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Abstract. Usually renormalization group transformations are defined by some
averaging operations. In this paper we study such operations for lattice gauge
fields and for gauge transformations. We are interested especially in character-
izing some classes of field configurations on which the averaging operations are
regular (e.g., analytic). These results will be used in subsequent papers on the
renormalization group method in lattice gauge theories.

Introduction

In Wilson’s approach to renormalization group transformations [9, 10] for lattice
gauge systems, it is necessary to define an operation of taking an average of field
configurations over subdomains of a lattice. These subdomains are usually some
simple subsets, for example cubes of a fixed size, or sums of several such cubes. In
this paper we will study one such definition of an averaging operation. This
operation will be used in other papers on gauge field theories.

Let us introduce some definitions and notations. We will be very sketchy
because these definitions have already appeared several times in the earlier papers
[1, 2] of the author and we refer the reader to these papers, especially to [2], for
more detailed explanations. We consider a subdomain Q of the lattice #Z* with a
lattice spacing #. A sequence of sets QU is defined as the intersections

QV=Qnyz?, (1)

where Lis a fixed integer, L > 1. For a point y € L'y Z* (or any lattice §Z%), we define
a block of an order j as the cube

Bi(y)={xeLL'Z":y,<x,<y,+Ln,pu=1,...d} 2

(or the corresponding cube with L'y replaced by ). We will omit the subscript j if
j=1. For a subset ACL'yZ* (or C5Z%), we define

Bi(A)= U Bi(y)CL 'z (or CL95Z%). 3)
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18 T. Bataban

We assume that
B(QM)=Q for j=1,...,k 4)

for some k. In fact, we will assume that # =L™*. Thus  is a sum of blocks of the
order k.

Besides the blocks of different orders, there are two other geometric objects
important for us. Bonds of the lattice Q are ordered pairs <{x,x") of nearest
neighbor points x, x” of Q. We identify them with the corresponding oriented
intervals with endpoints x, x". We will denote them also by the letters b, b, ¢, etc.
For example, b denotes a bond <(b_, b ) with an initial point b _ and a final point
b,; b_, b, are nearest neighbors. Plaquettes are oriented elementary squares of
the lattice Q2 and are denoted by p, p’, etc. A boundary of a plaquette p is a sum of
four bonds, and an orientation of the plaquette may be indicated by an orientation
of the bonds. A plaquette p may be identified also with an ordered quadruple
{x, y,z,w) of corners x, y, z, w of the elementary square p; the ordering indicates
the orientations of bonds {x, y>, {y, z)>, {z, w), {w, x) forming the boundary Jp.
Speaking precisely, the symbol {x, y, z, w) indicates not only the oriented square,
but also the initial point x of its boundary. In this paper we will consider positively
oriented plaquettes and such a plaquette pCQ is represented as

p=<x,x+ne,x+ne,+ne,x+ne, u<v. ®)

The above definitions of bonds and plaquettes may be applied to an arbitrary
lattice, e.g., to QY.

Gauge field configurations U are defined on a set of bonds in , and with values
in a Lie subgroup G of a unitary group U(N). A value of U at a bond b= {x, x") is
denoted by

Up=U( oy =Ux,x)=U(b), (6)
and we assume that U satisfies the condition
Ulx,x)=U"1(x, x)=U*x, x). (7

In the sequel, we will consider quantities which are invariant with respect to some
important transformations in the space of gauge field configurations, the so-called
gauge transformations. They are determined by gauge functions u: Q— G, and are
given by

U“(x, x)=u(x)U(x,x)u" (x), <x,x>CQ. ®)

n—1
For an oriented contour I'= {J {x;,x;, ;> we define
i=0

n—1
ur)= ‘1:[0 U(xi, Xi41) 5 )
where the order of factors in the product is the same as the order of bonds in I'. This
definition will be applied also to contours on arbitrary lattices. For a plaquette
p=<x,y,z,w) we define dp as the oriented contour dp=<x, y>u{y,zyuiz, w)
u{w, x>, and U(dp) is defined by (9).
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The renormalization group transformations are integral operators transform-
ing functions defined on gauge field configurations on a lattice, into functions
defined on configurations on the lattice of blocks. We will consider transform-
ations of the form

o'(V)=[dUs(VU~1He(U), (10)

where, for example, U is a gauge field configuration on the lattice QY, V is a
configuration on the lattice QY* " and dU is a product of Haar measures of the
group G. The most important part of the above definition is an averaging
operation U. It transforms a configuration U defined on QY into a configuration U
defined on QU* V), In fact, Q¥ may be replaced by any other lattice. We will demand
that this averaging operation has to satisfy some important and natural
conditions. A first condition is connected with the fact that we consider gauge-
invariant quantities, so we demand that the averaging preserves gauge transfor-
mations, i.e.,

U3, y)=u() Uy, y)u"'(y), or U*'=(0). (11)

This property implies that the renormalization transformation (10) transforms
gauge-invariant functions g into gauge-invariant ¢”. Indeed, if v is a gauge function
on a new lattice, then

o(V")=1dUs(y°U~He(U)=[dUS(V*(T") ™ ")e(U")
=JdUs(v*(T") " He(U), (12)

where we have used the gauge-invariance of the Haar measure dU and the function
0, besides the condition (11). Now if we choose u coinciding with v at points of the
new lattice, then we get

o'(v")=[dU RICOIRY O, y) " o ()e)
=[dUs(VU He(U)=0'(V). (13)

We have used also the invariance of the J-function concentrated at the identity of
the group G with respect to transformations U—vUv™'. A second condition on
averages U is formulated in the following way. We consider configurations U with
values in a small neighborhood of the identity of G, hence U =¢'4 and A is a Lie
algebra valued configuration with values in a small neighborhood of 0. For such

) . . .
configurations we demand that ?logU is well approximated by the linear

averaging operation (1.8) defined in [2]. Let us write this operation

A= ; )L_“”“(A(Fc,,x)-FA([x,X(C)])+A(Fx(c),c+)). (14)
We refer the reader to paper [2] for explanations of symbols used above. Let us
notice that I', U[x,x(c)]JuTl’y,.., is an oriented contour with ¢_ as an initial
point and c, as a final point. We denote it by I', ,.

There are many ways of implementing these two conditions. We will write now
a definition of an average which satisfies these conditions and which has some
other advantages. We define

Uczexp|:i > L“‘%logU(FC,X)U(c)‘I}U(c). (15)

xeB(c-)
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It is easy to see that taking U = e with 4 small and expanding the logarithm of the
expression on the right-hand side above in powers of 4, we get the expression (14)
as a linear term in the expansion.

In this paper we will study properties of this and other averaging operations,
and especially their compositions. In the future we will need many properties of
these compositions. For example, it will be necessary to know that a composition
of many averaging operations applied to a regular or small gauge field
configuration gives a regular or small configuration also, the notions of regularity
or smallness being related to scales on which the gauge field configurations are
considered. This is the basic property of averagings we would like to understand.
Another important property is an analyticity of a result of the averaging operation
with respect to an averaged field.

The analysis and the propositions we prove in this paper can be easily extended
to other definitions of averaging operations satisfying the requirements postulated
in this introduction. The definitions we have used in this paper were chosen for
their simplicity but in some future papers we will need somewhat more
complicated definitions. We will discuss them at the proper time when they appear.

A. Norms, Important Inequalities, and Functions

We consider a Lie subgroup G of a unitary group U(N). Its Lie algebra g is a
subalgebra of the algebra of hermitian matrices. Because of analyticity properties
we are looking for, we will consider complexified algebras and groups. The
complexification of the algebra of hermitian matrices is the algebra of all complex
N x N matrices, and the complexification of U(N) is the general linear complex
group GL(C, N).

The complexification g° is a subalgebra of the algebra of all complex matrices.
It may be defined in the following way: we take a basis {t,} of the algebra g, then all
elements 4 € g can be written as linear combinations A= Y A,t,, where A, are

arbitrary real numbers, 4,€ R, and we form a complexification g° taking A4, as
arbitrary complex numbers, 4, € C. It is easy to see that this complexification is
independent of any particular basis {t,} chosen in the above definition. For a
function F(A) defined on the complexified algebra, a notion of analyticity is well
defined and means analyticity with respect to complex variables 4,. The unitary
group U(N) can be obtained by an application of the exponential mapping to the
algebra of hermitian matrices. This exponential mapping is simply given by the
exponential function e'4, where

Xﬂ

o n!

eX=expX =

n

(16)

Ms

Il

is defined for an arbitrary matrix X. The group G is obtained by applying the
function €' to A4 € g, and the complexified group G° may be defined as an image of
the exponential function applied to the complexified algebra g°. Of course, G is a
subgroup of GL(C, N). We will need only a neighborhood of G in this subgroup.
We introduce a scalar product in the algebra of all complex matrices

1 N

> X;; 17

(X, Y =trX*Y,trX = —
Nj=1
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and a scalar product in spaces of matrix valued functions defined on subsets Q
cnz?
(X,Y>= 3 n'tr X*(x) Y(x), (18)
xef2

similarly for functions defined at bonds or plaquettes of Q. The scalar products
define the corresponding norms. They are L* norms and are denoted by || - |, e.g.,
for a matrix X the norm is given by | X |?=tr X*X. The I norms, 1 <p< o0, are
defined in an obvious way. In estimates we will use much more frequently another
norm for matrices. It is the operator norm given by

|X|=Sup|Xw|=Sup|¢7le ¢, peC”,
¢l=lpl=1, [pl*= Z pjl*- (19)

