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Abstract

This work provides rates of convergence in the Darling Kac law for infinite
measure preserving Pomeau-Manneville (unit interval) maps.

Along the way we obtain error rates for the stable law associated with the
first return map and the first return time to some suitable set inside the unit
interval.

1 Introduction and main results

1.1 Darling-Kac limit laws for dynamical systems preserving
an infinite measure

To understand a chaotic dynamical system, methods from probability theory are an
important tool. This goes back to Birkhoft’s ergodic theorem, which states that for
a dynamical system f : X — X that preserves a probability measure pu, the ergodic
average %Sn(v) = % Z;év o f* converges almost everywhere (a.e.) to the space
average [ wvdpu, for all integrable functions v (v € L'). In contrast, if u(X) = oo,
Birkhoft’s ergodic theorem is not very informative, since in this case %Sn goes to
0 a.e., for all v € L'. Even stronger, as proved in [1], the ergodic theorem cannot
be recovered by re-scaling. More precisely, for any positive sequence ¢, and for any
v € L', either éSn goes to 0 a.e. or it goes to oo along subsequences. However,
in certain cases there exists a positive sequence a, such that for all v € L!, aiSn
converges in a weaker sense, namely in distribution, to a non-trivial limit (see"for
instance [1, 19, 3] and the plethora of references therein). Such a limit law is referred
to as the Darling Kac (DK) theorem, and usually when this applies, one can prove

the existence of other interesting limit laws, such as arc-sine laws [17, 18, 19, 22].
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As shown in [1, Theorem 3.6.4, Theorem 3.7.2], pointwise dual ergodicity together
with regular variation of the return sequence guarantee the existence of the DK law.
We recall these notions below.

Pointwise dual ergodicity provides information about the asymptotic behavior of
the transfer operator L : L'(X) — L'(X) associated with (X, A, f, ), defined by
fy Lvwdy = fY vwo fdu, we L*(Y). More precisely, f is pointwise dual ergodic,
if there exists a positive sequence a,, such that a,? Z;:Ol Lv — [, vdp ae. for all
v € L'. The sequence a, is referred to as the return sequence for f (see [1] for a
definition of a, in terms of the weaker property of rational ergodicity). A necessary

and sufficient condition for f to be pointwise dual ergodic is the existence of sets
Y € A 0< pu(Y) < oo such that for v € L' and a, (V) := u(Y) ™2 Z;:Ol p(YU Y,
one has a,(Y)™! Z;:é L’v — [, vdp uniformly on Y (see [1]). The return sequence
a,(f) of f is determined up to a multiplicative constant (corresponding to an arbitrary
scaling of the measure ;) and asymptotic equivalence satisfies a,,(f) = a,(Y)(1+o(1)).
In the sequel, we will choose a suitable set Y (in accordance with the inducing method
below), scale u so that u(Y) =1, and fix a,, := a,(Y") for this choice.

While the existence of a DK law for (X, f, 1) does not require the strong property
of pointwise dual ergodicity (see [3]), it does require that the return sequence a,, is
regularly varying, i.e. that a, = £(n)n? for some slowly varying function ¢ and some
index 8 € [0,1]). Regular variation is an important assumption of the Darling Kac
theory for Markov chains (see, for instance, [1]). For a pointwise dual ergodic (X, f, 1)
with a, = £(n)n” the Darling Kac law says that for all v € L,

Ca, ' Sp(v) —a Vs asn — oo.

where a,, is as defined above, C'is a positive constant that depends only on f and )3
is a positive random variable distributed according to the normalized Mittag-Leffler
distribution of order 3, that is E(e*?) = 37 ° T'(1 4 8)P2?/T'(1 + pf) for all z € C.

A standard way of verifying regular variation for a, associated with dynamical
system (X, f) is by inducing with respect to the first return time to some ‘good’ set
Y C X. To simplify notation, fix Y C X with u(Y) = 1. Let ¢ : Y — ZT be the first
return time to Y defined by ¢(y) = inf{n > 1: ffy € Y}. If u(p > n) = €(n)n="
for some slowly varying function ¢ and some index 3 € [0, 1] then a,,(Y) = £(n)n? for
Be0,1), an(Y)=n>"10(j)j " for 3 =1 (see I, Section 3.8]).

