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Abstract

An expansion of large deviation probabilities for martingales is given, which extends the classical
result due to Cramér to the case of martingale differences satisfying the conditional Bernstein
condition. The upper bound of the range of validity and the remainder of our expansion is
the same as in the Cramér result and therefore are optimal. Our result implies a moderate
deviation principle for martingales.
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1. Introduction

Consider a sequence of independent and identically distributed (i.i.d.) centered real random
variables &, ..., &, satisfying Cramér’s condition E exp{cy|&1|} < oo, for some constant c¢q > 0.
Denote 02 = E& and X, = > | &. In 1938, Cramér [5] established an asymptotic expansion
of the probabilities of large deviations of X,,, based on the powerful technique of conjugate

distributions (see also Esscher [8]). The results of Cramér imply that, uniformly in 1 < x =
o(n'/?),

P(X, > s
( roy/n) = O<x—> as n — 0o, (1)
1 — &(x) Vvn
where ®(z) = \/%7 J° exp{—t?/2}dt is the standard normal distribution. Various large de-
viation expansions for sums of independent random variables have been obtained by many
authors, see for instance Feller [10], Petrov [22], Rubin and Sethuraman [27], Statulevicius [29],

Saulis and Statulevicius [28] and Bentkus and Rackauskas [1]. We refer to the book of Petrov
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[23] and the references therein for a detailed account. Despite the fact that the case of sums of
independent random variables is well studied, there are only a few results on expansions of type
(1) for martingales: see Bose [3, 4], Rackauskas [24, 25, 26], Grama [13, 14] and Grama and
Haeusler [15, 16]. It is also worth noting that limit theorems for large and moderate deviation
principle for martingales have been proved by several authors, see e.g. Liptser and Pukhalskii
[21], Gulinsky and Veretennikov [17], Gulinsky, Liptser and Lototskii [18], Gao [12], Dembo
(6], Worms [30] and Djellout [7]. However, these theorems are less precise than large deviation
expansions of type (1).

Let (&, Fi)io...n be a sequence of square integrable martingale differences defined on a
probability space (2, F,P), where £ = 0 and {0,Q} = Fy C ... C F, € F. Denote X,, =
>, &. Assume that there exist absolute constants H > 0 and N > 0 such that max; |§;| < H
and > | E(&2|Fi—1) — n] < N2 Here and hereafter, the equalities and inequalities between
random variables are understood in the P-almost sure sense. From the results in Grama and
Haeusler [15], it follows that, for any constant o > 0 and a/logn <z =o (nl/ﬁ) ,

3

P (X, > xy/n) x
-3 :1+O<(H+N)%> (2)
and, for any 0 < z = O (y/logn),
ij;a\)/ﬁ) —1+0((H + M) +x)1‘\)/gﬁ”) (3)

as n — oo (se also [14, 16] for more results in the last range). In this paper we extend
the expansions (2) and (3) to the case of martingale differences (&;, F;)i—o.. . satisfying the
conditional Bernstein condition,

.....

1
IE(&FFioy)| < §k!H’f—2E(5§|ﬂ_1), for k>3 and 1<i<n, (4)

where H is a positive absolute constant. Note that in the i.i.d. case Bernstein’s condition (4) is
equivalent to Cramér’s condition (see Section 8) and therefore (2) implies Cramér’s expansion
(1). It is worth stressing that the remainder in expansion (2) is of the same order as that in
(1) in the stated range and therefore cannot be improved. As to the remainder in (3), from the
rate of convergence result in Bolthausen [2] we conclude that it is also optimal.

Another objective of the paper is to find an asymptotic expansion of large deviation for
martingales in a wider range than that of (2). From Theorems 2.1 and 2.2 of the paper it
follows that, for any constant a > 0 and ay/logn < z = o (n'/?),

P(X, > 3

lo ( v/n) = O(I—> as n — oo. (5)
1—®(x) N

This improves the corresponding result in [15] where (5) has been established only in the range

r € [av/logn, an'/4] for some absolute constant a; > 0. The upper bound of the range and
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the remainder in expansion (5) cannot be improved since they are of the same order as in the
Cramér’s expansion (1).

The idea behind our approach is similar to that of Cramér for independent random variables
with corresponding adaptations to the martingale case. We make use of the conjugate multi-
plicative martingale for changing the probability measure as proposed in Grama and Haeusler
[15] (see also [9]). However, we refine [15] in two aspects. First, we relax the boundedness
condition |¢;| < L, replacing it by Bernstein’s condition (4). Secondly, we establish upper and
lower bounds for the large deviation probabilities in the range z € [0, a;n'/?) thus enlarging
the range © € [0, a1n'/4] established in [15]. In the proof we make use of a rate of conver-
gence result for martingales under the conjugate measure. It is established under the Bernstein
condition (4), unlike [15] where it is established only for bounded martingale differences. As
a consequence, we improve the result on the rate of convergence in the central limit theorem
(CLT) due to Bolthausen [2] (see Theorem 3.1 below).

