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Abstract

We derive the equation of the critical curve and calculate the renormalized masses of
the SO(9N)-symmetric Ap* model in the presence of a homogeneous external source. We
do this using the Gaussian-Perturbative approximation on finite lattices and explicitly
taking the continuum limit. No disabling divergences are found in the final results, and
no renormalization is necessary. We show that the results give a complete description
of the critical behavior of the model and of the phenomenon of spontaneous symmetry
breaking, at the quantum-field-theoretical level.

We show that the renormalized masses depend on the external source, and point
out the consequences of that fact for the design of computer simulations of the model.
We point out a simple but interesting consequence of the results, regarding the role
of the A\¢?* model in the Standard Model of high-energy particle physics. Using the
experimentally known values of the mass and of the expectation value of the Higgs
field, we determine uniquely the values of the bare dimensionless parameters a and A
of the model, which turn out to be small numbers, significantly less that one.

1 Introduction

Years ago we introduced a calculational technique that was quite successful in describing
the critical behavior of the SO(M)-symmetric Euclidean A¢* model in d > 3 spacetime
dimensions [1]. Some quantities were calculated in d = 4 and compared to the results
of computer simulations, yielding surprisingly good results, and describing reliably the
most important qualitative aspects of the model. The observables calculated where the
expectation value of the field, which is the order parameter of the critical transition of
the model and describes the phenomenon of spontaneous symmetry breaking, and the two-
point function, from which one can get the renormalized masses and hence the correlation
lengths, in both phases of the model.

Although inspired by and superficially similar to perturbation theory, the technique can
handle a phenomenon such as spontaneous symmetry breaking, which is usually considered
to be out of reach for plain perturbation theory. The innovative and essential aspect of
the technique is the use of certain self-consistency conditions within a framework similar
to that of perturbation theory. The technique would be better described as a Gaussian
approximation rather than a perturbative expansion. As such, it is able to produce good
predictions for the one-point and two-point observables, since these are the moments present



in the Gaussian distribution, but should not be expected to go much further than that. For
lack of a better name, we shall refer to it as the Gaussian-Perturbative approximation.

The important role that the four-component A¢* model plays in the Standard Model
of high-energy particle physics makes it certainly interesting to learn more about it. In
this paper we extend the Gaussian-Perturbative technique introduced in [1] to the same
model in the presence of external sources. These external sources are not thought of merely
as analytical devices used to extract the Green’s functions from the functional generators
of the model, and to be put to zero afterwards. Instead, they are thought of as actual
physical sources of particles in the model. One important objective is to determine how the
introduction of the external sources affects the values of the renormalized masses in either
phase of the model.

These are analytical calculations performed on the Euclidean lattice, which therefore
allow us to discuss, and to explicitly take, specific continuum limits in the quantum theory.
As we will see, there is no need for perturbative renormalization, or for any regulation
mechanism other than the lattice where the model is defined. All calculations on finite
lattices are ordinary straightforward manipulations. Although there are some quantities
that do diverge in the continuum limit, they all cancel off from the observables before the
limit is taken.

2 The Model

Let us start by giving the definition of the model, in the classical and quantum domains,
and then quickly reviewing the Gaussian-Perturbative approximation. Consider then the
Euclidean quantum field theories of an SO(1)-symmetric set of scalar fields 5(%) defined
within a periodical cubic box of side L in d dimensions by the classical action

S[3] = jfmddx{;
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where d > 3. This is the usual form of the SO(M)-symmetric A¢* model in the classical
continuum, with an external source Jy, which by assumption is a constant. The vector
notation ¢(x,) is shorthand for

-

¢(x#) = (¢1(xu)a¢2($u): - -a¢m(x#)>7

and the dot-product notation represents the scalar product of vectors in the internal SO ()
space, that is a sum over 1 = 1,2,...,,

N
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In this action the quantity Jy is a homogeneous external source associated with the ¢n(x,,)
field component. Its introduction breaks the SO(I) symmetry, of course, and causes the
generation of a non-zero expectation value for the ¢y (z,) field component.

In order to use the definition of the quantum theory on a cubical lattice of size L with
N sites along each direction, with lattice spacing a = L/N, we consider the corresponding
lattice action
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where all quantities are now dimensionless, defined by the appropriate scalings,

%’(”u) = a(d—2)/2¢i($#)7
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ng = a Ty,

a = a*m? (1)
A = oA,
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In order for the model to be stable we must have A > 0 and, in addition to this, if A =0
then we must also have @ > 0. Up to this point there are no further constraints on the real
parameters a and .

When possible, the summations are notated, in the subscript, by the variable which
is being summed over, and, in the superscript, by the number of terms in the sum. The
integer coordinates n, are taken to vary as symmetrically as possible around the origin
n, = 0y, that is we have n, = nmin,...,0, ..., Mmax With certain values of nyin and nmax
that depend on the parity of IV,

N-1 0 N -1
n,=————
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for odd N, and
N N
=——+41 0,...,—
n,u 9 + ) s Uy 72a
for even N, in either case for all values of p=1,...,d.

In this paper we will perform the calculations of the critical line and of the renormalized

—

masses in a situation in which we have, in terms of the dimensionfull field ¢(x,), for
i=1,..., 91,

(¢i(zu)) =0,
and, for i = N,

<¢m(xu)> =W,

where Vj is a constant with the physical dimensions of the field ¢n(x,). In terms of the
dimensionless field @(n,) we have for the only non-trivial condition

(pa(nu)) = vo,

where the dimensionless constant is given by vg = ald=2)/2y},.

We will consider continuum limits in which we have both N — oo and L — oco. In
order to do this we will choose to make L increase as v N and a decrease as /N, so that
we still have a = L/N. The calculations on finite lattices will be performed with periodical



boundary conditions, with the understanding that at the end of the day such a limit is to
be taken.

Observe that we are specifying the value of the expectation value vy of ¢n(n,) rather
than the value of the corresponding external source jo. What we are doing here is to assume
that there is some external source present such that we have the expectation value specified.
It follows that one of the expected results of our calculations is the determination, at least
implicitly, of the form of the external source in terms of vg.

Our first calculational task in preparation for the Gaussian-Perturbative calculations is
to rewrite the action in terms of a shifted field, which has a null expectation value. We
thus define a new field variable @'(n,) such that

gﬁ(n#) = ‘75/(”#) +(0,0,...,vp),

so that we have (¢'(n,)) = 0 for all n,, with g = 1,...,d. We must now determine the
form of the action in terms of @' (n,). If we write each term of the action in terms of the
shifted field we get
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We will now eliminate all field-independent terms, since they correspond to constant factors
that cancel off in the ratios of functional integrals which give the expectation values of the
observables. Doing this we get the equivalent action
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where except for the kinetic part the terms have been ordered by increasing powers of the

field.
The last task we have to perform, in preparation for the Gaussian-Perturbative cal-
culations, is the separation of the action in two parts. Since the symmetry is broken by



the introduction of the external sources, besides the fact that depending on the values of
the parameters o and A it might be spontaneously broken as well, this separation involves
two new mass parameters, og for ¢} (nu),...,vy5_1(nu), and an for ¢y(n,). Note that
an SO(M — 1) symmetry subgroup is left over after the SO(I) symmetry breakdown. We
therefore adopt for the Gaussian part of the action

N4 1 d
SO[SZ”/] = Z {2 Z [AVSB/(”M) : Awﬁ'(nu)] +
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where there are no constraints on the parameters introduced other than ag > 0 and sy > 0.
Note that, despite the way in which this is written, we do in fact have here just an oy mass
term for each field component ¢}(n,), for ¢ = 1,...,91 — 1, and an oy mass term for the
field component ¢ (n,,). It follows that the non-Gaussian part of the action is
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which has its terms now written strictly in the order of increasing powers of the field.
Let us end this section by recalling the calculational techniques that will be involved.
Given an arbitrary observable O[Z] its expectation value is defined by

/[dcp] 0[7] e~ S0l@1-E5v (7]

/[dgo] e~ S0[@-¢SvI¢]

which is a function of £, where [dy] denotes the flat measure and hence integrals from —oo
to 400 over all the field components at all sites. The expectation values of the model are
obtained for £ = 1, and the corresponding expectation values in the Gaussian measure of
So[¢'] are those obtained for & = 0. The Gaussian-Perturbative approximation consists
of the expansion of the right-hand side in powers of £ to some finite order, around the
point & = 0, and the application of the resulting expression at £ = 1. The first-order
Gaussian-Perturbative approximation of the expectation value of the observable O[Z'] is

(O[21) =

given by

(O[F]) = (O[F]), — {(OlF1SvIF]), — (OIF1)o (SvIET)o} -

where the subscript 0 indicates the expectation values in the measure of Sy[@']. These
expectation values are most easily calculated in momentum space, where they involve only
uncoupled Gaussian integrals. Therefore, let us also recall here the transformations to and
from the momentum space representation of the model. We have for the field and its Fourier
transform ¢ (k,,)
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where the sums over k, are taken in as symmetric a way as possible around k, = 0, just
as we did for n,. In other words, we have k, = Kkmin,...,0,..., kmax With the same values
of kmin and knax, depending on the parity of N, that were used for nyi, and nyax,
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for even IV, in either case for all values of u = 1,...,d. The orthogonality and completeness

relations of the Fourier base are given by
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A typical Gaussian expectation value in momentum space, and possibly the most funda-
mental one, is given for a generic field component by

1 1
(k) k) =
where «; is either ag or as;, depending on the field component involved, and where pz(k:u)
are the eigenvalues of the discrete Laplacian on the lattice, which are given by

p?(k,) =4 [Sin2<7TNk1> +... +sin2<7Tde>] :

This and several other expectation values, Gaussian integration formulas and lattice sums
can be found in Appendix B.