1.2 A classical example

A standard example of a dynamical system with infinite measure that has the desired
properties (pointwise dual ergodicity along with regular variation) is given by the
family of Pomeau-Manneville intermittency maps [11]. These are interval maps with
indifferent fixed points; that is, they are uniformly expanding except for an indifferent



fixed point at 0. To fix notation, we recall the version considered in [10]:

z(1+42%2%), 0<z<?i
fla) = V<w<y
2¢ — 1, s <z<l1

(1.1)

For a > 1, we are in the situation of infinite ergodic theory; there exist a unique (up
to scaling) o-finite, absolutely continuous invariant measure p. In the setting of (1.1),
we let zop = 1/2 and 2,41 < x, = f(zp+1) for each p > 0, and then set Y = [z, 1]
for some arbitrary p > 0. Note that one can rescale u such that u(Y) =1 and recall
that pu(¢ = n) = O(n~ V) with g = 1/a.

The methods employed so far [1, 18, 19] to establish limit theorems for dynamical
systems with infinite measure do not allow one to determine the error rate present
in the involved convergence. Recent progress in this sense has been made in [11, 16],
which establish sharp error rates in arc sine laws associated with systems such as (1.1).
The results in [I1, 16] are established by exploring a 'good’ expansion of the tail
distribution (¢ > n). For higher order expansion of p(¢ > n) in the special case
of (1.1), we refer to [11, 12, 10].

Our aim in this work is to establish error rates in the Darling Kac law associated
with systems such as (1.1). In the rest of the paper we say that (f,u), ¥ and
a, = a,(Y') are defined by (1.1) in the following sense:

i) f is the map defined by (1.1);

ii) Y = [z, 1] C (0, 1], where x,, p > 0 is as defined in the paragraph following (1.1)
(by taking p sufficiently large, we will be able to deal with observables v that are
supported on a compact subset of (0, 1]);

iii) the f-invariant measure pu is rescaled such that p(Y) = 1;

iv) set a,(Y) = Z?;& w(Y N f7"Y) (a representative of the return sequence for f).

1.3 Main results

Our main result reads as follows

Theorem 1.1 (Error rates in the DK law associated with (1.1)) Let (f,u),
Y and a, = a,(Y) be as in Section 1.2. Suppose that the function v : [0,1] - R
can be written as v = 1y — 0, a.e. on'Y, where ¥ is such that: i) [0du = 0 and
i) ,uy(]%:’| > g(n)) < g(n), where g is a positive decreasing function such that
g(n) =O0(n"7).
Then for any z > 0,
|y (@' Su(v) > 2) = P(Vs > 2)| = E(n),

where

O ™) 521,

E(n) = { O((logn)*n="?), if p=1/2,
O((logn)n™"), if B€(0,1/2).



We are not aware of any result on error rates in the DK theorem associated with
null recurrent Markov chains characterized by regular variation. We claim that the
error rates in Theorem 1.1 are optimal. As we explain in the sequel, the proof of The-
orem 1.1 for the function 1y is obtained via Lemma 1.2 below, which provides optimal
error rates for the stable law associated with the induced map fy and observable ¢.

On the negative side, we acknowledge that the assumption on the zero mean
function ¢ (and thus, v) in the statement of Theorem 1.1 is very strong. Recent work
of Thomine [20] suggests that general zero mean functions ¥ such that Zf:_ol |o] o
17 belongs to LP(Y,u) for some p > 2 are not in the restrictive class of functions
considered in the statement of Theorem 1.1 (see the explanatory Remark 3.1). Hence,
finding a reasonably large class of functions v that yields the conclusion of Theorem 1.1
is open.

Theorem 1.1 is proved in Section 2. For a version of Theorem 1.1 for more gen-
eral dynamical systems satisfying the abstract assumptions of Section 4 we refer to
Lemma 5.2.

