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Abstract: A class of low temperature lattice classical spin models with a symmetry
group O(N) is considered, including the classical Heisenberg model. In this paper
a renormalization group approach in a small field approximation is formulated
and studied, with a goal to prove the so-called “spin wave picture” displaying
massless behavior of the models.

I. A Renormalization Group Flow
1. Introduction

We consider a model for classical N-vector variables ¢ defined on a lattice Z,
¢(x)eRY for xe Z%. It is a lattice “A|¢|*” type field theory. To determine its
thermodynamic properties we apply the usual thermodynamic procedure of taking
limits of the corresponding finite volume models. We define them on tori T = {x €
7% —L,<x,<L,p=1,...,d} with periodic boundary conditions. A probabil-
ity measure connected with a torus T is defined by

du(d) = p(P)do, p(¢) = exp[ — fA(¢) — E], (1.1)

where d¢ is the Lebesgue measure on the space of all configurations ¢ defined on
the torus T, § > 0 is a parameter proportional to the inverse temperature ff = gr,
E is a normalization constant, E = logZ, Z = [d¢ exp[ — fA(¢)]. The action A(¢)
is defined by

1 A
AP=5 ¥ 160 - ¢ +5 ¥ 190Nt =5 T 1ocal?

(,x'>cT xeT xeT

1 A
= X 9 =310612 + L I121F ~ U1 —<hgd> . (12)

xeT
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where 4 > 0, u > 0, h e RY. The effective potential for this action is given by

2

A A 2u\?
V(¢)=§I¢l“—§l<blz—h-¢=§<l¢|2*7’f> —vhe-¢ =5 (13)

where h = vhy, v 2 0, |ho| = 1. For v > 0 it has exactly one minimum at a vector
proportional to hy. It is convenient to normalize the potential in such a way that
this minimum is exactly equal to h,. This can be achieved simply by scaling the
variables ¢. Denoting the rescaled coefficients in the same way we obtain the
effective potential of the form

A A
V(¢)=§(I¢|2—p)2—vh'¢—§p2, (1.4)

where hq is denoted by h. This potential has a minimum at ¢ = hif p =1 — 2.
Assuming this we can finally write the action in the following form:

1 A
A@) =5 10017 + SIS = 112 + 516 — h|2, (L5

if we rescale properly the parameter f also. The constant arising from these
transformations is included in E. We consider this model for f sufficiently large,
/ not too small, for simplicity we assume that 1 = 1, v > 0 and h in the unit sphere
of R¥, he SN~ 1. We want to include the case A = + oo, because all the construc-
tions and proofs in this paper are uniform for A e[1, + oo ]. This case is under-
stood as the limit

lim exp[ — fA()) — E;]

A=+

1 v
= exp[ - ﬁ<§ g2 +le - h|l2> - Eoc] [To(ox)> =1, (1.6)
xeT
which is a classical Heisenberg model, or its N-component generalization.

Let us make a comment on other possible parametrizations of the model.
Rescaling ¢ by ﬁ"‘ we obtain the density p(¢) = exp[ — A(¢) — E] with the action
_ 2 4 ﬁ ' 2 2, Y 12
A(¢>)~§H5¢ll el = BI=+511é — Bhl

1

= Jnagnt + e - (;A—v)nqsn — VB,

+<)"8ﬂ vﬁ)m

For A = 1, v small, this is an immediate N-component generalization of the lattice
version of the model considered in [4]. All the above representations are connected
by simple scaling transformations, so they have exactly the same properties, but
there are differences on a technical level, in particular renormalization procedures
will have different forms. We have found the form (1.5) most convenient to work
with.
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The action (1.5) has some important symmetries. The first two terms are
invariant with respect to transformations of the orthogonal group O(N). The third
term breaks this symmetry, it is invariant with respect to the subgroup of O(N)
leaving the vector h invariant. This can be formulated also as an invariance with
respect to transformations of O(N) acting simultaneously on both variables ¢, h.
The action is also invariant with respect to Euclidean transformations of the lattice
T. Let us write the action A(¢) more explicitly as 4(¢; h, Z,v). The symmetries can
be formulated as the equalities

A(R¢p; Rh, 2,v) = A(p; h, 2,v) for all Re O(N) ,
A(rg; h, 2,v) = A(¢p; h, 2,v) for all Euclidean transformations
r of the lattice T, where (r¢)(x) = ¢(rx), xe T. (L.7)

In particular the Euclidean symmetries include all translations of the torus T.

Let us recall the well-known heuristic picture for this model, the so-called “spin
wave picture,” e.g. see [7,9]. According to it the model has exactly one state in
a thermodynamic limit if v > 0. Denote the state, or rather the corresponding
expectation value, by (- )>,. It is determined by the parameters f3, h, 4, v, we have
written explicitly the dependence on v only. This state has a non-zero magneti-
zation, i.e. a non-zero expectation value {(¢p(x)>,. By the symmetries (1.7), which
imply the corresponding symmetries of the finite volume states, and these are
preserved in the thermodynamic limit, this expectation value must be a constant
vector proportional to si. Thus we can write {¢(x)>, = m,h, and the statement is
that for f sufficiently large m, > 0. The two-point truncated correlation function
(Px)P(X )y = {P(x)P(X')>, — {Pp(x)),{P(x")), and higher-point truncated cor-
relation functions have an exponential decay with a decay rate proportional to \ﬂ
These states have a limit as v — 0 +, lim,5¢+<+ >, = {->y+. For f§ sufficiently
large the limit has a non-zero spontaneous magnetization {¢(x)>o+ = Mg,
mo 4 = lim, o4 m, > 0, and the truncated correlation functions have a power law
decay. The decay is quite complicated and depends on components of correlation
functions. For transversal components of the two-point function, i.e. for compo-
nents in directions orthogonal to the vector h, the decay is as in asymptotically free
massless theories, i.e. it is given by the operator ( — 4)'. The above picture holds
for d = 3, N = 2, and can be obtained from a properly constructed perturbative
expansion, e.g. see [9].

There is quite a number of rigorous mathematical results concerning the above
and related models. We do not intend to make a survey of those results, but let us
mention a basic paper [5] in which some fundamental aspects of the above picture
have been proved, like existence of the non-zero magnetization, domination of the
two-point correlation function by the free massless Green’s function, etc. These and
the other results have been obtained by very elegant and simple methods, like
infrared bounds, chessboard bounds, correlation inequalities, etc. We develop here
a different approach based on expansion methods, so we do not go into any further
details of the above mentioned results. In this series of papers we will eventually
prove all the statements of the heuristic picture, but our fundamental goal is to
construct a convergent low-temperature expansion for the considered model, an
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analog of such expansions for the Ising model, or for this model with N =1
constructed in [4]. A reason for this is that our interests are not in this particular
model, but in corresponding models with various disorders, or with stochastic
dynamics. It turns out that to understand these more complicated models it is
crucial to get precise results on this basic and simplest one, underlying all the
others. Moreover it turns out that it is not enough to have even the most precise
results, but it is important to have a sufficiently flexible and robust expansion
method. This should be clear from the paper [4], in which the Ising model plays the
role of the basic underlying model, and where it is crucial to have the low-
temperature Peierls expansion for it, not just its properties. This is why the
emphasis in these papers is almost entirely on a construction of such an expansion
method. It should be clear also that in our case it must be a multi-scale expansion,
because of massless modes, or slow decay properties of correlation functions. We
construct it using renormalization group ideas and techniques, in particular the
ideas and techniques developed for lattice scalar and gauge field models in [1a,b,
2a—¢].

An important ingredient of any renormalization group program is to establish
how scaling transformations of a space act on various quantities of a considered
model. Let us describe these scaling transformations in our model. We scale the
unit lattice T by a positive number ¢, so we obtain the e-lattice T, = {ex: xe T }.
The effective potential for the action (1.5) is given by

A
Vid)=Vigih2,v) = (1ol —1)° +—;~l¢ —h*. (1.8)

It has a minimum at ¢ = h, and for v = 0 a set of minima is the unit sphere |¢| = 1.
We want to preserve this property by the scaling transformations, so the variable
¢ does not scale, or rather it scales with the trivial factor ¢° = 1, and we have
¢(ex) = ¢p(x). Actually we should distinguish between the two configurations
defined on the lattices with different scales, but because of this scaling property we
always use the same notation for configurations defined on rescaled lattices. Using
this property we have

ﬁA(¢;h,ﬂ,V)=ﬁ82_"F X @ h)x X))

2 {x,x) < T,

/{,—~2 2
+ Y H(pR -1+ Y e“w)(x)—hv]

8 xeT, 2 xeT,
= e T AY(psh, AeT 2, ve ) = B A%(ds h, A%V, (1.9)
where 4% denotes the action with all the expressions, like derivatives, norms, etc.
defined on the ¢-lattice, and % A% v* are the corresponding coefficients calculated
for this scale. From (1.9) we obtain the scaling laws for the coefficients
Br=pe?4, =72 V=ve 2, (1.10)

These are the basic, canonical scalings. Renormalizations connected with the
renormalization group approach introduce some additional changes of the coeffi-
cients, but for d > 2 the canonical scalings dominate an asymptotic behavior as
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¢ — 0. In particular they decrease the temperature, strengthen an effect of a barrier
well around the sphere {¢| = 1 by increasing 4, and they increase the external field
v. Our approach to the low temperature problem for this model is based on these
scaling properties.

Let us describe now some basic features of the renormalization group approach
we apply here. We will be very brief because it has been described already several
times, so we refer the reader to the previous papers for details, in particular to
[la,2a,c]. We apply a sequence of renormalization transformations with linear
averaging operations and Gaussian densities. For future references let us recall the
most important definitions. A renormalization transformation applied to a density
p(#, f), depending on the parameter f3, is defined by the formulas

(Tp)ah) = [ dpt(yh, s B, a) p(h. B) .
(W, s foa)= 1] 1. d; B.a) .

. 1
veTi!

1 N Li2
t(ys . ¢ fra) = expl: - ’2‘5(114"_2[!//()‘) —(QPNI* + Elog ﬁaz ] ,
T

P = ) L (), (1.11)
xeB(v)

where B(y) denotes the L-block with center at ye T\, T|" denotes the new
L-lattice of centers of the blocks, and y is a new spin configuration defined on the
new lattice. Let us make a few comments on this definition. At first, it has the usual
normalization property: [dy(Tp)(¥) = [ddp(¢). Second, we take a=x1, eg
3 < a < 3; later we will specify this constant more precisely. The definition depends
also explicitly on the parameter f. In a next step this parameter is rescaled as in
(1.10) and renormalized, so the next renormalization transformation depends on
a different f5. Thus we do not iterate simply the above transformation, but we take
a product of different transformations of the form (1.11) determined by a sequence
of the so-called running, or partially renormalized constants f3,. We renormalize
also the new spin variable yy by applying a properly chosen scaling transformation.
To indicate these changes we introduce the subscript k denoting new constants and
variables after k transformations, starting with k = 0 for those in (1.1), (1.5). The
renormalization transformations (1.11) are followed by scaling transformations
which rescale L-lattices of new spin variables into unit lattices, for example the
lattice T" in (1.11) into the unit lattice T". They do not change spin configura-
tions, as has been discussed above, and they are denoted by S. Actually we write the
transformations S, T with superscripts indicating to what densities they are ap-
plied, for example we denote the density given by (1.1), (1.5) by py, and the
transformations applied to it have the superscript “0.” Thus applying k renormaliz-
ation and scaling transformations yields a density p, for which

k
po=SE T E g = [T SE DT D gy = (ST)py . (112)
i=1

The basic goal is to give a sufficiently detailed and precise description of the
densities py.
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To cover also a renormalization group analysis of correlation functions we
consider a density of a generating functional for the correlation functions, which
means simply that we add the linear function {g, ¢) 1o the exponent in (1.1), where
g is defined on T and has values in CY. We denote this density by po, s0 p, denotes
a density of the generating functional after the k transformations.

To understand better various issues connected with an inductive description of
the densities p, we discuss briefly some basic aspects of the first renormalization
transformation applied to p,. It is defined by the integral

) 1 1
(T po)) = [ dp expl - /fo{iazfz = 017 + 510617

+§WWPMHP+?MPWW}+@ﬁ>—Eq,Uim

where the normalization constant of the renormalization transformation is in-
cluded in the constant Ej. Consider the underintegral expression in (1.13) and
define

A il v = 3al 21— 091 + 10417 + 5 9P ~ 112

+%ﬂ¢—mv. (1.14)

We are interested in low temperature properties of the model, so f, may be
arbitrarily large and it is natural to apply a saddle point method to calculate the
integral (1.13). This method requires finding all critical points of the function (1.14),
which is multiplied by f in (1.13). The problem of finding the critical points on the
whole space of configurations ¢ is a highly singular one; it is easy to construct
examples of configurations iy with many critical points, in fact with quite singular
sets of critical points, and with a discontinuous dependence on . Also, expanding
the function (1.14) around some of the critical points we obtain functions with no
good positivity properties, so the resulting integrals cannot be treated by any
known method. To avoid all these problems we have to introduce some restrictions
on configurations ¥, ¢. These restrictions are naturally connected with positive
terms in the effective action (1.14), for example they may be defined by

W) — QO] < B p(Bo) [@HD) < B p(Bo) .

P — 11 <2 B p(Bol | ¢(x) — hl < v 7B p(Bo) p(fo)
= (Ao + log fy)Fo, (1.15)

where A, is a positive constant and p, is an even integer. These constants have to
be chosen to satisfy various conditions appearing later in this and subsequent
papers. The restrictions (1.15) are introduced in the following way. We decompose
the space of all configurations ¢ into subsets, each subset being characterized by
the condition that at each point or bond of a corresponding lattice either an
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inequality in (1.15), or a complementary inequality holds. For a given subset denote
by X the set of points and bonds at which the complementary inequalities hold.
This is, rought speaking, “a large field domain” and the part exp[ — o 4; ] of the
density p, restricted to this domain can be bounded by exp[ — % p*(8,)| X |]. The
integral of the density restricted to the domain can be bounded also by such
a factor with the constant § replaced by some other positive number. This factor is
sufficiently small to control the combinatorics of the decomposition. On the
complement of the set X the inequalities (1.15) hold, so it is “a small field domain,”
and the integral restricted to this domain can be calculated by the saddle point
method indicated above. The action 4, restricted to the domain has exactly one
critical point, and its expansion around the point has sufficiently good properties,
so that the integral can be analyzed by a simplified version of a cluster expansion.
In the first three papers we discuss problems connected with the small field
domains. For simplicity and clarity we discuss mainly the case when a whole lattice
in each step is the small field domain. Considering a general case in a final paper
will be quite simple, it will demand only minor modifications of the analysis in this
special case. Thus we consider here the sequence of effective densities p, restricted
to properly defined small field spaces and determined by the renormalization group
transformations restricted also to some small field spaces. Thus instead of the
densities given by the formula (1.12) we consider here the small field densities
denoted also by p, and given by the formula

pr = SEDTED &= . GO T©O) O (1.16)

where the characteristic function y,, ¥ yield restrictions to proper small field
spaces. They will be defined precisely later on, but the idea is that they are
essentially equivalent to restrictions of the form (1.15), only for technical reasons
they are formulated in a more elaborate way.

The basic goal of this paper is to give a precise description of the densities p,
and to prove some of their properties and bounds. This description will be given in
the next section, together with a formulation of a main theorem of this and two
subsequent papers. In the remaining two sections of this paper we analyze the
densities, or rather corresponding effective actions, and we prove proper bounds
for them. The next paper deals with the problem of critical points for generali-
zations of the function (1.14). We prove there all technical results about solutions of
the corresponding variational problems needed in the rest of this work. In the third
paper we finish the inductive proof of the main theorem. In the last paper we
consider the general case including contributions from the large field domains and
analyzing their renormalization and bounds. We hope that the papers are self-
contained, but in case some doubts arise in connection with notations used here we
refer the reader to [2a,c] for more detailed definitions.

