Luther, Peschel and Haldane) are
believed to be true in a wide class of systems with continuously varying indices, among
which are interacting planar Ising models, vertex or Ashkin-Teller models, quantum
spin chains and 1D Fermi systems; by such relations one can predict several quantities
in terms of a few measurable parameters without relying on the specific microscopic
details. The validity of such relations can be checked in special solvable models but,
despite several attempts, the proof of their general validity was up to now an open
problem. A rigorous derivation of several of such relations (for solvable and not solvable
models and without any use of exact solutions) has been recently obtained in [8] and [11]
through Renormalization Group methods. The proof is based on the representation in
terms of Grassmann integrals and the validity of the Adler-Bardeen property of the non
renormalization of the quantum anomalies in the asymptotic Ward identities. Gauge
invariance is exact only in the scaling limit but the lattice corrections can be rigorously
taken into account.
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1. Introduction

The principle of Universality in statistical physics is central in the modern under-
standing of critical phenomena. Universality means that the critical properties close
to phase transitions are insensitive to the microscopic details inside a certain uni-
versality class of systems. For models in the class of universality of the Ising model,
whose exponents are pure numbers, this principle says that the exponents are ex-
actly the same. Experimentally this happens in systems like carbon dioxide [22];
even if they are described by very complex Hamiltonians, depending on a number
of microscopic details, their critical exponents coincide with the 3D Ising model
ones. Despite widely accepted, rigorous results on universality in the Ising classs
have only been proven in dimension 4 and above.

There are however systems in which the indices are not pure numbers but depend
on all the microscopic details; this happens in a wide class of models, including
planar Ising-like models with quartic interactions, vertex or Ashkin-Teller models,
quantum spin chains and 1D fermionic systems. It has long been conjectured, mainly
by Kadanoff [17-19], Luther and Peschel [29] and Haldane [21], that a number of
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universal relations between critical exponents and other observables are valid in
this class of models. Such relations express how the universality principle works in
such systems: the critical exponents are model dependent (non-universal) but satisfy
model independent formulas, so allowing, for instance, to express all the exponents
in terms of a single one. The universal relations have been verified only in certain
special exactly solvable models, but the conjecture is that they are generally valid
in a larger class of models, for which an exact solution is not available.

The interest in these universal relations has been renewed by recent experiments
on materials described by models in this class, like quantum spin chain models
(KCuF3) [28], carbon nanotubes [3] or even 1D Bose systems [26]. In such systems
the critical exponents depend on the extraordinary complex and largely unknown
microscopic details of the compounds, but the universal relations allow concrete and
testable predictions for them in terms of a few measurable parameters.

A mathematical proof of such universal relations has shown to be a rather chal-
lenging problem. Several attempts in the last thirty years have been devoted to their
proof [36], [35], [41] , [38], using a variety of methods ranging from operator product
expansions, perturbation theory, Renormalization Group, bosonization and several
others. It is common to all such approaches to start from a formal continuum limit
in which extra Lorentz and Gauge symmetries are verified. However strictly speak-
ing the formal continuum limit is singular, as it is plagued by ultraviolet divergences
which were absent in the original lattice model. Moreover lattice effects destroy such
symmetries and change the exponents, and it is not clear at all while the relations
between exponents should be true also when such symmetries are violated.

On the other hand, not all the relations which are valid in the special solvable
models are generically true; a counterexample is found for the exponents involved
in the dynamic correlations [26] and another one will be shown below. It is therefore
important to known rigorously, and therefore unambiguously, under which condi-
tions and which one of the relations valid in the solvable models are generically
true.

The proof of several of such universal relations has been achieved in [8, 11], and
in this paper we will outline such results. Up to recent times, the exponents were
known only for a very small number of models where an exact solution was known.
New methods have been introduced in [39] and [31] to study 2D statistical mechan-
ics models, which can be considered as a perturbation of the Ising model. These
methods take advantage of the fact that such systems can be mapped in systems
of interacting fermions in d = 1 4+ 1 dimensions. This mapping was known since a
long time [23, 40], but only in recent years a great progress has been achieved in
the evaluation of the Grassmann integrals involved in the analysis of the interacting
models (see e.g. [33] for a review). The outcome is that the exponents and other
physical observables can be written as convergent series; this means that they can
be computed with arbitrary precision with an explicit computation of lowest orders
and with a rigorous bound on the rest. The complexity of the expansions make how-
ever essentially impossible to prove the universal relations directly from them. It is
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then shown that such models have the same exponents to the ones of an effective
continuum fermionic model, provided that the bare parameters of such model are
chosen properly. The effective model is expressed in terms of Grassmann integrals
which are identical to the ones appearing in certain Quantum Field Theory models;
we take advantage of the Gauge symmetry and of a property called anomaly non-
renormalization to get exact expressions of the critical indices and other quantities
in terms of the bare parameters; by them, several of the universal relations can be
proved.