The paper is organized as follows. Our main results are stated and discussedin in Section
2. A rate of convergence in the CLT for martingales is given in Section 3. Section 4 contains
auxiliary assertions used in the proofs of the main results. Proofs are deferred to Sections 5, 6
and 7. We clarify the relations among the conditions of Bernstein, Cramér and Sakhanenko in
Section 8.

Throughout the paper, ¢ and c,, probably supplied with some indices, denote respectively
a generic positive absolute constant and a generic positive constant depending only on a.
Moreover, 6;’s stand for values satisfying [6;| < 1.

2. Main results

2.1. Main theorems
Assume that we are given a sequence of martingale differences (&;, F;)i—o.. n, defined on

some probability space (2, F,PP), where § = 0, {0,Q} = Fy C ... C F, C F are increasing
o-fields and (&;)i=1,..., are allowed to depend on n. Set

k
Xo=0, Xpe=)» & k=1..n (6)
i=1
Let (X) be the quadratic characteristic of the martingale X = (Xj, Fi)k=o,..n :
k
(X)g=0,  (X), =) EEF), k=1..n (7)

i=1
In the sequel we shall use the following conditions:

A1) There exists a number € € (0, ] such that
(

» 3]

1
IE(&F| Fiy)| < 5/@!6’“21@(53@,1), for k>3 and 1<i<mn;



(A2) There exists a number d € [0, 3] such that [(X), — 1| < 62

Note that in the case of normalized sums of i.i.d. random variables conditions (Al) and
(A2) are satisfied with € = #ﬁ and § = 0 (see conditions (A1") and (A2') below). In the case
of martingales € and ¢ usually depend on n such that ¢ =¢, — 0 and § = 9,, — 0.

The following two theorems give upper and lower bounds for large deviation probabilities.

Theorem 2.1. Assume conditions (A1) and (A2). Then, for any constant o € (0,1) and all
0<z<ae?l, wehave

% < exp {ca (x% + x2(52> } ( L+ ca (1+2) (e |loge| + 5)> (8)
" % < exp {ca<x3€+x252>}(1+0a(1+x) (€ [log €] +5))v 9)

where the constant ¢, does not depend on (&, F)i=o....n, 1 and x.

77777

Theorem 2.2. Assume conditions (A1) and (A2). Then there is an absolute constant oy > 0
such that, for all0 <z < age ! and 6 < o,

Ii(fﬂq)?j)) > exp { _ Ca0<x3€ 425 ¢ (1+z) (e|loge| + ) ) } (10)
and

where the constants ag and cq, do not depend on (&, F;)i=o...n, 7 and x.

Using the inequality |e” — 1| < e*|z| valid for |z| < a, from Theorems 2.1 and 2.2, we obtain

the following improvement of the main result of [15].

Corollary 2.1. Assume conditions (A1) and (A2). Then there is an absolute constant ag > 0
such that, for all 0 < x < ap min{(e|loge|)~!, 571},

% = exp{fico,2°c} ( 1+ 6y¢a, (1 + ) (e [log €| + 6)) (12)
and

P(X, < —x) 5

o~ ot (1 Oy (1 + 2)(e loge] +9) ) (13)

where ¢, does not depend on n,x but 0; possibly depend on (&, F;)i=o...n, N and x.

.....

For bounded martingale differences |¢;| < € under condition (A2), Grama and Haeusler [15]
proved the asymptotic expansions (12) and (13) for x € [0, a; min{e~*/2,67'}] and some small
absolute constant a; € (0, g]. Thus Corollary 2.1 extends the asymptotic expansions of [15] to
a larger range x € [0, ap min{(e|loge|)™*,671}) and non bounded martingale differences.
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2.2. Remarks on the main theorems

Combining the inequalities (8) and (10), we conclude that under (A1) and (A2) there is an
absolute constant oy > 0 such that, for all 0 < z < age™! and § < ay,

P(X, > x)

|
T 79 (a)

< Cayp <x3e + 2252 + (1 + 2) (e|log €| + ) ) (14)

We show that this result can be regarded as a refinement of the moderate deviation principle
(MDP) in the framework where (A1) and (A2) hold. Assume that (A1) and (A2) are satisfied
with e =¢, -+ 0 and 6 =4, — 0 as n — oco. Let a, be any sequence of real numbers satisfying
a, — oo and a,€, — 0 as n — oo. Then inequality (14) implies the MDP for (X,,),>1 with the
speed a,, and rate function x?/2. Indeed, using the inequalities

1 e /2 <1—9(x) < ;6_”2/2 x>0,

V21 (1 4+ z) ~ V(1 + ) ’

we deduce that, for any x > 0,

1 2
lim — logP(X,, > a,x) = -

n—00 a% 2
By a similar argument, we also have, for any x > 0,
1 z?
lim — logP(X — =——.
nl—{{olo CL% o8 ( " < Clnx) 2

The last two equalities are equivalent to the statement that: for each Borel set B,

2 1 1
o T o i L 1
tlergo 7 = hﬁﬂgif a2 log P ( an € B)
1 1 2
< limsup — logP (—Xn € B) < —inf l ,
n—oo Oy Qn, teB
where B° and B denote the interior and the closure of B respectively, see Lemma 4.4 of [20].
Similar results can be found in Gao [12] for the martingale differences satisfying the conditional
Cramér condition ||E(exp{co|&|}HFi—1)||eo < 00.
To show that our results are sharp, assume that & = n;/\/n, where (1;, F;)i=1
sequence of martingale differences satisfying the following conditions:

.....