2. An Inductive Description of the Effective Densities and a Formulation
of the Main Theorem

A fundamental role in the inductive description is played by critical points of
effective actions which are simple generalizations of the action (1.14). These critical
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points turn out to be minima of the corresponding actions, so we consider the
appropriate variational problems. Let us start with definitions. We rescale the
lattice T to the scale n = L™, so we get the lattice T,. Spin configurations ¢ are
defined on T, and new spin configurations y are defined on the lattice T, which is
a unit lattice of centers of k-blocks, i.e. blocks containing L** sites of T,. We define

1
A, 3 h,a, 4,v) =gl|l// — ol +§||6"q5|[2

A
FLIBR =112 4309 =kl n=L" @D

where the norms are defined on the n-lattice, except the first one which is defined on
the unit lattice. We want to solve the problem of finding

inf A, (0, ; h,a, 1, v) . (22)
¢

This problem is analyzed in detail in the next paper, where we prove that in
a proper small field domain there exists exactly one critical point of the function 4,.
This point is a minimum of the function, so it is a solution of the problem (2.2). We
denote this minimal configuration by ¢, . It is an analytic function of Y, h, a, A, v on
corresponding domains, and it has some regularity properties as a function on the
lattice T',,. These properties will be described in detail later on. Let us mention that
the above problem and properties of solutions are most naturally described on the
n-scale, but they can be rescaled and formulated on any other scale. The rescaling
has been explained in the Introduction, we change properly scales of the lattices
only; spin configurations are unchanged. For example consider a minimal config-
uration ¢; for some j < k. It is determined naturally by the corresponding function
A; given by (2.1) on the lattice T, & = L™/, as the solution of the problem (2.2). We
have

A, ¢shya, 2,v) = (LIn) 42 AN, s by a(Lin) ™2, A(LIn) ™2, (L) =), (2.3)

where the function on the left-hand side is defined for spin configurations y, ¢ and
norms on the 1-lattice T{”, and the ¢-lattice T’ correspondingly, and the function
on the right-hand side is defined for the rescaled configurations ¥, ¢ and norms on
the L/n-lattice TY),, and the p-lattice T, correspondingly. The above equality
implies the following scaling law for the minimal configurations ¢;:

®j(x; . hya,2,v) = ¢;(Linx;y, hya(Lin) ™2, A(LIn) "2, v(LIn)™%), xeTe, (24)

where the configuration ¥ is simply rescaled by the equality ¥(y) = Y(Liny),
ye T9. A minimal configuration ¢; considered as a function of lattice points only
is also rescaled in the same simple way.

A first inductive assumption is about a general form of the k' density p,. We
assume that

(H.1) pi) = peexp[ A + F (W, b, g9)]
A= — PeAiWi, b hy ay, A, vie) + Ex(ie, h) — Ey

where 1, is a new spin configuration on the unit lattice T{. The coefficients
B> ar, A, vy are determined by a sequence of inductive renormalization equations,
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which will be discussed in the third paper. Now let us mention only that the leading
asymptotic behavior of these coefficients is determined by the scaling (1.10), i.e. we
have approximately
_ 1-L"?
B = BLFE2 . g x aT =7 A = AL?*, v, &= vL% | (2.5)
The minimal configuration ¢, is determined by ,, h and the coefficients ay, /4y, vy.

We shall describe successively inductive assumptions for the remaining expres-
sions in the effective density py.

Let us begin with the term &, in the effective .o/,. It demands a most detailed
and careful description because the renormalization operations are determined by
its properties. Before we begin this description we have to introduce another class
of minimal configurations. They are solutions of variational problems which
connect functions ¢; and ¢,. The configurations ¢; are determined by the function
(2.3) as solutions of the problem (2.2). If we compose the next k — j renormalization
transformations TY, ..., T*~ D, we obtain a renormalization transformation with
a Gaussian kernel determined by the averaging operation Q _ ; and some constant
a;,—j. A quadratic form of this kernel combined with the main term of the j*
effective action yield a function of a new spin variable i; of the j'™ action. We want
to find a minimum of this function, i.e. to solve a variational problem,

1 . . )
ililf{iakﬁ“ Ui — Q- ;11T + AW, b by ai(Lin) =%, 4(LIn) 2, Vj(LJW)_Z)} .

]

(2.6)

The function A; has been rescaled to the y-lattice by (2.3), and the scaling factor
(L‘n)~“~% has been incorporated into the constant ;. We disregard at this
moment changes connected with the renormalization operations, we want to
capture only a leading effect of the renormalization transformations. The above
problem is analyzed in detail in the next paper, where we prove that in a proper
small field region there exists exactly one critical point of the function in
(2.6), which is a minimum of this function, so it is a solution of the problem
(2.6). Denote this solution by 1//,‘("). It is a function of ¥, h and the coeffi-
cients determining the function m (2.6), so we may write more precisely
Y (W hyag—j,a(Lin)~2 /I(L’ 7~ 2, vi(L/n)~2). Itis a configuration defined on the
lattice T(,_J,)ﬂ, and it has various analyticity and regularity properties described in
that paper. The most important property is its relation to the functions ¢,. It
follows from the identity

1 1 )
(2.6) = infif;f{iak—j“ W — Qk—j%”% + Eaj(L’n)‘zll v — Qj¢||12m,

i

Al (s b, A{(LIn) ™2, v;(Lin)~ 2)} inf {2 EJTZ%—L’—)E I — Qo I3

AG(s b, 21(L7m) ™2, v,(LIn)~ 2)}

= inf A,y i Besd 2o AL (L) ). 2.7)

’aj + ak_j(Ljr]



112 T. Balaban

This identity means that if we substitute the solution of the problem (2.6) into the
function ¢;, we obtain a solution of the last problem above, i.e. a function ¢,. The
composition property ¢;°yi” = ¢, can be written precisely in terms of the coeffi-
cients of the above problems as follows:

;W Wis by a—j, a(Lin) =2, 4,(LIn) ™2, v (Lin) ™ 2); hya(L7n) ™2, 2,(L7n) =%, vi(Lin)~?)

=¢k<wk;h, B i% z,i,-(Lfn)‘Z,vj(Lfn)‘z). (2.8)

aj + ak_.j(Ljn)
In the above definitions and identities we have determined all the functions in terms
of the coefficients of the j™ action A4; and the constant ;. ;, in particular the last
configuration ¢, in (2.8) is such a function. In our inductive description of the
effecitve action &, (i, h) we assume that it depends on ¥, through the functions /",
and we need a different interpretation of the above formulas. We require that the
identities (2.7) yield always the main part of the effective action after k steps, i.e. the
action A, (Y, d; h, ay, 24, vic), and the identities (2.8) yield the corresponding minimal
configuration ¢, (r; h, ay, A, vy), for all j = 1,2, ...,k — 1. This requirement deter-
mines the coefficients 4;,v;,

/,{j = /lk(Lj’?)z, V= Vk(Lj"I)z 5 29

and imposes the following sequence of equations:

He—j4j
— IS =g 2.10
a; + a;(L'n)? ‘ (210
These equations can be solved with respect to the constant g, and the solutions are
given by the formulas
1 _ L—-Zk

G AT

(2.11)
Let us remark that equalities (2.9), (2.11) would be satisfied for the actual renormali-
zation group flow of the constants {4;,v;,q;} if no renormalization operations were
necessary and the constants were determined only by the scaling operations and
compositions of the renormalization transformations. As the actual flow differs from
such an ideal flow due to renormalization operations performed at each step, we
interpret the equalities (2.9), (2.11) as definitions of this ideal flow matched to the
constants A, vy, @ at the k™ step. Because of this dependence we should write the
constants 4;,v;,a; with an additional index k, but for simplicity we keep the above
notation. In almost the whole paper the index k is fixed. Thus in the future when we
write a configuration ¥\’ we understand by it the function

'//;(j)(‘l’k;h, ak—jaaj(Ljrl)gz; Ak Vi) (2.12)

where ay_ ;,a; are given by the formulas (2.11). Let us remark also that this function
depends on h through the product v, h, but for simplicity of the formulas we have not
written it explicitly, although we will use it in the future. Finally let us notice that the
identities (2.7) allow us to write an explicit formula for the configuration ¢ in terms
of ¢,. Calculating the infimum with respect to i; for the function on the right-hand
side of the first equality in (2.7) we obtain the following formula for the critical point:

ak—j(Lj’?)z

Vi 0t Y a Ly

Oi- i — Qi) . (2.13)
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Substituting next ¢, instead of ¢, and using the equalities (2.10), (2.11), we obtain

=0 + —"_(Lfn)ZQz:j(m—qusk)

de)k (Ljﬂ)sz J(Wk Oxh) - (2.14)

—L- 171 -2k
This formula is of fundamental importance for the future analysis of these functions,
in particular for localization and regularity properties.

Now we can begin the inductive description of the function &, (¥, h). We assume
that it is a sum of contributions coming from k renormalization steps, and that each
contribution can be represented as a sum of localized contributions on a correspond-
ing lattice, i.e. it has basically the same form as in [2d]. We assume also that a j'
contribution depends on , through the function . We write these assumptions as
follows:

(H.2) there exist functions &Y (y;\j,v;h), where ; is a spin variable on the lattice
T, such that

k
éak(lpk’ h) = Z g(” (D lpk) Vi )5 vjh) >
j=1

g(’) l//j,V h Z é(J) y> wk’v h

yeT®

Let us make a few remarks about the above assumption. The function &Y (;, v;h) is
constructed at the j* step, and ¥ is a new spin variable defined on the lattice T\”.
These functions are renormalized, corresponding counterterms are included in their
definition. The renormalization conditions will be formulated in the next subsection
as inductive assumptions. The effect of subsequent renormalization steps is that the
variable y; is replaced by the corresponding functions lp‘“ Each renormalization
step increases the index k by 1. The functions & O and lj/‘” are also rescaled to the
L/y-scale, but the only effect of this scaling operation is that the lattice T'{" is rescaled
to T{?,, and the functions are defined on the rescaled lattice in the same. way as they
were defined on the original unit lattice. Thus in the second equality above it does
not matter what is a scale of the lattice T .

Consider the functions &P(y;y;,v;h). They have three important properties:
analyticity in ¥ ;, h, symmetries and localizability. We shall describe these properties
in detail as further inductive assumptions.

To formulate the analyticity properties we have to introduce at first some spaces
of spin configurations. It is important to consider spin configurations together with
external field vectors h. We start with a space of configurations ¢ on the lattice T,
& = L7, with values in R¥, and of vectors h from the space RY. We define

Do, 82,v)

{(¢ h 0| < ot | 4| < 026, la] < 02| — B <= [H]? — 1] <ﬁ}

\/

A
=0l =1, (2.15)
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where o, ¢, A, v are positive constants. This definition is motivated by properties of
the minimal configurations ¢;. The space is defined in a natural way on the lattice
T, but we may rescale the lattice and the configurations to any other scale, and we
obtain the space defined on the new lattice. It is still defined by the same conditions
as in (2.15), formulated in terms of the scale &. If we want to write these conditions
with derivatives for the new scale, we have to introduce corresponding factors on
the right-hand sides. We extend the above real space to a complex space of
configurations (¢ + ¢’,h + h'), where ¢ and h are as above, ¢’ is defined on T, and
has values in C¥, I’ is defined on T'\? and has values in C¥. We consider h + I’ as
a function on T, and we define

(0,6 4,v) = {((,b + ¢ h+ W), h) e Pi(o,64,v),

2 2.2
1§ < 6,10°¢'| < oe,| 45¢| < 02e.|00] < o?e W) < 5, || < 5’—8} :
Vv y

A
51=2(0 + §F — 61 = 5000 + ). (.16)

In the future it will be convenient to use conditions on configurations ¢ + ¢’
directly. The conditions in (2.15), (2.16) obviously imply the following ones:

l¢'| <&10°(p + @) < 20¢,

2 2.2
|45 + ¢)| < 2026, | + Sar| < 202, || <°—v’§,[¢-h/| <28

V b
A
oc+5oc=§((¢ + @) —1). (2.17)

In fact the above conditions are equivalent to (2.16), except some unimportant
numerical factors on the right sides. We will use the spaces @5(o, ¢; 4,v) in the case
when A = 4;, v=v;. In this case the condition on the first derivative in (2.16) or
(2.17) can be strengthened, but for the longitudinal derivative only. For simplicity
let us write ¢ instead of ¢ + ¢', thus ¢ has values in CV. We have the equality.

1
P(x)-(0°P)((x,x'D) = Ed)(x) (X)) = ¢(x)

’

l
!
|
s
=
N
l

S + zié(&(x') ~$2)

- + o S0 - - - 1 .

(2.18)

which implies the bound

|p-0°¢| < 2éa%e? + %6028 < 5¢0%¢ (2.19)
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assuming that ¢ is sufficiently small, e.g. ¢ < 15, and for . = Z; the constant /2,
which is close to 1y by (2.5), should be greater than a constant close to 1, e.g.
2,E* > 2. The spaces ®§ are natural analyticity domains for functions of minimal
configurations ¢;. In particular we will construct the solution ¢, of the varjational
problem (2.2) in the space @,(1,¢y; 2, v) for ¢, sufficiently small.

To consider functions of (y,, ) we have to introduce new spaces. The configura-
tions y; are defined on the lattice T () and have values in RY, the vectors h belong to
the unit sphere S¥~'. We define

Efo,e) = {(Wphy(Q,(ha;,2,,v,),h) e @i(a,e7,,v,) .
W, — Q,0i(hoaj, 2,v)| < a’e) . (2.20)

We have assumed implicitly in the above definition that (1/;, 1) belongs to a domain
of the function ¢;(f;, h). We will see that the conditions above imply stronger
restrictions on (;, h), assuming that ¢ and o¢ are sufficiently small. We assume that
after k steps the constants a;, 4;,v; are given by the equalities (2.9), (2.11), so the
space Z;(a, ¢) depends actually on k also. We do not write this dependence explicitly
for the same reason as before. We extend the above real space to a complex space of
configurations (; + ¢/, h + '), Y}, Ii" are defined on T and have values in CV.
This space is defined by

Eo,e) = {(f; + 5+ W)y, h) € E (0,0,
(i, +ssh + 1)+ 1) = (o, 1) + o), 1), h + 1) e Pi(o,e75,v))
W — Qj5¢j(lﬁ}»h')| <a’e), (2.21)

where we have dropped the dependence on «a;, 4;,v; in the functions ¢;,d¢;. The
last function is defined by the equality in the deﬁmtxon We have used the fact that
the function ¢;(y;;h) has an analytic extension ¢;(y; + ¥, + ') to some abso-
lutely defined domain, which will be described in the next paper when we will prove
this statement. We have assumed again implicitly in the above definition that the
configurations (y; + ., h + I') belong to this domain. Notice that in the defini-
tions (2.15), (2.16), (2.20), (2.21) not all conditions are independent, for example the
conditions involving the Laplace operator A% are consequences of the others. We
have listed all conditions which are explicitly used in the renormalization analysis.
Now we can formulate the next inductive hypothesis:

(H.3) the functions &% (y;4,,v,h) are defined on the space Z,(1.¢;), and have

analytic extensions defined on the space Z5(1.¢)), whele &) = g, kc =
(Ao"f"lOgCVAl)lJ otOk—ao(l+Z OS,<,'()<‘I

n= ln

Let us make a few comments on the constants above. The spaces increase with
increasing 7, and the two extremal cases are especially interesting. For y = 0 we
have the smallest space, and we take p = p, and A, as in the definition (1.15). The
space contains then the corresponding small field domain. In this case we obtain
best bounds for the actions &, which yield a uniform bound for &,. With
7 increasing the spaces and the bounds increase also, and we define y, as the upper
bound of these 7's for which we still have a uniform bound for &;. We will find 7,
explicitly. For v close to y, we have largest spaces, and therefore best analyticity
properties. We choose y depending on a problem we want to solve. To study decay
properties of correlation functions we will need the largest analyticity domains, so
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we consider y close to y,. In this case we do not need the logarithmic factors and we
take p = 0. In the future we will consider for simplicity this case only, although all
constructions and bounds are valid for all y in the interval [0, y,[. The constant o
must be chosen sufficiently small in order to satisfy various restrictions connected
with our analysis.