2. Ising, Vertex and Ashkin-Teller models

The paradigmatic model for statistical mechanics is the 2D Ising model with Hamil-
tonian

H=-J Z Zaxaerej (1)

7=0,1 xeA

ox = *1, A is a square subset of Z?, x = (z9,7) € A, eg = (0,1),e; = (1,0). By
the exact solution, due to Onsager, the critical exponents can be computed and
they appear to be J-independent. The universality hypothesis says that a small
next to nearest neighbor or a quartic short ranged perturbation do not change the
exponents, and for a set of exponents this has been recently proved in [39].

The simplest model displaying indices which are non trivial functions of the pa-
rameters is obtained considering two Ising models coupled by a quartic interaction;
the Hamiltonian is

H(o,0')y=Hy(o) + Hy(o") — AV (o,0") (2)

with V is a short ranged, quartic interaction in the spin and invariant in the spin
exchange, like

V= Z Z V(X = ¥)0xOxte;0y0y 1o, (3)

j=0,1x,yeA

with v(x) a short range potential.
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Fig. 1. Interactions between neighbor spins in the Ashkin-Teller models
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The interest in the above model is increased by the fact that several systems in
statistical mechanics, like the Ashkin-Teller and the Fight Vertex models, can be
rewritten as coupled Ising models.

The Askhin-Teller [2] model is a generalization of the Ising model in which the
spin has four values A, B,C, D, and to two neighbor spins is associated an energy
E; for AA,BB,CC,DD, FE, for AB,CD, E3 for AC,BD, E, for AD, BC.

The Eight vertex model [5] is a generalization of the Ice model for the hydrogen
bounding in which at each point is associated one among eight vertices with four
different energies.

E, E,

| E, ' E,

Fig. 2. The vertices in the Eight Vertex model

Both models can be rewritten in the form of coupled Ising models with Hamil-
tonian (2), see [5]. In the case of the Ashkin-Teller model this is straightforward as
it is sufficient to associate to each lattice point x a couple of spins (ox,o%) and to
associate the four couples (£1,+1) with the four states A, B,C, D. One can then
immediately verify that the Ashkin-Teller hamiltonian is equivalent to (2), up to an
additive constant —.Jy, provided that we choose

—J:(E1+E2—E3—E4)/4 —JIZ(E1+E3—E4—E2)/4
—AZ(E1+E4—E2—E3)/4 —JQZ(E1+E2+E3+E4)/4 (4)

and

V= Z Z OxOx+e; U;U;c+e_7~ (5)
j=0,1x€A

For a choice of parameters such that J = J’ the Ashkin-Teller model is called
isotropic, while for J # J' is called anisotropic. When A\ = 0 the model is exactly
solvable as its hamiltonian is the sum of two independent Ising models, and two
critical temperatures are present if J # J’ which reduce to one in the J = J’ case.
Analogously also the Eight vertex model can be mapped in (2) with a suitable

identification of the parameters; in such a case J = J’ and

— !/ /
V= E : E : Ux+j(eo+e1)Ux+eoax+j(eo+el)0x+e1 (6)
j=0.1 xE€A

Despite the similarity between the Eight Vertex and the Ashkin-Teller model,
quite apparent from (5),(6), an exact solution is known only in the case of the Eight
Vertex model, due to Baxter ( [4]), and, even in that case, only a few indices can
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Fig. 3. Graphical representation of the interactions (5) and (6).

be computed. This shows how much the solvability is a delicate property depending
on all details of the Hamiltonian; even if the two interactions appear equivalent, as
far as the long distance properties are considered, only for a one of them an exact
solution is known. By the exact solution of the Eight vertex model ( [4]) one sees
that the exponents are non trivial functions of A; it is not in the Ising universality
class.

3. Quantum spin chain and 1D Fermi systems

A model very related to the previous ones is the Heisenberg spin chain, physically
realized in several compounds like KCuF3. Its Hamiltonian is given by

L-1
o= S RSISL, + BS2SE, —hSH A Y e SISt (D)
=1 1<z,y<L
where S¢ = 02/2 for i = 1,2,...,L and o = 1,2,3, 0% being the Pauli matrices

and |v(z — y)| < Ce™*1*=¥l In the special case (A = —.J3)
V(x —Y) = Op—y|1/2, h=0 (8)

the model is known as XY Z chain and it is exactly solvable. Despite it looks very
diffferent, it is related to the previous models: the Hamiltonian of the XY Z model
commutes with the transfer matrix of the 8V model ( [5]). For a generic short range
interaction, the solvability is lost.