(A1) (Bernstein’s condition) There exists a positive absolute constant H such that

1
[E(nf|Fizr)| < 5/@![{’6*21@(77315,1), for k>3 and 1<i<n;

(A2') There exists an absolute constant N > 0 such that |>_"" | E(n?|Fi—1) — n| < N2
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These conditions are satisfied with some H > 0 and N = 0 if, for instance, 11,79, ..., n, are i.i.d.
random variables with finite exponential moments (see Section 8 for an explicit expression of
the positive absolute constant H).

Corollary 2.2. Assume conditions (A1') and (A2'). Then there is an absolute constant cg > 0
such that for any absolute constant ay > 0 and all ay+/logn < x < asn'/?, we have

PQoim >2vn) _ ((H+ N)x_?’) (15)

log

- (2) Vi
and
log P(Zi_;ng;)— W) _ ((H + N)%) (16)
as n — oQ.

It is worth noting that the remainders of the expansions (15) and (16) are of the same order
as in (1) and therefore are optimal.

Corollary 2.3. Assume conditions (A1) and (A2 ). Then, for all 0 < z = O (y/logn),

PO oiimi>xyn) - logn
- () —1—|—O<(H—|—N)(1—|— >\/ﬁ) (17)
and
PO imi < —xvn) logn
& (=) —1+O((H+N)(1+ ) \/ﬁ) (18)
as n — o0.

Notice that (17) extends expansion (3) proved in Grama and Haeusler [15] to the case of
martingale differences satisfying the conditional Bernstein condition (A1’). The Remark 2.1 of
[15] and the sharp rate of convergence in the CLT due to Bolthausen [2] hint that the remainders
of the expansions (17) and (18) are sharp.

Corollary 2.4. Assume conditions (A1') and (A2'). Then, for any absolute constant o > 0

and ar/logn <z =o0 (n1/6) )

P35 m > ay/n) a’
e _1+O<(H+N)ﬁ) (19)
and
P(Z?:l n;i < —x\/n) B z®
- 14 O((H + N)%> (20)
as n — Q.

The remainders of the expansions (19) and (20) are of the same order as in (1) in the stated
range and therefore cannot be improved.

Remark 2.1. The results formulated above are proved under Bernstein’s condition (A1'). But
they are also valid under some equivalent conditions which are stated in Section 8.



3. Rates of convergence in the CLT

k A&
€
i=1

7

For each k = 1, ..., n, the random variable Z; () defines a probability density on (2, F,P). This
allows us to introduce, for |A| < €', the conjugate probability measure Py on (€, F) defined by

dPy = Z,(\)dP. (21)
Denote by E, the expectation with respect to Py. For all ¢ =1,...,n, let
mi(A) = & — bi(A) and bi(A) = Ex(&|Fim1)-
We thus obtain the well-known semimartingale decomposition:
Xk = Yi(A) + Be(N), k=1, ..n, (22)
where Y (A) = (Yi(N), Fi)r=1

n 18 the conjugate martingale defined as

-----

Vi(A) = me’ k=1,..n, (23)

and B(A) = (Bg(A), Fr)k=1,..n is the drift process defined as

-----

In the proofs of Theorems 2.1 and 2.2, we make use of the following assertion, which gives us
a rate of convergence in the central limit theorem for the conjugate martingale Y'(\) under the
probability measure Py.

Lemma 3.1. Assume conditions (A1) and (A2). Then, for all0 < X < e,
sup |PA(Y,(A) <z) — ®(x)| < c(Ae+e€lloge| +0).

If A =0, then Y,,(\) = X,, and P, = P. So Lemma 3.1 implies the following theorem.
Theorem 3.1. Assume conditions (A1) and (A2). Then
sup [P(X,, < ) — @ (2)] < c(e[loge] +). (24)



Remark 3.1. By inspecting the proof of Lemma 3.1, we can see that Theorem 3.1 holds true
when condition (A1) is replaced by the following weaker one:

(C1) There ezists a number € € (0, 3] depending on n such that
|E(&FFiy)| < " 2R(EHFily), fork=3,5and1<1i<n.

Remark 3.2. Bolthausen (see Theorem 2 of [2]) showed that if |&;]| < € and condition (A2)
holds, then
sup [P(X, <z)—®(2)| < e1 (*nlogn + ). (25)

We note that Theorem 3.1 implies Bolthausen’s inequality (25) under the less restrictive condi-
tion (A1). Indeed, by condition (A2), we have 3/4 < (X), < ne* and then € > /3/(4n). For
€ < 1/2, it is easy to see that e3nlogn > 3e|loge|/4. Thus, inequality (24) implies (25) with
c1 = 4c/3.