We have not yet explained a reason for introducing the parameter ¢ in the
definitions (2.15), (2.16), (2.20), (2.21). It is a very important parameter; it measures
scaling properties of bounds for corresponding expressions, in particular improve-
ments of the bounds with increasing k. This fundamental property is clarified in the
following lemma.

Lemma 2.1. The function \” determines an analytic mapping of the space Z;(a,¢)
into the space E5(L'no,¢), i.e.

YO YLk H) € Eio,0) - WOW + YLk + Kb+ W) e Z5(Lina,e)
(2.22)
for ¢ sufficiently small, o < 1.

A proof of this lemma follows immediately from the composition property (2.8),
the equalities (2.14), (2.9), (2.10), (2.11), and the definitions of the spaces Z5. Let us
remark that the lemma gives a main reason for introducing these spaces; they are
matched with properties of the functions ¥/’ in the arguments of the functions &/
We apply the lemma in the case o = 1,¢ = &, The values of i\’ are then in the
space ES(L7n, &) = uj(LJn,i ¢;), and in comparison with Z%(1,¢;) we improve the
bounds by corresponding powers and products of the factors L’ n and ¢. This is
a basis of the whole renormalization analysis.

Let us formulate now assumptions on symmetry properties of the functions
&9 (y; 5, v;h). Let r denote a Euclidean transformation of the lattice T into itself.
Such transformations are generated by translations, reflections and permutations
of coordinates. The transformation r determines a transformation of configurations
on T in the usual way, e.g. (;)(y) = ¥;(r~'y),y € TY. We assume that

(H.4) EVry;r,vih) = ED(v 5, v;h)
EV(y; RY;,v;Rh) = EY9(y;¥,v;h), ReO(N),

hold on Z(1,¢;) and the same equalities hold for the analytic extensions of
the functions &, the second on the space (1, ¢;), the first on the subspace
of this space with constant configurations h + h'.

Of course the Fuclidean transformations r and the orthogonal transformations
R leave invariant the spaces and the subspace. The above symmetries play a crucial
role in the renormalization analysis, in particular the second one. The first has two
important implications. For Euclidean transformations r leaving a point ye T
invariant, i.e. ry = y, we have

ED vy, vih) = &P (y; 4, vh) - (2.23)

This symmetry is used to determine a final form of renormalization conditions in
the next subsection. Taking constant configurations (i;,h), e.g. ¥;(y) = ¥, and
taking r as a translation by a vector ze T we obtain

EDV(y + zy,vih) = EV (v, v;h) . (2.24)
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Thus all the functions & (y: 4, v;h) are equal for y € T, and we define an effective
potential for the action &% by the equality

7D, vih) = ED (ypv;h) . (2.25)

The effective potential has an analytic extension on a domain in CY x CY which
may be identified with a set of constant configurations in Z%(1, ¢;), and it is invariant
with respect to orthogonal transformations, i.e. it satisfies the second equality in
(H.4).

The third property of the effective actions & (y;;, v;h) is their localizability. It
has basically a standard form, e.g. see Sect. 0 in [2d]. At first we define a class Z; of
localization domains of the lattice T.. We take a partition of T’ into large cubes,
i.e. cubes of size M = L™, where m is a sufficiently large integer. We require that
partitions taken for various scales are compatible with each other. It is convenient
to identify domains in lattices with properly defined domains in the continuous
space R% or rather in the corresponding torus. A simple way to do it is to consider
the torus T as a subset of the lattice Z¢ + (5,3, ..., %), and to assign to a point
x € T, the unit cube of R? with center at the point x and with vertices at points of
the unit lattice Z*. We identify a subset X of the lattice with a union of cubes
corresponding to points of the subset. A partition of T, into large cubes can be
obtained by taking a partition of R? into cubes determined by points of the lattice
MZ4, and all subsequent partitions are determined by the lattices L’ MZ‘ and
rescaled to the corresponding ¢-scales. We denote them correspondingly by 7;. For
such a partition we construct another partition, or rather a cover «; by LM-cubes
which are unions of L of the corresponding M-cubes. For the cover ; of the lattice
T. we define a class #; as a class of domains X which are connected unions of open
cubes from 7, i.e. such that

X = U 0. (2.26)
OenpOdc X

The cubes in the above decomposition may overlap. We consider X as an open
domain in RY, and we assume that it is connected. The class % ; is defined for the
lattice T in the scale &, and if this lattice is rescaled, then domains in &, are also
rescaled in the same way. For domains X € &, in the scale ¢ we define a function
d;(X) which measures a tree size of X. We consider X as a domain in the
continuous space, and we define

di(X)=inf{M~'I'l: I'is a continuous tree graph
contained in X and intersecting every cube [J < X, [Jen}] . (227)

This definition refers explicitly to the scale £. If a domain X € Z; is considered in
a different scale we can define d;(X) either by rescaling X back to the &-scale and
using the above definition, or writing the above definition with an additional
scaling factor. We can formulate now the next inductive assumption

(H.5) EDvvil =Y ED X, vh) .
XeviveX

where the functions &Y(y, X;1;,v;h) have analytic extensions defined on
Z4(1,¢;); these analytic extensions depend on (Y, + ¥/, h + ') restricted to
the corresponding domains X and satisfy the bounds

16Dy, Xshy + W vilh + W) = Egexp( — kdi(X))
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where Eq, k are positive constants, k can be chosen arbitrarily large, depend-
ing on the large cube size M. The analytic extensions are invariant with
respect to orthogonal transformations R € O(N), i.e. they satisfy the second
equality in (H.4).

The above expansion, called a localization expansion, plays a fundamental role
in the renormalization analysis, and one of the main steps in the presented method
is an inductive construction of such an expansion for a new contribution to the
effective action determined by the k + 1* renormalization transformation. This
construction will be described in the third paper. It will also yield some additional
properties, e.g. an Euclidean covariance of the localized actions as in the first
equality in (H.4), only on the left-hand side the transformation r has to be applied
to X also. This property is not important here. The constant x depends on the size
M, and this dependence will be described precisely later on. We fix x and M by
several conditions they have to satisfy, which will be formulated successively in the
future. The most important condition is a convergence of the series below

K, = Y exp( — rd;(X)), yeZ'. (2.28)
Xev,(Ez")ved

The class of localization domains above is defined for the whole lattice ¢Z¢, and it
is well known that the series is convergent for « sufficiently large, e.g. K = 1o, and
the sum is bounded by a constant depending on d only. The sum above does not
depend on the point y, so K is a function of x only. In the future we will use K,
defined for 1, so we will have a bound from above by K, instead of equality (2.28).
As a simple application of this bound we obtain

|(§(i)(y’ Wp",h” é EOK() (229)

on the space Zi(1,¢;). Here ;, h denote, for simplicity, elements of the complex
space. In the future we will use frequently this simplified notation. The above
bound implies that the j** contribution & to the effective action can be bounded
by EoKy | T = EoKo|T{|L™7, so for the whole action &, we get

k
16 = ) EqKol Ty L™ < (L' = 1)7 " EqKo| T .

Jj=1
From the renormalization group point of view it is a very bad bound; after k steps
we would like to have a bound by a constant times | T{| = |T,| = n|T,|. Such an
improvement is connected with a renormalization of the effective action we have to
do after each step. This renormalization is discussed in the third paper. Here we assume
that the effective action is properly renormalized, and this can be expressed in the
form of some renormalization conditions. We will formulate these conditions now.
The first set of conditions concerns the effective potential 7 "'(ir, v;h) defined

by (2.25). We assume that

A

(H.6) 1’”‘”(61,\)’61) :0,<‘,€77 '(j)>(e1,\'«01)-€1 :0, (] :(1,0. ,0) N
ch

¢ ; 0 .
A_y‘(l) e, v.e ) e = (g()) Vie vier)-e =0
<(’l// )( 13 1) 1 \J;m (ﬁl//(y/) ( s €1V 1) 1

forallj <k
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The second condition involves the second order differential of the function
&Y, v;h) with respect to the spin variable y. We assume that

. 0* g 2 _
(H.7) XGZZ,tr[TclLr?Z«I(W ()>(el,vj€1)‘(€z®€z)]|xl -

A role and the form of the above conditions will become clear in the next section.
The constants on the left-hand sides will appear as coefficients at relevant and
marginal expressions, as usual in the renormalization group approach. A meaning
of these concepts, the relevant, marginal, irrelevant expressions, will be also
explained in the next section.

We have to introduce one more assumption, a more precise description of the
asymptotic behavior (2.5). It is not uniquely defined; it depends on how we
formulate renormalization group equations for the coefficients f,, ay, A, vi. It turns
out that we do not need all these coefficients for the renormalization procedure,
so we have freedom of choice of some additional equations. Depending on this
choice we have different precise forms of the asymptotic behavior, but they all
have the general form (2.5). We will discuss all these issues in detail in the third
paper. Here we formulate the following particularly simple assumption on those
coefficients:

1-L?

(H.8) B = ﬂLk(d_z)Yka ay = am>

Jp = AL,y = vL2*§,

and the constants y,,d, are arbitrarily close to 1 if § is sufficiently large.

From this assumption it follows that g, and A, are determined by the free
renormalization group flow (2.10),(2.11) and the pure scaling (2.9) correspondingly,
but our whole analysis in this and the subsequent papers does not depend on this
assumption. In the third paper we will formulate more precise inductive assump-
tions on the constants y;, ;, from which it will follow in particular that there exist
limits limy - Yk = Vo, limy o 6, = &,,. This was our last hypothesis, and we have
completed the inductive description of the effective actions.

We describe now the second term in the exponential in (H.1). This term
determines a generating functional for correlation functions, and here we describe
minimal assumptions which can be reproduced by the renormalization transforma-
tions, and which are sufficient to control a convergence as T — Z4and v — 0 4,
ork — oo. They will allow us to establish existence of the correlation functions in
these limits, hence to establish existence of the corresponding thermodynamic
phases, but they are not enough to prove more detailed properties of the correla-
tion functions. Such properties will be proved in another paper, in collaboration
with M. O’Carroll, based on a much more elaborate description of this term. Now
we assume that

(H.9) F (Wi, hyg) = g, b1 + Z ﬁ; 7 'pm(l//k,vkh),v,h 9,

Jj=
(9(7(])(1//1’ th, g) = <g,ﬂ(1)(l//1> th; g)>1 s

MO (x;j,vih,g), xe T, have analytic extensions defined on the space
Z$(1,¢;) x {g: g are defined on T and have values in CY, | g |, < 1}, and these
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analytic functions have corresponding invariance and localizability proper-
ties as in (H.4),(H.5). Terms of the localization expansions satisfy the bounds

| D (x, X545k, 9)] £ Mo& ™2 exp( — kdj(X))

where M, is a positive constant and o, is a sufficiently small positive
constant.

The above bounds imply in particular that the sum over j in (H.9) can be
bounded by MoKy~ so it is small for f sufficiently large. Notice also that
invariance with respect to the orthogonal transformations R € O(N) means actual-
ly covariance for the functions .# 7, i.e. if y;, h,g are transformed simultaneously
by R, then .# " is also transformed by R. This follows from the invariance of the
corresponding function & .

The last element of the effective density p, in (H.1) to define is the characteristic
function y,. It is given by

I = X({Wk — Okl < ﬁk_; p(Bi) on T, 10", | < ﬁk_; p(Be)
|A"4] < Bi* p(Be)lowl < Bt p(B). 1 — hl < v Byt p(Bi) on T;,}) ,

A
o =S (1> = 1). (2:30

The domain defined by the above characteristic function can be identified with the
subspace of Z,(1, B, * p(B)) corresponding to a fixed unit sphere vector h.

We have finished the description of the effective densities p,, but there are still
some undefined elements in their definition (1.16), namely the characteristic func-
tions ¥ 9. Their exact definitions are quite technical and we postpone them to the
third paper, but let us make a few explanatory comments now. The functions y /)
give restrictions on fluctuation variables at corresponding steps. Once the variables
are defined, the restrictions are very simple, just on the magnitude of the variables.
The definition is inductive and technically involved, and although it could be
formulated here it is much more natural to do it at a proper place in the third
paper.

We can formulate now the main result of this part of the work connected with
the small field analysis.

Theorem 2.2. Consider the model given by (1.1), (1.5) for d =3, N=2, >0,
1 <2<+ ©0,0<v =1, and define the sequence of densities py applying the small
field renormalization transformations (1.16). For f sufficiently large there exist
constants P, i, A, Vi Eo, M, K, 00,7, Mo, 01 such that the densities p, satisfy the
inductive hypotheses (H.1)—(H.9), as long as v, £ 1.

This theorem will be proved in several stages in the three papers. The proof will
provide many detailed estimates of terms of the effective actions, and conditions on
various constants. In particular we will construct renormalization group equations
for the coefficients f,, ay, A, v, Which will determine them uniquely in terms of the
initial coefficients. In this paper we analyze consequences of the inductive hypothe-
ses (H.1)—(H.8) and we obtain improved estimates of the effective actions & and
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&,. This analysis is called a renormalization analysis because of a crucial role
played by the renormalization conditions (H.6),(H.7). It is a subject of the next
section.

3. Renormalization Analysis and Bounds on the Effective Actions

In this section we describe in detail the renormalization analysis, which could be
called also a renormalization expansion, and with its help we prove uniform
bounds of the effective actions &, by volumes |T,| = [T‘l"’[. The main results are
formulated in Proposition 3.4, Corollary 3.5, Proposition 3.10, and Corollary 3.11.

Before we start this analysis we have to introduce some new spaces of config-
urations (i}, h).

The spaces (o, ¢) are crucial for inductive constructions of this paper, but the
fact that we have to use the non-linear functions ¢; in their definition makes them
difficult to work with, it is difficult to perform various operations on configurations
;. For such purposes we have to find another, more convenient chdracterization
of these spaces, formulated directly in terms of the configurations (y;, h). Let us
study at first some implications of the definitions (2.15),(2.16),(2.20),(2.21) for those
configurations. We have

(M) B = [y (by) — (Qﬂ/) YO+ Qi) by ) —(Q;0,)(b-)]
+ [ Yi(b-) = (Q;p)b-)| < a*e + oe + o*¢ < 30¢, (3.1)

where we have used the restriction o < 1, and where b = <(b_, b, > is a bond of the
lattice T, For a locally longitudinal derivative, i.e. a derivative in the direction of
;, we have

W0 - (YD) = () — Q0 ) () - (@19 ) (D)
+(Q1(b])(y)'(ﬁl(¢1 Q (/) <}’ y >

- Z 62(1 2 é(aé(/)j)(['x,g’u<-\'lvb—>)

v\ e B,() b < NN+ 0 =)

<(C°¢,)(b)

+ ) < > Chy(b-)- (g ))(b), (3.2)

X'e B,(v) heo X X 40 =)
where I', - is a shortest path of the lattice connecting the points x, x". Hence

2,

W)= (@ Yy D) < 306 + (1 + 2$> 20%¢ +(d + 1)o?¢?

~j
+ 5¢c%e < 50%¢ (3.3)
for ¢ sufficiently small, e.g. (d + 5)¢ < 1. Next

Y — 1= W00 — Q010 + 200500 — (Q;,)(0))(Q;0/)(y)

1 .
3 Y UGN )+ (0,95 — (3.4)

v e B(v)
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hence

2 2
Wiy) — 1] <o*s® + 20'28(1 + 2%) +%d20252 + 2%—8
; .