3 Calculations

We are now ready for the Gaussian-Perturbative calculations. We start with the calculations
involving the critical behavior of the model, so that we may determine and characterize
its two phases. It is important to observe that the phase structure of the model must be
established right at the beginning, because everything else has to be discussed in terms of
it.



3.1 The Critical Line

We will now calculate the Gaussian-Perturbative approximation for the particular observ-
able O[F'] = pm(n},), at some arbitrary point nj,. If we write the observable in terms of
the shifted field we get

O[F] = om(ny,)
= on(n,) + vo.

In order to get the equation of the critical line we impose, in a self-consistent way, that we
in fact have

(pm(ny,)) = vo,
which is the same as stating that
(¢n(ny,)) =0.
In the first-order Gaussian-Perturbative approximation this becomes
(o)) = (@), = {{m)SvIF]), — (@), (SvIP1), }
= 0.

Since we have <‘le(”2¢)>0 = 0, because this observable is field-odd and the Gaussian action
So[#] is field-even, we get for the critical line the simple equation, known as the tadpole
equation,

(eh(n,)SvIgT), =0.

The expectation value shown here is calculated in Appendix A, given in Equation (A.4),

and the result is
a+ A+ (M —1)Aog +3X03] — jo
() SulF]), = Lot ey nl —Jo

The parameter ag cancels off from our equation, and thus we are left with the result

Jo = vo { Mg + o+ A[(N = 1)of + 30%] }, (4)
in which we now isolated on the left-hand side the term with the external source. This
gives the general relation between jp and vy at each point (a, \) of the parameter space of
the model. As we shall see later, from this result we can determine the critical behavior of
the model and derive the equation of the critical line.

The quantity og is the width or variance of the local distribution of values of the field
components ¢}(n,), with i =1,...,9 — 1, in the measure of Sy[F'],

o5 = (¢P(n >07

- ]\fdZ +Oéo

as one can see in Appendix B, Equation (B.6), and has the following interesting properties,
so long as d > 3. First, it is independent of the position n,,, as translation invariance would
require. Second, for d > 3 it has a finite and non-zero N — oo limit, so long as ag = a2m3
with a finite value of mg in the limit. Finally, the value of og in the limit does not depend
on the value of mg in that same limit. Analogously, the quantity oy is associated to the
remaining field component ¢f;(n,) and to the mass parameter asg, and has these same

properties. In fact, og and oy have exactly the same value in the N — oo limit.



3.2 The Transversal Propagator

We will now calculate the expectation value of the observable

O[F'] = ¢i(n,)ei(ny,),

which has the same form for all components of the field except ¢ = 1. We call this the
transversal propagator because it belongs to the field components which are orthogonal to
the direction of the external source in the internal SO(2M) space. In this section we will
assume that i # ‘ﬁ in fact we will make ¢ = 1. The observable will be taken at two arbitrary
points nu and n . The first-order Gaussian-Perturbative approximation for this observable
gives

(Prm)ei(ng)) = (Pi(n,)eh(ng), +
— (A A DSV 1), — (5 (1) (1) (Sv 2o )
= go(nj, —ny) +
—{(A ) SVIZN), — g0y, = min) (SvIF])o }

where go(nj, — n};) is the two-point function with mass parameter ap. We must calculate
the two expectation values which appear in this formula. The calculation of the first one is
done in Appendix A, given in Equation (A.5), and results in

a—ag+ M\ a — agm + 3\
(vlglhy = N[0T 1y A EINE o

A
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The second expectation value is also calculated in Appendix A, given in Equation (A.6),
and the result is

(1 () (ny;) Sv [ >O
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The factor in front of go(n), — n};) can now be verified to be exactly equal to (Sy[F]),

and therefore this whole part cancels off from our observable. We may now write for the
difference of expectation values that appears in it,

(DL ()1 () SvIP]), — (SvIET), go(n, — 1))
—1(27/N) zj ey (nf,—n1)
[p?(ky) + aol?

1
= [MWf+a—ag+ AN+ 1)of + Ao Nd;
m

Finally, we can write the complete result,
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where we wrote go(nj, —n},) in terms of its Fourier transform.

In principle we could have used any positive value of «q for this calculation, but now
a particular choice comes to our attention. We see from the structure of this propagator
that we can make ag equal to the transversal renormalized mass parameter by choosing it
so that the numerator of the second fraction vanishes. In this way we get a very simple
propagator, with a simple pole in the complex p? plane, in which the parameter o appears

now in the role of the renormalized mass parameter,

() () = R
n, )o1n = —
w1, )P n, Nd - p2(ku) + ag

Observe that to this order the propagator is, in fact, the propagator of the free theory. This
is a self-consistent way to choose the parameter aq, and is equivalent to the determination
of the transversal renormalized mass. This choice is equivalent to requiring that the mass
parameter of the Gaussian measure being used for the approximation of the expectation
values be the same as the renormalized mass parameter of the original quantum model. It
gives the result

ap = Mg+ a+ A [(M+1)of + 5] - (5)
This result for ag = azm% is valid for a constant but possibly non-zero external source, in

both phases of the model, where mg is the mass associated to the 91 — 1 field components
wi(n,), for i # M.
3.3 The Longitudinal Propagator
We will now complete our calculations with the expectation value of the observable
O[7] = em(ny,)em(ny,).
We call this the longitudinal propagator because it belongs to the field component which is in

the direction of the external source in the internal SO() space. Once more the observable

will be taken at two arbitrary points nL and nZ The first-order Gaussian-Perturbative

approximation for this observable gives
(o) om(ng)) = (enn,)en(ng,)), +
— () m)SVIF]), — ()} (SvIFD), |

—{{em)(m)Sv [P}, — gn(my, = n10) (SvIP1), }



where gn(nj, — n}) is the two-point function with mass parameter ay. We must now
calculate the two expectation values which appear in this formula. The first expectation
value is the same we had before for the transversal propagator, and from Equation (A.5)
we have,

o —ag + \vf +a—am+3)\vg

(SvgT), = N 5 (M=1)ag 5 o
A A 3\
2 (M —1)og + 5 (M —1)odoy + — 1 ox | -

The second expectation value is calculated in Appendix A, given in Equation (A.7),and the
result is

(¢(n)om(ny;)Sv [ >0
— A — \v2
_ i@ a02+ Uo (m_1)0[2)+a ozgn2+3 v Ugﬁ_
A A 3\
+7 (M2 —1)og + 5 (M — 1o + T 0311] gm(ny, — 1)

—2(27/N) 3% kyu(n,—nl))
P (ku) + a‘ﬂ]

+ [a — am + 3\ + MO — 1)0d + 3X0F] Ndz

The factor in front of gy (n), —n);) can now be verified to be exactly equal to (Sy[#']),, and
therefore once again this whole part cancels off from our observable. We may now write for
the difference of expectation values that appears in it,

(om(n,)om(n,,)SvIET), — (SvIF])y go(ny, — ny,)
N4 —1(27r/N)Z kpu (i, —nll)

Nd ko [p (kf'u) + 0491]2

= [BA\§ +a—an+AM - 1)of + 3Aoq]

Finally, we can write the complete result,

(m(ny, )soﬁn(n”)>
27T/N)Z ku(ny,—np)
- ]\mZ —|—Oém +

N *'L(QW/N)Z K (ny,—ni;)
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I

)
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where we once more wrote gm(n;L — nZ) in terms of its Fourier transform. Exactly as in the
previous case, we see from the structure of this propagator that we can make sy equal to

the longitudinal renormalized mass parameter by choosing it so that the numerator of the
second fraction vanishes. This gives the result

am = 3\ + o+ A [(M —1)of + 305 . (6)
2

This result for ayn = a m?n is valid for a constant but possibly non-zero external source, in
both phases of the model, where mgy is the mass associated to the field component ¢f;(n,,).
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4 Discussion

In this section we analyze and discuss the physical significance of the results obtained with
the Gaussian-Perturbative approximation, starting with the determination of the critical
behavior of the model. As was pointed out before, it is important that the phase structure of
the model be established right at the beginning, because everything else has to be discussed
in terms of it.

4.1 Ciritical Behavior

Critical Line: Here we discuss the physical significance of our result for jg as a function
of vg. As we shall see, this bears on the critical behavior of the model. First of all, let us
discuss the case jo = 0, that is without external sources at all, which from Equation (4)
results in the equation

vo { MG+ a+ A [(M—1)of + 305} = 0.