4. Auxiliary results

In this section, we establish some auxiliary lemmas which will be used in the proofs of
Theorems 2.1 and 2.2. We first prove upper bounds for the conditional moments.

Lemma 4.1. Assume condition (A1). Then
|E(&F|Fie1)| < 6KlF,  for k> 2,

and

E(1&["|Fio1) < kI PE(E|Fior),  for k> 2.
Proof. By Jensen’s inequality and condition (A1),
E(&F|Fi-1)? < E(g/[Fim) < 12¢°E(§[Fim),

from which we get
E(&2Fii1) < 126%

We obtain the first assertion. Again by condition (A1), for k > 3,
1
[B(&F 1 Fima)| < SR E(E] 1 Fima) < Gl

If k is even, the second assertion holds obviously. If & = 2l + 1, [ > 1, is odd, by Holder’s
inequality and condition (A1), it follows that

E (j&[""!1Fi) < E(l@lﬂs@-l”lm_l)s\/E(lem_l)la(53““%_1)

< %\/(21)!(21 IR Fy)
< (20 + V)R Fily).
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This completes the proof of Lemma 4.1. O
The following lemma establishes a two sided bound for the drift process B,,()\).

Lemma 4.2. Assume conditions (A1) and (A2). Then for any constant o € (0,1) and all
0< A< el

1B,(A) — A| < A6% 4 caN’e. (26)
Proof. By the relation between E and E, on F;, we have

E(&e | Fii1)
E(er | Fiq) '

Jensen’s inequality and E(&]|F;_;) = 0 imply that E(e*é
E(&e | Fimt) = B (&(e = 1)|Fimy) >0, for A >0,

by Taylor’s expansion for e*, we find that

bi()‘) =

1=1,...,n.

Fi—1) > 1. Since

B < iE(fieAfi F)
- ZE (X = 1)|Fi)

n oo f
= A3 B (S

=1 k=2

i ) | (27)

Using condition (A1), we obtain, for any constant o € (0,1) and all 0 < X\ < ace™?,

n  +oo n  +oo
S (MFR) < X EEEa g

i=1 k=2 i=1 k=2

+oo

< % (X ) 3k + 1) (A

k=2
< e Ne(X ). (28)

Using condition (A2), we get (X), < 2 and, for any constant a € (0,1) and all 0 < X\ < ave™,

(& A&i)*

n 4oo

D _[E

2

k=
Condition (A2) together with (27) and (29) imply the upper bound of B, ()): for any constant
€(0,1)and all 0 <\ < ae

Fi_ 1)‘ < 2c N (29)

=1

B,(A\) < A+ X682+ 2¢4 Ve

9



Using Lemma 4.1, we have, for any constant « € (0,1) and all 0 < XA < e,

S ()

+0o0
< 1+6 Z (Ae)
k=2

< T+era (o) (30)

E (e’\&

Fic1) <

This inequality together with condition (A2) and (29) imply the lower bound of B, ()\): for any
constant o € (0,1) and all 0 < XA < e !,

B, > (Z B(e fm) (141 <Ae>2)1
(oo B ) ()

=1 k=2

v

(/\ PV ca)\Qe) (1 +era ()\e)2> B
> A= A% — (2¢ + acra) N,

where the last line follows from the following inequality, for any constant a € (0,1) and all
0< A A<aet

A= A% =2, % > A= A% — (2¢q + acl,a))\Qe + clva)\?’eQ
> </\ — A% — (2¢q +acry) )\2e> (1 + cl7a()\e)2>.

The proof of Lemma 4.2 is finished. [l
Now, consider the predictable cumulant process W(A) = (Vi (N), Fi)k—o...n related with the

martingale X as follows:
k
=3 logE (¢
i=1

We establish a two sided bound for the process W(\).

77777

Fic1). (31)

Lemma 4.3. Assume conditions (A1) and (A2). Then, for any constant o € (0,1) and all
0< A< el
)\262

2

)\2

< e N+

10



Proof. Since E(§;|F;—1) = 0, it is easy to see that

n

T,(A) =) (log E (e

i=1

2

A2 A
Fiot) = NE(G1ir) = S EEF)) + 5 (X,

Using a two-term Taylor’s expansion of log(1 + z),x > 0, we obtain

-5 (), = 3 (B

=1

2
Fit) = 1= NB(G1Fr) - BN )

n

+ L ) Z (E(eAgi

2 (1+ 10] (B(e:|Fia) = 1)

Fi—1) > 1, we find that

n

<y

i=1

4o Z( (| F,

F) 1)

Since E(e*e

2
E(Fir) — 1~ MB(&IFiy) — S B(E|Fin)

1)

< 5 Yipetiz ¢ L z(z B 1>1>.
=1 k=3 =1 k=2

In the same way as in the proof of (28), using condition (A1) and the inequality E(&?|F;—;) <
12 €? (cf. Lemma 4.1), we have, for any constant o € (0,1) and all 0 <\ < ave™ !,

0 -2 (),

5 < e Ne(X) .

