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A LOCAL CLT FOR CONVOLUTION EQUATIONS WITH AN
APPLICATION TO WEAKLY SELF-AVOIDING RANDOM WALKS

BY LUCA AVENA!, ERWIN BOLTHAUSEN? AND CHRISTINE RITZMANN
Universiteit Leiden, University of Ziirich and Ziirich Versicherungen

We prove error bounds in a central limit theorem for solutions of cer-
tain convolution equations. The main motivation for investigating these equa-
tions stems from applications to lace expansions, in particular to weakly
self-avoiding random walks in high dimensions. As an application we treat
such self-avoiding walks in continuous space. The bounds obtained are
sharper than those obtained by other methods.

1. Introduction.

1.1. On some convolution equations. Let ¢ be the standard normal density
inRY, B= {Br}k>1 be a sequence of rotationally invariant integrable functions
and A > 0 a (small) parameter. Define recursively

Co = do,
(1) )

Cn=Cn—1*¢+)»ZCkBk*Cn—k, n>1,

k=1
where
Cn déf/c,,(x)dx.
8o denotes the Dirac “function.”
As written above, the sequence C = {C,},>¢ is not quite recursively defined,

as the right-hand side in (1) contains the summand c, B,,. The sequence {c,} itself
satisfies

co=1,
@) )
Cp = Cp—1 +)»ZCkbkCn—k, n>1,
k=1
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where by = [ Br(x) dx. Therefore, if A|b,| < 1 for all n, these equations define the
sequence {c,} uniquely, and then also C is well defined. We will always assume
that we are in this situation.

The main assumption is a decay property of the B, for large n. We will also
assume Gaussian decay properties in space which are natural for the applications
to self-avoiding walks we have in mind. The method we present here can probably
be adapted to treat situations with less severe decay assumptions in space, but we
have not worked this out.

Our main interest is to prove a local central limit theorem for the signed density
C,,/cn under appropriate conditions on B and A. Of course, the parameter A can
be incorporated into B. However, the approach we follow is purely perturbative.
We will give conditions on B and then state that if in addition X is small enough,
a CLT holds.

At the expense of a few complications, we could also investigate the case where
the first summand in (1) is C,—1 % S with a rotationally invariant density S. We,
however, feel that this generalization would somehow obscure the main line of the
argument. To step out from the rotationally invariant case leads, however, to new,
complicated and interesting problems which will be presented elsewhere.

The main motivation for our investigation comes from weakly self-avoiding
random walks (WSAW). Indeed, as we will show, by using the so-called lace ex-
pansion, WSAW satisfy an equation as in (1).

In the next section we state our main theorem on this type of convolution equa-
tion, Theorem 1.1. In Section 1.3, we introduce WSAW in continuous space and
state a local CLT, Theorem 1.2, that will be deduced from Theorem 1.1. To con-
clude this introductory part, in Subsecton 1.4 we discuss how this work relates to
the existent literature, and we describe the structure of the paper.

1.2. Main result on convolution equations. Before stating our general result
on convolution equations as in (1), we first fix some notation and define the set of
conditions we need for the By’s in (1).

def

N is the set of natural numbers {1, 2, ...} and No = N U {0}. For ¢ > 0, ¢ is
the centered normal density in R? with covariance matrix ¢ x identity. We write ¢
for ¢.

We write Cs (Rd ) for the set of continuous, integrable functions f ‘RY > R,
vanishing at oo, which are of the form f(x) = fy(]x|) for some continuous func-
tion fp:[0, co) — R. We also write Cj (R?) for the strictly positive ones.

Here are the conditions we need for B:

CONDITION 1.1 (Decay assumptions on B-sequence). Assume that the func-
tions B, € Cyx(RY) in (1) are dominated in absolute value by functions [, €
Cr (RY) which satisfy the following conditions:
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(B1) There exist numbers x,(s) > 0,1 <s < n, satisfying x,(s) = x,(n —s),
and for some constant K

n—1

3) Y (sAm=5))xa(s) <Ki  Vn,
s=1
such that
“4) U Ty < Xman )T
(B2) There exists a constant K» > 0 such that for < s < 2t one has
(%) [y < KoMy

(B3) There exists K3 > 0 such that form <t,meN,teR', k=0,1,2, one
has

(6) / ¢ (x = DT () dy < K3y, drm (2,
where
Vi) déf/lylz"l“m(y)dy-
(B4) The three sequences {y,fi)}neN, i =0, 1, 2, are nonincreasing, and
K dﬁfzn ® _0o,  Ks defz M

(7 e
Ko & Zn—l @ _

A simple example where conditions (B1)—(B4) are satisfied is I'y =n"¢, 2,
a > 2, but the application to self-avoiding walks needs a slightly more complicated
choice, as will be discussed later.

We will often write y,, for yn(f)).

We remark that under the above condition, one has for

(8) , & f B, (x)dx
the estimate
1bn| < yn
with
) Ym¥n = Xm4n (M) Yntym-

Next, fix an arbitrary positive ¢ > 0, and write

def
(10) Un = Pns(1+e)s

with § defined below in (30).



A LOCAL CLT FOR CONVOLUTION EQUATIONS 209

In the sequel, we will use L as a positive constant, not necessarily the same at
different occurrences, which may depend on d, ¢, K1—Kg, but not on n, A.
Let

2 n
def —i
DE LYY

i=0m=1
def e
(&)
(11) DES () +mym),
m=n

n n
— def _ 1 — 2
L En 2y g
j=1 j=1

Because of (5) and (7) we have

12) ,,ILHC}OEH =0, Zn_lzn < 00, Cm <Con forn <m <2n.
n
We remark that
_ 1 n n 5 n2
(13) EnZ =322 M n= TV

j=lm=1

We can finally state our main theorem on convolution equations:

THEOREM 1.1 (Local CLT for convolution equations). Assume Condition 1.1.

Then if A is small enough (depending on d, ¢ and K1—Kg), the following estimate
holds:

[n/2]
(14)  |Ca(x)/cn — dns(x)| < LA[Z s(Ws % Tnog) () + ¥ (x)],

s=1

where § = 5(B, L) > 0 is defined in (30) below.