Observe that we do not assume that vy is automatically zero. Since we must have A > 0, in
the part of the parameter space of the model in which the quantity shown below is positive,

a+A[(M—1)of + 305] >0,

the only possible solution to the equation is in fact vg = 0. This is the symmetric phase of
the model. On the other hand, in the complementary region of the parameter space of the
model, in which that same quantity is negative,

a+A[(M—1)of + 305] <0,

and once again because we must have A > 0, there are two other solutions besides the
vo = 0 solution, given by

Mg =—{a+A[N—1)0f +305]}. (7)

Let us observe that since A > 0 we must have o < 0 here. This is the broken-symmetric
phase of the model, where these solutions corresponds to the local minima of the potential,
while vg = 0 corresponds to the local maximum. If we look for the locus in the (a,\)
parameter plane of the model in which the vyg = 0 solution becomes the only possible
solution, we arrive at the equation

a+A[(M— 1)od —1—30%] =0.

This is an equation giving A in terms of «, which thus determines a certain curve in the
parameter plane of the model, in this case a straight line. This is the critical line, which
separates the two phases of the model. An example of the parameter space of the model,
showing the critical line, can be seen in Figure 1, on page 22. To the right of this line the
model is symmetric and we have (@(n,)) = 0. To the left, the symmetry is broken and we
have (on(n,)) # 0.

It might seem odd that we find here what looks like a complete phase transition even
on finite lattices. In fact, it is a known fact that there are no real phase transitions on
finite lattices with periodical boundary conditions, a situation in which all one can hope
to get are approximations of this behavior. However, it is in fact possible to get complete
phase transitions on finite lattices if one uses other boundary conditions or changes other

11



aspects of the system, such as the imposition of self-consistency conditions [2], just as we
do in the Gaussian-Perturbative technique. Strictly speaking, however, the position of the
critical line that we find here is not completely well-defined on finite lattices, because there
is a slight dependence on ag and asy through og and os;. This small dependence vanishes
in the continuum limit, of course.

Since o( and o are strictly positive, and (91— 1) > 0, we can see that this critical line
starts at the Gaussian point (o, A\) = (0,0), and extends to the quadrant where a < 0 and
A > 0. Besides, since in the continuum limit g9 and oy become identical, we may write the
following equivalent equation for purposes of that limit,

a+ (MN+2)Aef = 0. (8)

This is the known result for the critical line, obtained previously without the introduction
of any external sources at all [1].

Going back to the general case, when the external source jg is not zero, then the equation
of the critical line determines it in terms of vg, in either phase of the model, for as we saw
before in Equation (4) we have

jo = vo { Mg+ a+ A [(M—1)og + 305] } -

Given a point («, A) in the parameter space of the model, this clearly and directly determines
Jjo in terms of vg. Conversely, given jg one may determine the corresponding vy by solving
this simple algebraic cubic equation. Using the result for agy in Equation (6), we may write
this cubic equation in a simpler and more explicit form, in terms of the renormalized mass,

o= (53) wo + (;&) — 0. ()

In the simple case in which we make A = 0, returning to the free-field theory, we at once
have that as; = ap = @, and the result reduces to

jO = o,
which is the familiar result for the free theory.
Transversal Mass: We are now in a position to discuss the physical situation of the
transversal renormalized mass in the general case, in which jy and vy are not necessarily

zero. This has to be done separately in each phase of the model, and taking explicitly in
consideration whether or not there is a non-zero external source.

Symmetric Phase: In this case, if there is no external source, then we have vg = 0
and therefore from Equation (5) the renormalized mass parameter is given by

ap=a+ A [(M+1)of + 05] , (10)

which is a positive quantity in this phase. On the other hand, if there is an external
source jo, then there is also some value of vy associated to it, and therefore according to
Equation (5) the renormalized mass parameter changes to

ap = A +a+ A [(MN+ 1) + 03] -

This means that, given a point (o, A) in the parameter space of the model, the renormalized
mass increases with vg and thus with the external source. Note however that ag does not
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depend directly on the external source, but on vy instead. This indicates that, in the case of
localized external sources, the renormalized mass should depend both on the external source
and on the relative position between the external source and the point of measurement of
the mass.

Broken-Symmetric Phase: In this case, if there is no external source, then instead
of zero we have for vg the non-trivial solution that we will denote here by vy gsg, which
according to Equation (7) is given by

A”S,SSB = —a— A\ [(‘ﬁ — 1)0(2) + 30%1] ,

which is a positive quantity in this phase. Substituting this for the term Av3 in Equation (5)
we get for the transversal renormalized mass parameter

ap =2\ (08 - ag%?) . (11)

Since o and o3 become identical in the continuum limit, this seems to indicate that g
tends to zero in the limit and thus corresponds to zero mass mg in that limit. However, aq
always goes to zero in the continuum limit, and the fact that it does so is mot enough to
guarantee that my is zero in the limit. Therefore, further analysis of the limit in necessary,
which we will do later.

Going back to the case in which there is an external source jy, we see that vy will be
somewhat larger that the solution vg ssg. In this case we may add and subtract )‘U(Q),SSB in
Equation (5) and therefore write ag as

ap = A (vg — Ug,SSB) +2A (03 — qu) , (12)

showing once more that the mass increases with the variation of vg beyond its spontaneous
symmetry-breaking value vy ssp, and hence that it increases with the introduction of the
external source. This represents the variation of g as a consequence of a variation of vg
beyond its spontaneous symmetry breaking value. In terms of the mass mg this variation
is not linear, but quadratic in nature.

Longitudinal Mass: Finally, we may now discuss the physical situation of the longitu-
dinal renormalized mass in the case in which vg is not necessarily zero. This discussion
proceeds in the same lines as the previous one. Once more this has to be done separately
in each phase of the model, and taking in consideration whether or not there is a non-zero
external source.

Symmetric Phase: In this case, if there is no external source, then we have vg = 0
and therefore from Equation (6) the renormalized mass parameter is given by

am =a+A[(N—1)of + 305 ,

which is a positive quantity in this phase. It is interesting to observe that, since in the
continuum limit g and o9 become identical, for the purposes of that limit this equation
is identical to the corresponding result for ag, shown in Equation (10), thus exhibiting the
symmetry of the model in this phase. On the other hand, if there is an external source,
then there is also some value of vy associated to it, and therefore according to Equation (6)
the renormalized mass parameter changes to
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ag = 3§ + o+ A [(M—1)0g + 305, -

This means that, given a point («, A) in the parameter space of the model, the renormalized
mass increases with vy and thus with the external source. This is now different from oy,
since it increases three times as fast with v3. Note that once again ay does not depend
directly on the external source, but on vy instead.

Broken-Symmetric Phase: In this case, if there is no external source, then instead
of zero we have for vy the non-trivial solution vgggp, which according to Equation (7) is
given by

Missp = —a = A[(N—1)ag + 305] ,

which is a positive quantity in this phase. Substituting this for the term )\,U(Z] in Equation (6)
we get for the longitudinal renormalized mass parameter

am=—2{a+ A [(MN—1)of + 305} . (13)

This is a positive quantity in this phase, and in general corresponds to a non-zero mass msy.
If, however, there is an external source, then vy will be somewhat larger that the solution
vp,ssB- In this case we may add and subtract 3)\11(2)73813 to Equation (6) and therefore write
Qs as

as = 3\ (v§ — U%,SSB) —2{a+ A [(M—1)o5 +305]}.

showing once more that the mass increases with the variation of vg beyond its spontaneous
symmetry-breaking value, and hence that it increases with the introduction of the external
source. If we denote the value of asy without the presence of the source by am ssg, we may
write for the variation of ag; due to the external source

am — Qi 8SB = SA (vg - vaSSB) . (14)

Observe that once again this variation is three times larger than the corresponding variation
of Q.

4.2 Continuum Limits

First of all, it is necessary to say that, regardless of the spacetime dimension and of the
symmetry group which are chosen, the dimensionless parameters o and A are the true free
parameters of the model. Besides the requirements of stability, there is no reason to limit
their range a priori. Limitations may arise, however, from the discussion of physically
meaningful observables, expressed as expectation values, specially in the continuum limit.
We start therefore with no more than the stability conditions that A > 0, and that o > 0
if A =0, as the limitations for a and A.

In the continuum limit, when we make N — oo and a — 0, most dimensionless renormal-
ized quantities we calculated here go to zero. In order to recover the physically meaningful
results in the limit, before we take the limit we must rewrite these dimensionless quan-
tities in terms of the corresponding dimensionfull quantities, using the scalings listed in
Section 2, Equation (1). Since in the continuum limit op and oy become identical, in all
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cases where this is possible we will write the formulas in terms of oy only, producing in this
way equations which are equivalent to the original ones for the purposes of that limit.
Starting with the expectation value of the field, in the case in which there is no external
source jo, in which case the limit must be taken within the broken-symmetric phase of the
model if we are to have the possibility of a non-zero result, from Equation (7) we have

<¢‘ﬂ($u)> = W

vo
a(d72)/2

\/— [+ AN+ 2)0f]
VA ald—2)/2

Since for d > 3 the denominator goes to zero in the continuum limit, if the field ¢n(x,) is
to have a finite expectation value, then it is necessary that vy approach zero in the limit,
which forcefully takes us to points over the critical line, which is characterized by vg = 0
and by the equation that states that the quantity within the square root above is zero.