J
< 302 (3.5)

for ¢ sufficiently small, e.g. 2d*¢ < 1. The above bound and (3.2) imply also (3.3) as
in (2.18), (2.19). From the fourth condition in (2.15) we get

W,00) = Bl = 1W50) — (29D + (@515 — kD) < 6% + T <2

<

This inequality squared yields

2.2

219501 = ,0)-0) S [P +070) = 20,00+ h < 47—

J

hence

(1 = (0o h) <2

22 2,2

& agrée
+v;|1 —|h|| <2 + 0%e? < 46%e? (3.6

for ¢ sufficiently small, e.g. 9¢ < 1, where ({/)g = ,—L‘:—, . The inequalities (3.1), (3.3), (3.5),
(3.6) describe basic properties of configurations (y/;, h) from the real space 5 5o, ¢).
Consider now configurations (; + ¥/}, h 4+ h') from the complex space Z§(, ¢). For
; we obtain

WO = 1W50) — (Q;60,) W] + (Q,100,D() < 0% + ¢, (3.7)
(0" ¢/ (b)] < 3¢ ; (3.8)

the last inequality is obtained in the same way as (3.1). To the expression

W) + i) @ (¥, + ¥5)(y.y'>) we apply the same transformation as in (3.2)
and we obtain the bound

W00 + ¥500) - @1 (W5 + (s YD) < To?e (3.9)

for ¢ sufficiently small. To the expression (/;(y) + ¥/(y))*> — ¥;(y) we apply the
transformation (3.4), and we obtain the bound

[60;(0) + ¥i() — Y7 )| < 3¢ (3.10)
for ¢ small, e.g. 6d%¢ < 1. Finally we have

W) - K1 = 1W50) = (Q;0)) - KW + 1(Q4(¢;- )W)

4.2 2.2 2,2

<2 4T <2t (3.11)

In the future we will have to estimate the expression with the unit vector (;(y))o.
We have
2 o%? 2 o?er _o?e?
;0o - W ()] < < <3 . 3.12
Yo~ M (y)] O v, 1=, » (3.12)
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The above inequalities capture all important properties of the considered config-
urations, and they suggest the following definitions of new spaces:

Pi(o,e) = {(fy, h: 10"l < oe, |l — 1] < o®e,

/)

l°
Pi(o,e) = {(b; + ¥ b+ W):(j, h) € Pilo,e), W)l <& + o,

10" 5| < oe,|(h; + 05 — 7| < a?e,|vil'] < %, |vi(¥)o- | < 0?8} . (3.14)
These spaces depend on v;. If we want to indicate it explicitly, or if we want to
consider more generally a parameter v, we will write ¥;(c, & v), ¥5(0, ¢; v). The above
definitions describe the most important properties of the considered configura-
tions. In particular the expressions occurring in the definition (3.13) are the basic
scaling, or rather pseudo-scaling expressions in our renormalization group ap-
proach. We will expand effective actions in terms of these expressions. Notice that,

as in the case of the definition (2.16), we may replace the conditions in (3.14) by the
conditions

Wil <e+4a?e, [0°00; +¥)I < 20e, [(; + ) — 1] <20%¢, |v;l'| <o,
[vih)o-H| < a?e?. (3.15)

The results of the transformations and bounds (3.1)—(3.12) imply the following
lemma

il = Wy)o- DI < a2 v(h* = 1) <a?e*}, (W)o (3.13)

Lemma 3.1.
Ei(o,¢) = ¥;(30,¢), Ej(o,¢) = ¥530,¢) (3.16)
for ¢ sufficiently small.

The spaces ¥(a, ¢) are crucial for the renormalization analysis, but they cannot be
used as a basis of our inductive construction, in particular we cannot use them as
analyticity domains of the functions &, because the functions {” do not establish
generally any simple relations between these spaces. We mean here relations of the
type described in Lemma 2.1, which are necessary for the inductive construction.
They are the main reason for using the spaces = instead of ¥5. Actually we have to
use both classes of spaces for reasons which will be clarified in the future. Now let
us describe briefly the way we use these spaces. The most important conclusion of
Lemma 2.1 can be written as the statement

Wi Ei(Le) = ES(Lin.e) < E5(Ley), j<k. (3.17)

It implies that the effective action .o/, is an analytic function defined on Z¢(1, ¢). To
perform various operations connected with the renormalization analysis we have
to interpolate between the last two spaces in (3.17) using proper spaces ¥j(0, ¢). By
Lemma 3.1 we have Z9(L'n,&) < ¥Y5(CoL'n,¢,) if Co = 3, and the question is
whether the last space is contained in Z¢(1, ¢;). This holds for k — j sufficiently large,
or for CoL7y sufficiently small. It is a statement about bounds satisfied by the
function ¢; considered on the space ¥$(Co L1, &). These bounds are formulated in
definitions (2.15),(2.16),(2.20),(2.21) with ¢ =1, ¢ = ¢;. Such bounds hold with
milder assumptions on configurations (; + ¥, h + h'). Let us introduce another
class of spaces, simpler than the spaces ¥¢. We do not need the second condition in
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(3.13) and the third condition in (3.14), we also bound ¢ by ¢ in the third condition
in (3.13), and in the first and fourth conditions in (3.14). A reason for this is that the
bounds for ¢; usually involve most of the conditions in (3.13),(3.14), in particular
the conditions on derivatives, so the constant ge¢ is the best we can get in those
bounds. For simplicity let us denote ¢ = ¢, so d < ¢, and define

Fi(8) = {(;, 10"yl < &, 1yl — 11 <8, |vi(l — (o M) < %,
vi(h* — 1) < 6%}, (3.18)

P50,¢) = {(‘/’j F Y5+ W) € Pi0), 1y <&+ 6,

2

0
[Ny < 8,10k + ¥))* — ¥l <d,lvh'| < o lvilgde 1] < 52} - (319

The above spaces w111 be used in the case o = CoL'n, ¢ = ¢, and v; = v (L7n)?,
hence v; < (L7n)* < 0% = (). We assume generally that v; < (). Obv1ously we
have

Y(o,¢) < ‘I~’j ), ‘17“»(0 g) < ‘[~’C~ (0,e)ifoe £0. (3.20)

The space ¥; :(6) is defined by simplest and most natural smallness conditions on
basic quantities connected with the action (1.5). The definition of the space ¥5(, ¢)
extends these conditions to complex variables, except that the variable y/ is treated
separately in a special way. This is because it does not scale, or rather it does not
scale with a negative power of L as the other quantities, so bounds for functions
involving ¥/}, in particular bounds for 6¢;(y/}), have to be treated carefully. From
Lemma 3.1 and (3.20) we obtain the inclusion & Yo,2) lI/C(3a.9 ¢). One of the
fundamental results of the next paper can be formulated in the following way: there
exists a constant K; > 1 depending on d only, such that

P(8,6) = E5(L,3) if e+ Ky 0S8 (3.21)

for ¢, € sufficiently small. If not for the conditions on ¥/, d¢;();) we would have
K, 6 < & in the above statement. Unfortunately these conditions will cause some
complications in the future. From the above statements we obtain the lemma

Lemma 3.2
YEi(Le) — ES(Lin, &) = Yi(CoLin, &)
< ¥io,8) < P, 6) = Pi(do,20) = E5(1,¢))

. . - o _0
if Co 23, CoL/n < 0,06, £ 8,0 £ do,00 S 20— S0 + Kido S35 (322)
“k 0

This lemma establishes a scheme of applications of the above spaces. We consider
a function &' on the space ‘f’j»(éo, £o) with properly chosen dy, &, and we perform
all operations on this space, e.g. applications of Taylor fomula. To bound expres-
sions obtained by such operations we use the space ¥¢(a, ¢,) with a properly chosen
g, ¢e.g g = CoL'n. This scheme will be applied usually with gy = ¢;4.

Now we describe the main steps of the renormalization analysis and give some
additional explanations for definitions introduced before. The action & has the
representations (H.2), (H.5). Take a term &Y(y, X; ¥, v;h) in the corresponding
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sum. It is a function of ¥\ and we want to expand it around a constant configura-
tion equal to a value {”(y). There are several problems connected with such an
expansion. The function & (y, X;y,v;h) has an analytic extension defined on
Z¢(1,¢;). A problem with this space is that if we take a configuration y; from it, then
a constant configuration equal to a value ;(y) at a point ye T" does not
necessarily belong to the space. To overcome this problem we consider the function
on a smaller space 'f’;(é, ¢) with 9, ¢ satisfying the condition in Lemma 3.2. This
space obviously has the desired property, namely if a configuration y; belongs to it,
then constant configurations equal to values ;(y) at points of T belong to the
space also. This is the main reason for introducing these spaces. The spaces ¥(o, ¢)
have this property also, and they are introduced to describe precisely pseudo-
scaling properties of corresponding local functions of ¥;,h. Consider now the
above mentioned expansion around the constant configuration. A problem with
this expansion is that a remainder depends on configurations ;. = /;(y) + toy;,
oY;(x) = y;(x) — ¥;(y), 0 = t < 1. These configurations generally do not belong to
the space ¥¢(9,¢) for y; from this space, in particular the conditions defining the
space are not satisfied usually for points x sufficiently far away from the point y.
This forces us to restrict further the space, or to decrease the constants d, ¢, and to
impose a restriction on X, more precisely on d;(X). We consider the function &
on configurations ¥, so we have to make sure that these configurations belong to
the space ‘P‘(é ¢). By Lemma 3.2 this is true if k —j is sufficiently large, e.g.
k—j=n;, or j<k— n;. Precise conditions on n; will be obtained later. Now
a basis of the renormalization analysis and the proof of the uniform bound on &, is
the following formula:

k—n, )
Sy =3 2 VW 0)vh)
Jj=1yeT?
k—m
+ 2 X X 20X vk = 600Xy (), vh)]
j=1 yeTV XeZ;yeX
k

+ Y Y EVmY k), (3.23)

j=k—=n +1yeT?

where we have used the definition (2.25) of the effective potentials ¥ V. A depend-
ence on i, above is through the functions \”. In the rest of this subsection we
analyze successively terms of three sums above.

Consider a term of the first sum. By Lemma 3.2 the values y/\/(y) are in
a domain ¥$ u(0,&), 0 2 CoL/n, which is defined as a domain in CVxCV
determining constant configurations in ¥j(o, &). It is defined by (3.13), (3.14), but
with conditions on derivatives dropped out. We would like to obtain bounds on the
effective potential ¥"” considered on this domain. This potential is defined and
analytic on a larger domain, certainly on @},wnst(%, &), where 9y, ¢ satisfy the
conditions in Lemma 3.2. Let us analyze these conditions in more detail. Obviously
they can be satisfied only if k — j is sufficiently large, for example we conclude that
K;CoLne, < ¢j. We can take ¢y = ¢;.; above, a_nzd then the crucial condition is
Ej+1 + K150 é &j. We have & —&j+1 = 8j+1(LT~y - 1) g Ej+1 IOgL(g — 'V)
Let us denote for simplicity 452 —y =a, so the condition is satisfied if
K100 = 0gj+1. We take 3o = 0o¢;41, hence the condition is K;oo < S a. For
6o = CoL’n we obtain a restriction on k —j of the form CoK;L " *<a, or
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L¥77 > CyK,%. We choose n; = the smallest integer satisfying the last inequality.
With this assumption we have the inclusions

lpiﬁ(J’)Z Ei(lagk) - (Ilj',const(o’ 8k) < 'i];,consr(&» 8k) < Yij‘const(éla 8j+1) s (324)

where ¢ = Co Ly, § = 0,0y = 01&j+1, 0, = K7 'a. The effective potential ¥ is
analytic on the last domain above.

The most important property of the effective potential is the invariance (H.4)
with respect to orthogonal transformations. We study consequences of this sym-
metry quite generally, so let us drop the index j. Consider a function ¥" (i, vh)
of real vectors (i, h) in a domain invariant with respect to the group O(N), e.g. in
some ¥¢,,(J0). Take at first R, transforming a vector y into |W|e;, Ry = |/]e;,
hence Ri'ey=v,, and ¥ (Y,vh) =¥ (|Y|e;,vRih). We write R h=
(Ryh)ieq + (Rh), where e;-(R;h) =0, and we take R, such that R,e; = e,
R,(Ryh) = |(Ryh)|e,. We have (Ryh); = e -Rih=R{'e;-h=1q-h, and |Rh|
= | h|, hence (R, hY|*> = |h|> — (R h)] = |h|?> — (Yo - h)*. From the above equalities
we obtain

P vh) =V (1Yler, v(o-Mey + vy /Ih1> — Wo-h)?es) . (3.25)

Consider the function ¥ (ue,, voe; + vwe,). It is defined for u close to 1 and (v, w) in
a neighborhood of the unit circle in R? and it has an analytic extension to
a function of u+ v, v+, w+w, where v, v, w are complex numbers
in a neighborhood of 0. More precisely we consider the function ¥ ((u + u')e,,
v(v + v')e; + v(w + w')e,), which is an analytic function of u + v/, v + v/, w + W/,
defined on the domain

wo,we Ru>0,|u? — 1] <8, |v@w? + w? — )] < 83, |v(l —v)| <63,
1 63
w0, w e C, || < go + 8o, [(u + u')? — u?| < g, || < 83, |vw'| < —=—2.
\/580
(3.26)

For the j'™ potential we shall take 6, = 81, ¢¢ = ¢;4 . This function is invariant with
respect to rotations of the plane spanned by eq,e, which leave the vector e,
invariant. It means simply that it is an even function of w + w’. We define

fu+u, v+ )y 2w +w)?) =7+ u)e,v(v +1v)ey +v(iw + w)e,) .
(3.27)

For simplicity we write it as (4, vo, v>w?), and the complex numbers u, v, w belong
to the domain described by (3.26). From the above definition and the equality (3.25)
we obtain a representation

PV, vh) =f (W1, yWo-h), V(11> — Wo-h)?)) . (3.28)

This is a fundamental representation of the effective potentials, it is formulated in
terms of invariants of the orthogonal group O(N), and it is a basis of the renormal-
ization analysis. From the restrictions defining ¥ (o) we see that the expres-
sions [¥| — 1, v(1 — o+ h) are small, and they are also the basic pseudo-scaling
quantities, as it has been mentioned before, so it is natural to expand the effective
potentials with respect to those expressions. This will give us an expansion into
relevant, marginal and irrelevant quantities. To construct such an expansion we
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have to expand the function f(u, vu, v>w?) around the pointu=1,v=1, w=0.
Obviously this point belongs to the domain (3.26) for any d, and ¢,. To study this
expansion we restrict the function to a polydisc with a center at this point. It is easy
to see that the polydisc in C? defined by

RN
\/—jveo ’

is contained in the domain (3.26). The function f(u, vv, v*w?) is analytic on it and
bounded by E, K, hence derivatives of this function satisfy the following bounds:

sty 8al B1716%2047 Ey K o2

1 53
[u—1{<§50, |v—~1l<—v—, lw| < (3.29)

2.52)| <
(au)a(avu)ﬁ(a(vzWZ))yf(ua VU,V w ) = 5‘8.}.23_}.4}, (330)
on the polydisc
1 163 163
—1l<zb0, p—1]<52 ~% .
lu—1f <2oo, Jo—1f <57, 1w|<2v80 (3.31)

Of course only the powers of 9y, ¢y, and the factor E, K, are important in the above
bounds.

We can write now a Taylor expansion of the function fto any order, and we can
write bounds on its terms based on the bounds (3.30). Having in mind applications
to the effective potentials we write the following expansion:

f(u,vo,v?*w?) = f(1,v,0) + (%f)(l,v,O)(u -1+ (if)(l,v,())v(v -1

ovv
+ f2.0,00,v,00(u — 1)* + f1 1,00, v, 0)(u — Dv(v — 1)
+ fo.2,0(,v0,00(v(v — 1))* + fo. 0. 1 (1, v, v W?)v2w?, (3.32)

where the functionsf, ; , are expressed in terms of the corresponding derivatives of
the orders o, f5, y by the integral representation of remainders in the Taylor formula.
From this representation and the bounds (3.30) we obtain

Fluyvor,v?w?) — £(L,v,0) — (a—if)(l,v,m(u - (%f)(l,v,ow(v - 1).