The spin chain (7) can be exactly mapped in a system of interacting fermions
through the Jordan- Wigner transformation. It is indeed well known that the oper-
ators

z—1
a; = [[(~op)o (9)

are a set of anticommuting fermionic operators and that, if oX = (o} +i02)/2, we
can write

x—1 4

_ _ z—1 + - . — _
o, =e im 3oy 1 ay ay a; , g;' — a;'e“r 2=t Ay ay , 02 = 204;—0“95 —1. (10)
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Hence, if we fix the units so that J; + J2 = 2 we get

L-1 L-1
1 _ _ _ —
= 2 Z[a;—amﬂ +af,qa;] _“Z[aia;;l + g0, ] (11)
z=1 r=1
L 1 1 1
+hZ(a2’a; - 5)-1-)\ Z v(a —y)(agaz — 5)(‘1;—&; - 5)
z=1 1<z,y<L

x>

where p, = ata,, u = (J; — J2)/2. In this form, the model describes interacting
non relativistic 1D fermions on a lattice with a short range interaction and a BCS-
like term (in the anisotropic case Ji # Jz2), and it can be used to understand the
properties of the conduction electrons of one-dimensional metals.
It is convenient to introduce the density and the current operators:
pszﬁ—l—l:a*a*

2 xT x
1
Jy = S;S.gﬂ - SES;H = Q—i[aiﬂa; - a;ra;ﬂ] . (12)

—zoH gt vol gte—20H the above definition of the current is

If px = e*fp e ay = €*

justified by the (imaginary time) conservation equation

% — eHwO [H7 pw]einO == —Zaq(..l)Jx = _i[Jx,xo - wal,:ro] (13)
833‘0

where we have used that p, commutes with the quartic part of H. Note that J,
does not verify a simple equation like (13), as J, does not commute with the quartic
part of H. Note also that

N 1
[Ho, Jp] = I Zsin k(cos(k 4+ p) — cos k)d;ﬂ)dk (14)
k
a relation which will be useful in the following.

4. Universal relations

It has been conjectured that the above models are in the same universality class;
this does not mean that the exponents are the same (on the contrary, the indices
depend on all the details of the Hamiltonian), rather it means that (for instance)
there are universal relations between them, such that all the indices of a single model
can be expressed in terms of any one of them. As an example of such relations, in
the coupled Ising model the following relations have been conjectured

1 1 2-2X4
X, "T2-x, “Taox,
where X4 are the exponents of the energy or crossover correlations, v is the expo-
nents of the correlation length, o the exponent of the specific heat (see below for
their exact definition).

The first of above relations was proposed by Kadanoff [17], the second by
Kadanoff and Wegner [19] and the third is the hyperscaling relation. In the case

X_ =22 (15)
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of the Eight vertex model, the index v and « can be computed from the exact
solution, and one can check the validity of the last of (15); the indices Xt cannot
be computed from the solution even in the Eight vertex case. In the spin chains or
1D fermions, Luther and Peschel [29] proposed similar relations, with a different
identification of the exponents. Except from a partial verification in the Eight or
XYZ models, there were no proof (until now) of the validity of (15) in non solvable
models.

In general even the knowledge of a single exponent can be lacking; in the case
of spin chains or 1D fermions, Haldane [21] conjectured other relations allowing the
determination of the exponents in terms of thermodynamic quantities (Luttinger
liquid conjecture). In particular if vy is the Fermi velocity and « is the susceptibility,
calling vy = (7x) ™! the following universal relation was conjectured in [21]

Vs
X 16
. + ( )

The validity of this relation can be checked in the XY Z case; the correlation length

exponent index 7 is, if cosp = —J3/J1
7r
p= L 17
V=5 (17)
from Baxter solution [4]. Moreover X_ = 2(1 — £) from the relation 7 = ;—1—
(conjectured in [29]) and from Bethe ansatz
T 1
Vg = —sinj K= — — (18)
i 27 (/[ — 1) sin fi]

from which (16) follows. The conjecture is that this relation is true generically, for
instance in the model (7) with h # 0 and any short range interaction v(x — ).

5. Renormalization Group analysis for coupled Ising models

It happens sometimes that problems which appear rather hard in certain variables
appear simpler in others. This is the case of the planar Ising model: it is a system
of interacting spins which can be mapped in a system of non interacting fermions.
Such a mapping is particularly useful because models which are perturbation of
the Ising model, like the Eight Vertex or Ashkin-Teller models, can be mapped in
models of interacting fermions, which can be analyzed via the methods developed
in Quantum Field Theory.

The starting point is the following representation of the Ising model partition
function:

Z; = (coshﬂJ)B2S2:(tanh6J)"y| . (19)
Bt

where B is the total number of bonds, S is the total number of sites and the sum
is over all the multipolygon ~ with length |y|. If open boundary conditions are
assumed, only multipolygons not winding up the lattice are allowed. In the case of
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periodic boundary conditions the representation is the same, but the polygons are
allowed to wind up the lattice. It was proved in [20], [37], [23] that Z; can be written
as the sum of four Pfaffians which can be written as four Grassmann integrals with
different boundary conditions

Lr=—Z24 1+ _+2_L+7Z__ (20)
B S]' 7 [/ S.
Ze.o = (cosh f.1)P25 / [ dHxdHydVyedVsceSe (21)
xEA
where
Se,e’ = Z tanh BJ[-Hx,ona:+1,mo + Vx,wovx,woJrl] + (22)
xEA
Z[I_{m,moHr,mo + Vr,mov;c,mo + Vr,xol_{m,mo + Vr,xol_{m,mo + Hﬂc,mo‘_/;c,mo + Vr,xol{m,mo]
xEA

and Hy, Hy, Vi, Vi are anticommuting variables such that

_ _ _ ;=
Ha:,:roJrL = eHa:,:ro Ha:+L,zo =€ Hx,wo

!
Hm,xo—i-L = eHr,xo Hx+L,fc0 =€ Hr,xo (23)

and identical relations hold for the variables V, V. Note that periodic or antiperiodic
boundary conditions are imposed in the zg, x variables depending on ¢, ¢’ = 4. The
Grassmann integral is a linear operation such that [dnx = 0, [dnxnx = 1 if nx is
any of (Hy, Hy, Vi, Vx).