Since the critical line starts at the Gaussian point and extends to the quadrant where
A >0 and a <0, it follows that all possible continuum limits originating from the broken-
symmetric phase must go to points in the parameter plane where o < 0, the case o = 0
being the Gaussian point and corresponding to the Gaussian sector of the model. In d = 4,
in particular, all possible non-trivial continuum limits necessarily correspond to strictly
negative values of a. A particular sequence of values of (a, A) approaching the critical line
defines both a path in the parameter space of the model and a rate of progress along that
path, leading to that particular continuum limit, and is called a continuum limit flow. A
continuum limit is completely characterized by its flow, and is not characterized completely
just by a point (a, A) in the parameter plane.

Going back to the case in which we have an external source present, we may now rewrite
Equation (9) in terms of the renormalized dimensionfull quantities, thus obtaining

2
d—4y,3 _ [ My Jo\ _
= (25 (2) o,

In the case d = 3 we see that, if A is not zero, then the first term dominates over the
others, and therefore we conclude simply that V03 = 0. It follows that in this case there
is no spontaneous symmetry breaking and no effect of the external source over Vj in the
continuum limit. If we wish to have any interesting structure in the model in this case, we
are forced to make A = 0 in the limit. If we do that at the appropriate rate, there may be
interesting continuum limits sitting right over the Gaussian point. In the case d > 5, on
the other hand, we see that the first term vanishes, and we are left with Jy = m?nVO, which
is characteristic of a free, or trivial theory. In the case d = 4 we get the equation

2
5 [ Myn Jo\ _
i () v () =0

It is interesting to calculate the discriminant A of this cubic equation, which turns out to

be
33 2 4 2
A:w( mm‘ﬂ”O)( wmm‘J0>'

We can see now that the number of roots of the equation depends on the value of Jy in a
simple way. If we have
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2
JO < 337)\7’77/%7

then A > 0 and therefore there are three distinct simple real roots. If we have

2 3
TS

then A = 0 and the three roots merge into one triple real root. Finally, if

3
J() > mm7

33\
then A < 0 and there is a single real root, the other two having non-zero imaginary parts.
This supports the idea that as Jy increases along positive values, the left well of the potential
becomes shallower and eventually there is no possibility for the local distribution of the field
o to fit within it, even to form a meta-stable state. One of the roots relates to the third
extremum of the potential, the local maximum between the two minima. It is clear that,
when there is more than one solution to the equation, only the largest solution corresponds
to a stable state and is therefore relevant in the context of the symmetry breaking driven
by a positive Jy.

The same analysis regarding critical behavior and the critical line is valid for the renor-
malized masses. Considering first the limits from the symmetric phase, with no external
source jo, we have ap = agr with m2 = ap/a?, and therefore using Equation (10) we have

a = at+AN+2)0f =

Va+ AN+ 2)o2

moyg = .
a

We can see that, regardless of how we take the limit, we will necessarily have mg = mwn
in this case. Observe that the numerator on the right-hand side is the quantity which,
according to the equation of the critical line, is zero over that line, and hence approaches
zero when (o, A) tends to a point on the critical line. Once more we see that, if we are
to have a finite value for mgy, we must approach the critical line on the continuum limit,
in such a way that the quantity « + A\(91 + 2)0(2] approaches zero as a® or faster. If the
approach is such that the quantity in the numerator behaves exactly as a2, then we have
a finite and non-zero value of mg. If the approach is faster than that, then we will have
mo = 0. On the other hand, if it is too slow, then we may end up with an infinite mg in
the limit.

The same type of mechanism works for limits from the broken-symmetric phase, except
that in that case we will always have mg = 0 in the limit, as we will now demonstrate. As
we saw before in Equation (11), we have for ag

ag = 2\ (08 — 031),

which indeed goes to zero in the limit. However, the analysis of the limit is not so simple,
due to the fact that on finite lattices oy appears in the right-hand side of the equation as
well. If we write it explicitly, using Equations (B.6) and (B.7) of Appendix B, we get an
equation involving ag and auy,
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Nd
1 1 1
= 2\ — E —
o Nd & {PZU%) + ap Pz(ku) + an
"

= 2\ (« —a)1§ !
- YN £ [0 (k) + o] [P (k) + o]

Now, if am = «g, which implies that mey; = mg, then the right-hand side is zero, and
therefore so is ag. This in turn implies that mo = 0, as expected. This is in fact one
possibility, we may indeed have both mg and ms zero in the limit. If, on the other hand,
we have agy # ap, then we may write the equation as

2 N
Mo 2)\i Z 1
miy—mg Nt 4= [0 (k) + ao] [0? (k) + am]’

where we wrote the left-hand side in terms of dimensionfull quantities. Obviously, because
both A and the sum are necessarily positive quantities, it is impossible to have mgy < my.
Here we see that, if we have both my and myn > mg different from zero in the limit, then
the left-hand side has a non-zero limit and therefore the normalized sum on the right-hand
side must be non-zero in the limit.

However, one can check numerically that, for d > 4 and in the type of continuum limit
that we consider here, the normalized sum does indeed go to zero in the limit. This implies
that in these dimensions, which include d = 4, we cannot have both mg and mg different
from zero in the limit. Since mey; > my, this implies that we must always have mg = 0
in the limit. What we have here, as one should expect, are the Goldstone bosons brought
about by the process of spontaneous symmetry breaking.

For the longitudinal mass parameter msy we have, using Equation (13),

an = —2[a+ XM+ 2)0(2)] =
\/—2 [+ AN+ 2)0d]
mym = a ’

so that exactly the same argument that was used for «g in the symmetric phase applies.
We see therefore that the need to approach the critical line when one takes continuum
limits in this model is a rather general characteristic of the model. This makes the critical
line the locus of all physically possible continuum limits of the model. This means that
making « < 0 is not a choice that we have, since it is forced upon us by the need to obtain
physically meaningful continuum limits.

Let us now discuss the continuum limits of the transversal renormalized mass in the
presence of an external source. We have the result in Equation (5), valid in either phase,

ao(jo) = Avg + [a+ AN+ 2)05] -

Observe that this equation implies that it is still necessary to approach the critical line in
the continuum limit, and in the same ways as before. In the symmetric phase, if ap(0) is
the corresponding result in the absence of external sources, which corresponds to vg = 0,
we may write

Oé()(jo) = 040(0) + )\US.

Rewriting all quantities in terms of the corresponding dimensionfull ones we have
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m2(Jo) = m3(0) + Aa® V2.

We see that for d = 3 we are forced to make A\ — 0 in the limit. In the case d = 4 no
additional constraints on A arise, and we get the relation

mo(Jo) = m%(O) + AVO2,

describing indirectly how mg(Jy) increases with Jy through the variation of Vj. In the case
d =5 the term containing A vanishes in the limit, and we get simply that mg(Jy) = mg(0),
meaning that in this case mg(Jy) does not really depend on Jy in the continuum limit.

In the broken-symmetric phase we may start with Equation (12) for the transversal
mass parameter. If we recall that we have already shown that in this phase we must have
mo(0) = 0 in the limit, we may make oy = o in this formula and thus obtain

2 2
oy = )\ ('UO — UO,SSB) .
In terms of dimensionfull quantities we have therefore
2 d—4 (1,2 2
mg(Jo) = A~ (V' — Vi'ssg) »

which gives us back m(0) = 0 in the absence of external sources. Not much changes in the
discussion of the various possible dimensions. We may restrict our comments to the case
d = 4, in which we get a fairly simple relation giving mg(Jy) in the presence of the external

source,

The same analysis can be made for the longitudinal mass in the presence of an external
source. In this case we have the result in Equation (6), valid in either phase,

Oém(jo) = 3)\1)(2] + [Oz + )\(sﬁ—}— 2)0'(2)] .

The necessity to approach the critical line remains in force here. In the symmetric phase,
if an(0) is the corresponding result in the absence of external sources, which corresponds
to vg = 0, we may write

am(j()) = 0491(0) + 3/\’08.
Rewriting all quantities in terms of the corresponding dimensionfull ones we have
ma(Jo) = m(0) + 3Xa? V2.

Once more we see that for d = 3 we are forced to make A — 0 in the limit. In the case
d = 4 we get simply the relation

mn(Jo) = \/m%(0) + 3AVZ,

describing indirectly how mn(Jp) increases with Jy through the variation of V4. In the case
d = 5 the term containing A\ vanishes in the limit, and we get simply that mn(Jy) = mxn(0),
meaning that in this case mgn(Jy) also does not depend on Jy in the continuum limit.
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In the broken-symmetric phase we may start with Equation (14) for the longitudinal
mass parameter

2 2
am — angsB = 3A (V5 — V3 ssB) -

where am gsp is the value of the parameter in the absence of external sources. In terms of
dimensionfull quantities we have therefore

my(Jo) — m§(0) = 3Aa®* (V& - VOQ,SSB) )

Once again not much changes in the discussion of the various possible dimensions. In the
case d = 4 we get

my(Jo) = \/mgz(o) +3A (VOQ - Voz,SSB)'

It is interesting to note that, both for the transversal and longitudinal masses, the depen-
dence of the renormalized masses on the external source Jy seems to be a peculiar feature
of the case d = 4, which is absent for d > 5.