We recall that in the case of (1.1), regular variation of u(¢ > n) implies a stable
law for the induced map fy := f¥ (this follows from [2]). More precisely, let ¢, =
Z?:_Ol po f{} and assume that the sequence b, is an asymptotic inverse of the sequence
an = a,(Y) = Z;:ol p(YNf~"Y) (that is, if the corresponding functions t — ay,t —
by satisty a(b(n)) = n(1 + o(1)) and b(a(n)) = n(1 + o(1)). Then b, ', —4 23,
where Z5 =4 (V3)""/# and Y is a positive random variable distributed according
to the normalized Mittag-Leffler distribution of order 8 (see Section 1). Hence, the
real Laplace transform of Zj is given by F(e™%#) = e, Alternatively, the variable
Zgs can be defined in terms of its known characteristic function. For details we refer
to [2]; see also Section 5 below.

Our next result provides error rates for the stable law associated with the map fy
and observable ¢. The corresponding proof is deferred to Section 5. In the present
context it serves as the key result: Theorem 1.1 for the case v = 1y can be deduced
from it using standard computations (used in Proposition 2.3 and its corresponding
proof).

Lemma 1.2 (Error rates for the stable law associated with fy and ¢) Let
(f,u) and 'Y be as in Section 1.2. Assume B € (0,1). Let ¢ be the first return time
function to Y. Set b, = (n/Cy)"8, where Cy is the constant defined in Lemma 2.1.
Then for any a > 0,

1y (b, 00 < a) = B(Z5 < a)| = d(n),

where
O(n'=1/9), if Be(1/2,1),
d(n) = { O((logn)/n), if B=1/2,
O(1/n), if B €(0,1/2).



Remark 1.3 Lemma 1.2 matches the optimal results on rates of convergence to a
stable law of index € (0,1) for sequences of independent random variables in [9].
More generally, we refer to [5, 9, 15, 21] for rates of convergence to a stable law of
index ( € (0,2) for sequences of independent random variables.

The paper is organized as follows. In Section 2, we prove Theorem 1.1 using
Lemma 1.2 and some results in [ 1], which we recall below.

Section 5 is allocated to the proof of Lemma 1.2 in the more general setting of
Section 4.

Notation We use “big O” and < notation interchangeably, writing ¢, = O(d,) or
¢, < d, if there is a constant C' > 0 such that ¢, < Cd,, for all n > 1. We also write

py () for pz ey : ).

2 Results for the function 1y

Given the existence of a stable law for (fy, ¢), it seems natural that Theorem 1.1 for
the special case v = 1y will follow from Lemma 1.2 together with the duality rule
w(Sm(ly) > n) = u(ep, < m) (see Proposition 2.3 below).

Precise information on a,,(Y) = >>""0 (Y N f~"Y) follows from the asymptotic
behavior of the transfer operator L : L'(u) — L'(u) associated with f. Higher
order asymptotics of L™ and Z?;& L7 have been obtained in [11, 12]. For the present
purpose, we recall

Lemma 2.1 [/2, Theorem 1.5] Let f be defined by (1.1) with 5 € (0,1). Suppose
that v : [0,1] — R is Hélder or of bounded variation supported on a compact subset
of (0,1]. Setk=max{j >0:(j+1)8—j>0}. Let =1 for B # 5 and 7 =2 for
B=1 Then

n—1

1
Z Ly = (Con® + C1n®P =1 + Cyn®P=2 ... 4 Cpn(FTDBF) / vdp + O(log™ n),

=0 0

uniformly on compact subsets of (0,1], where Cy = (cI'(1 — B)T(1 + B))~* with ¢ a
positive constant depending only on f, and Cy,Cy, ... are real constants (depending

only on f).

An immediate consequence of the above result is

Corollary 2.2 Suppose that (f,p), Y and a, := a,(Y') are as in Section 1.2.
Let Cy,C1, ... and C be the real constants defined in Lemma 2.1. If B € (0,1),

The following result will be instrumental in the proof of Theorem 1.1.