6 26 2
= 8E0Ko[<5—|“ - 1|> tslu =1l v =1
0 0 0

2 2 42
+ (—5—g|v(v— 1)1) +5—§|v2w2|] (3.33)

on the polydisc (3.31).

Now we apply the results of the above general analysis to the effective poten-
tials ", v;h) for j < k — ny. We have the representations (3.28) with functions
/9 which are analytic on the domain (3.26), hence on (3.29) with 6, = ¢; and
&9 = ¢j+1. They have the expansions (3.32) and satisfy the bounds (3.33) on the
polydisc (3.31). We formulate the hypothesis (H.6) in terms of the corresponding
functions /Y. We have

F9u,viv,0) = 7 Duey, vjvey) = 8D (y;uey, vivey) (3.34)
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for any y e T, Using these equalities we can rewrite (H.6) in the form

191, v;,0) = < f‘”) 1,v;, )=o,< g
ov;v

. f“")(l,vj,O) =0. (339

From this and the bound (3.33) we obtain immediately the bounds

2
Lf O, V0, vj w?)| < 8E0K0[3<§1—|u —1)? +%<5%[vj(v — 1)|)

4¢?
+ 8(;: ! |v§w2|] (3.36)
1

on the polydisc (3.31) with dg = d;, g9 = €j41, Vv =;.

We have obtained the representation (3.28) of the effective potential for real
vectors i, h. We can construct an analytic extension of the potential by using the
analyticity of the function fand taking analytic extensions of the expressions inside
the function. We introduce the following three functions of y + ', h + h':

WYV =W+ (h+ 1),
=+ =V2=h+H)P? = +¥)o-(h+1)*. (337

The functions U,V ,W? are natural analytic extensions of |y|, q-h, |h|?
— (Yo~ h)®. We have to obtain bounds for these functions considered on the
domain ¥¢,,.(0,¢). We have

U—-1=(/1+0> =D+ +¢)P —y>)+ 17!
<LW? =10+ +¢)? =y, (3.38)

hence
U — 1| < 206%¢, (3.39)

assuming ¢ sufficiently small. Next

V1= +y)o-h+h)—1=@Wo-h +ﬁu”‘po®‘/’o)‘//‘h
—gdt(l )d/ w 51200 — (W + t')o
QW + tf )oY - W)W + th')o- ') (3.40)
+ W U=+ )@Y +th )Y )N + 1Y )g-h) | + oI
1 1
+ldt——x=x[I -+ )o@ W + 1ty )oY -},
g (z//+np')2[ W +0p)o @ W + 1)1y

and (I — Yo @ Yo)'-h =y'-(h — o) + (1 — Yo - W)Y - o) -
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These identities yield the estimate
2.2 2.2 2,2 2.2
o°¢ 2¢ 36¢ o°¢ o°¢ g°¢
|V —1] < + <\/ + >+882<1+—>+482<1+ )
v 1—¢ \/; v v v
2.2 2 2.2
o°¢ g g°¢
+4e— < 22
v

+

(3.41)

5
v v

where we have used the assumption v < ¢2. Notice that the above estimate is not
an optimal one, we have simply estimated all expressions close to 1 by 2 in each
term. For the function W ? we have

W2 =(lh1> = 1)) + 2Wo- Do I + 21 — tho @ Yo)h- K
(WP =2V —1)—(V —1), (342

hence

w2 < ot + 2<1 + 6282>6282 + 2\/368-6728 + 2(———0282>2

v v v \/; v

(3.43)

for ¢ sufficiently small. We conclude from the inequalities (3.39), (3.41), (3.43) that
the following bounds hold:

1(7(7)2 &2
2

w2 < L0

1 2
U~ 11 < (00 |V 1| < P

(3.44)

We obtain the lemma

Lemma 3.3. The analytic functions U,V,W? map the domain ¥¢,,,(0,¢) into the
polydisc (3.31) if ¢ < ¢y, Togy < 0.

We apply the lemma in the case where &g = ¢;,1, 09 = 6; = 03¢+, and then
the condition 7o¢y < 8, means 70 < ¢,. We have found that ¢; = K; ! «, hence it
can be written as 7K ; 2o < 1. We have also ¢ = C, L'y, so the condition takes the
form 7Co K L Linp £ 1, 0or L¥"7 2 7Cy K, L. It implies the previous one, which has
the same form but with 7 replaced by 2. We adjust n; properly so that the above
condition is satisfied.

Let us consider the equality (3.28). The function f is analytic on the polydisc
(3.31), so the right-hand side of the equality has an analytic extension defined on the
domain V¢, (0, &), if 706y < 9. This defines an analytic extension of the effective
potential by the formula

VW4 Y v+ 1) =fU VW2, (3.45)

Consider now the effective potentials ¥~ 7. They have analytic extensions given
by the corresponding formulas (3.45), and defined on domains ¥¢,,.(c,¢) with
To£01,e<¢j11. Wetake ¢g =¢;41,09 = 0 = 01€;4, v = v; in definitions and
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bounds above. The equality (3.45) and the bounds (3.36), (3.44) imply

. 31 31 ?
7O + ¥+ 1))] < 8EoKo (W(m“az + 553000 + 2 (7o 482>
1 1 1

7 4 2
< 32E,K, <—“> ( ¢ ) . (3.46)
01 €j+1

This is a fundamental bound on the effective potential ¥~ , it describes precisely its
pseudo-scaling properties. We formulate the most important conclusions of the
above considerations in the proposition

Proposition 3.4. The effective potentials v~ 9 for j < k — n, are given by the formulas
(3.45) with functions f defined and analytic on the polydiscs (3.31) with
0p =01 = 01841, &o = &+1, V = V;, and satisfying the bounds (3.36). Therefore the
effective potentials " are analytic on domains ¥ ¢,,(0,€) with 76 < 64, ¢ < €41,
and they satisfy the bounds

]V(j)(l// + Vj(h + 1)) < 32E0Ko<7K1 L% é)“' ot <_£&_>2 (3.47)

J
on those domains.

We apply the above proposition to the case ¢ = ¢, 6 = CoL’n. The assump-
tions are satisfied if L* 7/ > 7C, K 1. We take the integer n, as the smallest integer
satisfying the inequality L™ > 7Co K1, and k — j = n, or j < k — n,;. We obtain
the bound

a 4 .
(7O + ', vi(h + h))| < 32E0K0<7C0K1L7 %) (Lip)**2=2v . (3.48)

In this bound we want to have power of L5 larger than d, so we assume y < 1. We
have assumed also y < 432 in (H.3), so we can write both conditions together as
7 < min{1,432}. In this case we could take y, = min{1,432}. It turns out that this
is a correct choice of y, in general, for all remaining cases we will study in the future.

Denote for simplicity
« 1\*
K,= 32K0<7C0K1 L’ &> , 20—y =uoa,. (3.49)

By (3.24) we have
Corollary 3.5.

[ DD (ysp + W' vilh + 1)), vi(h + K ()| £ EoKo(LIn)**=  (3.50)
for (W + Y h + ) e Bi(1, ).

This is a basic bound on the expressions ¥~ (y(”(y), v;h) which will contribute
to the uniform bound on &,. If we change k into k + 1, the above bound is
multiplied by the factor L™ ¢~*. This means precisely that the expressions are
irrelevant quantities.

Consider now terms of the second sum in (3.23). Take a term corresponding to
some j, y, X, and consider the function & (y, X; ;,v;h). We expand it around the
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constant configuration y/;(y) up to an appropriate order. We analyze this expan-
sion in most of a remaining part of this subsection, so for simplicity of notation we
drop the index j. It turns out that we have to expand up to the fourth order, thus we
write

= (¢ Joxsvnoman ) + 5 (576 JoXwtnsmnon.o0 )

o
03
<(0¢6¢ R ‘”@> (0, X34 (y), vh), 0y, 6, 5l/,>

1 64
gdf(l <<W é“)(y,X; Wi, vh), 81, 0, 0y, 5l//>,

oY (x) =¥ (x) =Y ), Yu(x) = (1 = Y () + 1 (x) = Y(y) + 10y (x) , (3.51)

We will study successively the terms of the expansion. Our basic goal is to
decompose them further into sums of relevant, marginal and irrelevant expressions,
and to construct their analytic extensions.

Let us start with the last term of the expansion. By Lemma 3.2 the function & is
analytic on a space ¥¢(5,,&0) With J, &, satisfying the conditions of the lemma, in
particular with dg = 6; = 61¢;41, &0 = ¢4+ 1. We choose this space as a maximal
analyticity domain, and all other spaces will be contained in it. We would like to
extend the last term in a natural way as an analytic function of (y + Y, h + h') €
¥¢(5,¢) for properly chosen d,¢. The derivative of & in that term depends on
W + '), =¥, + ¥y, so we have to determine to what space these configurations
belong. We have

0\|v—~ O\I)—

N—

oM, = to"y, hence |0y, | < |0y <4, (3.52)
and obviously the same bound holds for 8!1;. Next

Y ) —1=(1 =00 — D+t — D —t(l =90 —y(1))* . (353

hence |Y2(x) — 1] < + £ (x) — ¥(»)|*. It is immediate to estimate oy (x) =

Y(x) —y(y) by |I', .16, where I, , is any unit lattice path connecting the points y, x
and lying inside the domain X. We would like to have an estimate in terms of
d;(X) = d(X), so we have to choose I'; , properly. Take a tree graph I satisfying
the conditions of the definition (2.27), and two cubes of the cover 7 containing the
points y,x and contained in X, e.g. [, [(1"en}, (0,0" < X, ye [, xe ". By
the conditions of (2.27) the graph I' intersects both cubes, take points x’,x”
belonging to the corresponding intersections. There exists a subgraph of the graph
I’ which is a path containing the two points x’, x”. Denote by I’ the part of this path
from x’ to x”, hence I'" = I" and |I"’"| < |I'|. We approximate this path by a unit
lattice path contained in X in the following way. Start with the point x’, x" € (]’ and
[J' is an open LM-cube, so there exists a unit cube 4(y,) such that x’ € 4(y,), and
the interior of A(y,) is contained in []. Denote by I'y the part of I'" starting at x’
and with |I";| = 1. Obviously I'; = A(y,), where 4(y,) is a union of 3¢ unit cubes
touching 4(y,). Denote by x; a final point of I';, and let y; be a unit lattice point
such that x; € 4(y;) = A(yo). The point x; lies inside X, hence the interior of A(y,)
is contained in X, and at least one of the unit lattice shortest paths connecting y,
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with y, is contained in X. Denote such a path by I', ,, hence |I', , | <d. Take
now the point x; and denote by I', the part of I'’ starting at x; and with |I',| = 1.
Then I', < A(y;), and we denote by x, a final point of I',, and by y, a unit lattice
point such that x, € 4(y,) < A(y;). The point x, and the interior of the cube 4(y,)
are inside X, hence there exists a shortest path connecting the points y;,y, and
contained inside X. Denote such a path by I', , . We continue this construction
until we reach a point x, in I such that a length of the remaining part of the path I
starting at the point x,is < 1. We denote this part by I',,; ;. Of course the point x”
is its final point. It belongs to [1”, hence there exists a unit lattice point y,,, € [J"
such that x” € A(y,+1), and a shortest path I, |, | contained in X. Thus we have
constructed a unit lattice path, a union of the paths I', ,  ,i=0,1, ..., p, connect-
ing the points y,,y,+ and contained in X. It is an approximation of the path I'’,
and we have the inequality

p P p
! U Fyis.vi-i'l = Z ,F.\’,.yinl é d(p + 1) = d Z ,Fl| + d
i=0 i=0 i=1
<d|I'"| +d.

Let us take a shortest path I, , connecting y, y,, and a shortest path I’

neCting yp+1,X. Of course F)’J’o < D/’ ry,,+nx < Dﬂa and
Iy, |SdLM —d, |I', . |<dLM —d.

We combine these two paths with the previously constructed path and we get the
following path from y to x

con-

Yp+1,X

Yp+1,.X

Yp+1,X *

p
ry, .= Fy,you U Fy,,ymur
i=0

It is a unit lattice path contained in X, and we have
Iy | S20dLM —d) +d|I"| +d < 2dLM +d(|I'| — 1) .
Taking I' such that |I'| — 1 < Md(X), we obtain the bound
T, .| £2dLM +dMd(X) . (3.54)
We use this path to estimate oyr(x), and we get
oy ()| < Iy, <10y, < (2dLM + dMd(X))|0" ¢ x

<(2dLM 4+ dM d(X))o forxe X . (3.55)
The identity (3.53) and the bound (3.55) imply

IW2(x) — 1] < + %(2dLM +dMd(X))?5* forxeX . (3.56)

We require that i, belong to the space ¥ (3 5,) on X. This is implied, for example,
by the conditions

1 1
2dLM3 <360, dMd(X)3 =53, . (3.57)

We will discuss them in detail later on. C?nsider now the last condition defining the
space ¥(5). The inequality 1 — - h < £ is really restrictive for 2 small, because if
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> 1then 1 — o-h < 2 < % holds for all non-zero vectors . If & < 1, then the
inequality 1 — - h < & defines a convex spherical cone in the space R", with an
axis determined by the vector h. If y(y), ¥ (x) satisfy the inequality, then they belong
to the cone and their convex combinations (1 — thy(y) + t(x) = Y,(x) belong to
the cone also for all t e [0,1]. Thus generally the configuration i, satisfies the
condition v(1 — () - h) < (26)* on X, assuming that (3.57) holds, because then
¥, 0 on X. We have proved the following statement: if (\f,h)e ¥(5) and the
conditions (3.57) hold, then (y,, h) on X, satisfies the conditions defining the space
P4 d,). We would like to extend this statement to complex configurations and
spaces. We have (3.52) for 'y, and obviously also |i}| < ¢ + 8. Consider now
(¥, + ¥))* — 2. The identity (3.53) holds for complex configurations also, in
particular for y, + ¥, = (Y + ¥'),. Subtracting corresponding identities we get

(%) + ¥,(x))* = ¥ (%)
=1 = )W) + 1) —20) + L (x) + ¥ (x)* = *(x)
—t(1 =)' (x) =¥’ )W (x) — ¥ () + (W' (x) = ¥'(y)), hence
)+ Y0 — W21 <6+ QLM + dMA(X)?5* < 35,
if the conditions (3.57) hold. The configuration &’ satisfies
U O 5 165 .0 _ b
Further
Yi(x) - W (x) = Y(x)- '(x) — (1 — )oY (x)-h'(x), hence

, 52 5t 52 P
- W] < (9]~ + (4LM + dMd(X)) 6~ < 2 + 260~

1 50 1 50
_— d
< dLM v 8 y an
, 1 60 1 50
oK1 < g1y <3y

The conditions defining the space P¢(3 8y, &) are therefore satisfied on X, if (3.57)
hold and ¢ < ¢y. The configuration (Y, + ¥, h + h’) may be extended onto the
whole lattice by the formula

W+ Yph+ 1)y = xxWe + ¥ h + 1) + @O + ')+ 1), (3.58)

and the extended configuration satisfies all the conditions defining the space
¥<(380,¢0) on the whole lattice, hence it belongs to this space. The above consider-
ations are summarized in the following lemma

Lemma 3.6. If (y + /', h + h')e P° (5 e),& < £0,2 <2 and the conditions (3.57) are
satisfied, then (Y, + Wi, h + W)y € P¢(3 60, 0) for t € [0,1].