In the example I';, (x) =n"%,2(x),2 < a < 3, one has {,51) = const X n379,

,52) = const x n2~4, and therefore En = const x n274, and thus

|Ca () /en — s ()| < Lan>~9,
giving a local CLT with a precise error estimate. For a > 3, we get
|Cn(x)/cn - ¢n5(x)| = L)»n_llﬁn-

As we remarked above, this ', cannot work for the application to self-avoiding
walks, and in fact, a pure local CLT is not possible in this case.
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1.3. WSAW on R? and result. The main motivation for our investigation of
these types of convolution equations comes from WSAW, as was first investigated
by Brydges and Spencer in the seminal paper [3]. Their results are for random
walks on the d-dimensional lattice Z¢, d > 5. In contrast, we now introduce and
investigate weakly self-avoiding random walks on R¢ with standard normal incre-
ments. The model has two parameters, A, p > 0, p being the range of the interac-

tion and A the strength. We set II,(x) def L{jx|<p}> and if X = (x1,...,x,) € (R,

and 0 <i < j <n, we set Up(x) dﬁfﬂ p(xj — x;), where xo = 0. Then, for

0 < A <1, define the probability measure P, ; , on (R by its density with
respect to Lebesgue measure

(15) Prp(X) = . K;. 5[0, n](x)®[0, n](x),
n,A,p
where
(16) Kipla, bl E ] (1-AUL),
a<i<j<b
(17) ®la, bl(x) & H ¢ (xi —xi—1).
i=a+1

Zn,5.,p 1s the usual partition function, that is, the norming factor which makes
Pn.8,p into a probability density. Our main interest is to prove a central limit the-
orem for this measure, in the simplest case for the last marginal measure. It is
convenient to consider first the unnormalized kernel CSAW(x), x € R?, which is
defined to be the last marginal density of Z, g py g ,(X), that is,

n—1

(18) CSY (5n) = [ Kipl0.m(0@10,n1) [T divi
i=l

By using the lace expansion (as we will show in Section 3.1), the C5AW satisfy an
equation of the form

(19) AV = CSAW*¢+an*c,§AZV,
k=1

where the kernels I1; describe the interactions through the weak self-avoidance.
The Iy are complicated functions and are hard to evaluate precisely. However, one
crucial property is that the leading order decay is the same as that of the C}; SAW,
It therefore looks natural to write IT; = ACSAWBk, and one seeks for COHdlthl’lS
on the By ensuring a CLT for solutions of (1). We can then apply Theorem 1.1,
provided we can check Condition 1.1 on this B sequence. The theorem we obtain
as a corollary of Theorem 1.1 is the following:
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THEOREM 1.2 (Local CLT for WSAW). Ford > 5, p € (0,1] and ¢ > 0
there exists Ao(d, &) > 0 such that for all ) € (0, Ag], there exist a parameter
é(d, p,A) > 0 and a constant K (d, e, L) > 0 such that for alln e N

CEAW(X) —an [n/2] .
(20) Crszw — Pus(x)| < K|:rn¢n8(l+s)(x) +n~4/ Z:l ]¢j8(l+e)(x):|,
J=

with
n~1/2 ford =25,

(21) rm=13n"'logn,  ford=6,
n1, ford >1.

REMARK 1.1. (a) The bound leads to [|C3AW /c¢3AW — 511 = O (ry).

(b) The theorem does not give a local CLT as at x = 0 both ¢,5(0) and the
bound are of order n~4/2, A moment’s reflection, however, reveals that there can-
not be a local CLT, as the starting point continues to have a noticeable influence on
C,?AW x)/ CEAW for points x at distance of order 1 from the origin. However, our
bound proves

. . dj2 CEAW(x) . _
Jdim. h}gsogpx :Slljlpzr n T CSAW dns(x)| =0,
so the result comes as close as possible to a local CLT.

(c) The summation up to [r/2] is somewhat arbitrary and can be replaced by
[an] for any « € (0, 1), adapting K. In fact, for 0 < o < 1, there exists a K («)
such that for all x € RY,

n
=42 D Jjsre () < K(@)ru@usi4e) (x).
Jj=[lan]

We have chosen o = 1/2 for convenience. The second summand on the right-hand
side of (20) is important as it takes care of the failure of the local CLT for x near
the origin.

(d) The choice of an ¢ > 0 on the right-hand side of (20) is essentially just for
convenience, as it helps to swallow all kinds of polynomial factors in x with which
we prefer not to be bothered. Note that if bound (20) is correct for a positive ¢ > 0,
it is also true for any larger ¢, with a changed constant K. It will be convenient to
assume that ¢ is small, say ¢ < 1/100.

1.4. Related literature and structure of the paper. ~Self-avoiding random walks
are models for polymer chains of relevance in statistical physics. Despite their sim-
ple definition, a mathematical rigorous analysis turns out to be a major challenge.
We refer to [1] for a recent survey on this topic. Since the seminal paper by Bry-
dges and Spencer [3], the analysis of these models in high dimensions (d > 5) has
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been carried out by using the so-called lace expansion. The latter is a diagram-
matic type of expansion based on graphs (which we recall in Section 3.1) to deal
with combinatorial objects of relevance in statistical mechanics, for example, self-
avoiding walks, percolation models and lattice trees. For the interested reader, [5]
represents the main reference on this type of expansion. While using the lace ex-
pansion for the analysis of high-dimensional WSAW or related models satisfying
equation (1), the procedure is by now standard and can be roughly summarized via
the following three steps:

(1) Show that the unnormalized densities C sAW

tion in (1).

(2) Estimate the By coefficents in (1).

(3) Deduce from the previous steps and equation (1) the growth of the normal-
ized C3AW and some detailed Gaussian behavior.

satisfy the convolution equa-

Step (3) is the most involved and technical, especially in [3]. A successful at-
tempt to simplify this step has been obtained in [6, 7], where the authors introduced
a new inductive approach. Both methods in [3, 6, 7] heavily rely on spatial Fourier
transforms. In contrast, the method we use does not make use of Fourier analysis
and is based on a fixed point iteration. This novel method is very different from
the previous ones. It was originally developed in the thesis of Christine Ritzmann
[2, 4], but it was never published. One of the main goals of this paper is to present
this method with some improvements, generalizations and simplifications with re-
spect to [2, 4]. The main new feature compared to [2, 4] is to use a more flexible
and general way to define the operator whose fixed point characterizes the solution
of the convolution equation. Also, [2, 4] was entirely tailored for the application to
self-avoiding walks, whereas our main result on the convolution equations, Theo-
rem 1.1, is much more general.

Our method gives error bounds in the local CLT that are better than those ob-
tained with Fourier techniques. The second main novelty of this paper concerns
the application to WSAW in continuous space. In fact, to our knowledge, all the
previous works including [2, 4] focus on WSAW on Z?. One of the reasons to
introduce this variant is that, to explain our approach based on fixed point itera-
tion, continuous space is actually more convenient than the lattice. In other words,
the emphasis here is to present an elementary and completely self-contained proof
of a sharp CLT for solutions of (1), together with perhaps the simplest possible
application. No knowledge of earlier versions of lace expansions or [4] are as-
sumed.