Proposition 2.3 Assume the setting of Lemma 1.2 with B € (0,1). Let ay, := ap(Y)
be as in Section 1.2. Then for any z > 0,

|y (a5, Sn(ly) > 2) = P(Vg > 2)| = e(m),
where
O(m?™), if Be(1/2,1),
e(m) = { O((logm)Pm~Y/2), if B=1/2,
O((logm)ym=?), if B € (0,1/2).
Proof By the triangle inequality,
\y (a1 S (ly) > 2) =PV > 2)| < T+ 1T (2.1)

for

I= ‘uy<sm(1y) > 20,) — P(YV5 > %)‘7

1= ’P(yﬂ > 2) —P(Vs > g—mﬂ)‘

We start with I. Let b, = (m/Cp)'/# as in Lemma 1.2. Since
ty (Sm(ly) > zam) = py (Sm(ly) > [zam]) = py (@za,) < m)

and Z3 =4 (V5)~/?, we have

I = py (Sm(ly) > zam> - P(yg > [zam]>

mﬁC’o
1/8
— oy (B2l < ) p(zy < 0
— < _P(zy <« 0
w(b[mm] biyanm] 7 a8

1/8 1/8
Plyam] mQC; ) ( mC, )

= < P25 < ————
1 (s < T ? = a8/

where for the last equality we used bq,,] = [2am]"/?/ C’é/ ? Applying Lemma 1.2 with

cl/8 ‘
Te(m77 > We obtain

n = [za,] and a = e

Cl/ﬁ

1/8
Plyam] Co 0

where
O(mP=1) if e (1/2,1),
er(m) = d([za,]) = § O((logm)m=112) i B =1/2,
O(m=") if 3 €(0,1/2).
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We continue with I7 from (2.1). Since Z5 =4 (V5)~'/#, we have

[2a,,) 1 mCy/?
o)l = IP(Z5 < 1) —P(Z5 < T 25l

II=P(YVs > 2) — P(Vs > (2.2)

It is known (see for instance [13]), that for every € > 0 there exists C' > 0 such that
for all a,b > 0 with |a — b|] < €, we have

IP(Z25 < a'/?) —P(Z5 < bYP)| < Cla™ — b7. (2.3)
This fact together with (2.2) implies that

1 mCy/” (20
5~ IP’(Z/s<—[ W)KCI Cmﬂ\

IP(Z25 <

Corollary 2.2 gives that a,, = Com?® + O((logm)™) + O(m*~1), so we get

[zam) 2y, 1

2 — P I+ (logm)™ 1
ComB' — ComB' ~ CymhP

-1
=0(m” )+ O( e )+Cgm5

= 6[[(771),

satisfying
O(mP1) if e (1/2,1),
err(m) = 4 O((logm)*m~"%) if f =1/2,
O((logm)m=") if g€ (0,1/2).

Combining the estimates, we find e(m) = e;(m) + e;;(m) of the required form. |

3 Proof of Theorem 1.1

Recall that v : [0,1] — R is a function that on Y can be written as v = 1y — 0, where
0 is such that: 1) [0dp = 0 and ii) ,uy(|iimﬂ| > g(m)) < g(m), where g is a positive
decreasing function such that g(m) = O(m~=").

Note that S (v) = S, (ly) + S,,(0) a.e. on Y. Since Proposition 2.3 gives
the desired estimate for 1y, to conclude we need to estimate |uy(a,'S,(v) >
2) — py (a; 'S (ly) > 2)| for z > 0.

Remark 3.1 We note that the assumption ii) on the function o is Very strong. Sup-
pose that © : [0,1] — R is a mean zero function such that Z“ﬂ 0] o f7 belongs
to LP(Y, u) for some p > 2. As shown inside the proof of | T heorem 4.7], the
following holds a.e. on Y

3
L

o f1(x)| < C(x)m?**,

<.
I
[en)
[S4!



for some C(x) > 0, for any ¢ > 0 and all m sufficiently large. Assuming that
[ C(x)duy < oo, the above inequality implies that

m—1

/| Zﬁ o filduy < mP/*te,

Jj=0

Together with Markov’s inequality, the above diplayed equation implies that given
some function h and some positive constant C' such that h(m) > C and h(m) =
O(m~=9), for any € > 0, we have

u;ﬂ? > h(m)) < C7'a,! / 1S dldp < a; mPe < h(m)Y2.