Let us consider now the coupled Ising model (2); we will be interested in particu-

lar in the specific heat C,, and the energy ¢ = + and cross-over (e = —) correlations,
defined as
Gylx—y) = Jim (05050 — (Oa(05)r  e== (24)
where
Oy = Z OxOxte; T € Z OOt (25)
j=0,1 J=0,1

where ()5 is the average over all configurations of the spins with statistical weight
e PH_H given by (2). Starting from (21) and performing suitable change of vari-
ables, such correlations can be written as sums of functional derivatives (with respect
to A€, € = + for the energy and ¢ = — for the crossover) of Grassmann integrals
with different boundary conditions; in the thermodynamic limit it is sufficient to
consider only one of them, for instance

(1) (1)
Z(A) = /chm (dw)6L2N+V D(VZip)+BY (VZip,A) , (26)

where N is a constant, %{w is a finite set of Grassman variables, k = (ko, k),
ko = 2%(710—1— %), k= 2Tﬂ(n—l— %), no,m = —L/2,..L/2—1, Pz, ,, (dy) is a gaussian



October 8, 2009 11:19 WSPC - Proceedings Trim Size: 9.75in x 6.5in  procmastro

9
Grassman integration with propagator, in the case J = J'
-1
1 (—isinko +sink + py (k) —p1 — p—y (k)
gk) = — o o (27)
7 w1 — p— (k) isinkg — sinky + 44 (k)

with g1 = O(|t — t.|), t = tanh BJ, t. = tanh B.J = /2 — 1 — v, Z; = O(1); finally
pre.c = O(k3) and pe — = O(k?) are such that the determinant vanishes only when
w1 =0 and k = (0,0). Moreover (27) is given by

V() =v > ot s+ DU e ok g+ Ra(g) (28)

X,w=1% x

B (), A) = AcxO5 + Ra(A, 1)) (29)

with v1 = O(v), A1 = O(\); R; is a sum of monomials in ¢ more than quartic in ¢
or quartic with at least a derivatives and Rs is a sum of monomials in A, 1) more
than quadratic in ¢ or quadratic with at least a derivative; finally

Of =vf Uy +y _r,  Ox =il o+ iy ] (30)

Note that v is a counterterm to be chosen so that (. is the critical temperature.

Grassmann integrals appear in the analysis of the fermionic sector of Quantum
Field Theory models; in particular, (26) strongly resembles the generating functions
of the current correlations of a interacting 2D Dirac fermions with mass p; and wave
function renormalization Z; on a lattice. Zero mass pu; = 0 corresponds to criticality.
Note also that the lattice regularization of massless Dirac fermions suffer by a well
known problem called fermion doubling, which is usually solved by the introduction
of the so-called Wilson terms; in (26) such Wilson terms appear naturally (they are
the pe e (k) terms in (27)). In the case J # J’, the correlations are expressed in
terms of Dirac fermions with two different kinds of mass terms.

In the case of the Ising model, the Grassmann integrals are quadratic, and this
corresponds to free Dirac particles on a lattice; on the contrary, coupled Ising models
correspond to interacting Dirac particles. The fact that such models can be mapped
in interacting fermions was known since a long time, but this was not really used
in rigorous analysis for the lack of methods to control the perturbative expansions
appearing in interacting quantum field theories. However in recent years a great
progress has been achieved in the analysis of non quadratic Grassmann integrals;
the key observation of Caianiello [12], saying that fermionic perturbative expan-
sions have much better convergence properties due to the relative signs, has been
substantiated in the rigorous construction of 2D fermionic quantum field theories,
either renormalizable and asymptotically free [14, 15] and superrenormalizable [30];
the key tool of such analysis are the Gram bound for determinants and the Battle-
Brydges-Federbush formula for truncated expectations. The Grassmann integral
in (26) is much more difficult to analyze, as the theory is renormalizable but not
asymptotically free; it belongs to a class of models with vanishing beta function
(see below for details). Such kinds of models can be constructed only exploiting non
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trivial cancellations in the expansions. The first example of rigorous construction
of a model in this class was in [7], relying on the ezact solution of the Luttinger
model [34]. Later on, models with vanishing Beta function were constructed us-
ing a technique capable of combining Ward Identities based on local symmetries
with Renormalization Group methods which was developed in [10] (and without
any use of exact solutions); the main problem to face is that the momentum cut-off
breaks local symmetries producing additional terms in the Ward Identities which
can be however rigorously taken into account. By using such methods, the following
Theorem can be proved.