The function (3.58) is a linear, therefore analytic function of ( + ¢/, h + I’), and
the lemma implies that the last term in (3.51) is an analytic function on ¥¢(9, ¢), or
rather that its natural extension is such a function. Let us determine a maximal
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analyticity domain. We take ¢ = &, = ¢;.1, and we use the conditions (3.57) in the
following way: the first condition determines a maximal ¢ satisfying it, i.e.
8, =@dLM) '6y¢j4+1 = 0,41, Where g, = (4dK, LM) ™ "0, and the second con-
dition is considered as a restriction on X, i.e. we assume that X satisfies
1 9y
dX) S ———. 3.59
X0 = 2dM 6 (3:59)
Thus the last term in (3.51) is an analytic function on the space ¥¢(5,,¢,), or on any
space ¥¢(8,¢) such that § < 6,, e < g, 2 < 2.
Let us estimate this term. For the analytic extension of the derivative in this
term we have

o* , , , /
<<Wff)(y,)(;(w + ), v(h + 1)), 800 + ¥'), S4b + ¥),

oW +y"), oy + l//’)>

d4
=200 X0 )+ oW ) v+ H))le=o

= ‘22—,;4'; ) dr;ﬂ@@(y,x;(w + Y+ W+ Y, vk + 1)), (3.60)
Itl=r

where 7 is a sufficiently small positive number. In order to get a best bound we have
to take a maximal possible r. We find it from the requirement that

(W + ) + 00 + W), h + W)y e P(Jg, o) for all T2 |1| S 7,

because then we use the analyticity of the function & on this space to conclude that
the expression (3.60) is an analytic function of (¥ + y/,h + k') on the space
¥<(5,,¢0), and an analytic function of t on the disc {t: |t| < ro}, where ry is
a supremum over all r for which the above condition is satisfied. From Lemma 3.6
and the definition of the space ¥¢(5,,¢,) it follows easily that the condition is
satisfied if the following three bounds hold on X

o5+ ) S 500, 50 + 8] S 300

1200 + )T+ §) + @0 + ] 506

The expression on the left-hand side of the last inequality above can be bounded by

200+ 100 + 500 1000 + 05 (2, 1+ 30+ 250 4 360 ooty + )

< 3oty + ¥l

for ¢y, d, sufficiently small, hence the three bounds hold if |t6(y + ¥')| £ £,. By
(3.55) we have

[To( + ¢')| < r(2dLM + dMd(X))26 on X,
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hence the last condition is satisfied if r(2dLM + dMd(X))26 < £ 5,, and the maxi-
mal value r, is given by
- 1 o _ 1 2
T 12QdLM + dMd(X)) 6  24dLM(1 + #d(X)) &

From the inductive hypothesis (H.5) and the representation (3.60) we can bound the
last term in (3.51) by

l4 Eqexp( — xd(X)) < (24dLM)* exp <i d(X)) (—5—>4 Eoexp( — xd(X))
A oL 30

< (24dLM)* (;)4 Eqexp(— (k — 1)d(X)) . (3.61)

This bouénd holds on the space ¥¢(5, ¢) with d, ¢ satisfying conditions § < §,, ¢ < ¢,
and 2 < &

We consider now the above conditions and bounds for the spaces (o, ¢). In
particular by Lemma 3.2 values of the function y{” are in the space ¥5(Co L7, &),
so we analyze the conditions and bounds for this space. We have

W?(CoLj’?,Sk) < W?(CoLj'? £, Ex)

hence now 6 = CoLineg &= ¢, The first condition in (3.57) is equivalent to
n

5 é 52 = (728j+1 = O'2L_a8j or

Lin®* < Cyto, L% = (4dCoK, L' * M) 1o .
&j

This can be written as a condition on k — j of the form

La+at=i > 44C K, L +aMl ) (3.62)
o

We define n; as a smallest integer satisfying this inequality. It satisfies also the
inequality in Proposition 3.4. Consider the second condition in (3.57), or the
condition (3.59). It can be written as

0'18j+1 _ o
MCOLjﬂSk 2dC0 Kl L*M

d(X) = d;(X) = — LUFat=d (3.63)

From the definition of n, it follows that it is implied by the simpler condition
di(X) S 2LLO*akmizm) (3.64)

This gives a transparent condition on the tree-size of the admissible localization
domains.

Making the corresponding substitutions in the bound (3.61) we obtain the
expression

N\
(24dC0K1L1+"M&> (Lin)*0*2 Eqexp( — (k — 1)d;(X)) .

Let us recall that we have denoted a=%2—79, so 1+a=%—9 and
4(1 + o) = 2d — 4y. We require that 4(1 + a) > d, hence d — 4y > 0. Notice that we
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have assumed 7y <7y =min{1,432}, so d—4y =272 - +2(1 -7 =

20 + o, > 0. Denote

1 4
K7=<24(ZC()K1L1+1M_> .
.

We summarize the results on the last term in (3.51) in the following lemma.

Lemma 3.7. The last term in the expansion (3.51) can be eYtended to an anlaytic
function defined on any space P<(d,¢) with 6 < 95, ¢ < ¢, <2, and it can be
bounded on this space by the right-hand side of (3 61). Ifk —j = ny, where ny is the
smallest integer satisfying the inequality (3.62), then the space W<(d,,¢) contains
YCoL'n, &), and the last term can be bounded on it by

K (L/ny**” Egexp( — (k — 1)d,(X)) . (3.65)

Notice that the above bound implies again that the last term is an irrelevant quantity.
Consider now the terms of the second sum in (3.23) for which the condition
(3.63) is not satisfied, i.e. we have

[od .
[(X) > — [0t
d;(X) 2dCo K, L'M

The corresponding functions &7 (y, X,;,v;h) can be extended to analytic func-

tions on the space ¥¢(d4,¢0), and we have the bound
(6D (0, Xy 4+ Whvi(h + 1)) — (0, Xy, () (), vi(h + 1 (1)

1 )
< 2Eqexp( — kd;(X)) < 2E04!(2dC(,K1L’M&> (Lig)*+o

sexp( — (k — 1)di(X)) = K (L'n)"* ™ Egexp( — (k — 1)d,(X)) .

1
3.122 L%
(3.66)

Thus these terms have the same bound as the last term in the expansion (3.51), and
they are irrelevant quantities also.

The remaining three terms in the expansion (3.51) cannot be shown to be
irrelevant by such straightforward bounds as above. They demand a much more
detailed analysis in order to insure the irrelevance. We start this analysis with
bounds on derivatives occurring in the three terms. We need such bounds in
slightly more general situations. We have

<((<;?// > WX+ v(h + ), Sy, ...431//">

’V? N
= A—(“’_(gz())’X’ l// + l//’ + Z Tl(»//l,\'(,”l + hr))
oty -+ 01, = - o
1 dt, 1 dr,,
I —— PR (v, X + S vl ") . 367
znilmji" T% 2ni In.[yz T Tn ‘ l[/ * w ,_21 fi (// v(h + 1) ( )

We take ( + /', + ') e P35y, 60), O, are arbitrary configurations with values
in CV, and r; are sufficiently small. We find them from the condition that the
configuration inside the last function above belongs to the space ¥(dq,¢o). By the
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same analysis as in the proof of (3.61) we can show that this condition is satisfied if

" 1
Y oy < 650 on X, hence if r; <
i=1

From this we obtain the bound

0" ,
<<(alp) >(y,X U+ v(h + 1)), 00y, ..., l//n>

6 n
< (5—”) Eoexp( — kd(X )61 ]x -+ 60y (3.68)

‘T 6n lél//lx

holding on P¢( 8, ¢0) and for arbitrary dy;.

We need to consider the derivatives for constant configurations only, i.e. we
take (f + Y h + W) e Pl 80, 80). Let us study symmetry properties and their
consequences. The inductive assumption (H.4) and the formula (3.67) imply

<<(6f;)" 5)“” X; RO + ). vR(h+ H)) RO, .. ,R&//n>

an ! e
<((5l//)” >(y’X Y+ Y v(h + 1)), 8y 5!//n> (3.69)

for Re O(N). We take ' = 0, i’ = 0, and we use the above invariance in the same
way as for the effective potentials in the proof of (3.25), we take the same R = R,R;

and we obtain
an
<<(—al//—)n(o@>(y,X,l//,Vh),5l//1, 75':0n>

an
R an T
v/Ih? — (o h)?e,), Ry, ... ,R5¢n> . (3.70)

The expression on the right-hand side obviously has the invariance property (3.69), in
particular with respect to all the transformation R” € O(N) leaving invariant the
vectors ey, e,. By the form of this expression it means that it is invariant with respect to
the transformations R” acting on the configurations Ry, only. Consider the functions

0”
(5¢(X1) e OY(x,)
They are defined and analytic on the domain (3.26) with £ &, instead of J,, but we
are interested again in a neighborhood of the point u=1, v =1, w =0, so we
consider it on the domain (3.29) with the same % 5,. The functions are analytic on

this domains and satisfy the bound (3.68). By the preceding remark they have the
symmetry property

é”)(y,X;uel,vve, + vwe,) . (3.71)

(®nR”)<(£//)n £>(y,X; ueq,vve; + ywe,)

= ((8(?//")” é")(y, X;uey,vvey + vwe,) (3.72)
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for all R” € O(N) leaving invariant the vectors e;,e,. Of course they have also the
more general property (3.69). Now we study consequences of this symmetry for the
three cases n = 1,2,3 which are interesting for us. These consequences become
more complicated with increasing n, although they are quite elementary.

Take n = 1. The first order derivative is a vector invariant with respect to the
transformations R”, hence it is a linear combination of the vectors e;, e,. Applying
(3.69) with R equal to the reflection with respect to the e, component, we obtain
that the e; component of the derivative is an even function of w, and the e,
component is an odd function of w. Thus we can write

0
<m€>(y,X;uel,vve1 + ywey) = v1(x, ¥, X; u, vo, v w?)ue; .
+ 030, ¥, X;u, vo,viw?)vwe,.  (3.73)
and vy, v, are analytic functions on the domain (3.29) with % J, instead of &,. The

function v, u satisfies the bound (3.68) with n = 1 and e, - Y/, instead of oy, . For
the function v, we have the representation

1 0
U2 (%, ¥, X;u, vo, viw?) = m(&;p(x) @"’)(y,X;uel,vvel +vwey)-e,,  (3.74)

so it satisfies the bound (3.68) with n = 1, and with an additional factor \/5 (_:—")2

The function oy, is replaced by e,-dy,. For further reference let us write the
domain (3.29) with % J, instead of 8, explicitly in the form

1 163, 1(/&%Y
Ju 1]<650, |v 1|<4v, |w |<32<v£0> . (3.75)
Guided by the analysis of the effective potentials, and by the fact that the function
vy is multiplied by e, - 0y, we expect that it is enough to expand v, up to the first
ordersin u — 1, v(v — 1) and v?w?, to get irrelevant expressions. The function v, is
multiplied by vwe, - o, which corresponds to a marginal expression, so it is enough
also to expand up to the first orders in all the variables. Thus we write

Ve (%, s Xt vu, v2W?) = 0,(%, 3, X; 1,v,0) + 5:1.0.0(%, ¥, X; 4, vo, vZw?)(u — 1)
+ Da;O‘I‘O(xa y,X, u, vo, VZWZ)V(U - 1)
+ Uge.1.006 ¥, X t, vo, vEw?) vE w2, (3.76)

The functions v, , 5., are expressed in terms of the corresponding derivatives of the
functions v, by Taylor’s formula in the integral, or by the corresponding difference
quotients, which is actually more convenient for bounds. Using the last representa-
tion we obtain easily the bounds

[y, X5 1, v0, v W?), 60D

— 142y
816'12/

< 2-6"*“4332"/5(2),,_H—WEO exp( — kd(X))[o{| x (3.77)

on the domain (3.75) and for «, 8,y such that « + f + y < 1. The function &( is an
arbitrary complex valued function defined on X.
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Take n =2. The second order derivative in components of ¥ is a matrix
commuting with all the matrices R”, by the symmetry (3.51). This implies that it is
a block matrix with two blocks. The first block is a 2 x 2-matrix in components
with indices 1,2, the second block is a (N — 2) x (N — 2)-matrix in components
with indices 3, ..., N, commuting with all orthogonal matrices in those compo-
b
d b
and the second block by el. The second order derivative has also the general
covariance property (3.69). Applying it to the reflection in the component of e,, we
obtain that a,d,e are even functions of w, and b, ¢ are odd functions of w, so
b(w = 0) = ¢(w = 0) = 0. Take now the second order derivative at w = 0. It has the
invariance property (3.72) with R” replaced by R’, where R’ € O(N) is an arbitrary
transformation leaving the vector e, invariant. This invariance implies that the
corresponding matrix has also a block structure with two blocks, the first is just the
element a(w = 0), the second is a (N — 1) x (N — 1)-matrix proportional to the
identity matrix. The coefficient multiplying the matrix must be equal to d(w = 0)
and e(w = 0), hence d(w = 0) = e(w = 0). Thus the matrix representing the second
order derivative is a sum of two matrices, one is the matrix el, where I is now the
identity matrix in all components, and another is a matrix which in the first two
a—e b

d—e
to 0. Notice that d — e is an even function of w, and it is equal to 0 at w = 0, so we
can write d — e = dyv*w?. The above considerations lead to the following repre-
sentation of the second order derivative:

. . . . . a
nents, so it is proportional to the identity matrix. Denote the first block by

components is equal to , and all the remaining elements are equal

92
<m é”‘) (y, X;uey,vve; + vwe,)

. 2.,2 . 2..,2Y,,2
=Uo(x1,x2,y,X,U,VU,V w )I+U1’1(X1,X2,y,x,u,vv,v w )u €1 ®e1
. 2..,2
+v1,2(X1, X2, ), X5t vo, vEw)uvwey & e
. 2.2
+ 2, 1(X1, X2, ), X5 4, v0, VI W) vwue, @ ey
X: 2..,2Y,,2,,,2 378
+UZ,2(xl’x27y7 s U, Vo, v w )V w eZ®eZ . ( . )

The functions vy, v,,,, 0, p = 1,2, can be written as the corresponding linear combi-
nations of matrix elements of the second order derivative. For example we have

. 2..,2
U2, 2(X1, X2, ¥, X5 u, vo, viw?)

1 0%
=2 tr[(W(xl)@«//(xz)g)(y’X; uey,vve; + vwes)(exs @ e; — ey ® eN)]

1 az 62
= g dt(l — t)tr|:<0(vw)26(//(x1)6(//(x2)g>(y’X;ue“vvel + tvwe,)

X(e;®e; —ex® en)] , (3.79)
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and similar, but simpler and obvious formulas for the remaining functions. From
these formulas we obtain that the functions satisfy the bounds (3.68) with some
additional factors, which we will write below. In the expansion (3.51) the second
order derivative of & occurs with the second power of oy, so it is at least a marginal
quantity. We will see that the last four terms in the representation (3.78) provide
some additional scaling factors, so they are actually irrelevant quantities. We
expand the function vy up to the first order in all variables writing the same
formulas as (3.76) for v,, and we obtain the bounds

l<v();z,ﬂ,7(y’ X, u,vo, V2 Wz)sécl s 5C2> !
2y

P>
2. 1226“4”32%%—”—:1%1—@ exp( — kd(X))|61x16(5 ] x (3.80)

on the domain (3.75), where o« + f + y =<1 and 06{,;,d(, are arbitrary complex
valued functions on X. Similarly for the functions v,,, we obtain

[<0q, o (3, X3 4, v0,v2w?) 8L, 605 |
ctp—2

&
< 867" o=y Eoexp( — kd(X))|80: x[0Lalx  (381)
0

on the domain (3.75), g,p = 1,2, and 6{;, 6, as above.

Applying the formulas (3.70), (3.73), (3.78) to the terms of the expansion (3.51)
we get a sum of terms in which the configuration 8y is replaced by |/ (y)| ey - ROy or
v\/lhl2 (Yo(y)-h)*e, - RSY. By the definition of R we have Ry(y) = [y (y)|ey,
hence RoY(x) = Ry (x) — |y (y)ley, and

[ (y)les - ROy (x) = i (y)- o (x) = Yy () (W (x) — ¥(y))

1 2 1 2 1 2
= W = YOI + 3P =5 W0

=Z,(x,y,¥) . (3.82)
For the second expression we have
v/1h1? = Wo(y) h) e2- ROY(x) = v|(Ry k) |ez - (R (x) — (R (x) - e1)ey)
= VRa(Ry ) - (R (x) — (RY(x)- e1)ey)
= V(R B - (R (x) — (Ry(x) - ey )er)
=V((Rih-ey)e; + (R B))-(Ryy(x)
— (Ryy(x)-er)eq)
VRih- (R (x) — (R (x)-e1)ey)
vh-((x) = (U (X) - Yo ()Yo())

=vh-(I =¥ (») @ YoM)Y(x) .