The rest of this paper is organized as follows. Section 2 is devoted to the proof
of the local CLT for general convolution equation, Theorem 1.1. Section 3 focuses
on the application to WSAW in continuous space. By performing the three steps
sketched above we show how to derive the local CLT in Theorem 1.2 from Theo-
rem 1.1.
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2. Proof of the local CLT for convolution equations. In this section we
prove Theorem 1.1. The proof is divided in three main steps which we perform
in the following three sections. First, in Section 2.1 we analyze the normalizing
sequence {c,}. In the second step, Section 2.2, we prove Theorem 1.1 by assuming
the technical Lemma 2.1 which we prove right after in Section 2.3.

2.1. On the connectivity constants. A first question we address is about the
behavior of the sequence {c,}.

PROPOSITION 2.1. Assume Condition 1.1, and let ¢ be the sequence defined
by (2). Then if ) is small enough the following holds:

. . def .. _ .
(a) There exists a unique | > 0 such that o = lim,, s oo "¢,y exists in (0, 00).

(b) Writing a,, défu_"cn, one has

o
— def
(22) lans1 —an] < LAY, S LAY y;.
j=n
(c)
o
(23) wt=1-2" aby.
k=1

REMARK 2.1. (a) Plugging expression (23) into (2), we see that a = {a, },eN,
satisfies ap = 1, and

o0 n
(24) ap =ap—1 — Ay Z aibr + A Zakbk(an—k —ap—1), n>1.
k=n+1 k=1
(b) From (22) we get
o0
(25) lan —a| LAY ky.

k=n

The idea of the proof is simple: assuming that such a i and a sequence {a,}
exist, one gets from (2)

n
Way =" ap_y +Ap" Y axbran—.
k=1
Letting then n — oo, assuming that lim,,_, oc a, exists and is #0, one sees that u
has to be given by (23) in terms of {a,}. Plugging that back, one arrives at the
conclusion, that the a-sequence has to satisfy (24). The idea therefore is first to
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prove by a fixed point argument that this equation has a nice solution, and then
check that

oo —
d, = (l —A Zakbk) nan
k=1

satisfies equation (2), and therefore d,, = c¢,,, completing the proof.

PROOF OF PROPOSITION 2.1. Let /1(N) be the Banach space of absolutely
def

summable sequences q = {¢, },eN, and [, (N) be the set of sequences with ||q||,, =
sup,, 7;1|q,,| < 00. (I,(N), | - l)) is a Banach space too, and by (7), I,,(N) C
[1(N), and the embedding is continuous. The linear map s :/1(N) — /5c(Np) is
defined by s(q)o = 0, and (@), = Y"_, ¢;,n > 1. Evidently, ||s(@)lloo < i <
L|lq]l, . We also define the affine mapping S : /1 (N) — [ (Np) by S(q) def 1+s(q),
where 1 is the sequence identical to 1. We define two mappings 11, ¥, from /1 (N)
to the set of sequences with index set N. We set

VI@n ES@aot Y biS@i,
k=n+1

n
f
Va(@n =Y S@ib[s@n—t — 5(@n—1]
k=2
for n > 1. Finally we set def —AYr1 + Ay, Note first that
o0
YO, =2 @, =1 Y by,

k=n+1
where 0 is the sequence identical to 0. We conclude that ||/ (0)]|,, < LA, by (9).

\x/a(q)n—w](p)n\sHs(q)—s(p)uoo[ > beS@i] + |S@n-1| Y |bk|i|
k=n+1 k=n+1

00
<Llg-ply[2+Llaly +Llpl,] > .
k=n+1

[v1@ —yi@ |, < Lia—pl, (1 +llall, +lpl,).
Similarly, for n > 2, by resummation

n

n—1
V@n— V2P =D_q; D (SO —S@k)bx
26) j=1  k=n—j+1

k=n—j+1

n—1 n
+> (pi—a) Y, S®ibi.
=1
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In the first summand, we estimate |S(q)x — S(p)«| by L|lq — pll,, so we get for
this part an estimate

n—1 oo

27 <Lldlyla=ply > > v Y wn

j=lt=j k=n—j+1

Further,
n—1 oo n n—1 oo n
ZZ% Z Vi = Z Z Xe+k (@) Vi+k
j=lt=j k=n—j+1 j=lt=jk=n—j+1
(28)
[ee) s—1
< > ¥ Y NG Oxs(),
s=n+1 t=1

where we have used (9), and where N (s, t) is the number of indices j satisfying
l<j<n—-1,t>jn—j+1<s—t<n,sothat N(s,t) <t A(s —1t), and
using (3), from (27) and (28), we get for the first summand of (26) an estimate
<L|qlly lg—pll,¥,-Inasimilar way, we get for the second summand, an estimate
<L(1+ [Iplly)lig — pll, 7, and therefore

|[V2(@) — ¥2(@) |, < Llla —plly (1 +llqlly + lply).
leading to

v (@ —v®|, <Lrlg—pl, (1 +llaly + lplly)-

From this and v (0) € [, (N), it follows that v/ maps /,,(N) continuously into itself,
and furthermore, if X is small enough, the iterates ¥" (0) form a Cauchy sequence,
and therefore converge in /,, (N) to an element § with ||§]|,, < LA which is a fixed
point of .

If we write

o0 p—
1€5@. (-2 mb)
k=1

then it is evident, using the fact that & is a fixed point of i, that the sequence 3
satisfies (24), implying that the sequence {n,@"} satisfies (2), and therefore it is
this sequence. So it follows that @ = u, and u "¢, satisfies the properties listed
in (a)—(c). O

2.2. Proof of Theorem 1.1. Before giving the proof, let us first start with a few
observations.
As By, € C,(RY), the “covariance” matrix satisfies

(29) / xTxBy(x)dx =bply,
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for some b, € R (possibly negative), I; being the d x d unit matrix. Evidently,
by | < yn(f), and by Condition 1.1 (7), the following number is well defined (for
small enough 1):
def M_l +A anozl amEm

pl A Y mamby,
where u and b, are given by (23) and (8), respectively. In particular, by choosing
A > 0 small enough, we can achieve that

€2V I1—38] <L, [T —pl <L

(30)

and also
1/2<a, <3/2 Vn,

which we assume henceforward.