Theorem 5.1. (Mastropietro [31]) The coupled Ising model (2) with J = J" and A
small enough is critical at tanh B.J = /2 — 1+ O(X\) and the specific heat is

ISR (31)

with a = O(N). If B # (. the density and crossover correlations GG(x —y), e = £
(24),(25) decay faster than any power of £~1|x —yl|, with €1 ~ C|B — S|V with
v=14+0(\) and C is a constant. Moreover

CUN_

C.
€ —_— ~N — f— 2
Gﬂc(x y) I y2x- ,as |[x —y| — o0, (32)

with Xy =1+ O(\) and Cy constants .

From the above theorem we see that the interaction has two main effects. The
first one is to change the value of the critical temperature. The second and more
dramatic one is to modify qualitatively the critical properties. The logarithmic sin-
gularity in the specific heat of the Ising model is changed in a power law singularity
when A > 0; on the contrary for A < 0 the specific heat is a continuous function.
Moreover, the exponents X.i,v, which were equal to 1, are now continuous non
trivial functions of .

The above result gives the first proof of the fact that the critical exponents are
non trivial functions of the interaction in coupled Ising models with a generic quartic
interaction (2); previously this was known only in the Eight Vertex case thanks to
the exact solution. The series for X, X_, v, Xp are convergent for small A, and the
indices can be computed with arbitrary precision by an explicit computation of the
first orders. In the case of a single perturbed Ising model, it was proved by Pinson
and Spencer [39] that the indices v = 1, X1 = 1, that is they are the same as the
Ising ones.

A similar Renormalization Group analysis can be performed in the anisotropic
Ashkin-Teller model when J # J' .

Theorem 5.2. (Giuliani,Mastropietro [16]) In the case of the anisotropic Ashkin-
Teller model (2),(5) (J # J') there are two critical temperatures, T." and T such
that

T2 =T ~ | = ¥ (33)
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with X0 =14 O(\) and

T-T/|-|T - T

Cp ~ —A%log o

(34)

where 2A% = (T — T7)? + (T — T.F)2.

40

30+ .
o2t .

10- b

83 038 04 {J.‘42 044 046

Fig. 4. The specific heat (34), in the case A <0, A =0 and A > 0.

In this case the specific heat has the same logarithmic singularity as in the
Ising model; however, even if we are in the universality class of the Ising model,
the difference between the two critical temperatures rescale with an anomalous
exponent in the isotropic limit |1} . — Tb.c| ~ |J — J'|XT; the existence of such a
transition index was overlooked in the physical literature.

Let us sketch the proof of Theorem 5.1 for the case J = J’. The Grassmann
variables are written as 1, = E(,)L:foo l((h), and after the integration of the fields
PO (D) the partition function can be written as

Z(A) = eS(h)(A)/pZ , (dw(éh))eV(h)(\/Zh—1¢(§h>)+5(h)(\/Zh—ﬂb(gh),A) (35)
h—1;MHh—1 ’

where ¢p(Sh) = Z?:_Oo YU) and Pz, ,,, (d (=) is the Gaussian Grassmann inte-
gration with propagator

-1
k) (—isi 51 —[p —
g=M (k) = xn (k) “mfo +_blﬂk‘+ﬂ++ o Hﬁ ; H—t (36)
Z, Wh — fhy— isinko —sink; + p——

with yp(k) a smooth compact support function non vanishing for |k| < 2. The
effective interaction V) (1) is a sum over monomials in the Grassmann variables

VO () = o FM 4 0 F 4 Ry, (37)



October 8, 2009 11:19 WSPC - Proceedings Trim Size: 9.75in x 6.5in  procmastro

12

where

F = Li Z Zw(<h (<h (38)

w=+ k

<h 1 <h <h <h <h)—
F= = . Z wfq, OSSN RS 60k — ke + ks — Ka) -

and R" contains sum of monomials with more than four fields, or quartic with at
least a derivative, or bilinear with at least two derivatives. In the same way

BM(/Zp =W, A) = N 219 AL0ED + Ry, (39)

e=%4,x

where OF is given by (30) and Rj, contains terms more than quadratic, or quadratic
with a derivative. It is natural the interpretation of A, in (37) as the effective
coupling of the model at momentum scales O(2").

Notice that the propagator of the field (™) can be written, for h < 0, as

M (x,y) = g (x,y) + =M (x,y) (40)

where

(h) — 2 Z —ik(x—y) (k) 7 (41)

h
Th(k) = fiu(k) (‘“jj}f o k) (42)

with f5,(k) a smooth compact support function non vanishing for 2"~ < |k| < 2#+1!
and, for any positive integer M,

22h
(r) < . 4
7 0e.y)] < Cus ey (43)
On the other hand, ggph)(x, y) verifies a bound similar to (43) with 2" replacing 22".