We have the following inequalities for the norms introduced:

e X|<1X], | X< 1], [X|IS)/N X,
XY= [XIYL XY [ <X 1Y
Now we will introduce several important functions on the matrix algebra. The

first is a logarithmic function. It is an inverse to the exponential function and for
matrices X satisfying |[X —1|<1 it is given by

lopX = (_ )n+1
g Z ——X-D" 1)

(20)

Of course, both functions are analytic functions of complex matrices X. For
any branch logz of the ordinary logarithmic function, we may deﬁne log X for X

defining a normal operator on €V, If X is such a matrix, then X = Z z;P;, z;eC,
{P;} is a spectral family of orthogonal projections (i.e., P¥ P Pij=Pk ;
=5 i#P;), and we define

ji=1

We will use this definition for logz =log|z| +iargz, where argz e ] — =, 7], and for
unitary matrices. Every unitary matrix U can be represented uniquely in the form

U= Y ¢%P;, wherethe numbers ;are different and satisfy A;€ ]—n, 7], and then
j=1
we define ,
logU=i ¥ A,P=id, (23)
i=1

A is a hermitian matrix, |4A|<n. From this definition the following inequalities
follow:

. A

sin—2

U~—1|= max leti —1|= max |4,] < max |4, =log U], (24)
J

Zi

2

logU|£5|U — 1|, because

sinx| _ 2
— ] = — -z Z]. 2
X '_7: for xe[—3,3] (25)
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We will need also inequalities of this type for arbitrary complex matrices X
instead of U. For matrices X satisfying [X —1|< 3, we have

o | X —1]
logX|= X - X—1I'S ————=2|X -1 26
logX|S ¥ IX—11's e S2X -1, (26)

X —1]=|eleX — 1| eloeXl — [ <elleeXllog X| < 2[log X . 27

Let us consider now the most important function for all future considerations,
the function describing the group multiplication in terms of Lie algebra elements.
Let us define

Z(u,v)=loge*¥e'” . (28)
It is a well-defined and analytic function of uX, vY, for example, in the domain
luX|<i, pY|<4i. Its power series expansion is given by the Baker-Campbell-
Haussdorf formula (see [7], Sect. 2.15)
© —1 m+1 1
Z=loge*e'= ¥ (=D
m=1pi+q, 21 m Pr+pPat. Pttt Gy
1
pilgy! ... Pm
=X+ Y+3[X, Y]+ [N X1+ 50X [X, YT+, (29)
where ad, Y=[X, Y]=XY—YX, and the series is convergent in a neighborhood
of 0:1X], |Y|£ ¢, for some positive ¢,. From the structure of this power series
expansion, we get easily the bound

1Z—X —Y—1[X, YII<0() (X]2|Y]+|X]|Y]?), (30)

g T(ady)?'(ady)” - ... - (ady)""(ady)™ ' Y

and this implies
1Z—-X-Y|S2|X]|Y] for |X],|Y|Zcy, (3

where ¢, is a sufficiently small positive constant, ¢, <c,. We will treat the
expression ady Y for a fixed X as a linear operator on a space of matrices ¥, and we
will consider functions of this operator f(ady). For analytic functions f defined in
a neighborhood of 0 and for X with a sufficiently small norm, the function f(ady)
can be defined by the power series expansion.

We will be interested in calculating derivatives of the function Z(u, v) and some
other functions of this type. Let us start with the following basic formula (see [7,
Theorem 2.14.37)

4w 4 2 (=D
a0 an_ v AT HANE) — ,

e ¢ P n§=:0 nt1)! (ad )" A" (1) =g(ad 4,)) A1), (32)
where A(1) is a differentiable matrix-valued function of ¢. The function g(z) defined
by the above formula is an entire function given by

> (=1 e "—1

g(z)= n§0 it )] "= — for z+0,9(0)=1, (33)
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hence the function g~ !(z) = —U is an analytic function in a neighborhood of 0,

more exactly for z+2kni, k= +1, +2,..., and we have the identities

07 @)= =0 (~)=g ' @=zg D=1+t (39

Defining f(z)=g '(z)— %z, we have f(—z)=f(z), so
FO=1+ £ k.07 @)= f@) +h2.g (- =1~ 4z (9

Using (32) we can derive easily the following formulas:
0Z(u,v)  _ 0Z(u, v) _
au =d 1(_adZ(u,v))X o 1( dZ(u v))Y (36)

We apply them to derive the second-order Taylor expansion of Z(u, v) with respect
to the variable u, for example:

1 2
Z(u,0)= 2(0,0) + u 20V +u2jdt(1—z)aLt2“’”),
Ou 0 ou
0Z(0 (37)
20,0)=0%, O _ g1 ad) X =g (—vady) X
From this we get
%10ge"xe"y= Y+g Y(—iady) X +Z(X;Y),
(38)

IZ(X; V=o)X

for | X|, |Y] sufﬁciently small, where O(1) is an absolute constant [e.g., we can take
0(1)=24 for |X|< 45, |Y|£15]. Another important function we will need later is

Z(u)=loge”**Ye Y. (39)
Repeating the above calculations, we get

Z(u)=ug(—adY)X+u2}dt(l —1)Z"(tu), (40)
0
and

loge'“‘Y Y=g(—iady) X +0(X]?). 41)

B. Compositions of Averaging Operations

Let us recall the basic definitions. Let U be a gauge field configuration with values
in U(N). The one-step averaging operation is defined by

xeB(c-)

Uc=exp[i > L‘d%logU(Fc,x)U(c)_l}U(C),CCQ(”, (42)
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and if k' order averaging U* is defined at bonds of Q%, then

Ukt =(U*).=exp [i > L"“%Iog UKT, ) (U c))™ 1:' Uk(c), ccQ®*1) (43)
xeB(c-)
where the contours I', , are defined on the lattice Q.

Let us notice that this definition is local in the sense that U¥, cC Q®), depends
only on the bond variables U, for b C B¥(c _)uB¥(c ). This property will play a very
important role in the future. Let us notice also that the property (11) is satisfied.
Indeed, for an arbitrary gauge field configuration U and a gauge transformation u,
we have U“I,,)U%c) '=u(c_)U(l, )U(c)"'u"'(c_); thus the matrices
UYT. )U"c)" 'and U(I', ,) U(c) ' are unitarily equivalent, their eigenvalues are
equal, and by the definition (22) their logarithms are unitarily equivalent with the
same unitary operator u(c_). Then from (42) we get (U").=u(c_)Uu *(c,).

Now we would like to understand how regular the configuration U* is,
assuming some regularity of U. We will investigate carefully the one-step
averaging operation from this point of view. We assume that a configuration V
defined on a unit lattice Q’ satisfies

[V(op)—1l|<ay,, pCL, (44)

and o, sufficiently small. We would like to get optimal bounds for [V (dp")—1|, p’
cQW,

Let us denote by y the upper right corner of the plaquette p” and let us introduce
locally the axial gauge with the initial point y. This means that we take the
contours

Fy,x:[y’ (yl’ ces Ya- laxd)]u'*'u[yDXZa ...,Xd),X]

for x in some neighborhood of y containing 2¢ blocks having the point y as one of
the corners, and we make a gauge transformation v, such that the gauge
transformed configuration V,= V" satisfies the conditions V,(I', ,)=1. Such a
gauge transformation can be easily found because V(I ,)=V"(T, )
=0,(y) V(I'y )vg '(x)=1 implies vy(x)=vo(y) V(I ,); thus v, is determined
uniquely if vy(y) is given. Of course, we have

[Vo(0p) — 1= V(0p) — 1| <o, [V (0p) — 1| = Vo (0p) — 1] (45)
Fan y
",2 A4 A4
p’
o O

The conditions Vo(I', ) =1 imply Vo(x, x+e;) =1, [Vo(x, x +e5) — 1| <|xy — y4| %o,
Vol x+e3) =1 <(x; =yl +xa—=yalog, - [Volx, x+e€,) =1 <(xg —yi[+-..
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+1X,—1 = Yu-1l)to, =2, ...,d, for x in the neighborhood of y. If we denote

A(p)=B(yo)VB(y1)VB(y,)VB(y), (46)

then for bCA(p)) we have |V, ,—1|<|b_—y|og<dLa,, hence V, ,=e"* and
|[A] <2|b_ —ylog=2dLa,. For ¢ C dp’, the contours I', , are contained in 4(p") and
we have
Wolle)—US X Vo= < sldLag <(2d+1)LdLog=0(1) Loy,
bCI’

c,x

|VO(Fc,x) —-1- ZA(ch)| § %(|A|(Fc,x))2 < 0(1) (L20‘0)2 s

so using the definition (21) of the logarithmic function, we have

08 V(T (— ) — AT (=) <0() (I2)?

for I*a, sufficiently small. From this and (31) we get

Vo,c=exp [i I; )L_"A(FC,XU(— )+ 0((L2°‘0)2)]
~exp[[iA(c) + O((LPx0)*)]
= exp |:l Z L—dA(Fc,x) + 0((LZO(0)2):| ’
)

xeB(c -
hence

II_/O,c_l_i > LA, )| <O(1) (LPug)*.

xeB(c-)

Now we can estimate |V,(dp’)—1|. We have

Vo@p)—1—i ¥ > LA(T.))

¢Cap’ xeB(c-)

<0(1) (LPo,)?. (47)

Denoting by (p), a plaquette obtained by translation of the plaquette p” to the
point x, we have the identity

> Y LHYAT. )= ¥ L AQ0(p))

cCop’ xeB(c-) xeB(yo)
= X L 3 A@p). (43)
xeB(yo) pC(p)x

Further, we have for pCA(p")
|Vo(0p) — 1 —iA(0p)| < 3(I41(6p))* < 7(8dLa,)* = O(1) LParg . (49)
Gathering together the above three inequalities, we obtain
[Vo(@p)—1]< xe;;(yo) L p%)x |4(0p)| + O (1) (Lat)?