The idea of the proof of Theorem 1.1 is to consider an appropriate Banach
space of sequences of functions with a norm that encodes the error we expect in
the local CLT. We then prove that {u ™" C, — u " ch¢ns}nen is an element of this
Banach space by proving that it appears as a limit of a Cauchy sequence. This
implies the desired result.

Let us start by describing the Banach space we need. Let f = { f;,} be a sequence
of functions in Cj (R?) which satisfy lim,,_, o, sup, f,(x) = 0. For any sequence
g ={gn}, gn € C+(RY) define

Il sup sup £
n xeRd fn(x)’

and write By def {g:llgllf < oo}, which equipped with || - ||¢ is a Banach space.
For our purposes, we consider the Banach space (B, || - ||¢) with f = { f;,} defined
by
[n/2] B
Z STI’s * Fn—s + é‘an’

s=1

def

(32) fn =

where ¥, def Ons(1+¢)- (As we remarked before, the choice of € > 0 is only of
minor relevance, but it influences the notion of “small enough 1.”) Note that the
sequence { f,} is the same as the sequence of error terms on the right-hand side
of (14).

Next, let C be the solution of (1), and put A, def C,, . This sequence satisfies
Ao =dp and

n
(33) An=p""An1 %@+ ar Bk Ay,
k=1

where a, = [ A, (x)dx,and A, /a, = Cy,/cy.
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In particular, note that the statement of Theorem 1.1 is equivalent (given Propo-
sition 2.1) to bounding |A; (x) — a,¢ns(x)| in the same way, and this is what we
will do.

We define the following operator W on sequences of functions G = {G,},>0,
Gy € C(RY), W(G)o ¥ Gg and for n > 1:

n
def
W(G)y = anthus ¥ Go— D Guj % Aj j,
j=1

with

J
def _
(B4) A= ajdrs — 1 aj1dx—1)541 — A Z Am@j—m B * Pk—m)s

m=1

for k > j. A resummation gives

n j
WGy =Gn— Y an—jbn—j)s * [Gj —u'oxGjo1 =AY awBn *Gj_m]

j=1 m=1

A crucial observation is that if A satisfies Ag = §p and (33), then ¥ (A) = A, and
vice versa: if Ag = 89, and A satisfies the fixed point equation, then (33) follows
by induction on #.

The main technical estimates are summarized in the following lemma which
will be proved in the next section.

LEMMA 2.1. (a)

n
(35) Y 1An | < LAfu,
j=1
(b)
(36) |Apn] < Liky,
where
g /2 B
37 kn = > Ys kT +17 10,9,
s=0
(©)

(38) D _Kj* fa—j < Lfa.

j=1
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We proceed with the proof of Theorem 1.1, assuming this lemma. Note that on
the one hand, if E is the sequence {a, ¢;s}, then V(E), = E,, — 2?21 An—j Ay, j.
By Lemma 2.1(a), we get that W(E) — E € By with | W(E) — E|l¢ < L. (E itself
is of course not in Bf.)

On the other hand, if G € Bg, with Go = 0, then for n > 1,

(WG ()| < IGlle Y| fumj ) A j ().

j=1
By applying Lemma 2.1(b) and (c), we obtain that
WG] < LAIG].

Thus, since (W (E) — E)g = 0, we conclude that for small enough A > 0,
{W"(E) — E} is a Cauchy sequence in By, and therefore converges, say to Y € By,
which satisfies ||Y||f < LA. Then

Y+E—-W(Y+E)=[Y+E—-V"(E)]
+ [W(E) — "B+ [wTHE) - W (Y + E)],

and all three expressions in square brackets on the right-hand side converge to 0
in By. Therefore, Y +E is a fixed point of W, which we know has to be A. Therefore
IA — E|lf < LA. So we have proved the theorem.

2.3. Proof of Lemma 2.1. We first recall some properties of the semi-
group {¢;}. Of course, ¢;(x) = =4/ 2qb(x /+/1). We often write ¢, for the derivative

in ¢, and we write 0;¢, for the partial derivatives in x;, and Bizjqbt for the second

. R . f
partial derivatives, etc. We also write Ag, def Z?: 1 8i2i ¢;, as usual. The heat equa-

tion gives ¢, = %A@. The partial derivatives in x of ¢ are of the form p¢ for
a polynomial p in x whose exact form is of no concern for us. Here are some
elementary properties we will use:

o If r <5 <2¢t,then

(39) ¢ <27,
e If p is any polynomial in x, then for any ¢ > 0, there exists C, , > 0 such that
(40) [P0 (x) < Ce pd14e(x)

implying
(41) [P /v (x) < Cephr(116)(X).

From this, we see that for k = (k1, ..., ky) € Ng with kK| =k + --- + kg,

3l (x) -
(42) ﬁ < Ceit |k|/2¢t(1+s)(x),
axl M axd



A LOCAL CLT FOR CONVOLUTION EQUATIONS 219

and for k e N,

(43) < Cept Xy (14e) (x).

‘ ey (x)
otk

Below, we use the convention Y2 _ = 0if b < a.
2.3.1. Proof of (35). Recall that a, = u"c,. Using (23) and (24), we can
rewrite Ay ; as

J
Ag,j = M_laj—l (Drs — dk—1ys+1) — A Z am@j—m (Bm * Pk—m)s — b Prs)

m=1
—_ A 2
= Ak,] + Ak,j’
where
(2) def /
Ak’j =—A Z am@j—m (Bm * Pk—m)s — bmPks)-

m=[k/2]+1

Note that A and A® deal with small and large m, respectively. As {a,,} is
bounded, we can estimate, using |b,,| < Vi, |Bm| < i,

[k/2] J
2
(44) A ka[ 3 e xTis+dus Y. ym},
s=k—j m=[k/2]+1

where in the first summand on the RHS, we substituted £k — m = s. From this we
see that (35) [and also (36)] holds for A instead of A, and so it remains to check
the inequalities for A(D:

JALk/2]
1 -
A;(ci = Ol[lt Y rs — d—nst1) = D am(Bum * Pik—mys — bm¢k8)j|

m=1

+ ! (@j—1 —a)(Prs — Pk—1)s+1)

JNLk/2]
—A Z am(aj—m —a)(By * ¢(kfm)8 — by Prs)
m=1
)] (2) 3)
= Xk’j + Xk’j — Xk,j, say.

To estimate X, we use a Taylor approximation ¢;(x) in the x-variable up to
fourth order. Note that in the expansion below, the odd contributions vanish due
to the assumed symmetry of the B,, function, and in the second Taylor term, we
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replace %Aqﬁt by (]Bt. by, and b,, are defined by (8) and (29).