The above inequality together with the argumeint used in the proof of Theorem 1.1
below (with g = h) shows that

Sm(’l)) = Z) . ,uy(Sm(lY)

m m

> 2)| < h(m)Y2.

|y (

The last displayed inequality together with Proposition 2.3 implies that
|y (a5, S(v) > 2) =PV > 2)| = E(m),

where E(m) < m~#/279, Hence, a much weaker form of Theorem 1.1.

In the remainder of this section we complete the

Proof of Theorem 1.1 Let g be a function as defined above. We claim that

S (v)

m m

Fnlla) o gtm)) — e (Cml)

m am

i ( )>zﬂs<m«

+ g(m)*2.

> s glon))

By the triangle inequality,

Sully) o _ gm)) - v

m m

<y (P20 o)) — PO > 2 — )

+ [P(Vs > 2= g(m))| —=P(Vs > z + g(m))] (3.1)
Sm(lY)

m

Sm(lY)

|y ( >z +g(m))

+ |y ( > z+g(m)) =P(Vs > 2+ g(m))],

The first and third term in (3.1) can be estimated using Proposition 2.3, but
we should be aware that the function e(m) from that proposition depends on z.
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Indicating this dependence as a subscript, we can estimate them by e._gqm)(m) +
€x+g(m)(m). Following the estimates of Proposition 2.3, we can see that e.(m) can be
chosen to be decreasing in z, 50 €._g(m) (M) + €.4gm) (M) < e./2(m) which satisfies the
estimate in the statement of Proposition 2.3 with z/2 instead of z.

Recall Z5 =4 (V3)"/8. Using (2.3), the middle term of (3.1) can be estimated as

P(Vs > 2z —g(m))| = P(Vs > 2z + g(m))| < g(m).
Combining these estimates,

Sm (v) Sm(1y)

|y ( P z) = py ( — > z)| < g(m)
and the conclusion follows since g(m) = O(m=").
It remains to prove the claim.
(52 )y (BmlIr)
< (P o 0 50 m) (P20 ) g (B2
<20 ) — oy (20 )y (220
< My(Sma(iY) >z —g(m)) — uy(Sma(iY) > z+g(m)) + uy(SZ(ﬁ) > g(m))
and
(P ) (Bl
2 (3 2 7 50 gy (S
> (P2 gty A 22D > g — (B2
> (P20 o gtm) (P20 o) 4o (P2 < g )

Recall that uy(\%’:’\ > g(m)) < g(m). This fact together with the previous two
estimates implies that
Sy (v S (1
( ) > Z) o ,uy( ( y)
A, am,

m(1y)

|y ( > 2)|

n

Sm(1y) Sm (0)

> z+g(m)) + py (|

< v > 2~ g(m)) — v

| > g(m))

< (22 s gt — (P20 g + g0,

which ends the proof of the claim. |



4 Abstract setting

Let (X, ) be an infinite measure space, and f : X — X a conservative measure
preserving map. Fix Y C X with u(Y) = 1. Let ¢ : Y — Z* be the first return time
o(y) =inf{n > 1: f"y € Y} and define the first return map F = f¢: Y — Y.

The return time function ¢ : Y — Z* satisfies [,, ¢ du = co. Throughout we let
B € (0,1) and assume

(H) u(p >n) =c(n=? + H(n)), where ¢ > 0 and H(n) = O(n~9) for some q > f3.
If ¢ <1, we assume further that H(n) = m(n) + m(n), where m is monotone
with m(n) = O(n~?) and m(n) is summable.

Recall that the transfer operator R : L'(Y) — LY(Y)) for the first return map fy
is deﬁned via the formula [, Rvwdp = [, vwo Fdu, w € L*(Y). Let D = {2 €

|zl <1} and D = {z € C : |2| < 1}. Given z € D, define the perturbed operator
R( ): LYY) — LY(Y) by R(z)v = R(2%v).

Also, for each n > 1, we define R, : L'(Y) — L}(Y),

Ryv = 1YR(1{<p:n}U) = R(l{‘p:n}v).