5 Some Consequences

The calculations performed in this paper have a few rather interesting consequences, and
some relevant conclusions can be drawn from them. In this section we discuss some of these
consequences.

5.1 Triviality Tests

The fact that the renormalized masses depend on the external sources, as we saw above,
has important consequences for the design of computer simulations targeted at probing the
triviality issue. One way to do this is to perform simulations on finite lattices in which
one tries to measure the relation between the external sources and the expectation value of
the field. The argument is based on the fact that on symmetry grounds it is reasonable to
expect that the model has an effective action with the general form

14

N 1Y
Iyl@] = Z {2 Z [Av@e(ny) - Av@e(nu)] +

Ty

Qg 5 am — O

+5 [Be(ny) - Pe(ny)] + — O o (n)+
AR - S 2 .

+ [Be(ny) - Be(nu)]” — doeme(ny) ¢

where F.(n,) is the classical field, which is just another name for the expectation value
of the field, given an arbitrary external source jy. In this expression g and as are the
renormalized masses, and Ar is the renormalized coupling constant. It is possible that
additional terms may appear in I'y[Z.], but terms containing derivatives are not relevant
for the argument that follows, and terms with higher powers can be easily included in the
analysis if need be.

If one considers only homogeneous external sources jg, then it is clear that the classical
field must also be a constant, g (n,) = vo, and hence all terms containing derivatives
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vanish. We are left with only the part of the effective action that contains the effective
potential. In addition to this, since the external source is in the direction of yn (n,)
in the internal SO(M) space, it is clear that the expectation values of all the other field
components are zero, so that we are left with

Nd
- an AR .
In[@c] = Z [2 vh + Zvé = Jovo|
Ty

where we now wrote vg for the expectation value of the field. Since the behavior of pn (1)
is ruled by the minimum of this action in the classical or long-wavelength limit, which is
consistent with the use of a homogeneous external source, we may now differentiate with
respect to the classical field vy, and equate the result to zero, thus obtaining

. 3
Jjo = an vy + AR Vp.

By measuring vy as a function of jy one may then determine from this equation the coef-
ficients asp and Ag, and thus probe into the triviality of the model. For d > 4 triviality
would result if it can be shown that

Jim =0

In other words, a linear result for the relation between jg and vg, with the renormalized mass
parameter as the coefficient, indicates triviality. Any deviations from linearity imply the
existence of interactions, either on finite lattices or in the continuum limit. This technique
avoids the necessity for the direct measurement of the four-point function, which is gen-
erally much more difficult to do numerically than to measure the one-point and two-point
functions.

However, we have shown here that ag itself depends on jg. Therefore, even if Ap
is in fact zero on finite lattices this relation will not result linear if the simulations are
performed by varying jp at fixed values of parameters o and A. It is therefore necessary to
adjust these parameters, as one varies jg, in order to keep ag constant. For this purpose
the value of ag can be obtained independently via the measurement of the propagator of
the field component ¢y (n,), of course. At the end of the day, its value can be confirmed by
the value resulting for the linear coefficient from a polynomial fit to the relation between
Jo and vg.

Given a certain chosen value for asy, for each value of jy one must search the parameter
plane of the model looking for a point where ag has that value, and only then measure
vg. This can become a computationally expensive search. This can be done by keeping
A constant and varying «, thus traversing horizontal lines on the parameter plane, or by
keeping a constant and varying A, thus traversing vertical lines. Given the structure of
the phase transition and of the critical line, one attractive alternative is to keep a? + A2
constant and vary the angle 6 around the position of the critical line, where

A = tan(6),

—Q

not forgeting that in general a will be negative. In any case, the formula giving asy in terms
of a, A, vp and jp that we derived here, shown in Equation (6), may serve to provide at
least a good initial guess for this costly search in the parameter plane.
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5.2 Standard Model

The four-component SO(4) model has an important application in the Standard Model of
high-energy elementary particles. The field component ¢n(n,) corresponds in this case to
the Higgs field. In this application the continuum limit must be taken from the broken-
symmetric phase, for it is essential that we have, in the limit, a non-zero V4 due to sponta-
neous symmetry breaking.

It is certainly possible to take limits from the broken-symmetric phase to the critical line
in such a way that either V or me has a finite and non-zero limit. It is not so obvious, but
true in d = 4, that one can take limits in which both are simultaneously finite and non-zero.
In fact, the calculations imply that in this case there is a definite relation between V and
my.

If we recall our results for vy and ag in the broken-symmetric phase (Equations (7)
and (13)), without external sources, we have

Mg = = [la+AM+2)07],
aq = —2[a+AXM+2)07].

It immediately follows that we have the following result relating vy and s,
202 = am.
Writing this in terms of dimensionfull quantities we get
2247 4VE = mk,.

Of course the important dimension here is d = 4, but let us comment on the other cases
anyway. In d = 3 we are forced once again to make A — 0, which takes us to the Gaussian
point, and if we do this at the appropriate pace, we then simply get 2AV? = m%t. Ind=5
we conclude that, so long as A and Vjy are finite, we must have mgy = 0. If we insist on a
finite and non-zero mgy, then Vy must diverge to infinity. So in this case we cannot take a
limit in such a way that both V; and msy remain finite and non-zero.

However, in d = 4, and only in d = 4, we get a definite relation between Vy and msy,
involving only the dimensionless parameters of the model, and valid for all allowed values
of these parameters within the broken-symmetric phase, given by

Vo 1

my 2\
Since the values of V) and mg are known experimentally, namely V) ~ 246 Gev and
mm ~ 126 Gev, we immediately get a result for A,

A= 0.131.

Given this result, we can find o as well. All we have to do is to use the equation of the
critical line, given in Equation (8),

a+AM+2)of =0,

with 91 = 4 and our best numerical evaluation of o2 for d = 4, which is 03 ~ 0.15493, and
we get

o~ —0.122.
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Conceptually, this is a rather remarkable result. Please observe that we are not using the
experimental data to make statements about expectation values, but instead to determine
the values of bare dimensionless parameters within the mathematical structure of the model.
We are able, using the experimental data, to pinpoint the location in the parameter space
of the model, along the critical line, where it must be located if it is applicable to the real
world,

(a,\) ~ (—0.122,0.131).

This is a point at a distance of approximately 0.179 from the Gaussian point, along the
critical line, which makes an angle of approximately 47.0 degrees with the negative a semi-
axis. The situation in the parameter-plane of the model is depicted in Figure 1, which is
drawn approximately to scale.

A
Critical 1
Line |
10.3
10.2
SN
------- T PR : :
—0.3 —0.2 —0.1 0 a

Figure 1: Critical diagram of the model in d = 4, for 9 = 4, with the Standard Model
continuum limit point (a, A) =~ (—0.122,0.131) singled out, showing the path of a possible
continuum limit flow.

One may wonder how accurate this result may be. In the Standard Model there are
electroweak charges associated to @(n,), which are being ignored here. It is of course possi-
ble that these other interactions might change the expectation value and the renormalized
mass of the Higgs field. However, after the symmetry is broken and the three Goldstone
bosons ¢;(n,), © = 1,2,3 are absorbed by the three massive vector bosons, the single re-
maining scalar field which is the Higgs has no electromagnetic charge, and undergoes only
weak interactions, if any. Therefore it is reasonable to think that whatever corrections there
may be to the result above are probably quite small. By comparison to possible weak per-
turbative corrections, the results presented here have a rather brutal character, since they
handle correctly the non-perturbative phenomenon of spontaneous symmetry breaking, at
the quantum level, flipping the sign of « to negative values in that process.
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5.3 Hints on Triviality

Since we have results for both vy and my as functions of jg, it is conceivable that these
results can give us some hints as to the question of triviality. As we shall see, trying to do
this does in fact provide some rather crude hints, but most of all it puts in evidence the
limitations of the calculational technique.

Our Gaussian-Perturbative result for the relation between jy and vg in either phase of
the model, as shown in Equation (4), may be written for the purposes of the continuum
limit as

jo = vo { Mg + [a+ A +2)0l] }.

On the other hand, our result for the renormalized mass parameter ag, also valid in either
phase of the model, in the presence of the external source, as shown in Equation (6), may
be written for the purposes of the continuum limit as

am = 3\g + [a+ AN+ 2)0]] .

It follows that we may combine these two results, and write a relation involving the renor-
malized quantities vy and sy,

jo = Vo (am — 2)\1)(2)) .