The running couplings A; (which, by construction, are the same in the massless
w1 = 0 or in the massive g # 0) satisfy a recursive equation of the form

A1 = A+ B (N 20) + B (Mg i Aoy o) (44)

where ng ), _gj ) are pi-independent and expressed by a convergent expansion in
Aj,Vj..; Ao, o (convergence follows from Gram bounds); moreover ng ) vanishes if
at least one of the v}, is zero. The running coupling \; stays close to Ay for any j
as a consequence of the following property, called vanishing of the Beta function,
which was proved in Theorem 2 of [9]; for suitable positive constants C' and 6 < 1:

1B (g oo M| < CA 229 (45)
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It is possible to prove that, for a suitable choice of 11 = O(\), v; = O(2%9)\), and
this implies ng) = 0(297)2) so that the sequence A; converges, as j — —o0, to a
smooth function A_(\) = Ay + O(A?), such that

I — Aoo| < CON22%T (46)

Moreover
Zi_

7'1 =1 -I—,@gj)()\j, ...,)\0) -I—ng)()\j,l/j; ..,)\o,V()) , (47)
J

with ng) vanishing if at least one of the vy, is zero so that ng) = 0(\2%9). Finally
Bo(Njs s A0) = B Aoy ooy Aoo) + O(X277) | (48)

where the last identity follows from (46) and the function 8,(A_, ..., A—ao) is by
definition sum of terms in which only the propagators g(Th) (41) appear (the terms
containing () are included in the second term in (48)). Similar equations hold for
Z,(Li), Lh, With

Br(Njy s X0) = LA ooy ooy Amoo) + O(A21) (49)

By an explicit computation and (48), (49), there exist 73 (A_oo) = 1A 0o +O(N2 ),
N-(Aooo) = —C1A—oo + O(N2 ), Mu(Aooo) = c1A_o + O(A2 ) and

N:(A_oo) = c2A2 _+O0(X3 ), with ¢; and ¢y strictly positive, such that, for any
J=0,

[logy(Zj-1/Z5) = n-(A-oo)| < ON?277 (50)
[ogs (1j—1/115) = Mu(A—oo)| < CIA[267,
|loga (Z,21/2;)) = ne(A-o)| < CA72%7.
The critical indices in Theorem 5.1 are functions of A_,, only, as it is clear from
(48); moreover the exponents appearing there are such that
Xe=1-ns+n. p=ny—n=1-x4. (51)

If uq # 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

log, |p|
1+n,

In conclusion, the exponents are written as convergent series so that they can be

integer < x, h* is given by h* = [

computed with arbitrary precision; the complexity of the expansions makes however
essentially impossible to prove the universal relations directly from the expansions
and new ideas are necessary.

6. Proof of universality and anomaly non renormalization

Some of the universal relations for coupled Ising models (2) with a generic quartic
interaction have been recently proved.
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Theorem 6.1. (Benfatto,Falco, Mastropietro [6]). Given the coupled Ising model
with quartic interaction (2), with the same definitions as in Theorems 5.1 and 5.2
and X small enough the following relations are true

1 22X,
X =— =2t 52
X, “=5x, (52)
L1 1 Xy
T2-Xy S

Despite the exponents depend from all the details of the model, they verify
universal, model independent relations allowing to express all the exponents (which
we can compute) in terms of any one of them. The first two of the above relations are
the ones conjectured by Kadanoff [17] and the second by Kadanoff and Wegner [19]
while the last one is completely new.

In order to prove such theorem we introduce a continuum fermionic theory de-
fined as the formal scaling limit of the original one plus an ultraviolet regularization;
more exactly, we prove that the critical indices X, X_, v and X7 of the spin model
(2) are equal to the indices of a fermionic theory provided that the bare coupling Ao,
of the new theory is properly chosen as a suitable function of the parameter X in (2).
The correlations of this continuum fermionic theory are the functional derivatives
of the following Grassmann integral

/PZ(d¢(§N))eV(N)(\/Ew(SN)H’Zw:i J (v b5+ 6] (53)

with 1,1 are Euclidean d = 1 + 1 spinors (¢* = (¢ ij %)), Pz(dy=N) is the
(V) = XN(k . &= 0ko + 11k

(which in components appear to be equal to g(— (x) (41))7 and

fermionic gaussian integration with propagator g

V(S0 = / dxdyv(x — ¥)ju (%) (y) (54)

with ji,(x) = ¥x7,¥x and v(x — y) a short range symmetric interaction; moreover

() (03

A multiscale integration is now necessary also in the ultraviolet region to perform
the limit N — oo; no ultraviolet divergences are present due to the non locality
of the interaction in (54). The multiscale integration for the infrared scales can be
done exactly as described in the previous section, with the only difference that, by
the oddness of the free propagator, v; = 0 and

N1 = A+ B9 (A, ho) (56)
where

37 (g, -ho) = 87 (A, -ho) + O(NZ2%) (57)
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g\j) (Aj,...A;) being the function appearing in (45), so that we can prove that A_ =
Ao + O(M\3); since A\g = Moo + O(A2,), we have

Ao = h(doo) = Ao + O(NL) (58)

for some analytic function h(Ay ), invertible for A, small enough. Moreover

Z3- 1 A(d)
2 =140 (N ) (59)
J
with
B (N, s 20) = B (Ajy o Ao) + O(N22%7) (60)

ﬁg) being the functions appearing in (49) (as consequence of (40)). This implies
that

ne = logy[l + 857 (Ao, Aooo)] (61)

that is the critical indices in the AT or 8V or in the model (53) are the same as
functions of A_oo.