< ¥ L ¥ [V@p)—1+001) (o)’

xeB(yo) pC(p)x

<Py +0(1) (Log)? . (50)

This is the estimate we are looking for. Let us notice that it is a local result; the
bound above depends on bounds for V(dp)—1 on A(p), i.e., for pCA(p’). We
formulate the results in the following:
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Proposition 1. There exist positive constants C,, ¢, such that for every configuration
V satisfying (44) for pC A(p") and for ag<c5, we have

[V(0p)— 1| < Loy + Co(LPag)? . (51)
The constant C, depends on d and c), depends on d and L.

Now it becomes obvious what assumption we have to make for a configuration
U in order to get a bound on U*(0p) — 1, pC Q®). Each averaging operation rescales
a bound on plaquette variables approximately by the factor L?, hence k operations
by the factor I**. To get some small number yet, we have to assume that

[U@p)—ll<agn®, n=L"* (52)
on some set of plaquettes. If aq < c5, then by the above Proposition, |U(dp") — 1|
< L*agn?+ Co(IPagn?). We take k=150 oy [?n* + Co(0toL*n?)? S 0 + Coo2 and we
zzs;tgr)le further that o, + Co23 < ¢5. Applying the Proposition again, we get for p”

|0%(0p") — 1| <o L*n® + Co LA (Lagn®)? + Co(ot LHn® + Co LA(LPogn?)?)?
=aoL*n? + Coa L)
+ CoaoL'n*)? L™ 2[1 4 2C o0 L*n? + C3L™ *(0to [*1%)?]
SoaoL*n? 4+ ColagLn*)*[1+ L™ 2(1 + Cyup)?].
We make the following inductive assumption for j<k:
|0/(0p) — 1| <o L¥n* + Co(ato LP1?)?
1+ L 21+ Coup)* + ... + L7207 D (1 + Cog)*Y ™ V], (53)
The right-hand side can be bounded by oy + Co0d2 if L™ (1 + Coxy)* < 4. The last
inequality holds if, e.g., Coxy < 3, and then oy + Coad2 <20,. We assume further

that 20, < c5. Then for j <k, we can apply Proposition 1 to the configuration U’
and we get for pcQU* Y

T3+ (0p) — 1| < oo L2UH V2 4+ Co L2 (0o LP0*)* [1 +...]
+ Colog 2V I 4+ Co LA (0o LPn?)?[1 + ... ])?
LoV V92 4+ Colag LU 32 {1 +[14...TL 2(1 + Cyo0)*} .
Thus the inequality (53) is proved for all j <k. Taking j=k, we get

. 1
Proposition 2. If U satisfies (52) with oy <c,=min {%, Ec’z} , then
0

|U*(0p) — 1| <0g+2Co03 <20y, pCQ®. (54)

The result is local in the sense that if p={x, y, z, w), then it is enough to assume
(52) for pC B¥(x)uB*(y)uB*(z)uB(w).

C. Other Averaging Operations

In future analysis of variational problems we will have a situation, where the
averaging operation will be composed with a change of gauge conditions, i.e., with
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a gauge transformation. Let us recall that if we apply a gauge transformation v to a
configuration ¥,V =v(b_) Vo~ '(b,),bC &, then (V°),=v(c_) Vo '(c,),cCcQW.
We will consider gauge field configurations V of the form V=V"V,, where V} is a
fixed configuration and V' may have values in the complexified group G¢. We find
easily that if we apply a gauge transformation v to V and we write V'’ = V"V, then

V' =v(b ) ViR(Vo p)v" ' (bs)=v(b_) V;Ro v '(b4), (55)
where for arbitrary invertible matrix X the operator R(X) is given by the formula
RX)Y=XYX"'. (56)

R(X) acts on the algebra of all matrices and has the following properties:
R(X) f(Y)=f(R(X)Y) for analytic functions f,
R(X)R(Y)=R(XY), RX) '=R(X™Y, (57
R(X)*=R(X*).

In a one-step renormalization transformation we consider configurations ¥V’
satisfying axial gauge conditions in blocks:

RoyV)(Iy0)= TT RO, )) V5 =1, x€B(), x+y. (58)

It will be convenient to change this gauge into another one. We apply a gauge
transformation v~ ! to ¥’ and we get a configuration V,, thus

=V and  V.=(VV).=(VVo)=v(c) "Vo)v (cy).

We will consider this average for configurations ¥’ and V; with values close to 1
and we will be interested in the expression

VVo)e ' =0(c2) (Vi Vo)e(Vo)e ' Ro v (e1), Ro e =R((Vo)o).- (39)

The gauge conditions (58) written in terms of the configurations V; and v have the
form

(RO,yV/) (Fy,x)zv(y) (RO,yVI) (Fy,x) (RO,yD)_l(x)z 1 >
(RO,yv) (X) = R(%(Fy,x))v(x) E
and they imply
(Ro,;0) () =v(y) (Ro,, V) (T',, ), xEB(y), x*y, ye Q. (60)

To determine the configuration v uniquely, we will impose on it an additional
condition at each block.

To find a form of this condition, let us recall the simplest case of one vector field
considered in paper [1]. To change a gauge, we make a gauge transformation A
satisfying (Q'4) (y) = Z L™ 9)(x)=0. Such a transformation does not change the

average given by (1. 11) in [2], and this is very important because the explicit
representations of propagators, and other formulas, hold for this specific form of
the averaging operation. In the considered general case, we will also try to find the
additional condition on gauge transformation requiring that the form of the
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averaging operation should be preserved. We will be able to obtain only an
approximate invariance. Because of the axial gauge conditions (58), the average

(VW) depends on Ro. M) (Dex(D=T1 = RV Vx.b-V,

Clx, x(c)]

x€B(c_), and a good approximation of the function %log(V’_VO)C(V(;)[ ! for
V'=e", A small, is given by (Qod)(c)= X L 4Ry,._A)([x,x(c)]), where

xeB(c-)
Ry, ._Aisdefined as R, ._V”, only the product over b is replaced by the sum. If we
make a small gauge transformation v=e', then a good approximation of this
transformation acting on Lie algebra variables 4 is given by 47 = 4,— (R, ,A(b4)
—A(b_))=A,—(Dy,4) (b). Under such a transformation the average 0,4 changes
as follows:

QoA (@)= ¥ LR, 4)(x)+(2eA)(0)

xeB(c-)

— ¥ LRg. H(X).

x'eB(c+)

If we define (Qu4) ()= X L %R, ,4)(x), then the first term in the right-hand
xeB(y)

side above is equal to (Q54) (c_). There are troubles with the second term because

> LRo A(x)= X LRV 0lx,x])Ax)

x'eB(c+) x'eB(c +)
= x'eBZ(c )L—dR(VO(Fc,xU(_ c)))R(VO(C)) (RO,c+ }') (x/) s
and this expression is only approximately equal to R(¥,(c)) (Qp4) (c ), because
Vo(I'., u(—c)) are close to 1 for ¥; regular, but not necessarily equal to 1. Now if
we assume that A satisfies the conditions QyA=0, then the form of Q,4 is
approximately preserved under such a gauge transformation. Finally, these
conditions are approximations for 4 small to the conditions

(Rov) (1) =v(y) exp [i xe;(y) L_"%IOgv_ ') (Ro,,v) (X)} =1. (61)

We assume that the gauge transformation v we have applied to the configuration
V" satisfies these conditions. The equality (60) and the condition (61) imply

v l(y) (RO,yD) (X) = (RO,yI/l) (Fy,x) s
and (62)
v(y)=exp [ —i 5@) L“‘%log(Ro,yVl) ar y,x)] :

Thus the gauge transformation v is determined uniquely by the gauge conditions
(58) and conditions (61). It is a function of the gauge transformed configuration V;.
From (59) and (62) we get

K<%>;1=exp[~i > L‘“%log(Ro,c_Vl)m_,x)](Vm)c(%):‘

xeB(c-)

— 1
"Ry, exp [i ) L_“glog(Ro,uVl)(FC+,x')]~ (63)

x'eB(c+)
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The same reasoning can be applied to a higher order average U*, where
U=U'U,, U, is a fixed configuration and U’ satisfies a sequence of axial gauge
conditions in blocks of lattices Q, Q®), ..., Q®*~ 1 More precisely, we describe these
conditions in the following way. For blocks of the lattice Q, we assume

(Ro, U, )=1,x€B(y), x+y, ye QW (64)
where R, is defined by the configuration U,. Next defining
(@)e=UTo)(Tp) (65)
we assume
(Ro,.U)(T.,,)=1,y€B(2), y¥z,26 A%, (66)

and R, is defined by U,. If an average U is defined on the lattice Q¥, j < k, then we
assume

(RS, UNT, )=1,xeB(y), x+y, ye QUi*H, (67)
and we define
T+ =(070)(Th): - (68)
From this inductive definition of the average U7, it follows easily that
Ui=UTU)IUTh, ', bcQY. (69)

Now we would like to change these gauge conditions and we apply a gauge
transformation u~! to U’. We get some configuration U, and U’=UY. The j*
order averages U’ transform as follows,