Combining this inequality with condition (A2), we get, for any constant o € (0,1) and all

0<A<ael,
2

V() - 5

2 52
2
which completes the proof of Lemma 4.3. 0

< 2¢ N3 +

5. Proof of Theorem 2.1

For 0 < z < 1, the assertion follows from Theorem 3.1. It remains to prove Theorem 2.1
for any a € (0,1) and all 1 < 2 < ae!. Changing the probability measure according to (21),
we have, for all 0 < A < €71,

]P)(Xn > $) = E)\ (Zn<)\)_l]—{Xn>z})
= E) (exp{—AX + U, (A\)} 1{x,50})
= E, (exp {—/\Yn(A) — )\Bn<)\) + \I/n()\)} 1{Yn(>\)+Bn(>\)>z}) . (32)

11



Let A = A(z) be the largest solution of the equation

A4 A2 4 coX%e =z,

(33)

where ¢, is given by inequality (26). The definition of X implies that there exist cq.9, a1 > 0

such that, for all 1 <z < ae !,

2

ca’oxSX: <z
V(1 +02)2 + deqae + 1+ 52

and B
A =1 — co1|0|(2%€ + 26°%) € [cap, e ]

From (32), using Lemmas 4.2, 4.3 and equality (33), we obtain, for all 1 <z < ae!

P(X, > x) < e%2 (X?’E*XZ‘SQ)*XQ/QE; (efxy”a)l{ynapo}) :
It is easy to see that
Ex (€_XY"(X)1{Yn(X>>o}> = / ) AePR(0 < Yo (X) < y)dy.

0

Similarly, for a standard gaussian random variable A/, we have

E (B_XN]_{N>0}) = /OO Xe_xyIP’(O <N <y)dy.

0

From (37) and (38), it follows

Ex (e M1 500y ) B (¢ M pvsa )| < 251 PV < 9) - @)

Using Lemma 3.1, we obtain the following bound: for all 1 < x < ave™ !,

‘EX (e’XY"(X)l{Yn(;bO}) —-E <e’XN1{N>0}> ‘ <c (XE + e|loge| +9) .
From (36) and (39) we find that, for all 1 <z < ae™ !,
P(X, > z) < 2 (N ern262)—22/2 (]E (efwl{/\bo}) +c (Xe + el|loge| + (5) )

Since 1 o
e (e M nsg) = Jon /0 T WV 2qy — 1 — @ ())

12
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and, for all A > ¢,

1 2 C 1 2
1-P(\)> = e ¥/ > 20 N2 41
(>_\0wﬂ+A) T V27(1 + cap) A )
1

(see Feller [11]), we obtain the following upper bound on tail probabilities: for all 1 <z < ae™ !,

P(X, > z)

Ca,2 (X36+A2(52) < 1 2 )
— 7 e + Cos3 (A e+ Xellogel + M) ). 42
1 d ()\) — 3 ( | g ‘ ) ( )

Next, we would like to compare 1 — ®(\) with 1 — ®(z). By (34), (35) and (41), we get

| < f;o exp{—t%/2}dt _ ff exp{—t%/2}dt
[ exp{—t?/2}dt [ exp{—t2/2}dt
< 14 cour(z — ) exp{(z* — XQ)/2}
< exp{cas (7 + 270%)}. (43)
So, we find that
1-®(X) = <1 — @(m)) exp {|01|cas (2 + 2°6%) } . (44)

Implementing (44) in (42) and using (34), we obtain, for all 1 <z < ae !,

P(X, > x)
1—®(x)

IN

exp{ca(z’e + 2%6%)} < 1+ cor (2%€ + zelloge| + x(S))

IN

exp{cas(e + 2%6%)} < 1+car x2€> ( 1+ corx(€e|loge| + 5))

< exp{cas(z’e + 226%)} < 1+ carx(€e|logel + 5)) :
Taking ¢, = max{c, 7, Cag}, we prove the first assertion of Theorem 2.1. The second assertion
follows from the first one applied to the martingale (—Xj)x=o,..n-

6. Proof of Theorem 2.2

For 0 < z < 1, the assertion follows from Theorem 3.1. It remains to prove Theorem 2.2
for 1 < x < ape™t, where oy > 0 is an absolute constant. Let A = A\(z) be the smallest solution

of the equation
A =A% — ¢y o\ =z, (45)

where ¢, is given by inequality (26). The definition of A implies that, for all 1 < z < 0.0101_/126*1,
it holds 9
r<A= < <2z (46)
1—462 + \/(1 — (52)2 — 401/2.CC6

13



and
A=z + colf|(z%e + 26%) € [1,0.02 61_/126_1]. (47)

From (32), using Lemmas 4.2, 4.3 and equality (45), we obtain, for all 1 < z < 0.0lcl_/zefl,
P(X, > x) > ¢ @ GHNDXRE, (W10, 0g)) . (48)