This relation is valid for all d > 3, for all 91 > 1, and all explicit references to a are gone.
In the continuum limit both sides of this equation approach zero. In order to analyze the
limit, it is necessary to rewrite everything in terms of the corresponding finite and possibly
non-zero dimensionfull quantities. Doing this with the use of the scalings given in Section 2,
Equation (1), we get

Jo = Vo (m%;1 —2) ad_4V02) .

This behaves differently in each dimension d. We will analyze separately the cases d = 3,
d=4 and d > 5.

Case d = 3: The result becomes inconsistent unless we make A — 0 in the continuum
limit, which takes us to the Gaussian point. If we do that sufficiently fast then we get
Jo = m%QVO, a result consistent with a linear theory. Otherwise, if we take A to zero at the
appropriate rate, we get

Jo = Vo (m3y — 20 V).

Since the sign of the second term is reversed, this result does not seem to make much
sense, even if we consider that the A that appears there is a bare parameter, a parameter
characterizing a continuum-limit flow, in fact, and not the renormalized coupling constant.

Observe however that this is not necessarily a free theory, even at the Gaussian point,
where one would expect that Ag = 0. This is so because in d = 3 we have Ar = Ar/a, and
therefore we may have Ar # 0 even if A\ — 0 as we take the limit and make ¢ — 0. In
other words, in d = 3 we may have interacting limits of this type sitting right on top of the
Gaussian point.

The complete failure of the approximation away from the Gaussian point suggests that
in that case the distribution of the d = 3 model may not be sufficiently close to a Gaussian
distribution to allow a Gaussian approximation to work, and hence its expectations values
cannot be well represented by the Gaussian measure of Sp[Z].
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Case d = 4: The result is perfectly regular, and is simply given by
Jo = Vo (miy — 2\ V) .

Not much can be concluded in this case, though. Of course we must not forget that both V4
and ms are functions of A and Jy, in such a way that the right-hand side of this equation
remains positive for positive Jp.

Although this equation has the general form expected for an interacting theory, it is
crucial to note that the sign of the second term is reversed. Since we must have A > 0,
this term is necessarily negative. This is not really all that surprising, for one must not
forget that it is not to be expected that this calculational technique can produce predictions
about Ag, which is a parameter related to the fourth moment of the distribution, that is
of course absent from a Gaussian approximation. The reversed sign, that seems to indicate
that increasing A works in the way opposite to what one would expect, appears there as
a warning about this limitation. Of course, interpreting this term as a prediction for Ag
would be absurd, since it would imply that the renormalized coupling constant is negative,
and thus would correspond to an unstable renormalized model.

Case d > 5: The result is not only perfectly regular, but the second term in the right-
hand side vanishes in the limit, so long as A is kept finite, and one is left with the simple
result Jy = mgﬂ/b, which is consistent with a trivial theory. In this case this result is valid
for any finite value of A. This is consistent with the triviality of the model for d > 5, which
seems to be a fairly well-established fact.

It is interesting to observe that it is possible to define a version of this model in which
the limit A — oo is taken. It is possible to show, with all mathematical rigor, and for any d
and any N, that the limit of the SO(M) polynomial model we have here, in which one makes
A — oo and @ — —oo in such a way that 5 = —a/\ is kept finite, is in fact the SO(I)
non-linear Sigma Model with coupling constant 3. It is therefore possible that the SO()
non-linear Sigma Models in d = 5 or more may still have some interesting continuum limits.

6 Conclusions

It was already known, for some time, that the approximation scheme that we name here
the Gaussian-Perturbative approximation gives good results for the SO()-symmetric A¢*
model in d = 4, regarding its critical behavior [1]. It is interesting to speculate that the
triviality of the model in d = 4, which is fairly well established numerically but still lacks
rigorous proof, is somehow behind the fact that this approximation works as well as it
does in that case. This is so because a trivial model would have a Gaussian effective
action, which would allow for a good approximation of its expectation values by a Gaussian
measure, which is what we do in the Gaussian-Perturbative approximation.

In this work we extended that technique to the same model in the presence of an external
source. This resulted in specific predictions for the values of the expectation value of the
field and for the renormalized masses as functions of the external source. Such predictions
could motivate future numerical studies with the objective of evaluating their worth by
comparing them to the results of appropriate stochastic simulations. In particular, the fact
that the renormalized masses do depend on the external sources through the expectation
value of the field is important for the very design of some such numerical simulations.

The simulations done in the past to test this technique used what we named back-
rotation simulations, which introduce some additional uncertainties into the whole analysis.
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This was done because neither in the analytical calculations nor in the numerical simulations
we were capable at that time to deal appropriately with the external sources. It is now
possible to perform simulations in the presence external sources, without the use of the
back-rotation idea. With such simulations and the results presented in this paper, it should
be possible to do much better comparison of the numerical and analytical results.

We also pointed out a simple and interesting consequence of the results regarding the
application of the A\¢* model in the Standard Model of particle physics. The results allow
us to determine the critical point («, A) in the parameter plane of the model that should
correspond to the continuum-limit flows leading to the Standard Model. This is a rather
unique situation, in which actual experimental data is used to determine the values of bare,
dimensionless parameters within the mathematical structure of the A¢* model.

Although this result in itself may be no more than a curiosity, it would be interesting to
determine whether or not this technique and its results could not find a more widespread
application for the computation of physical predictions from the Standard Model. This,
combined with the use of the very probable fact that the renormalized coupling constant
AR is in fact exactly zero in the continuum limits of this model, could very well result in
the extraction of new and interesting insights from the Standard Model.

As an example, we may point out that the attribution of a negative value to the bare
parameter « is not really a matter of choice, as is implied in the usual treatment of the
Standard Model. It is in fact a very strict requirement for the existence of physically
meaningful continuum limits of the model, as we have shown in this paper. There are in
fact no continuum limits, in which the fundamental action is not Gaussian and the model
has finite renormalized masses, such that o > 0 in the limit.

Is in important to point out that the results presented here for critical behavior and
symmetry breaking within the A¢* model are quite independent of the renormalized cou-
pling constant Ag. In particular, they are quite independent of whether or not A\g is zero
in the continuum limit. In other words, the probable triviality of the model in the contin-
uum limit does not disturb the mechanism of phase transition and symmetry breaking, and
hence would not void the Higgs mechanism.
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A Calculation of Expectation Values

In this section we calculate in detail the expectation values which are needed for the eval-
uation of the observables discussed in this paper. These are all expectation values in the
measure of the Gaussian action given in Equation (2),

Nd 1
Sol@l = Y {2 D[ () - A (n)] +

on



which is even on the fields. They will all involve the non-Gaussian or “interacting” part of
the action, which is given in Equation (3),

Nd
Svlg) = Z{vo [+ 303] () — o)+

g — oy + 2)\11(2) P

a— g+ M
— 0 [95/(”#) : 954(”#)} + 5 @m(nu)‘}'
A

2

300 [ 0) - £ 0] iln) + 7 (7 ) 2]}

There are field-odd and field-even terms in this action. Since the expectation values will
single out one of these parities, it is convenient to write explicitly the field-odd and field-even
parts of the non-Gaussian part of the action,

Nd

Svoadl?] — Z{o o Aed] ehn(my) — o)+
200 [ () 0] ()}
Sval?] = 3 {““2“0 [#/(m) - ¢ (n)] +
" ao—oz9;+2)\v0 .
+4 (7 ) @]

It is also convenient, for use in the calculations, to write versions of these expressions in
which the terms containing the ¢, (n,) field component are written explicitly, and one
version in which the terms containing the ¢/ (n,) field component are written explicitly as
well, rather than as part of the scalar products,

Nd
Svodd @] = D {Uo [+ Xof] om(n4) — Jopln(ny)+
Np
N—1
+ Avo Z 90;‘2(7%)] pn(nu) + AUO‘P%%(”#)} ) (A1)
i=1
N a— ap 4+ A2 o=
— Qo
SV,even [(ﬁ/] = Z fo Z (;022 (nﬂ)—’_
Ny =1
a — oy + 302
A= 0N I )+ (42)
)\ [l 2 )[Rl N
AP EEEDY so?(rml PR(m) + 5 () |
i=1 i=1
Nd
a—ag + A\
SvVevenl @] = Z fo 90/12(”u)+
T
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9 N—

+a—a0+)\ Z

i=2
o — ag + 303

5 W%(”u)ﬁL (A.3)
N1 N1 2
A A A
+ 1 <P/14(”u) + B} 8012(’%) ‘sz(nu) + 1 Z Spgz(nu) +
i=2 i=2

A
+ b ‘P?(nu)@:}%(nu) + 9

A.1 The Expectation Value of ¢ (n;],)Sv[¢']

Let us now calculate the expectation value

<<Pm )Sv (g ]> .