We have used here the definitions of R;,R, and R = R, R, given between the
formulas (3.24) and (3.25). It is not clear from the expression above that it is
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marginal, so we transform it further

vh-(I — o) @ Yo(M)Y (x)
= (vh-ho(x) = vh-tho(y) + (1Y ()| — 1)

“(Vhho(x) — vh-o(y)) + —vh VoW ()Io(x) — Yo
= (h-Yo(x) = vh-ho(y) + (W (X)| = DR ho(x) — vh-ho(y))

h-

o) g I = (W] — O = (v o)
290

- Vh'lpo(y)) + %vhﬁ(x) - ‘//(J’)lz + Rl(xsyr lpa Vh) = ZZ(x17y’ wa Vh) .

(3.83)

The expression in the parenthesis on the right-hand side is marginal, the remaining
expressions are irrelevant. We have separated the second term, although it is
basically irrelevant because of the factor v, having in mind some simplifications in
the future. The expressions Z;, Z, are simple algebraic functions of (, h) and they
can be extended to analytic functions of ( + ¥, h + k') on large domains, certainly
on ¥¢(0,¢) for ¢ sufficiently small. We want to estimate their restrictions to X. For
Z, it is simple, by (3.55) we obtain

|Zi oy + ) | <= (2dLM +dMd(X))*(209) + 20%¢
2
= 2028<1 + (2dLM)? (1 + id(X)) s)
< 4o? s(1 + id(X)>2 (3.84)

2L

where we have assumed that (2dLM)?¢ < 1. The constant ¢ is one of the &;’s, so we
assume simply that (2dLM)?*«, < 1. We will have to make strong assumptlons on
oo in the future. The expression Z, can be written in terms of the functions U, V
defined in (3.37),

1
Z3(%y) = (V(x) = vV () +5v(OW + ¥ + Ri(x.)),

Ri(x,y) = (U(x) = DOV (x) = vV (y)) — % v(U(x) = U®y)?
W) = 1) + (1 = UG)
2U(y)
From the inequalities (3.39), (3.41) and (3.55) we obtain immediately the bound
IR (x,y)] < 88c*c® + 8vo*e? + (220%&* + 2va?e)
x [166%e? + (2dLM + dMd(X))?* 4c2¢?]

(GW +y))* = (Ux) — Um))*) . (3.85)

1 2
< 100%¢2 (1 + -2—zd(X)> , (3.86)
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where we have assumed that 15(2dLM)?¢ < 1. To estimate the first two terms on
the right-hand side of (3.85) we use additionally the assumption v < ¢ and we get

[V (x) — vV (y)| < 440%e?,

%v(é(z// +¥)?| < 20*&*(2dLM)? (1 + id(X))2 . (3.87)

Combining the estimates (3.86), (3.87) we obtain for example
1 2
[ Z,(x, v, + ', v(h + 1))| < 446%e* + 36*e2(2dLM)? (1 + id(X)) .

(3.88)

The bounds (3.84), (3.88) hold for x, y € X, and they are a basis of an estimate of the
first two terms in the expansion (3.51).

Let us write now the sum of these two terms using the above representations
and expansions. We have obtained the following equality:

1 0*
<<aw )(y,X ). v, 5w> <<a o )(y,x;w<y>,vh>,5w,5w>

= <Ul(y9X; 1,V,0),Zl(y,l//)> + <U2(y5X; 1> v70)’Vh'¢0 - Vh‘l//o(y)>
1
+ §V<02(y’X; 1,V,0),|¢ - lp(y)lz> + <Uz(,V>X; 1av90)9R1(ya‘p’Vh)>
+ Y Y Ly X WL v o (1), v — (B30 ())?))
c=1,2a+pf+y=1

(WO = D0 do(y) — DY A = (h- o)) Zo(v, Y, vh)

1
+ _2_ <00(y5 Xa la v, 0)9 5¢> 5W>

+%M§y 1 (00,5, (0 X5 W, v Yo (1), v2(1 = (h= o (1))

(WO = 1 h-oy) — DA = (h Yo (1)), 0%, 04>

+—;-”; 2<va,p(y,X;l¢( Wvhgo)vA (L — (h-Yo(1)?)),

X Zo(y, 4, vh), Z,(y, ¥, vh)) . (3.89)

We will analyze in detail the terms on the right-hand side of this equality. Let us
mention that the third term in the expansion (3.51) does not demand such
a detailed analysis, so we will treat it separately in a simpler way.

Let us start the analysis with estimates of the three sums in (3.89). All terms of
those sums have obvious analytic extensions through the functions U, V, W? on
the spaces ¥¢(o,¢) with o,¢ satisfying proper conditions. We have discussed this
already in the case of the effective potentials, and only small adjustments are
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needed here. We require that the three functions map analytically the correspond-
ing domain ¥¢,,.(0, ¢) into the polydisc (3.75). From the inequalities (3.39), (3.41),
(3.43) we conclude that the following bounds hold on the domain ¥¢,,(0, ¢):

1(100)%&?

— w2
1 W2 <

2.2
-1—(10‘? E . (3.90)

1 2

|U 1|<6(100 )e,|V —1| < n
Thus the functions U, V, W 2 map the domain ¥¢,,(c,¢) into the polydisc (3.75) if
e < &, 100¢ey £ 5. We have d, = o, &y, hence the last condition can be written as
100 <4, or 10K, L6 < 1. In the future we will always assume that these condi-
tions are satisfied for considered spaces.

Consider the first sum on the right-hand side of (3.89). Its bound is straightfor-
ward; we use the inequalities (3.77), (3.84), (3.88) and (3.90). We can simplify a little
bit the bound (3.88) using the condition o < 13%;; we have

2

| Zy(x, p, 0 + ', v(h + )| < 62e*(2dLM)? (1 + E%d(X)) on X . (3.91)

These inequalities imply that the first sum on the right-hand side of (3.89) can be
bounded by

g7
Z 125(1)+1+2[3+4on

atpf+y=1

2
X exp( _ Kd(X))(lOO.)21+2ﬁ+4781+2[I+2y40.28(1 + 2_1L_d(X)>

142y
+ Y 725T+“’;’+W4—7E0 exp( — kd(X))(106)22+ 2B+ 47226423 5222 g My
atp+y=1 0

1 2 1[(100)*e®  (100)*e>  (100)°e3¢d
(12 ) <00 ooy

(100)*e3e,  (100)*e*ey  (100)°c*ed
58 5 84

]Eo exp( — (k — 1)d(X))

:|E0 exp( — (k — 1)d(X))(2dLM)?

< 4(100)* <:—)2%(2dLM)2 Eoexp( — (x — 1)d(X)), (3.92)

where we have used the conditions 10a¢y < Jy, ¢ < &, and the equality 6, = a4 &.
Similarly the second sum can be bounded by

sgy
6(2)+a+2ﬂ+4y

122 Eoexp( — xd(X))(10g)2*+ 28 +4rgat26+2y

at+p+y=1

-(2dLM + dMd(X))*(20¢)?

< 18(100)* <£>3i(2dLM)2 Eqexp( — (x — 1)d(X)) . (3.93)
0

o1
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Finally the last sum can be bounded by

1 21 2.2 1 ¢ 380 2 2
2[8-6 53(40 €) <1+2Ld(X) +2-8-6 5440 e-02&*(2dLM)

-<1 + Elid(X)> + 8. 64560 - e*(2dLM)? (1 + id(X)) ]-Eoexp( — kd(X))

2
1
< (100)* (5—) —= (2dLMY? Egexp( — (k — Dd(X)) , (3.94)
0 1
There is one additional term, the fourth term on the right-hand side of (3.89), which
is irrelevant also. It follows from (3.77), (3.86) that it can be bounded by

oc*e?e,

35

2.62.10 ( +id(X)>2Eoexp(—Kd)(X))

<L (100 (ﬁ>2—13 Egexp(— (k — 1d(X)), (3.95)
12 &) 03

Among the bounds (3.92)—(3.95) the bound (3.94) is the largest one, the others give
only small contributions to it. We can bound the four expressions in (3.89) by the
right-hand side of (3.94) multiplied by 2.

Consider the remaining four terms on the right-hand side of (3.89). Let us write
them again in the following form:

1
_%<UI(Y:X; Ly, 0,1y —y (I + S V<02 (1, X5 1y, 0), 1y — YI®

+ % oy, X: Lv,0), (0 — ¥ () - (W — v (M)

1
+§<vl(y,X; Lv,0), 112 = [P + <v2(y, X5 1,v,0),vhe o — vh-Yo(¥)) .
(3.96)

In the last two terms the functions |y (x)|* — W (¥)|?, vh-o(x) — vh-o(y) are
antisymmetric functions of x,y. We will show that sums over X of the functions
vs(x, ¥, X;1,v,0) are symmetric in x, y, so these two terms resummed over X and
y in the sum (3.23) will contribute 0. Consider the first three terms in (3.96). We
decompose them into sums of simple local expressions and irrelevant expressions
by applying a lattice Taylor formula. Such a formula has been used before in
a similar context in [ 2d]. Let us recall it. Let x, y be two points of a unit lattice, and
let I',, . be a unit lattice path from y to x. Take the part of this path which is parallel
to the unit vector e, of the x,-axis, give it a positive orientation with respect to this
vector, and denote by [I', .[u the set of initial points of bonds contained in this
part. For a function f defined on the unit lattice we have

fX) =10+ Z )0 )) + Z Y X sign(x, —,)(00,1)(b)

u=1xell ubcTly,

=)+ (x =) (V) + Ra(x,9,0°f) . (3.97)
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The remainder R, satisfies the following bound:

1
Ry(x,y,0°f)| = SUysl + DIy L0107 f 1,

1
< 5(2alLM + dMd(X))*|0*flx, x,yeX, (3.98)

where the last inequality holds, for example, for the path constructed in (3.54).
Apply the formula (3.97) to the function oy (x) = Y(x) — Y¥(y) in the first three terms
in (3.96). Each term gives a rise to four terms, for example for the first term we have

o1 (3, X5 L,v, 00,10y 1) = Cvi (1, X5 L,v, 0),((x — »)- (V) (1)*>
+ 2€01 (1, X5 L, 0, ((x — 1)« (V)() - Ra(x, , 0*)>
+ <U1(Y> X7 19 v, O)a(RZ(Xa Ys a2¢))2> > (399)

similarly for the second and third, with some obvious modifications. The last two
terms on the right-hand side above are irrelevant, and their analytic extensions can
be bounded by

125LE0 exp( — xkd(X))2dLM + dMd(X))?20¢|0*(f + )| x
0

12 Byexp(— k(X)) QALM + dMAX)120 + )1k
0

< 13agi|32(¢/ + l//)|Xai(zdLM)4 Epexp( — (k — Dd(X)).  (3.100)

Let us make a few comments on this bound. We apply it to the case = \”, and
then the second order derivatives can be bounded by const. 62~ *¢, where o is an
arbitrary positive number, the constant depends on «. Thus we have a bound by
o>~ *¢?, which is enough to prove the irrelevance. Unfortunately it is not enough to
prove the best possible choice 7, = min{432, 1}, for which we need o*~*¢2. A rea-
son for the worse bound is the second term on the right-hand side of (3.99), in which
there is a mixture of first and second order derivatives. Actually such terms should
vanish, and we could show it resumming over X and using the symmetries in (H.4).
Such an analysis is quite straightforward, but lengthy, and for the sake of brevity
we present the above shorter one. We will prove that y, = min{432 4} is a possible
choice, and for d = 3 it agrees with the best possible one. Consider briefly the
second and third terms in (3.96). The corresponding irrelevant terms can be
bounded by

8-62 02 <i>2%(2dLM)4 Eoexp( — (k — 1)d(X)), (3.101)

&o 1

where we have used the condition v < ¢2, and by
1
2. 1220§|02(¢ +¥")x— (2dLM)* Eqexp( — (x — 1)d(X)) . (3.102)
0 1
Finall consider the third term on the right-hand side of (3.51). It is an irrelevant

term, and a more careful analysis of this term would be needed only if we wanted to
show that we can choose 7, in the best possible way. Without doing such an analysis
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we can bound simply its analytic extension using the bounds (3.68),(3.55) by

(6-3)° 3 3
——S—S—EO exp( — kd(X))(2dLM + dMd(X))*(20¢)

3
<36303 (é) —61—?(2dLM)3 Egexp( — (x — 1)d(X)) . (3.103)

We have finished this part of the renormalization analysis which can be done
for a single term of the second sum in (3.23). Let us summarize the above results in
the lemma.

Lemma 3.8. Consider a localized function &(y, X;, vh). It has an analytic extension
onto the space ¥¢(8y, o) with 6o = 8; = 619,60 = 41,01 = K{ Yo Werestrict it
to a smaller subspace W (9, ¢) with o, ¢ satisfying the conditions ¢ < &y,0 < g,, where
0, = (4dK,LM) Yo, and we assume that X satisfies the condition (3.59), i.e.
d(X) £ 7am 22 = kw1 On the space ¥ (o,¢) we have the representation

E(, Xs ¢, vh) — &y, X; ¥ (v), vh)
1
=510, X5 1,70, vr(x) — )
+ 021, X3 1,v,0),vh - ho(x) — vh-Yo(y)>

1
— 50105 X5 1,v, 0) — vo2 (3, X3 1,v,0), ((x — »- (VO

+ %<Uo(y, X;1,9,0),((x = »)- (V) - ((x2 = ) - (VY )D

+ (girrel(y’ X: ‘//9 Vh) s (3104)

where the last term is a sum of all the irrelevant expressions analyzed above. It has an
analytic extension onto the space W<(a,¢), and the extended function satisfies the
inequality

I(o@mez(y, X + ¥ v(h + k)

1 1\*
< K;-(20dK,LM
o

o

.(as (5) + ag%mzw + w')|x>Eoexp( — (k= 1)d(X)), (3.105)

0

following from the bounds (3.61),(3.92)—(3.95),(3.100)—(3.103). The functions
01,04, are defined by the formulas (3.73),(3.74),(3.78), i.e. by

0
v1(x,y,X;1,v,0) = <51—/j(—x)£)(y,X;e1,ve1)-ex,

0 0
DZ(x5y>X’ I,V,O) = (mméa>(y>‘x,ehvel)°e2 P
62
UO(xl’xeV,X, 1, V,O) = tr[(mﬁ> (y,X,el,Vel)'(ez ® ez):' . (3106)

and they satisfy the bounds (3.77), (3.80) correspondingly.
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Let us make a few remarks about the above statements. At first let us stress that
we have done all the expansions and transformations for functions of real config-
urations (¥, h), and then we have constructed analytic extensions of the resulting
expressions. This means that the constructed analytic extension of the right-hand
side of (3.104) is not necessarily equal to the assumed analytic extension of the
left-hand side. The constructions of this subsection may be interpreted as a con-
struction of a mapping from a space of given analytic extensions onto a subspace of
new analytic extensions with better bounds. Next, notice that we have not made
any effort to find optimal bounds, e.g., the constant in (3.105) is just a simplest
common constant for all terms in the expression.