Ul=(UiU)i=u(b-)(U,Ugfju"'(by), bCQ?, (70)

and this implies a transformation law for U%,
Ui=U0%i=ub_)(U )R} ,u (b)), bcQ9. (71)
The gauge conditions (67) written in terms of U, give us the following equations:
(R) U (T, =u(y) (R, UD T, ) (R ,u)~ ' (x) =1 (72)

for xe B(y), x+y, ye QU*1, j<k. Solving these equations, we get
(Ro,x, ) () =u(x;) (Ro,x, U ) (I'y, ) for xeB(x)),x;€Q™, (73)
(R—o,xzu) (x)=u(x,) (R_o,xzﬁ1) (Iy,,x,) for x;€B(x,), x,€ Q®» . (74)

hence

(R_O,szO,xl U) (x) = u(xz) (Ig,le’jl) (sz,xl)lz_o,xz(RO,mUl) (Fxl,x)a XE€ Bz(x2) s
(75)
and for arbitrary j<k we have

(R{),xj““) (xj)=u(xj+1)(R{),xjﬂﬁli)(rxﬁl,xj) for x;€B(x;41); Xj44 eQuh,
(76)

Let us denote Uo(I'Y))=Ub"(Iy, 5, ) Uo(lx, x)Uo(I's, ), then
(R),x,, RY .- ... Ro Ry, xlu) x)= R(UO(F fj]tf)x))u(x), and we have the equality
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RUGIEH D )ux)=ux; ) RE o, OD Ty, )R,
RO Ty ) o Ry Ro s,
“(Ro,x,Up) (I'y, ) =ulx; ) (R{),xj+ IUJI) (ij+ 1,x,)
ROYTE, ) RELTTD Ty, )
RO, ) (Ro , UD) T s,,)

=u(X; ) (Ro,x,+ U1 (Fg{;i)x), xeB/* l(xj+ s (77)
where the symbol (R, , ,,U,) ('Y }),) is defined by the last equation. Taking (77)
for j=k—1, we may determine the gauge transformation u uniquely, given values
u(y) at points y of the lattice Q®. We calculate these values from additional
conditions, asin (61) and (62). These conditions are straightforward generalizations
of the conditions (61). At first we define inductively a k'™ order averaging operation
for gauge transformations. Generally a one-step averaging transformation defined
by a field configuration ¥, is given by

(Ra) ()= (RTVe)D) (1) = {(RTV5)0) ()} e
=v<y)exp[i ) L"‘{.-logv*1<y)R<Vo<ry,x)>v<x>], (78)

xeB(y)

where v is defined on a lattice ', ye Q).
For a given configuration U, we define inductively

(Row) (x))=R(Tu) (x;), x,€QY, (79)
R ) (x4 1) =(RUDRW) (X;11),  Xj1, Q9" (80)

The additional conditions are
Ry (y)=1, yeQ®. ®81)

Now using the identities (76), (77) we will solve the equations (81) and we will
determine u uniquely as a function of U,. We have

(Rou) (x1) =u(x1) (R, x,Uy) (T,,.) =u(x1) Ry, Uy (82)

for x, € QV), where the expression R, ., U, is defined by the last equation. Next
from (74) we have

(Rou?) (x5) = (R(U,) Ro) (x,)
= {(E,xzu) (x1) (Ra,szo,xl U, (xl)}xtsB(xz)

= u(x2) {(ITO,x2U~1) (sz,xl) (R——O,xZRO,xlUl) (xl)}xleB(xz)
zu(xz)Ro,szlma x,€Q®, (83)

where the last equation defines the symbol R, ,,U;®. We easily find by induction
that

(1{_01’-41) (xj)=u(xj)R0,x1U1(j)> ijQ(j)9 (84)

where R, U, is defined inductively as
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RO xj Ul(j+ D
= {(R—O{x” 1 ﬁlj) (Fx,+ 1,xJ) (RTO{.x“ 1R0,x,-U1(j)) (xj)}x,eB(xj+ 1)
Xjp €QUTD. (895)
The formula (84) together with the conditions (81) give the equation
(Rot) () =u(y)R, ,U¥=1 for yeQ®, (86)

hence
u(y)=(R, ,U;*)~". (87)

Thus the gauge transformation is uniquely determined by all the conditions and is
given by the formulas (77) for j=k—1 and by (87). Similarly as in (63) we get

U’zﬁ(U’(())zy_l:(U/Uok)b(U’f))b_l =“(b—)(U1Uok)b(U’5)b_1R’6,b”_1(b+)
=(R,, U;®)! U’{Rl(‘),bRo,mUl(k)a bcQ®. (88)

We may consider this expression as a new averaging operation of k' order acting
on a configuration U, defined at bonds of the lattice Q. A result of the averaging is
a configuration defined at bonds of the lattice Q®. Such an operation for k=1 is
given by the formula (63).

Now we will prove the following fundamental fact: the new k'® order averaging
operation defined by the last expression in (88) is a composition of k averaging
operations defined by (63) with properly chosen configurations V,,. More precisely,
for a j™® factor in this composition, we take V, = U4~ 1. Let us introduce some new
notations. We denote the averaging operation in (63) by

(R(VO) Vl)c = (RO,C~ Vl)_ ! (Vl VO)C(VO)C_ ! RO,CRO,C+ Vl
=(Ro.c V1) 'ViRo Ry ., Vi (89)
We define inductively a sequence of averaging operations of j'® order composing j

operations defined above for V,=U,, U,, ..., Uj ! correspondingly. For j=1 we
define

U,=R(U,)U,, (90)
and if the operation U9 is defined, then
Oy =RO) T}, 1)

ie, it is a composition of the operation (89) for V,=U} and of the j™ order
operation Uj.

Let us remark that these averages have the same locality properties as the
averages U*, namely (U*),, cCQ®, depends on the variables U, for bC B¥(c_)
uB¥c.,).

We are going to prove now the fundamental equality

(Ro,b_U1(k))_l U’iﬁf),bRo,m Ul(k)=(l7’;)b' (92)

The proof will be by induction. For k=1 the equality holds by the definitions
(89), (90), and the Eq. (63). If we have a configuration V=V, ¥, on a lattice £’, then
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for an arbitrary gauge transformation v we write V=(V*" ")’ =(V¢ 'V,)" and we
have

(P)e=(TiVo)e Vo, -c=v(c ) Ro 0 ' (ey),  ccQW. (93)
Let us consider the case k=2, and let us start with an analysis of U2. We have by

(68) Uf—(U ) and we apply the above identity with V;=U,, V,=U,, and
v(x)=R, Uy, xeQW:

(UD.=Ro. U, (0% )R3 (R U™t cCcQ?. (94)
Further, by the definition (89), we have
(ﬁﬁ_l)b=(Ro,b_U1)—lﬁ1,bRo,bRo,b+U1=L=]1> (95)

hence

(U9).=R,. U,(U).R3.(Ro...U) ' =R,y U (R, Uy)
[(ROL’ 1) l(ljl) R c(RO Cc4 I)JR C(RO 4 1) !
R} (Ry. U (96)

The expression in the square bracket above is equal to U?. Let us make the
following inductive hypothesis:

(0D, =0y(b) (T, R 07 (b)=(TDy . bCQY,
Uj(x)—(Ro,x D (Ro,xU 1)'--~'(Ro,x Uih, xeQY.
We have proved it for j=1,2. The definition (68) and the hypothesis imply
(O ), = (@ T O = v ) (TR o7 (e
=vjc_) (R, UDIRE,. U~ (O REHRE L TD]
RENRG T R oy Mey)
=01 (c ) (O DRE o (1), (98)

where we have used the identity (93) again and the other definitions.
Let us now consider the expressions R, U, x € QY. We will prove that

R, .U "=v(x), xeQU. (99)
For j=1 it is the definition (97) of v;. For j+1 we have by (85), (97), and (99)
Ry, Ut D={(R} ,UD (T, ) (R, ,Ro U, ) (%)} sesey)
= {(R},,(UD") (1, ) (R} ,0,) (%)} xeBes)
=0,0) (R, 0D =0;,0),  yeQU™h, (100)

hence the identity (99) is proved by induction. From (97), (99) for j =k we get (92).

Let us consider again the gauge transformation u calculated before in terms of
U, and given by the equalities (77) for j=k— 1, (87). In the future we will need this
transformation expressed by the averagings U’. Let us write explicitly the formula

o7
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for u

0
R(U'®))u(x)=(R,,U,*) " TI RO IEIY)

j=k—1
'(R{‘),xj+1[7{)(rxj+1,x1)a (101)

where x € BX(y), ye Q®, x, =y, xo=x.
We use the equalities (97) and we get for j>0

(RO X541 Ji)(rxj+1,x,) v (x]+ 1) (RO XJ-(»;U{) (ij+1,x_,-)
'(RO,Xj+1vj) l(xj) (102)

If we take two neighboring factors for j, j—1 in (101), then the last factor on the
right-hand side above for j and the first factor for j—1 give the product

ROGHIY RN, )y ) (ROUGIS ) v 4(x))

= ROHI'E7) (v ' (x)v () = ROOGTEN (R LT D™, (103)

where we have used the second Eq. (97). We connect this expression with the factor
corresponding to j — 1. We get such an expression for j— 1 =0 also. The first factor
in (102) for j+ 1=k and the first factor on the right-hand side of (101) give
vy '(»)ve_1(y) and this is equal to (103) for j=k. Thus we obtain the equality

0
R(U(T'¥))u(x)= ) H R(U{}”(F ANEAR)!
[(Ro x,H(:] ) R, OD Ty, 00)]. (104)
Let us recall that we have

(Ré,x,+,l=f’i)=eXp[ > s -log(Rb ..U U (T, )] (105)

xeB(xj +1)
The Eq. (104) can be written also in the following way:
u(x)= l;[ (RUGTD N IR, TD H(R ., D (T, 5], (106)
=k

and this gives the formulas
(Ry(x)= TT (ROHIEIN
[(Ro an ODTHRG o, UD (s, 01 (107)
(Ro) ™' (x4 DRI, ) Row) () =(RY . DTy, ). (108)

D. Properties of the Averages U%

We will now investigate the new averaging operations. For the averages U* natural
quantities to consider were plaquette variables. For U% we expect that the
configuration itself, i.e., bond variables, has good bounds in terms of bounds of U,.
We will prove to this effect propositions analogous to Propositions 1 and 2.
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Let us recall that the definition of (T%),, ¢ Q®, involves only the gauge fields
U,y Ug,, at bonds bCB*(c_)UB¥(c,).