It is easily verified that R(z) =Y~ R,2".
We assume that there is a function space B C L*°(Y') containing constant func-
tions, with norm || || satisfying |v|s < ||v]| for v € B, such that

(H1) There is a constant C' > 0 such that ||R,| < Cu(p =n) for all n > 1.

It follows that z — R(2) is an analytic family of bounded linear operators on B
for z € D, and that this family extends continuously to D. Since R(1) = R and B
contains constant functions, 1 is an eigenvalue of R(1). Throughout, we assume:

(H2) The eigenvalue 1 is simple and isolated in the spectrum of R(1), and the spec-
trum of R(z) does not contain 1 for all z € D.

By (H1) and (H2), there exists ¢ > 0 and a continuous family of simple eigenvalues
of R(z), namely A\(z) for z € D N B.(1) with A(1) = 1. In what follows, we let
M0) == \(2) for z =€, 0 € [0, 27).

As shown in [I1, 12], the main assumptions above are enough for higher order
expansion of A\(z), z € DN B.(1).

Lemma 4.1 [/2, Lemma A. 4/ / Lemma 3.2]. Assume (H), (H1) and (H2).
Ifq>1, setcyg = —T(1— )" [;° Hi(x) dw where Hy(x) = [2] 7 — 2P + H([z]).
If g <1, set cyg = 0.
Define cg = —1 fooo e“oc~Pdo. Then as 6 — 0,

MO) =1 — ccgh® +iceyd + O(0°°) + D(6),
where D(0) = O(09) if ¢ # 1, and D(0) = O(flog 3) if ¢ = 1.
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Proof The case ¢ > 1 is contained in the proof of [I1, Lemma 3.2]. For the case
q < 1, the argument for the exact term (1 — ccs0”) in the expression of A\(6) is again
contained in the proof of [I1, Lemma 3.2]. The estimate for D(f) follows by the
argument used in the proof of [12, Lemma A.4] (in estimating D(z) there, with
z = e " in the case 0 < u < 0). n

Lemma 4.2 [12, Theorem 4.1] Assume (H1) and (H2). Suppose that (H) holds with
q=20. Let k=max{j >0:(j+1)3 —j > 0}.

Let L : LN X) — LY(X) be transfer operator for f. Then for all v € B, there exist
positive constants Cy, ..., Cy (depending only on f) such that

—_

n—

ly /v = (Con® + Cin® =t + Con® 2 ... 4 Ckn(k“)ﬁk)/ vdp + Eyv,
Y

Il
=)

J
where |E,v]e < C(log™n)|v|e, C' constant, and 7 =1 for § # 3, 7 =2 for f = 3.
The exact expression of the constants Cy, . .., Cy is provided in [12] and for later use

we recall that Cy = (c['(1 — B)T'(1+ B))~*.

5 Results for the abstract setting

In this section we provide a more general version of Lemma 1.2 and formulate a
version of Theorem 1.1 for systems that satisfy (H), (H1) and (H2).
Throughout this section we use the following notation. Define a,(Y) :=

Z?:l p(Y U fY).
We assume that (H) holds. Lemma 4.2 gives

an(Y) = Con® + Cyn® =1 + Con® 72 4. + Cpn*TD8E L O((log™n)).

Recall that Cy = (cI'(1 — B)T(1 + B))~! and set b, = (n/Cy)/P. Define c5 =
—i [y €0 P do and set Cg = ca((1 — B)I(1+ 6)~.

In what follows, we let Z3 be a positive random variable with characteristic func-
tion E(e%#) = e=C»%” . With these specified, we state

Lemma 5.1 For any a > 0,

|ty (b o < @) = P(Z5 < a)| = d(n),

where
O(n'=1/9), if B€(1/2,1),q> 1,
d(n) = { O(n*""F(logn) +n7"), if 8€(0,1),q=1,
O(n'=9/7), if B (0,1),q <1.