In the subsequent we distinguish two cases. First, let 1 < A < oy min{e="/2,§7'}, where
a1 > 0 is a small absolute constant whose value will be given later. Note that inequality (39)
can be established with A replaced by A, which, in turn, implies

P(X, >z)>e™@ (A3 A252)—\2/2 <IE (67M1{N>0}) — o (Ae + €|loge| + ) )

By (40) and (41), we obtain the following lower bound on tail probabilities:

% > e (Werd??) ( 1— ¢y (A% + Ae[loge| + A&)) : (49)
Taking a; = (8¢2)~!, we deduce that, for all 1 < A < ag min{e /2, 571},

1—cy (AQG + Ae|loge| + 35) > exp {—202 (326 + Ae |loge| + 35)} ) (50)
Implementing (50) in (49), we obtain

P(X, > x)

- 3 2 <2
=50 (mp{ q436+gqbgq+35+35)} (51)

which is valid for all 1 < )\ < o min{e/2, 671},
Next, we consider the case of a; min{e /2, 671} < A < ape ! and § < ag. Let K > 1 be an
absolute constant, whose exact value will be chosen later. It is easy to see that

EA(e—AYn@)l{YMM}) > Eé&@m@)1{0<YH(A)SK7})

>(¢M@@<m@§Kﬂ, (52)

where v = Ae + ¢|loge| + § < 4045/2, if ap < 1. From Lemma 3.1, we have

IEDA<0 <Y,(d) < K7>

v

P(O <N < Kv) —Cc5Y
Krye 872 — coy
<K6_8K2°‘° — c5> v.

AVARRVS

Taking oy = 1/(16K?), we find that

IP’A<O <Y,(\) < K7> > (%K - c5> v,

14



Letting K > 8cs, it follows that

2
IP’A<O <Y\ < Kfy) > gm > gf(max {i a2l

2
Choosing K = max {805, %} and taking into account that a; min{e /2, 671} < A < ape™!,

we deduce that

Py (0 < Vu(d) < Kv) 2

VTA
Since the inequality ﬁefv/ 2>1—®()\) is valid for A > 1 (see Feller [11]), it follows that,
for all oy min{e_l/Q, O <A< ape !

]PA(O <Y, < K7> > (1 P () )642/2. (53)

From (48), (52) and (53), we obtain

P(X, > x)

> _ 3 22
—1—‘I>(A) > exp{ cao,g(ge+Ae|loge|+A§+A§)} (54)

which is valid for all a; min{e /2 67} <\ < age .
Putting (51) and (54) together, we obtain, for all 1 <\ < apge™! and § < «y,

P(X, > x)

B 3 2 62
= a0 exp{ Ca0,7(A e+Ae|loge[—l—A(5—l—A§)}. (55)

As in the proof of Theorem 2.1, we now compare 1 —®(A) with 1 —®(z). By a similar argument
as in (43), we have

1-®()\) = (1 . @(@) exp {—[0]cs (e + 226%)} . (56)

Combining (46), (55) and (56), we obtain, for all 1 < z < apge™! and § < ay,

P(X, > z)

1o00) > exp { — Cags (2€ + ze|log €| 4+ xd + 2°0%) } (57)

which gives the first conclusion of Theorem 2.2. The second conclusion follows from the first
one applied to the martingale (—Xj)r=o . n- O
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7. Proof of Lemma 3.1

The proof of Lemma 3.1 is a refinement of Lemma 3.3 of Grama and Haeusler [15] where it
is assumed that |n;| < 2e, which is a particular case of condition (Al). Compared to the case
where 7; are bounded, the main challenge of our proof comes from the control of I; defined in
(64) below.

In this section, « denotes a positive absolute number satisfying a € (0, 1), ¥ denotes a real
number satisfying 0 < ¢ < 1, which is different from 6, and () denotes the density function
of the standard normal distribution. For the sake of simplicity, we also denote Y'()), Y, () and
n(\) by Y)Y, and 7, respectively. We want to obtain a rate of convergence in the central limit
theorem for the conjugate martingale Y = (Y, F)r=1.. n, where Yy = Zle n;. Denote the
quadratic characteristic of the conjugate martingale Y by (Y), = >, ., Ex(n?|Fi—1), and set
A(Y), = E\(ni|Fr—1) It is easy to see that, for k=1,....n -

AY), = By ((& = be(N)?|Fin)

B Fi)  E(Ge [ Fra)? (58)
 E(eMr| Fel) E(erk| Fr_1)?