Let us start with a detailed analysis of the one-step averaging operation ;. We
assume that the configurations V,, V; satisfy the conditions

[Vo(Op)— 1| <oy, Vy =€, |4, <oy, p,bCQ, (109)

and A4, belong to the complexified Lie algebra g°. _
We would like to prove that for «,, o, sufficiently small the average (V;), is an
analytic function of the variables A,, bC B(c_)uB(c,), cCQ'"), and to find bounds

for (V,).—1, or rather %log(?)ﬂ. We assume that o, is so small that the

Propositions 1 and 2 hold, i.e., ag=<c,.
At first let us consider the expressions

R,V =exp|:ixe§y) L"’%log(Ro’yVl)(Fy,x)] ,  yeQW, (110)
We have
%log(Ro,yVl)(Fy,x)=(Ro,yA) Ty, )+O0((AIT,, ) (111
hence
R, Vi =exp[ix g(y) L %R, ,A) (ry,x)+0(L2a§)]. (112)

Next let us consider 7;:

(Vl>c=(m>c(vo>;1=exp[i > L‘d%log(vlv())(rc,xu(-c»}

xeB(c-)

'(V1V0)<c)vo<c>-‘exp[—i > U“%logvo(rc,xu(—c»]

xeB(c-)

=CXp ':l Z )L_d%IOg(RO,c_Vl) (Fc,xu(_c)) VO(Fc,xU(_c))]

xeB(c -

-(Ro,c_Vo(c)exp[—i s L‘d%logVo(rc,xu(—c»], (113)

xeB(c-)
and let us denote

A= og(Ro,. V1) (T ~0), Ye= tloghTou(=0).  (114)
As in (111) we have
Ax = (RO,C_A) (Fc,xu(_c)) + O(LZOC%) = (RO,(:_A) (Fc_,xu[xa X,:I)

—R(€™) (Ro,_A) (cOT,, ) +0(L%ai). (115)

A logarithm in the first exponential in (113) can be written as ?loge“‘xe‘y&
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Applying the results of Sect. A, more exactly (38), we have

1 o

?loge""‘e'y"= Y.+g '(—iady )A,+O(A%). (116)

All these formulas give us

(m=exp[i > L 3 L7 (—iady ) At O]
xeB(c-) xeB(c-)

-exp[i(Rg.._A)(c)+O0([?a})] exp[—i > L Yx] (117)

xeB(c-)

Denoting > L ?Y,=Y and using the formula (41), we have further
xeB(c-)

(P).=exp [i > L9 '(—iady)A,+O0(L%3)+ iY]
xeB(c-)
exp[ —iY]exp[iR(e"™) (Ro,._4) () + O(Lo})]
=exp[lg(_lady) Z L‘dg—q1(—iadYx)Ax+O(L2a%):l
xeB(c-)

~exp[iR(e™) (Ro,c_4) (¢) + O(L?a)]

=exp[(Q'(Vo) ).+ O(LPa)], (118)
where
(Q’(VO)A)C=g(—iadY)XEI%;_)L*‘*g“1(—iadyx)
: [(RO,C_A) (Fc_ ,xU[:x3 x’]) - R(ein) (RO,C_A) (Curc+,x’)]
+R(e™) (Ro.._4)(c), (119)

as it follows from (115).

We can transform this linear expression using the identities R(e'~) = e***~ and
g~ '(—iady )e'*® =g~ '(iady ). Thelast follows from the corresponding identity
for functions of a complex variable: g~ !(—z)e*=¢g~ !(z). We have also

(RO,c_A) (Fc+,x’) = R(VO(C)) (RO,C+A) (Fc+ ,x’)
=R(e" ™M R((Vo)e) (Ro,c, A (T, )
= e_iadYRO,c(RO,c*A) (Fc+ ,x’) .
These identities imply the following formula:
Q' (Vo) A).=9g(—iady) BZ(I )L_dg_ Y(—iady,) (Ro,. A) (I x0[x,x7])

—g(—iady) ¥ L %g '(iady)e "R, (Ro., A) (T, »)

xeB(c-)

+[eiad”_g(—iady) > L#dg_l(iadYX)J(Ro,c_A)(C)'

xeB(c-)

From (118) and (112) we get finally
(I=/1)c=(R0,c_Vl)_l(Vl)cEO,cRO,uVl
=Cxp[—~i Z L_d(RO,c_A) (Fc_,x)+i(Q/(V0)A)c

xeB(c-)

+i > L Ro.(Ro,.,A) (FC+,x1)+0(L2°tf)]- (120)

x'eB(c+)
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In all the estimates above, we have assumed that o, o, are sufficiently small so that
the formulas and inequalities proved in Sect. A hold, and that |Y,|= O([?a,) are
small. We restrict further o; assuming that the norm of the element in the
exponential above is small also; for example, it is enough that itis < 4. Under these
assumptions it is obvious that functions of the variables 4 involved in all the
formulas until now are analytic functions of A. Let us define

1 -
Q(VO7 A,C)= ?log(Vl)w (121)

then Q(V,, A4, c¢) is an analytic function of 4 and from (120) it follows that its Taylor
expansion begins with a first-order polynomial. Let us denote it by L(Q(V;) A)..
Thus we have

0(Vo, 4, 0)=L(Q(Vo) A).+ C(Vp, 4, ¢). (122)

C(V,, A, ¢) is an analytic function of A whose Taylor’s expansion begins with a
second-order polynomial (a quadratic form), and

IC(Vo, 4, 0)| S C,LP|A]? < Cy(Lary)*. (123)
The linear form Q(V;) A is given by
QA= > L YR, A[x,xD+ ¥ LUV

xeB(c-) xeB(c-)
-[g(—iady)g '(—iady)—11(Rg . (T, )
+ Y L“"PVlg(—iady)g '(—iady)—1]

xeB(c-)

(Roe A[x.x— ¥ LU

xeB(c-)

[g(—iady)g '(iady ) e **—11R (Ro,., A (I, +)
+[ei"dY—g(—iady) 3 L-"g*(iadyx)]Lfl(Ro,“A)(c). (124)

xeB(c-)

The first term on the right-hand side above is the main term in this linear form, and
it resembles the definition of the averaging operation Q in [2]. The remaining
terms are small because the functions g(—z), g~ }(2), €' are equal to 1 for z=0, so
the operators occurring in these terms can be estimated by O(L*x,) and the terms
can be estimated by O(1) L*a,L|A| <O(1) *aLa,. We will denote the main term

by Qy,, or Q,
Qo). =@y, A= X L “"V(Ry . A)([x,x]), (125)

xeB(c-)

and it has an estimate
(QoA)|= 1Al <0y,

so we have for the whole linear term

(Q(Vo) A 141+ 0(1) Lot | Al < (1 +0(1) LParg) oy <e®MF20g, . (126)
Thus we have proved the following
Proposition 3. There exist constants Cy, c3, c3=c,, such that for a,, o, <c; the
Sfunction Q(V,, A) = %log V, is an analytic function of A satisfying the equalities and
bounds (122)-(124). The constant C, depends on d and c5 depends on d and L.
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Now we will consider the k™ order average U*. Its definition implies that

1. — . 1 . .\ .
;log U* as a function of ?Iog U, is a composition of the functions

Q(UOa ')a Q(UO9 ')a cee Q(U,(()_Z’ ')’ Q(U%_la ) (127)

We assume that U, satisfies the assumptions of Proposition 2 and U, =e™,
|A|<a,. Then by this proposition the configurations U4 for j<k satisfy the
assumptions of Proposition 3 for Vy=Ud if aol?n?+2Cy(agl*n?)?
200 [Pp* <agSes.

We will now investigate compositions of functions in the sequence (127). For
the first function we have

1Q(Ug, nA)—LnQ(Uy) A| < C(LInAl)* < Cy (o, Lnp)*
hence
1
lm Q(Uo,nA)—Q(Ug)A| <C,Lnoi,

and

<|Q(Uy) A|+C,Lnai <(1+0(1) Pagn?) o, + C, Lya?

1
{Zﬁ Q(Uo,nA)
<00y 1 C Lyo?. (128)
Because e? "%y 4 C, Lya? < e Mg, + C 0} < 2, for o, o, sufficiently small

(O(May <3, Cloa£3), 50 |1Q(Ug, nA)| <20, Ly <20, <c; for a; <Lc,, and we can

apply Proposition_ 3 to function Q(U,, -) calculated at Q(U,,nA). For this
composition we have

Q(ﬁo,Q(Uo,nA))—LZnQ(Uo)LI—ﬂQ(Uo,nA)]

2
SCy(In)? <Cy(LPn)*(204)%,

1
EQ(U 0> 11A)
denoting
Q(Uo, Q(Uo, n4) = Q5(Ug, n4), Q(Ug)Q(Ug)=0Q1(Uo).
and using (128) we get

<DL C Lno? +4C, Pno?