11



We can now complete the

Proof of Lemma 1.2 As shown in [I1, 12], the map f defined by (1.1) satisfies
(H1), (H2). Moreover, if 8 € (0,1), (H) holds with ¢ = 26 and Y = [z,, 1], p > 0,
where x,, is as specified in the paragraph following (1.1) (see [12, Proposition B1]).
The conclusion follows immediately from Lemma 5.1. |

Lemma 5.1 allows us to establish a version of Theorem 1.1 for more general dy-
namical systems:

Lemma 5.2 Assume that either (H)(i) holds with ¢ = 2p and § € (0,1) or H(ii)
holds with ¢ > 1 and § = 1. Suppose that the function v : X — R can be written as
v=1y —0, a.e. onY, where v is such that: 1) [0dp =0 and i) My('%‘ > g(n)) <
g(n), where g is a positive decreasing function such that g(n) = O(n=").

Then, there exists a positive constant C' (depending only on f) such that for any
z>C,

ly ((an(Y)) 'S5 (v) > 2) = P(Vs > 2)| = E(n),

where E(n) = O(nP~Y) if B € (1/2,1), E(n) = O((logn)*n=Y2) if B = 1/2 and
E(n) = O((logn)n=?) if B € (0,1/2).

Proof The result follows by the argument used in the proof of Theorem 1.1 together
with Lemma 5.1. |

The remainder of this section is devoted to the proof of Lemma 5.1. Below, we
collect some instrumental results.

Recall b, = (cI'(1 = B)T'(1+ B8))Y/n'/8 c5g = —i [T € 907P do and Cy = c3(I'(1 —
BT(L+8)""

Proposition 5.3 Let ¢ and cy be the real constants defined in (H) and Lemma /.1,
respectively. Assume B € (0,1). Set eg = ccy(cl'(1 — B)T(1 + B)~1/5.

Choose € > 0 such that \(0) is well defined for § € (0,€). In particular, this
ensures that 0 < eb,, for all n large enough. Then

)

where E(0/b,) satisfies the following for all n sufficiently large and all § < €b,,

nhO% 4t P, ifq#1,
n~10% + n'=1801og(n/0), ifq=1.

o) < |

Proof The conclusion follows from Lemma 4.1 and standard computations. We
provide the argument for completeness.

12



Note that for all n sufficiently large and all 6 < eb,,,
n1ogIA(0/b,)] = —n(1 = A(B/b2)) + O(nl(1 = A(8/b,))?).
Lemma 4.1 and straightforward calculations imply that
1= \0/b,) = Can0° —iegn™"%0 + D(0/b,,),
where

n=20%8 4 n-9/Bpa if g #1,

D(9/b,) <«
(670) {n—2926 +n~YPlog(n/h), ifq=1.

Thus, we can write
A(0/b,)" = e~ exp(—iesn' /%0 +nD(0/b,) + Dy(6/b,)), (5.1)

where |D1(60/b,)] < n|(1 — X(6/b,))?|.
Using the expansion of 1 — A(6/b,,), we obtain that for all n sufficiently large and
all # < eb,,

n~=10%0  n=1/BRats, if ¢ # 1,
n10% + n=1Blog(n/0)0P+ + n1H%8,  ifg=1.

Dy (0/b,) < {
Hence, |D;(6/b,)| < n~'6%* for all ¢ > 3.
Clearly, |D1(0/b,)| < n|D(0/b,,)], as n — oo. Define
D4 (6/b,) =nD(6/b,) + D1(6/b,).
Note that

n~16%8 4 pl-a/Bpa ifg#1
D5(0/b,) < ’ ’
2(0/bn) {n‘1926 +nt"Y80log(n/0), ifq=1.
This together with (5.1) yields,
A(0/by)" = e 9% (1 — iegn' =50 + Dy(0/b,) + D5(6/by)),

where |D3(0/b,)| < n>1=1/862 To conclude, put E(6/b,) = Dy(0/b,) + D3(0/b,). B

A useful consequence of the above result is

Corollary 5.4 Choose € > 0 such that \(0) is well defined for 0 € (0,¢). Then
ebpn
/ 07 \O/b) — e df = d'(n),
0

13



where

O(n'~1/%), if Be(1/2,1), ¢>1,
d'(n) =< On'Blogn) +n"), ifBe€(0,1), ¢=1,
O(n'~9/8), if B€(0,1), ¢ <1.