(B % lc—m)s) (X) = b @k —m)s (X) + BinPic—mys (x)

4B [ 80 se =00 DA1Ba )y ),

where Ejy refers to an expectation under the probability measure with density
4(1 — 49)3 on [0, 1]. ¢(4) (z)[y4] is the fourth derivative of ¢ at z in the direction y.
The third summand, we estimate by (6) and (42), using m < k/2,

< Lk_2E9/¢(k—m)8(l+s)(x —0y)|y[* T () dy
_ _ X
= Lk ?Eq0 d/¢(k_m)a<1+s)/92(5 —y)IyI4Fm(y)dy

2.2 —d o
< Lk ?y P Eq0 ¢(k—m)5(1+a)/92+m<5>

= Lk™2y? )EG¢(1< m)8(1+¢)+m62 (X)
< LKy 9 (x)
as 02 <8(1 + g) if A is small enough [by (31)]. Furthermore,
bindk—m)s = bmrs + O (v, mk™ ),
Bin®te—m)s = bidrs — bumErs + O (ymm* k),
Pu—1)5+1 = Prs + (1 — s + O (k212 ).
So we get

JNk/2)
x{h = [M_l(l —8) =1 Y am(bm —bmm«n}pkwo(xk—%}i}k/z]m).
m=1

The choice of § was made such that the expression in square brackets is O if we
extend the sum to co. Therefore, the expression in square brackets is in absolute
value

- 2
<L) Z (lbml + m|bm|) <L) Z (7;1(11) + m)/m) = LA?;A)[](/Z],
m=>jA(k/2) m=>jA(k/2)

and as |<15k5| < Lk_lwk, we get
(D —1,(2)
(45) Xy il = Lafk™ §1A[k/2] + kT 2 Yk

For X®, we simply use dhk—1)5+1 = Piks + O (Ak~14r.), and Proposition 2.1(c)
to get

(46) X2 = Lk Py,
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and in a similar fashion, we get
3) -1,(2)
47 }X | =LAk §intk/2] Y.

Using these estimates for XV, X® X we get

n n

1 — 1 — 2
> :|A§z,;‘ = “{” ? ZCJ(A)[n/zl +n lij(/\)[n/zl}
j=1 j=1

< Lx{n‘z PSRRI 41@}% = LAZ ¥,
Jj=1 j=1
that is, estimate (35) for AV,
2.3.2. Proof of (36).
_ La_
(48) AV < LAl + 1:}”}%57;,-%-.

The first inequality is evident by (45)—(47). To see the second one, note first
that {;2) is decreasing in j, and therefore {;2) <t ; follows. It remains to prove

G {;1) < ij which is the same as to prove

(49) 1+ZZm <’><L+LJIZZ(]—m+1>m2'm”

i=0m=1 i=0m=1

If we restrict both sides to summations over m < 2j/3, the inequality is evident.
On the other hand, using the assumed monotonicity of the y,fl) sequences, we have

L i @)
> mTly = Z

m=2j/3 m=2j/3
2j/3

Z y(l)

m=j/3
2j/3
.—1 3 - 2—i (l)
<27j7" Y G —m+hm* Ty
m=j/3

As we had |Af}| < %E j¥j already by (44), the proof is complete.

2.3.3. Proofof (38). Recall (32), and write f, = f" + £ where £ " is the

first of the two summands, and fn(z) the second. We similarly split k, = l) + K(2).
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Using (4), estimate
n—10j/21[(n—j)/2]

L e f =0 2 W) k(s % T
j=1

j=1s=0 =1
n—1L0j/21[(n—j)/2]

<L Z Z Z txn—s—t(J =) (Wstr * Tns—)

j=1s=0 t=1

[n/2]
<L Z pr)Wr *y_y)
r=1

with
n 1 [j/2IA(r=1) n—r—1
p(NEY > r =) xn—r(j =) <r > anrk)xn—rk),
J=1s=0v(r—[(n—j)/2]) k=1
with

o () E#(.)1sjsn—1j—s=k

OV (r—[(n—7/2]) <s <[j/21A(r—1D}.

It is elementary to check that «;, (k) < min(k, 2(n —r — k)), which implies by (3)
p(r) <2Kir, so we get

1 1
(50) Z Do £ < Ly
j=1
We next estimate
n [j/2]

(51) ZK(I) * f(z) = Z Z Zn_jrj—s * Wn—jps.

j=11s5=0

For the summands with j —s < [rn/2] we have by O)j_s*xVYy_jrs S Lyj_s*¥n
and by (12), as n — j > n/4, we have ¢,,_ i = Le,. So we get for this part of the
sum on the RHS,

= Lann Z Z Vj—s =< Lann

Jj=1s:5=<[j/2],j—s=[n/2]
For the summands on the RHS of (51) with j — s > [n/2], we get, by substituting

k forn— j +s, thatitis < Y3, <oy 21 ks Vi < X7 kg, s0
that we have proved

(52) Yok 12 < Ly

j=1
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We next prove

n
2 1
(53) Sk? £ < Lo,
Jj=1
) (1) n— 1 n=7)/2]
ZK * Z Z 1/fj+9*l_‘n j— v]
j=1 ] s=1

We split 0 & ((j,s):1<j<n—1,1<s<[(n— j)/2]} into the part Q1 with
Jj+s <n/2, the part Q> with n/2 < j 4+ s <3n/4 and the part O3 with j + s >
3n/4. On Q> U Q3 we again use (6) and estimate ¥ y5* 'y j s < Lyn—j—s¥n.
On Q3, we must have j > n/4, and therefore

¢
Z—]S)/n i— SSL Zs)/n i— stfny
0 / Q3

Lj 5j g
Z_.]syn—j—stVnZ < Lnyy, Z
0, / 10 J Jj=1
< Lny, < L¢,,
the last inequality by (13). Finally,

- [n/2] E
Z—s[w,ﬂ*rn Cjesl= ) Yk Do > “Ls
o1/ k=1 0iNGi9): j+s=k)

[n/2]
<L Y k(Y Tuop).
k=1

Therefore, we have proved (53).
Finally, it remains to investigate

The summation over j <n/2is <L, Y. j Zj /j < Lt, by (12), and the summation
over ] > n/2 is S(En/n) ijn E] = En Z](E]/J) = LG' Therefore

(54) Yok 2 < Ly

j=1

Combining (50), (52), (53) and (54) proves the claim.
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3. Application to weakly self-avoiding walks: Proof of Theorem 1.2. We
choose an ¢ with 0 < & < 1/100 which will be fixed through the rest of this section.
We derive Theorem 1.2 by applying the main Theorem 1.1 with

n
def _ _
(55) Ty S Kn™ 42y k' =4Rgy s,
k=1
with
(56) K L8541+ 3(1 4 45)).