Eventually we apply the representation (3.104) to configurations ¢ = y\”,
where the function \” is considered on the space Z5(1,&). The values of the
function are in the space ¥$(Co L1, &) with Co = 3, and the constants ¢ = Co L7,
¢ = ¢ satisfy the conditions of the lemma if k — j = ny. The function ¥\’ satisfies
also the bound

10| < Ky Gy, (L)~ (3.107)

for any constant o, 0 < a; £ 1, where C,, is an absolute constant depending on o;
only. It follows from the formula (2.14), the inclusions in (3.22), and properties of ¢,
discussed in the next paper. Thus the bound (3.105) in this case yields the bound

. 1 . 1\
| S irrer (0, X590, v(h + 1)) | < K3C,, &<2OdCoK1L“’E M&>

(Lin)*** Eqexp( — (x — 1)d(X)) , (3.108)

where o3 = 1 — 2y —ay = 2(3 —9) — ay = 2(yo — 7) — o4 and we have taken now

70 = min{432,3}. We assume y <7y,, hence y,—y >0 and we may take
oy = yo — 7, we have then a3 = 7, — 7 > 0. Notice also that & =452 — y >y — 7,
and that y, = 3 for d = 3.

To analyze further the first four terms on the right-hand side of (3.104) we have
to resum the representation over X and y. Denote p = of; and d(p) = wé&m5- We

write

Y X (X vh) — E(, X5 (), vh))

yeTY Xe%Z;yeX

= Z Z girrel(yax;lp;vh)
yeTY XeZ;yeX,dX)<dp)
+ X ) L6 (. X: . vh) — 6 (7, X5 (), vh)

yeTY XeZ;yeX,dX)>d(p)
1
— X L 0L () — 20D
— 02(3, X5 1,9, 00 vh - Yo (x) — vh-ho(y)) ]

1
iy [Eul(x,y;l,v,oxwx)—W(y))

x,yeTY

+ 02(x,3; Lv,0)(vh - Yho(x) — vh- ‘//0()’))]
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1 d
+ Y 5 2 W, = o+ vl )@0a)(0) - (0u)()

yET(”z u,v=1

1 d
= X 5 X 08,0 = 08,00 + gl @) 0)0)

yeTW* uv=1

(3.109)

where the functions v,(x,y;1,v,0),0 = 1,2, vo(x1,%2,¥;1,v9) are sums over all
XeP;=2T.) of the corresponding localized functions, and are given by the
formulas (3.106), in which the function &(y, X;, vh) is replaced by the sum over all
X, which is equal to the function &(y; ¥, vh). Functions v{® are defined as thermo-
dynamic limits of the corresponding v, as T — ¢Z, ie.

vi(x,y) = lim v,(x,y;1,v,0) = Y vy(x, ¥, X;1,v,0) ,
Te— ¢z Xeg&yyeX
UE)OO)(XI » X2, Y) = TlirrgT‘ UO(XI » X2, y7 15 v, 0)
= Y vo(x1, %2, 9, X;1,v,0) . (3.110)

Xe2,(2'yeX

Functions v¥(x, ), = 1,2,0% (x, x,,y) are given by the corresponding sums on
the right-hand sides above, in which the summations over X are restricted by the
condition d(X) > d(p). Finally the constants v{),,v{*), are given by the formulas

vt(f(;x;?\' = Z v'(’oo)(x, y)(xu - yu)(xv - yv) >

xeZ!

vl = Y 0§ (X0 X, )X — V) (X2 — 2) - (3.111)

X1,x,€Z*

Similarly the functions v{%), (y), v§),(y) are given by the above formulas, but with
functions vi™(x, y), v§(x1, X5, y) replaced by v (x, y), v (x1, x5, y). It is clear that
the sums in the above definitions are convergent, and do not depend on y in (3.111),
by translation invariance. Let us analyze more closely symmetry properties and
bounds for the introduced functions and constants. We assume that the functions
&(y; ¥, vh) satisfies the basic Euclidean symmetry (H.4), or (2.23). This symmetry

and the above definitions imply
U(/(rx7ry)=vo‘(x’y)’ g = 1,2,Uo(rx1>"xz,7’Y) ZUO(x17x29y) (3112)

for all Euclidean transformations r of the lattice T'”. The same holds for the
corresponding thermodynamic limits. In particular applying translations and a re-
flection at the origin we conclude that the functions v,(x, y) are symmetric in x, y:

Ug(x, ) = vo(x — ¥,0) = v,( — (x — ¥),0) = v,(y, ) . (3.113)

This implies that the third sum on the right-hand side of (3.109) is equal to 0,
because we sum over all x,y e T the products of symmetric and antisymmetric
functions, so we sum over x, y an antisymmetric function in x, y. The symmetries
(3.112) for the thermodynamic limits of the functions imply that the matrices

defined by the elements v{), vy are proportional to the identity matrix. Thus we
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can write the fourth sum in (3.109) in the following way:

Lo o ) T Y 100 = S o ) [0

2 ye TY u=1
(3.114)
where

(00) — U(OO) —

[T

M s

v, 0=0,1,2. (3.115)

1

IS

u

The last sum in (3.109) remains unchanged. Let us introduce the following defini-
tion:

. &
g(o‘ g)— lrrel(yyX l// Vh) trrel(ysX lp Vh if d(X) é d(p)ap = 68_ 5
(0]
(’7@(0,8)~—irrel(y’ X’ ‘P: Vh) = g(y?X’ l//7 Vh) - (”@(yaxs l//(y)’ Vh)
1
I ARANEEAT)

— {23, X5 L,v,0),vh-tho — vh-ho(y)> . (3.116)

if d(X) > d(p). The functions above have analytic extensions onto the spaces
Y<(o,¢) with o,¢ satisfying the conditions in Lemma 3.8. Actually in the second
case, i.e. for d(X) > d(p), they are analytic on the larger space ¥<(do, &o). Bounds for
the functions have been written in the first case in (3.105). In the second case they
have been partially written in (3.66) for the special cases P$(CoL’#,¢,). On the
space ¥¢(a,¢) they can be bounded by

2
2E exp( — kd(X)) + 24625%150 exp( — xkd(X)) + 62(100)2f5—‘§°E0 exp( — xkd(X))
0

< <2dK1Mé>4 e <§>3 Eoexp( — (x — 1)d(X)),

hence they certainly satisfy the bound (3.105). This bound is universal for the two
cases.
Finally we want to obtain bounds for the functions vﬁ,’;’f,,v(y). We have

0ol (y) = ) Cva(y: X5 1,,0), (6, — yu) ey — 30)> . (3.117)

Xe2,(Ez':ye X, d(X)>d(p)

hence

102 ()| < 12 Eo y exp( — xd(X))2dLM + dMd(X))?

0 XeZ,(¢éz%:y e X,d(X) > d(p)
1
< 12QALMP=Epe @ Y exp(— (k — 2)d(X))
50 Xeg, 7'y yeX
13 oL
< 12K, Eo| 24K LM
80

Obviously we can obtain a bound by any power of p, but we need only the power 1.
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In the same way we obtain bounds for v¥) (v) and v, (y), for example

2,1 30
nv &8

| o) (y)|<3KOEO 2dK1LM1 L
M o

1 3 .
o) ()| < 8-12 KOEO(szlLM&) 0'53 .
0

Combining the above bounds together we obtain

1\* 1
|60 () — o) () + vl ()] < K0E0<2dK1LM&> 5. (3.118)
>0

0,1, v e

Notice also that the same arguments yield

1\ &
|05 — o{ + vo§?| < K0E0<2dK1LM—> 6. (3.119)
o &5
The constant estimated above determines a renormalization counterterm in the
future analysis of renormalization group equations, and the bound gives a magni-
tude of this counterterm.

We summarize again the results of the above analysis in the following lemma.

Lemma 3.9. Consider a family of functions &(y, X; ¢,vh) satisfying the inductive
assumptions (H.3), (H.4),(H.5). They have analytic extensions onto the spaces ¥ (o, ¢)
described in Lemma 3.8, and on the space ¥ (o,¢) we have the representation

Y X [E0.Xvh) — 60, Xy (), vh)]

yeTY XeZyeX

1 1
= z(vﬁ,“") — o™ + o) oy || — 5((’){//,(0‘6” — v + v oy

+ Z Z g(a,e%— irrel(ys X» lﬁ; Vh) . (3120)

yeTYP XeZ;yeX

The functions & .z — iret(, X; W, vh) have analytic extensions onto the space ¥ (o, ¢),
and they satisfy the bound (3.105). The first two terms on the right-hand side
are sums of local expressions given correspondingly by (3.114) and the last sum
in (3.109). A term of this sum for a fixed point y can be bounded by
2d* Ko Eo(2dK, LM 3)* a3 (£)3, hence it is an irrelevant quantity.

Thus only the first term on the right-hand side of (3.120) is not irrelevant, it is
proportional to the gradient term in the main action. If we assume that the
coefficient in front of this term is equal to 0, then the whole expression in (3.120) will
be irrelevant. This leads to the inductive hypothesis (H.7). The function &V (¢, v;h)
defining the j™ term of the effective action has the localization expansion
(H.2),(H.5) which obviously satisfies the assumptions of the above lemma, therefore
it has the representation (3.120) for every (o,¢) satisfying the conditions of the
lemma. In this representation the coefficient in the first term on the right-hand side
does not depend on o,¢, and is given by the corresponding formulas
(3.110),(3.111),(3.115). Denoting the constants by 0¥ we write them in terms of
derivatives of the function &Y(y;¥,v;h) in the thermodynamic limit. They are
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expressed in terms of such derivatives by the formulas (3.106), (3.110), (3.111),
(3.115). In the formula for v§>* we apply the identity

1 1 1
(X1 —=y)(x2—y) = ——2—|x1 — x| +5|x1 —yP? +§]X2 —y?,

where now |x| denotes the Euclidean norm of the point x. We obtain

Uy 0) __ (s ) (j> )
vy vy + Vv,

1 92 '
= — Z—dX,XZG:zu tr [(Wg(ﬁ)(y;el,vjel).(ez ® 62)]|x _ x'|2

1 o2 " . 2
+ 3 {\. x’zeZ" tr [(Wé( )>(y,€1,vjel)-(e2 ®€2):||x — yI

=) (aw(x) “))(y;el,vjel)-ezlx—yiz

XEZ

0
o Z( M) (”)(y’e“"’el) eZ'X‘y'Z} (3.121)

For the second term above we have used the symmetry in the variables x, x'. The
expression above can be simplified essentially, in fact we will prove that the
expression in the curly brackets is equal to 0. Consider again more generally
a function & (i, vh) which is defined and analytic on some complex neighborhood of
the constant configurations ey, ve;. The function may be defined on configurations
on the whole lattice Z¢, or restricted to some subset X. Assume that the function is
invariant with respect to the orthogonal group, i.e. we have & (R, vRh) = &(, vh)
for R e O(N). Take a one-parameter subgroup expi4, A is an antisymmetric
matrix, and differentiate the identity with respect to 4 at A = 0. This yields

0 0
<< 5 ) (b, vh), A¢> <a(vh) @“’)((//, vh)-vAh =0 . (3.122)

This is a basic identity, the Ward-Takahashi identity for the global O(N)-sym-
metry. We can obtain a whole sequence of identities differentiating the above one.
One differentiation with respect to y(x) yields

% , 2
§<aw<x)az//(x'>‘°@>(‘”’”h)'A‘”(x)_ <aw(> )(‘” "

0 0
—— & h)-vAh . 3.123
+<6(vh)6|//(x) )(w,v )-v (3.123)
Take the constant configuration yy = e, h = e, and anti-symmetric matrix A with
the only non-zero elements A, ; = — Ay , = 1, then the above identity yields

o i d ‘
;<m5>(81,ve1) — (mé")(el,vel)

o a4 ~
v(@(vhz) TR 5) (e1,ve)) = 0. (3.124)
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We apply it to the function &Y (y; ¥, v;h) in the thermodynamic limit, and we obtain
an identity which implies immediately that the expression in the curly brackets in
(3.121) is equal to 0. Thus in the formula (3.121) only the first sum on the right-hand
side remains. We transform it further using the translation invariance. The vari-
ables x, x', y are replaced by x — x’,0,y — x’, then the summation over x allows us
to write x instead of x — x/, and the summation over x’ can be replaced by
a summation over y, and y — x’ can be replaced by y. The summation over y can be
applied directly to the functions & ¥(y), and it yields the whole effective action &,
More precisely we have

(o) _ o) G» )
vy vy V05

0? ; ) 5
“a L [(m‘f ))‘y’e”f“"“z ® ‘”’]""

52
Z "[r e (w(x Yy (0) >(e“v ele ®82)]MZ

2 3 I = 25 (4,05 7)(0)

er"

62
(51)2 e °°>>(0) =0, (3.125)
I

by (H.7), where vV (p) =) _,.e” 7 pY ®)(x) is the Fourier transform of the
function vY>*, This is the most convenient formulation of the inductive hypothesis,
in particular the last expression is a basis of calculations in the future.

Finally we combine together all the results obtained in this subsection in the
following proposition.

I

Proposition 3.10. Consider an effective action &9 (,v;h) satisfying the inductive
assumptions (H.2)-(H.7). For any a,¢ satisfying the conditions ¢ < ¢y =¢j41,
0 <0, =(4dK,LM) Yo it has the representation

FOW )= T VOGO ) — 30— o) 1 v

ye T

+ Z z 0@8)6) irrel y,X;l//,th) (3126)

yeTY Xe@;yeX

holding on the space ¥j(o,¢). The functions in this representation have analytic
extensions onto the space ¥(o,¢), and the extended functions satisfy the bounds
(3.47), (3.118) and (3.105) correspondingly.

Let us make a few comments on the above proposition. Notice that now all the
terms on the right-hand side of (3.126) are irrelevant, and there is no need to
distinguish between them. The first two terms are sums over ye T of local
expressions. For each y we take the cube [] from the cover ; which contains the
point y in the central large cube of [], and we assign the local expression to
& o we(v: s, v;h). We obtain the representation (3.126) with only the last sum
on the right-hand side. Terms of this sum are modified for the corresponding
X = [, but it follows from the bounds (3.47), (3.118) that they satisfy the bound
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(3.105) with an additional factor K,. For the future reference let us write the
representation explicitly:

CALURTOEED YRNED SR s . A ) (3.127)
yeTY Xe@;yeX
on ¥;(a,¢), and the functions on the right-hand side have analytic extensions onto
the space ¥ (o, ¢). Notice again that this defines an analytic extension of effective
action on the left-hand side, which may be different from the originally assumed
extension.

Consider the effective action on configurations ¥ = Y. By Lemma 3.2 the
function ! maps the space Z§(1,¢) into ¥$(CoLn, &) with CO > 3. The last
space satisfies the conditions of Proposition 3.10 if COLan < o0,, ie. if
k —j = n;. Thus we can formulate the following conclusions.

Corollary 3.11. Let the effective actions & P (y, v;h) satisfy the assumptions of Prop-
osition 3.10. Then for a,¢ as in this proposition they have the representations (3.127)
with the terms which are analytic on W(o,¢) and satisfy the bound (3.105) with an
additional factor K. Substltutmg the function W\ instead of  we obtain that the
terms of (3.127) are analytic Z3(1,¢,) for k — j = ny, and they satisfy the bound

16D 1o — w0 X2, w0 + H))| < Ko (L) T+
-Egexp(— (k — 1d;(X)) , (3.128)

where a3 = 2(yq — y) — 04, and
2 1 1+3 1 ¢
K., =KoKiC ZOdCOK L'": M . (3.129)

This bound and the representation (3.127) imply
| EPW W+ vl + 1), vi(h + W) < K, (LIn)" "= Eq Ko| T{"] (3.130)

k—n, .
6+ h+ 1) < Y K, (Lin)* = EoKo| T{"|
=1
k . L—"'“‘ 1
+ Z EoKo| T <Ka.a1EoKo|T§k)|——+E0K0|T(k)l
j=k—n,+1 1—-L -1
1 vzt ‘ (k)
Ko KM + 2Ko( 4dCoK L M& Eo|T{9], (3.131)

where the last inequality follows from the definition of ny.

The bound (3.131) is the fundamental uniform bound for the effective actions &, i..
uniform in the rescaled volume | T{¥|. It is a basis of the renormalization group
method, and the reason for the renormalization procedure and conditions.
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