Proof Define dg = Re(Cjs). By Proposition 5.3 with 8 > 1/2 and ¢ > 1,

ebn, eby,
/ 0~ N(O/by,) — e | db < n' VP / e %% dp
0 0
ebn,
+nt / e‘dﬁ(’w(@zﬁ_1 + 6971 db.
0
Clearly, for any p > f — 1 and all n > 1,
ebn, 1 1 (ebp)1/B
/ e~ 40" gr 4o = / e B0 dp + = / e gPHD/A-1 g
0 0 B
< / e 7o P o = constant.
1

Hence, fOEb" 0~ IN0/b,) — e~0?"| d) < n*~/P as desired. The estimate for the case

qg<1,5€(0,1) follows by a similar argument.
It remains to consider the case ¢ =1, 5 € (0,1). By Proposition 5.3,

ebn, eby, eby,
/ 0-1A(0/b,) — e~ | df < 17! / e~ 251 4 4 p1-1/8 / e=45 log(n/0) df
0 0 0
ebn,
<t [ e dog(n0) do.
0
By Potter’s bounds (see [1]), for any § > 0,
ebn, 5 ebn, 5
/ e~ %% log(n/6) do = logn/ e~ %% log(n /) (logn)~"' df
0 0
ebn,
< logn/ e (670 4 %) do.
0
Hence, n'~1/# fOEb" e~ log(n/0) dd < n'~Y/Plogn, providing the required esti-

mate. [ |

We can now complete the
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Proof of Lemma 5.1 By the smoothness inequality for characteristic functions
(see, for instance, [3]), for any € > 0,

ebn, . )
|y (b ' < a) = P(Z5 < a)| < / O~ B(e o) — B(e27)[d + O (b, ).
0

Let d(n) be defined as in the statement of Lemma 5.1. Clearly, for all 8 € (0,1), b,! <
n~Y% < d(n). Hence, the result will follow once we show that fogb" 01| E (e on) —
E(e25)] df < d(n).

Choose € > 0 such that \(z) is well defined for 2 € DN B.(1). Let P(z) : B — B
denote the family of spectral projections associated with A(z) with P(1) = P. Hence,
P)(y) = [y vdp.

By (H2), we can write R(z) = A(2)P(z) + Q(2), where (z) is an operator on
B whose spectrum is contained in a disk of radius strictly less than 1. Hence, for
alln > 1 and for all z € DN B(1) , ||Q(2)"| decays exponentially fast in n. Thus,
|R(2)" — A(2)"P(2)| < 7 for some 7 € (0,1). Also, (H1) together with pu(p >
n) < n~? implies that ||P(8) — P|| < 6° (see, for instance, [I 1, Proposition 2.7]).
Therefore there exists 7 € (0,1) such that ||R(6)" — XN0)"P|| < |[[NO)"G()| + 17,
where ||G(6)| < 6°. This together with b, < n~'/# implies that for all § € (0, eb,,)
and n sufficiently large,

E(ewb;l%) = / e0en/bn qpy = / R™(en/%) dp = N0 /b,)™ + F(6/by), (5.2)
Y Y
where
F(O/52)] < O/ [ GlO/b) du < 7 6% N6 /b))
Y

By Proposition 5.3, A(0/b,)" = e~ %%"1 + E(n), where E(n) — 0, as n — co. Hence,
|F(0/by)| < n~'0Pe % with ds = Re(cs).

Recall that for f € (0,1), Z5 is a random variable with characteristic func-

tion E(e?Zs) = ¢~ Equation (5.2) together with the fact that ||[F(6/b,)| <
n=108e¢=4% implies that

ebn B _ ebn, _
/ 9_1|E(ewb”1“”")—E(e’ozﬂ)\d9<</ 0~ INO)" — E(e%7)] do
0 0
ebn,
+n! / )
0
By Corollary 5.4, we find fOEb" 0L NO)" — E(e%¢)|dd < d'(n). Clearly,

n1 fod)” e~ 9P~ g <« ! Jo e do < n~'. To conclude, put d(n) = d'(n)+1/n. 8
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