Let us first show that this I',, satisfies (B1)—(B4) in Condition 1.1:

LEMMA 3.1. If d = 5, then the sequence {I',} defined in (55) satisfies
(B1)-(B4) from Condition 1.1.

PROOF. (B2) and (B4) are readily checked.
(B1)

Dok D = K2 (nm) ™2 3N " (kD) o105

k<nl<m

+ d/2 B n+m /t—1 3
=K2<nnmm> (n +m)~4/? Z(Z(k(r—k))1 ”’”)abzt/s

t=2 \k=1
n+m dj2
sC(d)( ) Pt

nm

for some constant C(d) > 0 depending only on d, which proves (B1). Note that
the last inequality holds only when d > 5.

(B3) We use the fact that |y|**¢; < Lj*¢3;/ for j € Nand k =0, 1, 2. There-
fore, we have for m <t,

m
/ Gi(- = YTy dy < Cldym™12 Y j1=d12+kg, s
j=1

< C(d)rgmm™ Y2y jIrdi2tk
j=1

k
=< Lyn(z )¢t+m . O
We keep our convention of the last section concerning the constant L. However,

as we have chosen ¢ fixed, and a concrete I" which specifies K1—Kg, depending
only on the dimension d > 5, L now depends only on the dimension d.
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With this choice of T', we have ¢, = O(r,), where r, is defined in (21), and
therefore the bound in Theorem 1.1 is

[ﬂ/z] n—s
L [ s <¢s5(l+s> *(n—s)" 2y kl_d/2¢2k/5> (X) + Fnns(1+e) (x)}

s=1 k=1

[n/2] n—s
(57) < L[n—d/2 > s<¢sa<1+8> * Zkl—d/zm/s)(x) + rn¢na<1+g><x)}
s=1

k=1

[n/2]
< L|:n_d/2 > 5ss(146)(X) + FaBns(146) (x)],

s=1

the last inequality provided
(58) 5(1+¢e)=>4/5,

which is achieved by choosing A small enough. To see the second inequality
in (57), we sum skl_d/2¢>sa(1+5)+2k/5 over s, k satisfying s&6(1 4 ¢) + 2k/5 €
(s" —1,5"18(1 4+ ¢), estimate ¢gs(1+¢)+2k/5 By Ldgs(1+¢) and finally sum over s’.
This leads to

LY 5 bys(14e)(X),
S,

but the summation extends beyond [r/2]. However, the sum over s’ > [n/2] can
be estimated by Lnd/zrn¢n5(1+8) (x) provided all the s" are <n8(1 + &) which is
guaranteed by (58).

In order to prove Theorem 1.2 we have to show that the connectivity function
in (18) satisfies the recursion in (19). This is done in Section 3.1. Finally, we have
to show that the B,’s, defined through IT, = )\C,SZAWB,,, are bounded from above
by the I';, sequence in (55). This is the content of Section 3.2.

There is nothing mysterious in our choice of {I',}: simply assume that a (near)
local CLT is correct. Then estimating the B, for WSAW from the lace expansion,
immediately leads to an estimate | B, | < I';,. On the other hand, | B,| < I, implies
a (near) local CLT. There is sufficient “contraction” in this circle to make it work.

3.1. Definition of the lace functions and recursion for WSAW. This section
contains standard material on the lace expansion adapted to the model in continu-
ous space.

Given an interval I = [a, b] C Z of integers with 0 < a < b, we refer to a pair
{s,t} (s < t)of elements of I as an edge. To abbreviate the notation, we write st for
{s, t}. A set of edges is called a graph. A graph I" on [a, b] is said to be connected
if both a and b are endpoints of edges in I', and if, in addition, for any c € [a, b],
there is an edge st € I" such that s < ¢ < ¢. Note that this is not in agreement with
the usual notion of connectedness in graph theory. The set of all graphs on [a, b]
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FIG. 1.

is denoted by Bla, b], and the subset consisting of all connected graphs is denoted
by Gla, b]. A lace is a minimally connected graph, that is, a connected graph for
which the removal of any edge would result in a disconnected graph. The set of
laces on [a, b] is denoted by L[a, b], and the set of laces on [a, b] consisting of
exactly N edges is denoted by £LM)[a, b].

A lace £ = {s1t1,...,syty} on [0, n], with s; =0, ty = n, satisfies s; < t;_1,
i=2,...,N,and t; <sj12, i =1,...,N — 2. We can describe the lace by
the interdistances my, ..., moy—_1 between the points s;, #; ordered increasingly,
s1=0<sy <t] <s3<tp <---, that is, mj; = sp,my = t] — 52, etc. Then of
course ZZN lmi = n. We switch freely between the s;—t;-representation of the
lace and the representation by the m;, without special notice. The restrictions on
the m; are m; > 0 for i even and m; > 0 for i odd, with the additional restriction
at the boundary m > 0 and moy_1 > 0. (For N = 2, all the m; are positive.) It is
customary to visualize the laces as graphs by identifying the vertices connected by
a bond. Figure 1 illustrates the example of a lace with N =4.

The “basic” N-lace is the graph

(59 €% €{(0.2),(1,4),(3,6),....2N —5,2N —2), 2N — 3,2N — 1))

on {0,...,2N — 1}. We will write b; = (i, i) for the ith bond in this graph, that
is,1=0,andi =2i —3fori=1,...,N,i=2ifori <N —1and N=2N — 1.
Conversely, fori =0, ...,2N — 1, we write 8(i) € {1, ..., N} for the unique ele-
ment with i € {8(i), B(i)}, that is, B(0) = 1, B(1) = 2, etc. With this notation, we

have for a lace in L™ [a, b],

i i
S,Zij, tiIij.
j=1 j=1

If G = {G,};~0 is any family of functions in C; (RY), augmented by Go = 8o,
and £ € LM[0, n], we write with xo =0, xay_1 = x,
2N—1

©0)  EG 0 [dri- oy [T G 31 = 0- DTG — 5.

i=1

For the moment, we need G only for integer m, but the more general situation is
needed below.
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Given a connected graph I on [a, b], the following prescription associates to I"
a unique lace £r. The lace consists of edges sit1, s212, ..., with 11, s1, f2, 52, ...
determined (in that order) by

t1 = max{r:at € I'}, s1=a,
ti+1 = max{r:3s < ¢; such that st € I'}, Si+1 =min{s:st;y1 € I'}.
Given alace ¢, the set of all edges st ¢ £ such that £y, = £ is denoted by C(£).