1
LT” QZ(UOv 71/1) - Qz(UO)A

<PWEHIIPOYC (L4 Yok,
1
Ly

05Uy, 7114)‘ <O L0,
0N a04 C ([ 4 [Pyl
<PWUHLTNe0(1 L 4C (1+ L7 Vo) oy
<e0M2a0(1 +-8C o)ty
<20, for ay, o, sufficiently small [e.g., O(1)a, <&,
8C o, =3]. (129)
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Continuing these arguments, we arrive at the following inductive assumption for
the composition Q(U,,nA) of the first j functions (127) aad the composition
Q;(U,) of their linear parts:

1 j 44 1.2yn2 ;
mQj(UO, nA)—Q,-(UO)AI <P+ LI AC ([ ... + 12+ L) no?.
(130)

This implies

1 j 44 L2)n2g, j
lZfEQj(Uo,nA) <O AL IR0 (0 4 4C (K + ...+ L2 + Lnos)

SOWAHALT24. AL720 Doy L 4C (14 L 14 ...+ L7 U™ V)g?)

<e0M20(1 4+ 8C 0o, <20y, (30

and for o, < Z¢; we can apply Proposition 3 to the function Q(UJ, - ) calculated at

0(U,,nA), and we get

’Q(U{,, Q,(U,, nA))—L”1nQ(U6)L1—-’1Q,'(Uo,nA)‘

2

<C,(L*1n)? <4C,(L*'n)2al. (132)

1
mQ;(UO, nA)

Applying (130) and denoting
Qj+ 1{(Ug,nAd)= Q(U{)a Qj(Uos n4)), Qj+ 1(Ug)= Q(U{))Qj(UO) 5
we have

1

zﬁ—anﬁ 1(Ug,nA4)— Qj+ 1(Ug)4] < 4C1Lj+ 1’7“% + 0L a0

2j 252 ;
@O H A0 gC (D4 ... + Lyna?
<e0(1)(L2(f+1)+L2f+...+L2)n2104C1(Lj+1

+D+... +L)ne?.
Thus the inductive hypothesis (130) is proved for j<k. For j=k, we have
10U, ﬂA)“Qk(Uo)AI<eo(lm+rz+ s FLTT a0
AC(1+L 4.+ L * D)gf <012%08C 03 =C,af. (133)
We formulate the obtained results in
Proposition 4. There exist constants C,, ¢, such that for a,, o, <c, the function
0.(Ug,nA, c)= %log(l-]’i)c, cCQW, is an analytic function of the variables A,, b
CB*(c_)uB¥(c,). Further we have
Qu(Uo,nA)=0(Ug) A+ Cy(Uy, 4), (134)
and
|Ci(Ug, A S C, AP < Cpof. (135)
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The constants C,, ¢, are independent of k, C, depends on d and c, depends on d and

L.
The function C, can be decomposed further into a sum of homogeneous

polynomials,
ClUo, A)=CP(Uy, A)+ CP(Ugy, A+ ... (136)

We will need some more precise information about the function Q,. This
information is connected with a notion of the functional derivative. Let us recall
this notion. If F(A) is a differentiable function defined at field configurations 4 on
Q, then the differential

d

dF(A,54)= —F(A+104) (137)

t=0

is a linear functional of the variable 4 and can be represented as a scalar product
of 64 and some Lie algebra valued function. This function is called the functional

derivative and is denoted by %F (A), thus we have

d 5F (A4) O0F(A)
th(A+t5A)t=o— Z 5Ab 0A,= < 5A 6A> (138)
From this definition it follows easily that the functional derivative coincides with
partial derivatives (gradient) of F(A4) multiplied by 5 ~“

We would like to prove that the functional derivative of Q, (U, nA) is bounded
by a constant independent of #. This property is not clear even for the linear part of
0., so let us start with an analysis of this linear part. The linear part of the one-step
renormalization transformation is given by the formula (124). It is a sum of the
main term Qy A given by (125) and a remainder which we will denote by Q"(V;) A.
From (124) it is clear that we have the inequalities

10y, A= QIAl, 10" (Vo) Al C L2000 Al , (139)
where the operator Q is defined as in [2], and Q" is defined as
QA4).= ¥ L%4,. (140)

bCB(c-)uUB(c+)

The constant C} depends on d and L. A composition of k operators Q is the
operator Q,. The operators Q” do not compose in a simple way, but if we introduce
an operator Q; by the formula

(QxA).= 2 n'd,, cCQY, (141)

bCBK(c-)UBKk(c+)
then we have the inequality
1Q"Q7AI= Q"Qj|A|£2dQj.,|A]. (142)

Now we will prove by induction the bound
10,(Uo) AIS Q)1 Al +2C ao(Ln)* Qf1Al,  j<k, (143)
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assuming that U, satisfies the bound (52). For j=1 it is a consequence of (139). We
assume (143) for j<k and we have

10+ 1(Uo) Al=10(T%) Q{(Uo) AI= QIQ(Uo) Al + C1 20,0(L)? Q10 (U,) Al
< Q(Q;1A4|+2C  ao(Ln) Q1A + C 200(Ln)?
-Q(Q;141+2C] ao(Lin)* Q7 Al)
=0+ 1141+ 2Cao(Ln)? Q051 A1+ 2C; ao(Ln)* Q" Q1]
+A4C Lo (L) Q Q514 (144)
by (139) and Proposition 2. Further using the inequalities (142), QQ7|A|
<2Q7.414], and 07Q;|A|= 07+ 114], we get
10+ 1(Uo) AIS Q4 1|4 +2C (L ') Q)4 1Al 2L72 + L2 +4dCop L™%).
(145)
Because
2L+ L2 +4dC a L * £ 2 +4dC L %0, <1
if 16dC;L *a,<1, so the bound (143) is proved for all j<k. For j=k we have
1Qu(Uo) Al = Qul Al +2C o Qi |AI = (1+2C 010) Q4 14, (146)

and this bound implies the required property, namely
g ,
E(Qk(UO)A)cz Qu(Ug;¢,0),10(Ug; ¢, )| =1+2C 0. (147)

Now we will generalize it to the whole function Q,. It is enough to prove it for C,.
For one-step renormalization transformation we have the bound

<5C(VO,A) 5A>

< " ”
5A <Cil41Q"164] (148)

following easily from general properties of the function C(V;, A). The constant C}
depends on d and L. We will prove that a similar bound holds for the functional
derivative of C{(U,, A) for arbitrary j<k. We will prove by induction that

= G,1A]Qj164], (149)

0
<6_A Ci(U,, A), 6A>

where the configurations A are considered on L™ ’-lattice and C; is a positive
constant satisfying conditions which will be written later.
From the definition of the functions Q (U, n4) we have

Q;+1(U,, 11A)=Q([7{),Qj(UO,r/A)), (150)
Qi(Uo,nA)=InQ Uy A+ C(U,, Lnd),

hence
Q;+1(Uo, nA)=LO(UH) Q(Uo, nA) + C(T%, Q(Uo, nA))

=D 'nQ(U) Q(Uo) A+ LQ(TH) U, UnA)
+ C(Uf)a Qj(UO> r’A))
=U+1’7Qj+1(Uo)A+Cj+1(U05Lj+1’7A)9 (151
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and
Cii1(Ug, A)=LQUH) C{(Uo, L' )+ C(U}, L 'Q(U) A+ C{(U,, L™ 4)),
(152)

A s a field configuration considered on L™ Y*V Z¢ | 4| < J* 5y, . Differentiation of
the above equality gives

<%Cj+1(UO,A),5A> (U}, )< I(U,, L' A), 6A>

+ <E(U{)> L~ le(Uo)A +C{(U,, L™ '4)),L" le(Uo)aA

+L7! &(UO,L‘IA), 0A)). (153)
04
Using (143), (148), (149) we obtain the following bound:

4 -1
'<acj+l(U0, A), 5A>l <QC;L'|4|Q]154]

+Cy200(Lin)? Q" C L™ VA Q)15A|
+CiIL"'QUg) A+ C{(U,, L™ 4)|
Q"
SC2-LHL” 1IAIQ,HléAI
+C,C32002d(Ln)* L V4] Q) 116 4]
+ CIL™2(Q;|41+ 2C)ao(Ln)* Q] 1Al + C, L7 1| A4]?)
-Q"(Q;10A]+2C ao(IIn)* Q510 4| + C;L™ 1| 4| Q510 Al)
< C3lA|Q)4 1164][1 — L2 +4dCiog L]
+CL (1 +4dCooL 2+ C,L aty)
JA|(1+4dChao L2 +2dC L ) Q4 1|64
L CiL”
Cs

L™ 'Q(Uy)6A+L" 1<%%(U0, L™ 'A), 5A>'

< C4]4]Q, 84| [1 — L 2 4+4dCiaoL 3 +
(1 +4dCjogL 2+ C,L o, + 2dc31:1a1)2] . (154)

This bound implies the inequality (149) for j+1 if

44C oLt + 24 C,L Ya, +2dC5L Yo )? < 1. (155)

This inequality is satisfied if C; > C7 and o, a, are sufﬁciently small, e.g., we may
take C;=6C/ and a,, o, satisfying 4dC oL ' <%, (C,L™ ' +12dC{L Yo, <%
Thus we have proved
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Proposition 5. The functional derivative of Q,(Uy,nA) is a bounded function for «,
o, sufficiently small, and we have the bounds

b
51 QU0 14,0 S142Ca0+ ClA|I<14+2Cia0+ Cymy . (156)
b
5
- Cy(Uo, 4,6)| S G5l < Caan (157)
b

E. Analyticity Properties of the Averaging Operations

In this section we will prove some simple analyticity results for the averages. Let us
begin with the average U*. Formally, it is defined for all configurations, but we
have good control over it for configurations U satisfying the regularity condition
(52). We will prove that U* is an analytic function of U on this domain. In fact, we
will prove a little bit stronger result. Let us take a configuration U, satisfying (52)
and U=U'U,, U =¢"*,|A’| bounded by a small constant a,. Such configurations
U do not necessarily satisfy (52), so we get a neighborhood of U, which is larger
than neighborhoods of U, in the domain. This neighborhood may be also
described by the conditions

[U=Uo|=IUUs ' —1<ayn, (158)

o, is a sufficiently small number.