Since E(e*i|F;_1) > 1 and |mg[F < 2871(|&]F + Ea(]&]] Fiz1)®), using condition (A1) and
Lemma 4.1, we obtain, for all k>3 and all 0 < \ < %6_1,

Ey (|77i|k|]:'—1)

2Ry (161" + Ea(|& ]| Fier) ¥ Fica)
2°Ey (|&:[*|Finr)

2'E (|§z|k eXP{|>\§i|}|‘7‘-i—1>
2"kle" K (& | Fimr)

VAN VAN VAN VAN

Using Taylor’s expansion for e* and Lemma 1, we have, for all 0 < A < 1 e,

E (&2 Fr_1) E(&ke | Fr_1)?
| E(ek|Fyq) E(eAk|Fy 1)

[A YD) = A(X), — B(&|Fr-1)| +

< |E(Ge | Fror) — B(ER|Fim1)E(X | Fry)|
+E(£k€>\£k‘fk 1)?
!
< ZHE €l+2|Fk 1 _—|—A kZUE gklfk 1)|;\|
)\l
(Z (& | Femt) >
< e A(X)y. (59)

Therefore,
(V) = 11 < [Y ) — (X)nl + [ X )0 — 1] < cAe(X), + 6%

16



Thus the martingale Y satisfies the following conditions (analogous to conditions (Al) and
(A2)): forall 0 < XA < 1el,

(B1) Ex(|mi|"|Fic1) < " ?E(&7|Fict), 5>k > 3;
(B2) |(Y), — 1] < che + ).

We first prove Lemma 3.1 for 1 < \ < e~!. Without loss of generality, we can assume that
1 <A< ie_l, otherwise we take ¢ > 4 in the assertion of the lemma. Set T = 1 + §% and
introduce a modification of the quadratic characteristic (X) as follows:

Vi = <X>k 1{k<n} + Tl{k:n}. (60)

Note that V; = 0, V,, = T  and that (Vj, Fi)k—o,...» is a predictable process. Set v = X\e+d, where
A€ [l,eh). Let ¢, > 4 be a “free” absolute constant, whose exact value will be chosen later.
Consider the non-increasing discrete time predictable process A, = 2> +T — Vi, k=1, ..., n.
For any fixed v € R and any « € R and y > 0, set for brevity,

Ou(z,y) = @ ((u—2)/Vy). (61)
In the proof we make use of the following two assertions, which can be found in Bolthausen’s
paper [2].
Lemma 7.1. [2] Let X and Y be random variables. Then

sup [P (X < u) — @ ()] < crsup [P (X +Y < u) — & ()| + s || (V2X)||/2.

Lemma 7.2. [2] Let G(x) be an integrable function of bounded variation, X be a random
variable and a, b > 0 are real numbers. Then

X
EG(%) <csup |P(X <u)— @ (u)| +cab.

Let Ne2,2 = N(0, c,y) be a normal random variable independent of Y;,. Using a well-known
smoothing procedure (which employs Lemma 7.1), we get
sup |[PA(Y, <u) — @(u)] < cpsup |[Ea®, (Y, An) — @(u)| + coy
' < s&p |Ex®, (Y, Ay) — Ex®, (Yo, Ao)|
+crsup [ExP. (Yo, Ag) — ®(u)] + cay
1 sgp |Ex®,(Ys, Ay) — Ex®, (Yo, Ao)|

u
+csup || —— | — ®(u)| +c¢
L8P (W) ()] +e2
S C1 Sup |E)\q)u(yna An) - E)\(I)u(}/(b AO)| + C37, (62)

17



where
E/\(Du(yna An) = ]P))\(Yn —|—ch72 < U) and E)\(I)u(YEhAO) = ]P))\(chfyz—i-T < 'LL)
By simple telescoping, we find that

Ex®,(Yn, Ay) — Ex®, (Y0, Ag) = Ey (q)u(yk, Ag) — (Vi1 Ak—l))-
=1

From this, taking into account that (n;, F;)i=o...» is a Py-martingale and that

-----

0? 0
—0 2—d,(z,y),
52 Dul,y) = 3y (z,9)
we obtain
E)\(Du<Yna An) - E)\q)u(}/()v AO) - Il + ]2 - I37 (63)
where

L = E,\Z( (Yi, Ag) — @0 (Y1, Ak)

_ 9 (Y1, Ap) _18_2(1) (Y1, Ap)np (64)
8x ul\Lk—1, Ak )Tk 9072 u\k-1 k)M )
L = —EAZ (Y, A (B (V) = A), (65)
0
Iy = EAZ( Vi1, Axa) — @U(Ykl,Aw—a—y@u(Yk1,Ak>AVk). (66)

We now give estimates of I, I, and I3. To shorten notations, set

Ty = (u— Yie1)/V/ Ar.

a) Control of I;. Using a three-term Taylor’s expansion, we have

~ 1 e\ 3
L=-EY —0¢ <Tk_1 - —) . (67)
k=1 6Ai/2 VA

In order to bound ¢”(-) we distinguish two cases as follows.
Case 1: |ni./v/Ag| < |Tk—1]/2. In this case, by the inequality ¢”(t) < (t)(1 + t?), it follows

" Vs Ui ) ( L ) ’
Tk — < Tk — 1 T — ———=
¢ (- 78| = o (U)o (5 U

< sup o(t)(1+1?)
[t—Th—1|<|TK—-1]/2

< @(Teor/2) (1 44T ).