Edges in C(¢) are said to be compatible with £. With this formalism, we can expand
the product in (16), obtaining

(61) Kipla, )= Y [](2U5m).
I'eBla,b]stel’

We also define an analogous quantity, in which the sum over graphs is restricted
to connected graphs, namely,

(62) Ja, bl € S ] (-Uhm).

I'eGla,b] stel’

Recalling (17), this allows us to define the lace functions, which are the key
quantities in the lace expansion

n—1

fj[o n](x)®[0,n](x) [ dx;

i=1

(63) I, () &

for any n > 1 and x,, € R?. Identity (19) is shown in the following lemma.

LEMMA 3.2 (Convolution equation for WSAW). Forn > 1,

n
C,?AW = C,?f‘l)v * ¢+ Z Iy * CSézv.
k=1

PROOF. It suffices to show that for each path x, we have (suppressing x in the
formulas)

(64) K[0,n]=KI[1,n]+ Z J10, m]K[m,n].

m=1

Then (19) is obtained after the insertion of (64) into (18) followed by factorization
of the integral over x. To prove (64), we note from (61) that the contribution to
K|[0, n] from all graphs I for which 0O is not in an edge is exactly K[1,n]. To
resum the contribution from the remaining graphs, we proceed as follows. When
I' does contain an edge ending at 0, we let m[I'] denote the largest value of m
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such that the set of edges in I with at least one end in the interval [0, m] forms a
connected graph on [0, m]. Then resummation over graphs on [m, n] gives

(65) K[0,n]=K[1l,n]+ Y > []AUx)K[m,n].

m=1TeG[0,m]stel’
With (62) this proves (64). [
We next rewrite (63) in a form that can be used to obtain good bounds on IT, (x).

First, splitting the sum over I' € G[a, b] according to the number of bonds in £,
we get

Jla,b] =Y Jyla,b],

N>1

a1 Y Y T T (=2Ug

LeLM[a,b] T br=Lstel s't'eT\L

==Y Y JIU« [T =2

LeLM)[qa,b]stel s't'eC(L)

= (=N IMa, b, say.

(66)

Implementing into (63), we get a splitting

M, =Y (»"a",
N>1
where H;N) is obtained by replacing J[0, n] in (63) by J (M0, n]. Note that the
sum over N is restricted to N < n.
An important point is that we obtain an upper bound for l'[le) by dropping
into (66) the factors (1 — AUy,/) for all s’t' which cross an endpoint of any sz bond
of the lace £. This gives the upper bound

(67) oM@ < Y El(C pK)

LeLMN[0,n]
for N > 2, where C = {C,}. For N = 1, there is the slight modification from
“restoring” the On bond, TIYY (x) = B, (C, p)(x)/(1 — ).

3.2. Bounds on the lace function. We need below a slight generalization of
the notion in (60). Given G;, defined for real t > 0, we define for an additional

sequence t = (#1,...,2n—1), E¢(G, p, t)(x) by replacing m; on the right-hand
side of (60) by m; + t;. Also, given an arbitrary sequence r = (ry, ..., ran—1) of
elements in Ny, we write
def -
VG pt0E Y EuGp ).

meLMN[0,n],m;>r;
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Of course, finally we are interested only in the case where the r; are the “natural”
ones from the restriction of the laces, thatis, ri =r, =1,r3 =0 (if N > 3), etc.
We write r© for this starting sequence. If t is the sequence of 0’s, and r = r©®,
we drop these arguments in the notation. We will need the more general ones in an
induction argument.

We first state a simple lemma regarding normal densities.

LEMMA 3.3. [fu,v,s,t>0,x,y€ RY, then

/ $u Dby (x — Dby ()br (y — 2) dz

d/4 d/4
§L|:M+U:| |:S+t:| Du+v(X) D511 (y).

uv st

(68)

PROOF. By Cauchy—Schwarz, the left-hand side is

< \/ f $R@)PF(x — z)dz\/ / $F @) (v — 2)dz,
which equals the RHS of (68) by an elementary computation. [

Let us fix some more notation. We saw that an N-lace is nothing but a se-
quence m = (my, ..., moy—1) wWith Y ; m; = n, and satisfying some restrictions,
like my > 1,ma > 1,m3 > 0. We write r® = (1, 1,0, 1,0, ...) for this sequence
of restrictions. For an arbitrary sequence r € N(Z)N ~! with > ri <n, we write

[,§N) [0, n] for the set of m satisfying m; > r;, Vi, and ) ; m; = n. The r; need
)

not satisfy r; > r;

LEMMA 3.4. Forv>0,meN""1 1 >0, x=(x1,...,xy_1) € ROV,
let
df2N—1
(&)
‘bg\‘;,)m,t(x) = 1_[ Gvmi+1; (XY =1 — XB(i—1)—1)>

i=1

with xog = 0. If for any i, either r; > 1 or t; > c, then for d > 5 and N > 3,

Yo [anoy 0 <Le) Y Y e xyo),

mecV[0,n] m/e[lrivfl)[o,n]

def def
where ¥ = (r3,r1 + ra,r2 + 15,76, ..., ran—1),t = (13,11 + t4. 12 + 1,

t6, ..., taN—1) Which both have 2N — 3 components.



230 L. AVENA, E. BOLTHAUSEN AND C. RITZMANN

w—

FIG. 2.

PROOF. The part of CIDE\‘,)’)m’t(X) which contains x;j is

¢m1v+t1 (x1)¢m2v+tz (x1)¢m4v+t4 (XZ - x1)¢m5v+t5 (x3 - Xl).

In case N = 3, we have x3 = x». Using the previous lemma for the integration
over x1, and summing over my, my, m4, ms, keeping my + m4 = m/2 my +ms =
m’ fixed, we get for the x;-integration and this restricted summation of the above
expression, a bound

= L(C)¢m/2v+tl+z4 (x2)¢m/3v+lz+l5 (x3).

We write m’ € NgN_3 with m| = m3, m, = my 4+ ma, ms = my + ms and m; =
mj42 otherwise. The restrictions on the m; are evidently given by m; > r/. Sum-
ming over m’ gives the desired bound. [J

In Figure 2 is the illustration of the “collapsing mechanism.”

LEMMA 3.5. Assume d > 5. If for some v € [%, %—(1)] and m e N, m > 3, one

has

(69) Gu(x) < dnv(x),

forall n < m, then for N > 2,0 < p <1, we have with L = L(d), not depending
onm, N

£N(G, p) < LN pNT,
where T, is defined in (55).