If we call )\3()\) the effective couplings of the lattice model (2) appearing in the
previous section, the invertibility of h(Ay) implies that we can choose Ao so that
(chosen ¢ =1)

h(As) = A0 (N) - (62)

With the above choice of Aoo the exponents in the models (2) and (53) are the same.

What have we gained by this? The point is that the continuum fermionic theory
(53) has correlations expressed by Grassmann integrals which are identical to the
ones appearing in certain Quantum Field Theory models; in particular it verifies
extra Gauge symmetries with respect to the original spin Hamiltonian. If < ... >y,
are the correlations with respect to P(dy(SN ))eV(N) in (54), by the transformation
W — e'®*1)y one finds

_ipu < ju,pwki)ker >ih=< wki)k >th — < warp?Z}]:er >th +AN(k7 p) (63)

where

AN =< §jpxtiip >th (64)
with

0jp = /dk[(va1 (k+p) = 1)(k+ p) — (xy' (k) = 1) Ktip  (65)

An analogous expression is obtained for the axial current 1/_)'yufy5z/). The term Ay is
due to the momentum regularization which is necessary to have a well defined Grass-
mann integral but which breaks the continuum phase symmetries. By a multiscale
analysis it is found, in the limit of removed cut-off [32]

A

]\;Enoo AN (k7 p) = —’L'T’lA}(p)p” < ju,pwk,w'&k—i—p,w >th T = R (66)
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A similar expression holds for the axial Ward Identity, with j, replaced by jﬁ and
7 replaced by —7. The fact that Ay (k, p) is non vanishing removing the ultraviolet
cut-off N — oo is a manifestation of a quantum anomaly. The anomaly coefficients
T is linear in A\ : this is the non-perturbative analogue of the anomaly non renor-
malization in 4D Quantum Electrodynamics [1]. In the proof of the validity of such
property a crucial role is played by the non locality of the interaction (53); highers
orders in Ao are present in 7 with other choices of V(™) for instance replacing
v(x —y) with a delta function, as shown in [6].

The fact that 7 has no contributions from higher orders implies that also the ex-
ponents can be exactly computed in terms of A. By combining the Ward Identities
(63), (66) with the Schwinger-Dyson equation one gets equations for the correlations
from which the indices can be computed as functions of A: it is found

1 A 1 A
Xy=1- — X_=1 —
* 147 27c * 1—72mc (67)
from which the relation X1 X_ = 1 follows (the other relations between indices

follow by similar arguments).

The indices have simple expressions in Ay, as consequence of the linearity of
7; all the model dependence is included in the function A, which is given by a
convergent non trivial series with coefficients depending from all the details of the
spin model (2). The simple and universal expressions of the exponents in terms of
Ao allow to check the validity of the universal relations.

7. Renormalization Group for Quantum spin chain and 1D Fermi
systems

We now come to the quantum spin chain model or 1D interacting Fermi system (11).
If O, is a local monomial in the S or af operators, we call Oyx = eff*00, e~ Heo
where x = (z, z¢); moreover, if A = Oy, ---Ox,,,

Trle PHT(A)]

Tr[e—BH] (68)

<A >L,8=
T being the time order product, denotes its expectation in the grand canonical
ensemble, while < A >7.1 3 denotes the corresponding truncated expectation. We
will use also the notation < A >p=limp g.co < A >, 3.
For A small enough [9] if x = (z, x9), 2o imaginary time, when J; = Js, one can
prove that, for small A\, J; = Jo = 1 and large x,

1+ Af(N)

— + ~
<a’x Qg >T 9o (X) (Z‘(Q] T ngQ)(n/Q) ) (69)
where f()\) is a bounded function, 7 = apA? + O(A?), with ag > 0, and
eiwppx
= _ 70
wi) = 3 = (70)

w=%
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vy = vF + O(X) pr =cos H(h+ ) +O0(N) vp = sinpp . (71)

From (69) we see that the interaction has two main effects. The first one is to change
the value of the Fermi momentum from cos™(h) to pr and the Fermi velocity
velocity from vg in the non interacting case to vs. The second effect is that the
power law decay is changed; the 2-point function is asymptotically given by the
product of the non-interacting one (with a different velocity) times an extra power
law decay factor with non-universal index 7.

It was also proved in [9] that the spin-spin correlation in the direction of the
3-axis (or, equivalently, the fermionic density-density correlation) is given, for large
X, by

(SB S 1~ cos(2ppa) 034 (x) + Q3 (x) (72)

QS’Q(X) _ 1+ Al (X)

= 902 (vazo)? ] (73)

3.0(x) = L x(Q) - (x/vs)2 <
Q*(x) = 272 (22 + (vs20)?] { 22 + (vs0)? +Az( )} ’ (74)

with |A; (x)], | A2(x)] < C|A| and X4 = 1 — agA + O(A2) with
a1 = [0(0) — 0(2pp)]/ (7 sin pr) (75)

Finally the Cooper pair density correlation, that is the correlation of the operator

pS = atal, +agay, x' = (z +1,z0), behaves as
1+ As(x)

(@ + v2z)X-

%/

(P%po)T ~ 52 ; (76)

with X = 1+ a;A+0O(A\?), a; being the same constant appearing in the first order
of X, . In the case J; # Js the correlations decay faster than any power with rate
@ such that & ~ C|J; — Jo|” with 7 = 1+ a1 A + O(\?), a; given by (75).