We will prove that U*=U"U,* is an analytic function of 4" and U*(U%) ™! is
close to 1; the difference may be estimated by a constant proportional to «,. We
have

Ux(O), ' =TT )(U), ' =0
=v(b_)(U"),RE yv; '(by), bCQ®, (159)
where
() =Ry U)(Ro U+ ... - (REIT* 1), xeQ®, (160)

From Proposition 4, and especially from (131), we get

1 _ .
log U =10,(Uo, nA4)| <20, Ly, (161)

hence

1 =
S Llog(Rh, 0% (I)

x jeB(x)

<8o,di*ty e < 0o, Yy,  j=0,1,..,k—1 (162)

1 ==
TIOg( {J,x U/J)

and
lvk(X)~1l<0(1)0<1ki1U“?1§0(1)0<1 (163)
j=o

for o, sufficiently small. Moreover, Proposition 4 implies that the functions of 4 in
(159) are analytic. We get the following
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Proposition 6. If U, satisfies (52), then UUy* is an analytic function of
A= %log U’ for A’ with values in the complexified algebra, and satisfying |A'| <a.
Moreover, we have a bound

[TT T, ' —1]<0(1)a, . (164)

Of course, we assume that o, o, are sufficiently small.

Another analyticity result we will need is an analyticity of Q,(U,, nA4) with
respect to U,. We will understand it in a similar way as for U*. We take U'U,,
instead of U, U'=¢"1, |A'| <a,, and we consider the function Q,(U'U,,nA). We
want to prove that it is an analytic function of both variables A" and A4, and that
Proposition 4 holds uniformly with respect to A4".

Let us analyze the proof of Proposition 3 first. The bounds depend on bounds

. 1 .
of the quantities Y, = ?log Vo(I', cu(—c)). Previously we had |Y,|=0(L*,), but

now we allow complex perturbations V'V, of V,, and for these we have
|Y,|= O(I*«y+ La,). Thus Proposition 3 holds unifirmly for V'V, instead of ¥, and
with the only change in the inequality (126), where the constant e?V*% on the
right-hand side is replaced by ¢®®@*s*+La)_ Similarly we repeat the reasoning
connected with Proposition 4, but with UJ replaced by U'U,’ = U“U{. Because of
the bound (164), we have to replace the factors eOWWL*V™Pr%0 py
O 20T Drrao + LI nay) byt this change is easily incorporated into the consider-
ations and the estimates. We get the same results as before for o, «; sufficiently
small, uniformly in A, and additionally, we get the analyticity of Q, with respect to
A’. Let us formulate these results in

Proposition 7. For U, satisfying (52) and U'=e"*', |A|<ay, oq, o, sufficiently
small, the function Q,(U'U,,nA) is analytic in complex variables A’, A, and
Proposition 4 holds uniformly in A’.

Similarly, Proposition 5 may be extended to include analyticity and uniformity
statements. The formulations are obvious.

F. Averaging Operations for Gauge Transformations

In the last section of the paper we will study the averaging operations for gauge
transformations, given by (61), (78)~(80). A natural analog of the regularity
condition (52) would be the condition

Oy,w) (D) =IR(Uo,p)ulb,) —u(b_)I<agn, bCQ. (165)

We will consider functions u satisfying this condition, but we have to consider also
the functions u given by the formulas (104){106). They appear naturally in our
considerations and generally they do not satisfy the regularity condition (165), but
they satisfy other conditions following from (107), (108) if the configuration U, is
small, i.e., |U, —1|<o,n, o; small. We define:
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A (Ug,o3) is a set of gauge transformations u defined on Q,
and satisfying the conditions

](mj)(xj)_1’<a33xjeg(])> .}20517’k7 (166)
l(mj)_‘(xj+1)(R6,x,+,K07j)(xj)—1|<0<3U”77,
X2 €QUTY x e B(x;0,),  j=0,1,...k—1. (167)

From this it is obvious that for u € A, (U,, a5) and a5 small, all operations needed to
define R,u* are done always in a case where proper expressions are small. More
exactly, we have to calculate a logarithm of the expression in (167) and this
expression is small.

We need to consider a product of two gauge transformations satisfying (166),
(167), so we would like to know that it also satisfies similar conditions. Let us
consider at first the following situation: we have functions v, v, v, defined on a
lattice @ and a gauge field configuration V,, and we assume that
(%) =0, (x)v5(x)e"®, ()l <cys o7 () (Ro,0) () —1<cy, i=1,2, xeB(y),
ye QW We will find relations between Ryv and Ryv,, Rov,, and bounds satisfied
by Rov. We have
v ) (Ro,y0) () =€" "o 1 (y)vg 1) (Ro,y01) (%)

(Ro,y5) () €67

=e "Ry ') [v7 1) (Ro,,0) (%)]
103 1(9) (Ro,y03) (x) €0

=exp[—ir<y>+iR(v;1<y>)§logv;1<y) (Ro,,01) ()

1
+i~logu, (1) (Ro,yv2) (x) +i(Ro ,7) (x) + O0((c, +Cz)2)} (168)

hence

(Rov) () =v(y) exp [i Y L “logv™'(y)(Ro,,v) (x)} =v1()v2(y)

xeB(y)

“exp [ir(y) +i ¥ L "logo™'(») (Ro ) (x)+0((c; + 02)2)]

xeB(y)

=v,(y)v,(y) exp [i > L R(v; 1(y))%10gvf ') (Ro,,v1) (%)

xeB(y)

FT L ogrs 0 (Re,02) ()

xeB(y)

+i Y L™(Ro,,1) () +0((c; + 62)2)]

xeB(y)

=0, ()02()R(w3 () exp [ixe%, L loger ') (Ro,,01) <x)]

-exp[i > L‘d%logv;1(y)<Ro,yv2><x)]

xeB(y)

*exp [i Y L(Ro,) (x)+0((c, +‘72)2)J

xeB(y)

=(Rov1) () (Rov2) (1) €™, [F(y)| <1 +0((c1 +¢2)?). (169)
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Let us denote the constant in the above bound by C;, so we have
(Rov) () =(Rovy) () (Rov2) (1) €™, [F(y)| <1+ Cslcs +¢2)*, ye @V (170)

Now let us take two gauge transformations u,, u, satisfying (166), (167).
Applying the above result to u=u,u,, we get

(Rot) (x1) = (Rou1) (x;) (Roty) (x,) €™V, [ry(x )| < C3(as L) (171)
for x; € Q). Next applying it to Rou, Rou,, Rou,, we get
(Rott?) (x2) = (Rou; ) (x2) (Rou2?) (x5) €2,
[r2(x2)| < C3(o3Ln)* + C5(C(as L) + a3 L%n)?
S Cy(o3 L) [1+ L 2(1+ C303)°] (172)

for x, € Q¥. We can prove by an easy induction that

(Wj) (Xj) = (Roulj) (xj) (Rouzj) (Xj) it X; € Qv
Il < C3(os D> [14+ L7 2(1+ Ca05)* + ... + (L7 2(1+ C303)7Y 7]
<2C4(a3lln)? (173)
for o sufficiently small, i.e., such that L™ *(1 4+ C303)* < 4. From this it follows that
I(Row’) (x;)— 1] <203+ 2C3(03Un)* <2003 +2C303,  j=0,1,...,k,
I(Rot?) (x4 ) (R« Rot) (x)) — 1| <203/ ' + 4C5 (o3 )
<Qus+2C )Ly, j=0,1,.. k—1. (175)
We can formulate these results in

Proposition 8. If u,, u, € A(U,, o3) and a5 is sufficiently small, i.e., 0y < ¢ for some
Co, then u=u,u, € A (U, 205 +2C;03) and we have (173).

We will need to consider regular configurations u«’ in the sense that the
following conditions are satisfied:

w(x)—1l<o,, xeQ, (176)
[~ (b_ )R u'(b,)—1|<oun, bCQ. (177)

We would like to know that if 4 is such a configuration and u; belongs to a class
A,(a3), then the product u'u; belongs to some class 4,(O(1) (o5 + o4)) also. Because

L . I, — . .
we want some analyticity properties of —logR,u'u,*, we will consider configu-
i

rations u’ with values in the complexified group G, i.e., ' =¢'* and 1 has values in
the complexified algebra g°. We will consider the averages

i = Rowul (Rguy) L. (178)

As in the case of averages U”, it can be easily seen that they may be defined
inductively as

i =i = Rywu;(Rqu;) "L, 1"+ = R Rou, (R Rguy)) ! . (179)
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We will prove that the configuration @7 for j <k satisfy the regularity conditions
(176), (177) on proper scales and with different constants. As usual, we start with a
careful analysis of a one-step operation. Let us assume that we have a gauge field
configuration V}, satisfying the regularity condition |V,(dp)—1|<0g, pC€’, and
two gauge transformations v’, v, satisfying the conditions

o' =1l <o, o'~ '(b-)Ro p0'(b+)— 1] <o,
vy = 1] <o, [ '(¥) (Rovy) (x) — 1| < Loty ,

x € B(y), ye QM. We assume that the constants are sufficiently small, so that we
can apply proper theorems and estimates. We will find a bound for
" Mc_)Ry (c)—1. We have