Since Sp[F'] is field-even, all expectation values of field-odd observables are zero when
calculated in its measure. Therefore it is necessary that the observables be field-even if
their expectation values are to be non-zero. Since in this case we have an explicit factor of
@ (ny,), it follows that only the field-odd part of Sy [#] will contribute to this expectation
Value

(Pn(ny,) Sy [ > (on(n,)Sv,0ad? ]>0-

If we write the expectation value out, using the form of the action Sy,qq[#'] given in
Equation (A.1), we get

Nd

(Gl ISVFD, — Z{vo o Me2] (L), +

Np

—Jo <<péz(nu)<p61(n’ D)ot

+ Avg Z <S01 ) <90m ) em(n )>0+

+ Avg <<p’a3%(nu)<p%z(n;)>o} :

The expectation values in the first three terms turn out to be just the position-space
propagator for the ¢y, (n,) field component. From Appendix B, Equation (B.2), we get

/ 1 Nd e—’t(%/N)ZZ K (np—nl,)

)TN T ) T
I

which is just the statement that gm(n, — nj,) is the inverse Fourier transform of the

momentum-space propagator. We also have the corresponding result for the other field
91 — 1 components, with i £ 91,
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go(nu —mn,) = (@i(n,)ei(n,)),
1 N 2 2n/N) S k()

NT 2 k) + o

The second expectation value that we must calculate, with i # 91, is simply

90(0) = <<p )0

- Ndz —f—Ozo

The third expectation value that we must calculate can be found in Appendix B, Equa-
tion (B.9), and can be shown to be given in terms of the first one by
3 2
(e (nu)em(ny,)), = 3o% gn(n, — ny,).
We are thus left with a simpler form for the expectation value,

Nd

(em(n)Svd]), = Z{angm(”u—nL)Jr

Ny

+UiA gm(ny — nl, )+
+ vo(MN — 1))\0(2) gn(n, — nL)+
+ 10305 gn(n, — n,)+
— Jogm(ny — n;)} :
In all terms the only quantity still depending on n, is gn(n, — nL), so that we can write

this equation as

Nd
(em(n)SvIE ), = {vo [+ vgA + (M= 1)Aag + 3ho]| —jo} ng(nu —n,).

p
Using Equation (B.3), which gives this final sum, we may finally write

vo [or + v3A + (M — 1)Aad + 3Aog] — Jo
asn .

(em(m)Sv(d]), =

(A.4)

A.2 The Expectation Value of Sy [Z']

We now calculate the expectation value

<SV[SEI]>()

Only the field-even part of the action will yield a non-zero result, so that we have
<SV[§5/]>O = <SV,even[§5/]>0 .
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Using the form of Sy eyven[@'] shown in Equation (A.2) we get for this expectation value

<SV[85,]>0
Nd 1w
o — Qg 1)
_ Z 5 0 Zl /2 nu >O
ny 7

a — an + 3\
o om NG () +

L= 2
2
([ et >
i=1
Most of the remaining expectation values can be written in terms of og and o, if we recall
that it can be shown that for ¢ # 91 we have

Z<‘P ] @m(”u» + - <<Pm m >0

<(p;4(n#)>0 = 3087

while for i = 91 we have, in a similar way,

<90‘/J41(nu)>0 = 30%17

as one can find in Appendix B, Equation (B.8). Given all this, we may write for our
expectation value

a—ag + 2 a — agm + 3\
(Svldl)y = D04 T (- 1o 4 ST o

2
_|_é N—1
4 =

Z ‘P? ()
i=1

The remaining expectation value of the sum shown can be found in Appendix B, Equa-

tion (B.15),
N—1 2
([ at] ) = v v
=1 0

Using this result we get for our expectation value

2
A 3A
> +§(‘ﬁ— 1)080314—?05%
0

Nd

a—ag + A\ a — ay + 3\
(Svigl)y = 3|20 EAD (o yof4 TTORTING 3y
Np
A A 3\
+ 1 (M2 —1)og + 3 (M —1V)oion + ZUS}

Note that all the sums can now be done, so that we can write our result in the simpler form

a—ag+ A2 a — agm + 3\
(Svlel), = N'|——5 "= 1oj + ——5—2 o+
A A A
+Z (M2 —1)og + 5 (M —1)odoy + 3Z 0511 ) (A.5)
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A.3 The Expectation Value of ¢}(n],)¢;(n))Sv[F']

We now calculate the expectation value

(@ ()@ (n)) Sy [E), -

Once more only the field-even part of the action will yield a non-zero result, so that we
have

(@1 ()1 () Sv[PT), = (£1(n},) 21 (7)) Svieven[F]),, -

Using the form of Sy even|[#] shown in Equation (A.3), and if we already replace the

expectation values of squared fields by og or oy whenever possible, as well as replace
"

(@1 ()@ (), by go(n), —nj,), we get

il a—ag+ v
— oo
() m)SIET), = Y 45— (Pl (n)e(m), +
T
— g + Av§
0 (N = 2)0 go(n), — )+
a — o + 3\
# o go(n, —nj,)+
2 (A A A ) +
4 ¥1 w)¥P1 " ¥1 w’/o
+é(‘ﬁ—2) 2</2( )/ AV
5 a5 (1 (n) P (m) 1 () +
—|—50'2 < /2(n ) /(n/) /(nl/)> +
9 n \P1 w)¥P1 o ¥1 w’/o
A 2 2 ! "
+ 5(‘)1 — 2)ogom go(ny, — ny,)+
RS 2
T < > go?(n#)] o, — n)+
=2 0
+i< /4(n )> (’I’L/ *TLU)
4 So‘ﬁ 1 Ogo n o

We may now use the known value of the expectation value of the squared sum. From
Appendix B, Equation (B.14), we get

N1 2
< [z wfw] > _m@ - 20l
=2 0

We may also use the fact that it can be shown that

<90‘,3%(n,u)>0 = 30‘31%
(et (n)er (@i (), = o g0(n), —njp) +2go(n, —ny,) go(n, — njy),
()i ()@ (n)), = 30 g0(n), —nfi) + 1205 go(n, — n),) go(n — nj)),
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also found in Appendix B, Equations (B.8), (B.10) and (B.12), in order to write for our
expectation value

/

a—ag+ v
(e v, = 304 ST 6B g, — il +

T

+ [ — ap + M| go(n, — n,,) go(n, — n),)+

_ o2
a—ag + AV (M — 2)03 go(n!, — nlh)+

2
a — am + 3\
Ty ool )+
3\
+ T oy go(n), — nj)+

"

+3\? go(ny — n,) go(ny — 1)+

A
+ 5 (M —2)og go(nL - nZ)—i—

+ AN = 2)a8 go(ny — n,,) go(n, — ny,)+
é 2 2 / "
+ 5 TNIY go(n), — ny,)+

+ Ao go(ny, — nL) go(ny, — nZ)-i—

(M- 2)0’00mgo(n —nu)—i—

NN — 2)oogg(n —nﬂ)—k

%\y l\D\>/

3\
+ 1 ngq go(nL — nZ)

Next we group all terms containing go(nL — nﬁ) and simplify to get

(1 ()@ () SvIET),

/
n,)e
N
— A — \v2
Z[a oo + vo(m_1>ag+a am2+3 UOU%—F

A A 3\
+ 1 (N? — 1)03 + 5 QIEs 1)080%1 + T O’é{] 90(”L — nZ)

N
+ Z { [ — ag + M| + XM+ 1)of + )\qu} go(ny —ny,) go(ny — ny,).

The sum over n, can now be done in all terms in the first group, yielding
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(P ()1 (n) Sv[ET),

4 o —ao+ i o — an + 38
= a0 T A% a-amT o

= N 5 (M —1)02 + 5 nt
A A 3A
+Z (N? — 1)03 + 5 (M —1)ogod + T oét] go(nL — nZ)
Nd
+ [a—ag+ Mg + AN+ 1)of + /\031] Zgg(nu —n,) go(ny — ).
p

We must now perform the sum indicated. This is easily done using Fourier transforms.
From Appendix B, Equation (B.4), we get

Nd Nd d , .
z :go(n;b —n' )g (n _n//) 7]- e (2 /N)Z‘uku(n —n'l)

n ! o N P [f)Q(ku,) Q ]2 )
w d -

which is expressed as a Fourier transform, with the general structure of a two-point function.
We have therefore the final result,

(L1 () () SvIET),
a—am+3 ¢
—_— 0'

— ap + A
= N¢ [aa(;vo (N —1)o2 + 5 3+
A A 3\
+Z (M2 — 1)03 + 3 ("N — 1)08031 + T Ugﬁ} go(nL - nﬁ) (A.6)

N —1(27/N)> dp (n),—nl))
1 e T
+a—ag + A2+ AN+ 102 + NoZ] — E

A.4 The Expectation Value of o (n;, )¢y (n))Sv([F]

We now calculate the expectation value

(Pn(m,) em(ny) Sv[&1), -

Once again only the field-even part of the action will yield a non-zero result, so that we
have

(ehn(my) e (n)SvIE]), = (o) em () Svieven[F) -

Using the form of Sy even|[#’] shown in Equation (A.2), and if we already replace the

expectation values of squared fields by og or oy whenever possible, as well as replace
"

(P () o (1)), by gn(n, —n;), we get

Nd
. a—ag+
() Sy, = S04 EAERD (0~ 1)o g, — i)+
Nu

a — ag + 302
5 (Ru)en(m)em(n), +

VLS 2
+7 < [; (pgz(nu)] >Ogm(nL —ny)+
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/