PROOF. We choose v/ & 20v/19. Note that v” Ly 1/100 < 6/5, and

therefore 2v” /3 < 4/5.
Assumption (69) implies
(70) &V G, ) <N (@Y, p),

where ¢ = {¢y;}.
We first want to get rid of the I,. In Ey (@™, p)(x), if all the m; are >1, we can
simply use ¢y (x) < Ly, (x7) for [x — x'| < p < 1 from which we easily get

Ee(0™, p)(x) < LN pVE (6™, 0) (x).
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There is, however, a complication due to the possibility of having m; = 0 in the
summation. Such i have to be odd, and the possibility is not present for m and
myn—1. Using the fact that if m; =0, then m;_1, m;;+1 > 1, we get

(1) Ee(¢™, p)(x) < LV oM (9, 0,89) (x)

forall £ € £LM[0, n] where tl.(o) =0forievenandi =1,2N — 1 and ti(o) =1/200
for the other i odd. Actually, the adding of the constant 1/200 would be necessary
only if m; in fact equals O, but there is no harm adding it always with those i for
which m; can be 0. It remains to estimate

M ($,0,10) = Y /dxl .. .de_2q>5\‘;,3n’t(o)(X)
meLM[0,n]
with x = xpy_1.

For N = 2, there is t(0

i

£2 (¢, 0) <6 3 Drv Piv/ P o

1<k<I<jk+l+j=m

) — 0 for alli =1, 2, 3 and no integration,

[m/3]
(72) <Lm~ 2 Y kP gy,
k=1
[m/2]
< Lm™4/? Z k_d/2+1¢4k/5 <LTy,.
k=1

For N > 3, we apply Lemma 3.4. Starting with r®© and t©, we recursively
define rk+D L ptor gt &6 ek Applying the lemma N — 2 times we arrive at

M@, 0tM) @ <LV Y ) ().

2)
meﬁr(N_z) [0,m]

(There is no integration left when N = 2.) The ) & 00t =2 ) def
r’™=2 can easily be computed in the following way: +® = (1,1,1),#® =
0,2,2),t® = (1,1,3),#? = (0,0,0,#% = (1,0,0),#* = (1,1,0) and
) —3® 4 (1,1, 1), #*F =2® 4 (1,1, 1). Therefore, the only case where
an 7; can be 0 is N = 3. Here one estimates by a similar expression as that on the
right-hand side of (72) with the only difference being that summation over k starts
at 0, but instead of ¢y,/, one has ¢y, 11,200. However, for k = 0, one estimates
®1/200 < L¢,/, giving an estimate similar to (72) with a different L. If N > 3,
all the fi(N) are >1, and it is easily checked that 2fl~(N)
estimates

> fi(N). Using this, one

Prv4i-> = L
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for k > fi(N_z), so one gets the same estimate as in (72) replacing v’ by v”. As
V" < 6/5, the argument is the same, leading to the desired estimate. [

3.3. Checking Condition 1.1 and proof of Theorem 1.2. We prove that given
& < 1/100, there exists Ao(d, &) such that for 0 < A < Ag(d, €), one has |B,,| <
I',, for all m, where B,, def I1,,/Acy, and T, is given by (55). This is proved by
induction on m. Below, we use the phrase “for small enough A,” in the sense that
“small enough” may depend on ¢ and d, but on nothing else.

Form =1, Mi(x) = —A¢(x)I,(x) and as ¢c; = 1 — )‘f|x|§p¢(x)dx >1—A,
we have, provided Ag(d, ) <1/2,
(73) |Bi| <2¢¥*¢2/5 < 5¢ppys <T'1.
So the base of the induction is proved. o

Assume now that |Bg| < I'y for k < m, and define the truncated sequence By
by By for k < m, and O for k > m. This sequence defines {C,} via (1),_and then
given by (23),and A,, = " C,,. Furthermore § is defined by (30). As |§ —1| < LA,
with L depending only on d, €, we have
(74) 5(1+e)—1| < %

if A is small enough. We can apply Theorem 1.1 leading to

[n/2]
(75) Ay — G5l < Lx[rnqs,,a(lm +nm 23 j¢j5(1+8)]
j=1

As sup, |a, — 1| < LA, we have for small enough A that a,¢,5 < (3/2)(1 +

1/100)*/2,511.¢)» and that the right-hand side of (75) is <¢, 514 if A is small

enough, 5o that A, < K1(d)d, 511 Where Ki(d) = 1+ (3/2)(1 + 1/100)472,
and therefore

(76) C, <K (d)ﬁn¢n3(1+g)-

As By = By, for k < m, we have C,, = C,, for n < m.
With estimate (76), we can bound IT,,:

n—1
n,gp(x):]lp(x)/ [[ (-1Ua)®[0,n]x) [] dxi.
0<s<t<m, i=1
st#0m

We bound the product inside the integral from above by dropping all bonds with
t = m leading to

P x) <T,(x) (@ % Cu1) (%)
< Ki(d)I, (x)ﬁm_l ¢(m_1)5(1+5)+1 (x)

<K (d)ﬁmil]lp (x)¢(m_])g(]+g)+] 0).



A LOCAL CLT FOR CONVOLUTION EQUATIONS 233

As (m—1)8(14+e)+1>m/2,by (74),1,(x) < (47/5)4/%e>/*¢p5(x), by p < 1
and @ > 1/2, by (31), if A is small enough, we get

N5 (x) < Ko (" m™ 2 ¢n5(x) < 5" T (x),

with K»(d) LheSik 1(d), the second inequality, chosen similarly to the way K
is chosen in (56).

For l'[,(nN) with N > 2, we use (67), (76) and Lemma 3.5 and obtain H,(,lN) <
K1(d)N@"T,,, and therefore

)\‘ oo
T < [Z +> (K1<d)A)N]nmrm
N=2
A
S Eﬁmrm,
if A is small enough, implying
ﬁm
77 IBmIS2 L.
Cm

It remains to bound @™ /c,,. Note that by (2), by, =0 and by = by for k < m, we
get

m—1

Cm =Cm—1+A Z ckbrcm—k
k=1

m
= Cm—1 + 2 Y _ ckbicm—i — Aembm = cm(1 — Aby).
k=1

However, |2 /G, — 1| < LA, and from (77), we have |b,,| < Lm~%/?@" /c,,. Us-
ing this, we get |b,,| < L, and from that | /c,,, — 1| < LA, so we have u™ /¢, <2
for A small enough. This shows that

(78) |Bin| < T'm.
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