If Jx = vpjx (Jx was defined in (12)), in the A = 0 the commutation relations
(13),(14) imply the following Ward Identities, for k,k + p close to (0,wpr), w = £

_ip0</3p&Id1:+p> + WpUF<jp&Id1:+p> ~ [<d1i—&l:> - <&I+pdl:+p>]
_lp0<jpdli—&l:+p> + wva<pAPdI(‘rdl:+p> ~ [<dl—|(—&l:> - <&I+pdl:+p>] (77)

In the presence of the interaction A # 0, the Ward Identites have the form [11]

—ipo(Pplyf iy p) + WP (Jpls g, ) ~ Bllagay ) — (@ pig, )]
—ipo (Jplyt Gy p) + wPON (Ppayfare, o) ~ Bllafay ) — (@ pag, )] (78)

with B=1, B=1+0(\) and 97,05 = vs(1+0O())); in particular %—Ij =142a1 4
O(\?) with a; the constant defined above in (75). The interaction has the effect that
the normalization B is not 1 (the current does not commute with the quartic part of
the Hamiltonian) and two different velocities , the charge ¢ and the current velocity
Un, appear. The presence of the lattice, breaking the Lorentz symmetry valid in the
continuum limit, causes the presence of three distinct velocities, vy, 0, vs.
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8. Universality for quantum spin chains and 1D Fermi systems

The same strategy followed for proving the universal relations in the coupled Ising
models (2) allows to derive the same relations between the indices appearing in the
correlations of the spin chain; again all the indices can be expressed in terms of a
single one. There is in this case also an extra relation connecting the indices with
the Fermi velocity vs; and the susceptibility, defined as

k= lim Q(0, p) (79)
p—0

where (0, p) is the bidimensional Fourier transform of <S,((3)S(()3)>T. In the fermionic
interpretation, xp~2 is the compressibility (p is the fermionic density).

Theorem 8.1. (Benfatto,Mastropietro [11]) In the model (7) for A small enough
the exponents in (69),(72),(76) verify
_ 1 —1
X+X7:]. 1/27_1 277:X++X+ —2 (80)
2- X,
Moreover, the velocities in the Ward Identity (78) are such that
NDy=v: by =vp (81)

and the susceptibility Kk verifies

1X
k=t
T Vg

(82)

The relation (82) has been proposed in [21] as a part of the Luttinger liquid
conjecture and checked previously only in the case of the XYZ chain using the
explicit exact formulas, see (17),(18).

Note that, in the notation of [21], vx = (7x)~! should not be confused with
On appearing in the WI (77); they are coinciding only in the special case of the
Luttinger model. Therefore oy = vy is an example of relation true in the (exactly
solvable) Luttinger model but not in the generic 1D Fermi system model (7).

The Ward Identities of the relativistic model (53) with ¢ = vs and a suitable
choice of Ao, and the following relations, valid for k k,k+ p small, if pr = (0,wpr)

A oAt ”e 3 04+ G-

< Policpplicipipy >~ 2% < gt Vi > (83)
Soa4 A ~(3 P [ R —

<Ipiipyicspipy >~ 2 < Ui o

imply the Ward Identities (78) with, if 7 is given by (66)

7(3) - 7(3) .
and
7(3) 7(3)
UN = Vs=== U] = Vs (85)

Z3) AS)
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On the other hand, by comparing the first of (78) with the Ward Identity obtained
from (13) we get

73)
m =1 'lj] = VF (86)
In the same way we can derive from the Ward Identity for the densities the following
expressions
1 Z(3))2 D_(p) Di(p
< PpPp == drvsZ2 1 — (()\00/4)171'1}5)2 a D+Ep; a D+Ep; +0(p) (87)

where D, (p) = —ipg + wvsp, so that from (86) and (79)
11 (23))2 11— (Ao/Amy) Xy
(A

M5 221 — (Ao Jdmv,)? 705 1+
so that (82) is proved.

o /4TVs) T, (88)

9. Conclusions

We have established for the first time the validity of a number of universal relations
between exponents and other quantities in a wide class models, including solvable
and not solvable models. Several of such relations were conjectured by Kadanoff
[17-19], Luther and Peschel [29] and Haldane [21]. These universal relations are
used for the analysis of experiments in carbon nanotubes or spin chains, but their
interest goes much beyond this, as they provide one of the very cases in which
the universality hypothesis can be rigorously verified. Extensions of our methods
will allow hopefully to prove universal relations in an even wider class of models
and to prove other relations between exponents; for instance the ones between the
exponents appearing in the spin-spin correlations in coupled Ising models (2) or the
dynamic exponents in 1D Fermi systems (7).
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