(Rot's) () =v/)0,(0)
-exp[i > L—délog(v'vlr1<y)<Ro,yv’v1><x>J, (181

xeB(y)

(180)

(©'01) 7' (1) (Ro,,v'0;) (x) =R(v; (1)) [v"” () (Ro,,v) ()]
07 '(1) (Ro,,01) (%), (182)
and [v'"1(y) (Ro,,0) (x)— 1| <|T'y JJogel™»*1* = O(Laj) by (180), hence

1 1
<1og(v'0,) ™ () (Ro,,0'01) (x) =R(v () s logv' ™' ()

“(Ro,,v) (x) + %logvf () (Ro,y1) (x) + O(LPes0ry) . (183)

A constant in the bound above is an absolute constant. Using (41) and (181), (183)
we get

1
7 (y)=v'(y)v;(y) exp [i & LREG) Flogr™ ()
“(Ro,,0") (%) + O(LPo3ey) + (Lo ] 7 ()

=v’<y)exp[i > L7 logy ™ (3) (Ro,0) ()

xeB(y.
+0(L2(ag+a;)a;)]. (184)

Let us denote
Vy=v"1(b_)Row'(bs), then [W—I[<aje™,
Vi=e v, |A,|<20. (185)
Using this we can write
V(1) (Ro,y0) (x) = bcl;[ RV, s NV =R, VI(T'y,5), (186)

¥, x
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and we have

%log(Ro,yVﬁ (I'y, ) =(Ro,, A (I', )+ O((Le)?). (187)
Now using this and the representation (184), we have
17’_1(0-)Ro,cl7”(0+)=exp[—ixeBZ(c )L_d(Ro,cﬁA) (Ie_.»)

+O(L (o5 + ag)a;)] v e-) R v'(cy)

oxpi 3 LRy Roc, AT o) + O+ 54)3%) |

x'eB(c+)
(188)
Let us recall that
_ 1 r2
Vo,c=exp [i > L_"ylog VoI, xu(— C))] Vo(c) =€ %V (c),
xeB(c-)
hence
Ry, v'(c:)=R(Vy(0)v'(ci) + O(LPoplv'(c,)— 1))
=R(Vp(e)v'(c)+O0(LPoga,) .
Similarly,
(Ro,Ro.c, (I, »)=RVo()Ro o, (T, o)+ 0L Poo0ty) .
Further we can write
v e ) RVp(©)v'(c)=(Ro,._ V') (c)
=1+i(R,,._A)(c)+0((Lay)?),
and this implies the following representation
7N e )Ry, (c)=1=—=i ¥ L %Ry, AT,
xeB(c-)
+i(Ro,._A)(0)+i % )L"’(R(VO(C))RO,C+A)(Fu,x')
+ O(I (o0t + ooty + o0, + 0 2)) . (189)

We will transform the linear terms in 4 on the right-hand side of (189). Let us
notice that by the definition (185) of 4 and by the identity logv ™' = —logv we have

1 — ’ 1 ’— ’
—Ay=— 710gu' "(b)Ropu'(by)= ?IOg(Ro,bu Hb))u'(b-)
1 - ’
=R0‘b€10gu/ Yb)Ro, pu'(b-)

= Ropslogu ™ (~B) )R (=),
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hence
_AbzRO,bA—b' (190)

For the term (R, . A)(c), we have for xe B(c_),
(Ro,..A) ()= %R(Vo([c’—,b-]))AF - %R(Vo([c—,bd))A—b

== 2 RNCeA=Te MR x0le s, b-D)4,
== bcz:_CR(VO(Fc,xU[C-Hb—]))Ab+O(L2a0a:1); (191)

similarly for the third term on the right-hand side of (189). Taking this into
account, we have

7" 1(c)Ro, (cr)=1=i ¥ L %R, A)([x,xT)

xeB(c-)

—i Z L—d(RO,c‘A)(rc,xU(_c))

xeB(c-)
+ O(L* (o0, + o0t + 030 +02)) . (192)
Let us now estimate the terms (R, . A4) (I', ,u(—c)). They almost vanish because

by the definition (185) A4 is almost equal to the derivative of A= l,logv’. We will
prove in fact that they are small. Similarly, as in (187) we have :

(Ro,c_A) (I, x(—¢))= %IOg(Ro,c_ V) (T, 0(=0)+0((Lo)?),  (193)

and
(Ro,e V(T x (=) =" e )R(Vy(T, xo(=))v(c-)

=140 e ) [RIH(T . xu(=)) =11 (v'(c-)—1)

=14+ 0(*ayny), (194)
hence

(Ro,e. A) (I'e, (=) = O(L(arg0ts + o)) - (195)
This gives us finally
7" Ne-)Ro 0(c)—1=i ¥ LRy . A)([x,x])
)

xeB(c
+ O (L(otgoty + ooty + o500 +2)) . (196)
From this we easily get a bound if we notice that

1
Ay= ;(v'_l(b—)Ro,bv”(bJ- D+0@f).

This implies |4,| <o + O(ai?), and
[0 "(c_)Ro.0(c ) — 1| < Lo + O(LA(oto0tg + o0ty + 0304 +02)) . (197)
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From representation (184) we obtain also
[0(y) — 1| <oty + O(Loty) + O(L*(o + o) o) S oy + O(Loty) . (198)
Let us formulate these results in

Proposition 9. There exist positive constants C,, C%, ci such that for arbitrary
functions Vy, v', vy satisfying (180) with o, o5, 03, 04, 04 = Cg, the following bounds
hold:
10" Y(c_)Ry, 0(c)— 1| < Loy + CoL*(orq0y + 030ty + 0 2) (199)
7(y)—1|<a,+ C5La, . (200)
In these bounds we have assumed that a}, = O(e,), which will always be true here
and in forthcoming papers.
Let us apply this result to configurations U, u’, u; many times. We assume that
U , satisfies (52), u satisfies (176),(177), and u, satisfies (166),(167). When we apply it
the first time, we get bounds
0™ (c )Ry, (c4) — 1| <oy L+ Clorgoty + 3y +03) (L)*,  (201)
[@(y)— 1| <o, +Cso,Ln. (202)
Let us denote =00, + o304 + 02, Cs=1+4C5, C,=8C,C5. We will prove by
induction that
@)~ (e )R (e ) — 1 <ouLin+C,p(Lin)*,  cCQV, (203)
[@9(y)— 1| <oy +2C5e, L+ ... +2C50, iy,  ye QY. (204)
Let us notice that
o L+ CoB(Ln)? oy Ln(1+ Colorg + o3 +04)) < 200, Uy < 204

for oy, a3, o, sufficiently small, so the condition &} =O(x,) mentioned above is
satisfied indeed. The inequalities (203), (204) hold for j=0, 1. We assume them for
some j and we will prove them for j+ 1. We apply Proposition 9 with V,=Uj,
v'=17, v, =Rou,;’”. We have «, replaced by 2u,(L/n)?, o5 replaced by a3y, o,
replaced by the right-hand side of (204), which can be bounded by
o4(1+4C5)=Csa,, and o replaced by the right-hand side of (203), which can be
bounded by 2a,. The conditions of the proposition are satisfied if, e.g., 20, o3,
Csoy, 204 =cg, so we can apply it and we get

@ e YREL @7 e) = T <agld i+ LCyp(Ln)?
+ C, (200 C sty + 03200, + d02) (L 1>

C,4C;
on

S LT+ Cyp(E T 'n)?, (205)
@1 (p)— 1| <oty +2C5a Ly + ...+ 2C5a, Lin+2C50, LI 'y, (206)

<o, T+ C, B(L" 1y)? [L_ 1y

Thus we have proved the following
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Proposition 10. There exist positive constants Cy,, Cs, cg such that for arbitrary
configurations Uy, w’, u, satisfying (52), (176), (177), (166), (167) with o, o5, a4 < cg
the bounds (203), (204) hold for j<k.

This result implies in particular that the configuration u” belongs to the class
A(Csay). The assumptions (176), (177) can be reformulated in terms of the

. 1
functions A= ?logu'. If we assume

(DY, A) (B) <oy, IAX) <oy, AX)EQ,
o, sufficiently small, (207)

then assumptions (176), (177) are satisfied with a constant 4o, instead of oy. It is
obvious from the definition of the averaging operations that 7/ are analytic
functions of A, and

()= ~logid,  jsk, (208)
J i

are analytic functions of A also. We want to calculate a linear term in an expansion
of this function. In fact, we will be satisfied with a good approximation of this term.
From (184), (187), we have for v'=e'*

'(y)=exp [ii(y) +i 3 L7(Ro,yA) (T, )+ O0(aLoty) + O(L (o5 +003) a&)} :

xeB(y)
(209)
By definition of A4,
Ab — l,loge —il(b_)eiRo,bi.(b+)
i
— l.loge—i).(b—)eiﬂ.(b_)+i(DV'J A)(b)
i
=(Dy,4) (b) + O(og05 + ), (210)
hence
1
: logd'(y)= xe%%y) L %Ry, ,4) (x)+ O(otg Loty + L2ty + L2a?) . (211)

By (179) the function Q/(u,, A) is a composition of one-step functions and from the
above formula we can easily see that

) ) -1
Qi(uy, 4, y)= ;( )L_’dR(Uo(F(y’,’x))'{(X)-f' 120
xeBJ(y =
-O(C s 20, n + a320,(Ln)* + 402 (I'n)?) , (212)
hence

Qi(uy, 4, 1) =(Q;0) () + Cj(uy, 4, y), (213)
|Ciur, 2, )= O((az0t4 +03) L) . (214)
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