+ 5 (M= 1)ag (e (n)en(n,)ein(ng)), +

A

2
L
4

(e () em(n),)em(n))),

We may now use the known value of the expectation value of the squared sum, found in
Appendix B, Equation (B.15),

N—1 2
< [z go?w] > R 1)t = D)o
=1 0

as well as the fact that it can be shown that

(PR () en(m)en(ng)), = ofgn(ny, — ) + 2 gn(n. —n,) gn(ng —ng),
(e (n) en(m)en(n)), = 3omgm(ng, —ngp) + 1205 go(n — nj,) gon(ny — i),

as one can also see in Appendix B, Equations (B.11) and (B.13), in order to write for our
expectation value

Nd
a—ag+ v
(o) on(ny,)SvIF]), = Z fo (N = 1)og gm(n), — njp)+

Ny
a — o + 3 03
OO ot — )+

+ [a —am + 3)\118] gn(n, — nL) gn(n, — nZ)—i—

+ 1 (M —1)og gcﬂ(n;L - nZ)—f—
+é<m_1)0_2 2 (/_ //)+
9 oo gnin, —n,

+ A - 1)o? gn(nu — nL) gn(ny — ”ZH‘

3\
+ T o5y gm(n — )+

+ 30 g — 1) g ()

Next we group all terms containing gm(n —n' ) and simplify to get

(el Yot SY ),
d
J a—ap+ Mg 5  a—an+3\E
2 2
Np
A A 3A
+ 1 (M2 — 1)03 + 5 (M —1)odon + T aé} gm(n:L — nZ)
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+ Z { [0 — am + 3\v3] + A(DM = 1)of + 3)\0;_211} gn(ny, —n,) gm(n, —ny,).

The sum over n, can now be done in all terms of the first group, yielding

(Ph(n,) om () Sv [81),

_ A2 — 32
= N9 [a a()2+ ( (M —1)op + @ am T O am;— Y0 oh+
A A 3A
+Z (N? — 1)061 + 5 (N — 1)0(2)031 + T af}t} gm(nL — nZ)
N(i
+ [a—an + 3M2 + AN —1)op + 3)\0‘%] ng(nu —n,) gn(n, —ny,).
T

We must now perform the sum indicated. We get from Appendix B, Equation (B.5),

121 /N) 32 kpu(n),—nj)

Nd
/ _
;%(”u =) go(n — ) = Nd Z ) + am]?
o

We have therefore the final result

<90/m(n / n' SV >0

_ _ 2
A A 3
+Z (N2 — 1)03 + 5 (N - 1)080%1 + T US}] gm(nL — nZ) (A.7)

—2(27/N) X0 ki (n),—nll)
P (ku) + O“ﬁ]

+ [a — an + 3A0g + AN — 1)a3 + 3Xod] i Z

B Table of Integrals and Lattice Sums

We give here a series of formulas and derivations involving Gaussian integrals, Gaussian
expectation values and lattice sums, in the context the model discussed in this paper, which
are used for the calculations presented. All these can be derived from the basic result in
momentum space

1 1

(B (k) B (ke >0 = N 7/}2(]%) . (B.1)

where «; is either ag or as;, depending on the field component involved, and where p2(ku)
are the eigenvalues of the discrete Laplacian on the lattice, which are given by

. 7T]€1 . 7de
p?(k,) =4 [sm2 <N> + ...+ sin? (N)] :

Since in the measure of Sp[#'] the modes are decoupled in momentum space, the same
expectation value with two different momenta k,, and k;b is zero by simple parity arguments.
We use the notation for the two-point functions in position space,
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go(ny —ny,) = {@i(nu)pi(n ’)>
g‘ﬁ(nu - n;,l,) = <909’t n,u ‘Pm >0,

fori =1,...,91—1. These are, of course, the inverse Fourier transforms of the corresponding
two-point functions in momentum space,

Nd
go(nu — n,lu) = Z e_l(Qﬂ/N) ZZ ku(nu_"ﬁ) <(ﬁ;(k ~/* >07
k.
Nd
—(2m d ny,—n’ ~ ~1%
gn(ny, —nly) = 3 e BN SR (G (B (k)
ky.

In order to write this explicitly we may use the Fourier transforms of the fields, for example
in the case of the ¢{;(n,) field component,

gn(ng —my,) = (enln)en(ng)),
Nd Nd
d
— 33 B ) (1)),

ky K,
The expectation value in momentum space in non-zero only if we have k:L = —ky, in which
case we have the result, which can be obtained from Equation (B.1) above,

<$‘/ﬁ(ku)§5‘,n<_ku>>o = <95/m(ku)&{§(ku)>o

1 1
N4 02(k,) + o

This eliminates one of the momentum-space sums, and thus we get

1 N —n/N) Tk (n—n)

)TN LT R
I

(B.2)

which is just the statement that gm(n, — nil) is the inverse Fourier transform of the
momentum-space propagator. Note that this is necessarily real, and that therefore the
imaginary part of the right-hand side vanishes. In a completely similar way, we have the
corresponding result for the other field 91 — 1 components, with i # 91,

/ 1 N —ren/N) T k(n—n),)

ool =) = N TR a
o

The following sum involving go(n, — nL) can also be easily calculated, using once more the
Fourier transforms,

NY N _a2n/N) S8 ky(n],—n!l)

Nd
ng(n“ o u ~— Nd Z Z :
Nu

Ny ky

+Ozm

The orthogonality relation can be used to simplify this expression, and thus we get
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N U2 /N) Sk,

2 gmln =) = 25%0) (k) + an

N

60

p*(0) + am
1

an

This is simply the zero-mode of the propagator. The same can be done for the other
components of the field, so we conclude that

Nd
D ool = 2
gO(nM nu) - 0707
N
N4 1
ng(nu —ny,) = —. (B.3)
Np

A similar sum with two chained factors of gm(n, — n),) can be calculated in a similar way.

Using the Fourier expressions of go(n,, — n),) and go(n, — nj;) we get

Nd
Zgo(nu - n;,&) Qo(nu - n;i)
N

d d
NN 27r/N>zd[k (rya =) Kl (=]

- ZNMZZ 1) + a2 (K1) + aq)

_ f:f: /) 2 (i f: 22 /N) S (KK
NP e TR ool ) ool 4=
Ne Nd 40 ., z(2w/N>zz(k;n;+k;:n;:>
- z@%é ) TR T ol [P20) + o)
1 N /N (kg
o ONTL [ + aof?

We see therefore that we get the sum expressed as a Fourier transform, with the general
structure of a two-point function,

1 N —2n/N) Tk (ng =)

go(ny —my,) go(ny —ny) = ~— (B.4)
Z [ i ( o Nd - [02 (k) + o)
A similar result is true, of course, for the remaining field component
Nd 7 (!
Y 1 o2 2m/N) 32 k() —ni) (B.5)

D gl = mj,) gn(my, = mj)) = Nd - [p?(ky) + an]?

The squared dispersions, also referred to as widths or variances of the fields at a given site,
are denoted as
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Oy = <90 >07
G%’t = <S0‘ﬂ nu >07

fori =1,...,9T— 1. Using the expression of the two-point function in terms of Fourier

components we may write these explicitly as
2
g, =
0 Nd Z ) + ap’

Ug’t N Ndz +Oécn

(B.6)

(B.7)

In terms of these quantities the following decompositions of higher-point functions can be

established, always for i =1,..., 91 — 1,

<901 (nu)>o = 3037
<(P (nu)>0 = 305)1?;
(P (n)ei(ny,)), = 305 go(n, —ny,),
<‘P‘ﬂ(nu)¢m( L)>0 = 30{2}19‘ﬂ(“u nﬂ)
(@2 () @i(n)ei(ng)), = b go(n), —nj;) +
+2go(ny — ny,) go(ny — njy),
(Pin)en(n)en(ng)), = oxgn(ng, —nj) +
+2 gm(n, — n;L) gn(ny, — nZ),
(@i () ein)ei(ng)), = 30590(ny, —njy) +
+120(2]go(nu nL)go(nu nZ),
(en(n)em(n))en(ng)), = 3oxgn(n, —n,)+

+120% gn(ny — n,) gm(ng, —nj,).

It is also not difficult to expand and calculate the following sums,

N1 2
< [Z wéQ(nu)] > = (M=2) (g1 () + (M —=2)(N = 3) (P (1) >§
=2 0
= 3(M-2)o5 + (N —2)(N - 3)0;
= (M(N - 2)ay,
N—1 2 ,
<[Z 90;'2(”#)] > = (M=) (& (nn), + (M= 1)(N—2) (¢F (n,)),
=1 0
= 3(M—1og + (M -1)(N —2)od

= N+1)M-1)ag,

so that we get the results

9M—1 2
<[Z¢?<n#>] > = NN - 2)oy,
=2 0
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(B.10)

(B.11)

(B.12)

(B.13)

(B.14)



i

N—1

D e

=1

7

2
-2(nu)] > = MN+1)(M-1)ay.
0
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