18



Define g(t) = supy,_, <3 f1(2), where fi(t) = o(t/2)(1 + 4t). It is easy to see that gi(t) is a
symmetric integrable function of bounded variation, non-increasing in ¢ > 0. Therefore,

k1)
4 (T’f ' F)‘l{m/\mmﬂn w2} < 9lTi). (68)

Case 2: |ng// Ar| > |Tk—-1|/2. Since |¢"(t)| < 2, it follows that

Ty — Dk 1 Loy (69)
LA i vamsmee} < 2 { i< T2 A, (Teal22)
Now we bound the conditional expectation of |n;|¥. Using condition (B1), we have
Ex(ml’| Fr-1) < ceA(X) and Ex(jm]’|Fi-1) < e A(X)y,

where A(X), = (X)r — (X)x_1. From the definition of the process V (see (60)), it follows that
A(X), <AV, =V — Vi,

E)\<|T]k|3|]:k_1) S CAV]CE and E)\(|T]k|5|]:k_1) S CAV}C 63. (70)

Thus, from (68), we obtain

" Uk
Ex (‘90 (Tkz—l - \/k——k) 771@‘ {ime/vARI<IT 12} [T - 1> < s g1(Ti—1)AVy €. (71)

From (69), by (70) and the inequality 2—1 > ¢, 2, we find

Vi
i
E, < (Tkl — /—> Uk‘ I/ VA>T 112}

where ga(t) = 2¢(1{<ay + 45 Lqg>2y). Set G(t) = ca91(t) + g2(t). Then G(t) is a symmetric
integrable function of bounded variation, non-increasing in ¢ > 0. Returning to (67), by (71)
and (72), we get

fk 1) <g2(Tk 1)AVke (72)

~ 1 Ul \ 3 )
L) <Ey | —E Tpy — ‘]—"_ < J. 73
i< B | 32t (|9 (o= ) 7 )| <4 )
where
"1
Jl = CEE/\ E T/QG (Tk—l) A% . (74)
k:lAk

Let us introduce the time change 7; as follows: for any real ¢ € [0, 77,

7 =min{k <n:Vy >t}, where min() =n. (75)
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It is clear that, for any ¢ € [0, 7], the stopping time 7, is predictable. Let (o )k=1,..,
increasing sequence of moments when the increasing stepwise function 7, t € [0, 7], has jumps.
It is clear that AV}, = f dt and that k = 7, for t € [0y, 0k41). Since 7 = n, we have

b
[0k:0k+1)

n

1
S memaak = [ nam
0k0k+1

k=1 “"k

1
_ /0 7 G (L)t

Tt

Set, for brevity, a; = ¢2y* + T — t. Since AV;, < 1242, we see that
t<V, SV + AV, <t+129%, te[0,T]. (76)

Taking into account that ¢, > 4, we have
1
Zat SATt 26372+T_‘/7't Satv te [OvT] (77>

Since G(z) is symmetric and is non-increasing in z > 0, the last bound implies that

T 1 Yr
Ji < ce/ wE E\G Tl dt. (78)
0

By Lemma 7.2, it is easy to see that

u— Y
E\G| —— ) <¢ sup|]P’)\( o1 < z2) — P(2)] + con/ay. (79)
1/2

Since V,,_1 =V, — AV,,, V,, >t (cf. (76)) and AV, < 12+?, we get

Vi = Vo1 SV = Vo, + AV, <129+ T — t < . (80)
Thus
Ex (Yo = Yr1)?|Fro1) = (Z E(mi| Fr1) | Fr, - 1)
k=Tt
< cE, (i A(X 1>
k=
= cBx ((X), = (X),,_1 [Fra)

CEx (Vi — Vit | Frt)

CQy.
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Then, by Lemma 7.1, we find that, for any ¢ € [0, 7T,
sup IPr(Y—1 < z2) — ®(2)] < g sup |Pa(Y, < 2) — @(2)| + cav/ay. (81)

From (78), (79) and (81), we obtain

Tt Tdt
Ji<cre i 3/2 sup|IP>,\(Y <2)—P(2)|+ o€ i e (82)
By elementary computations, we see that (since A > 1)
T T
dt dt
/ =7 < . < ¢ and / — < c|loge|. (83)
0 a CsAE T Cy€ 0 G
Then c
L] < Jp < —sup IP(Y, < z)— ®(2)|+ c2e|loge]. (84)

b) Control of I. Set G(z) = SUp|, <2 ¥ (2 +v), where 9(2) = p(2)(1 + 22)3/2 Then G(z) is
a symmetric integrable function of bounded variation, non-increasing in ¢ > 0. Since AA; =
—AVy, we have |Iy| < Iy + I, where

I, = AZ |<P (Th—1 (A%—A(X)kﬂ,
by = EAZM ' (Tit) (A (V) = A

We first deal with I5;. Since |¢'(2)] < ¥(z) < G(z), for any real z, we have

¢/ (Ti1)| < G (Tia). (85)

Note that 0 < AV, — A (X), <20°1y—,y, A, = ¢2y* and ¢, > 4. Then, using (85), we get the
estimations

I, < ? EAG (T},_1),

*

and, by (79) with G = G and (81) with ¢ = T,

&
[I21] < C—ISUP PA(Y, < 2) — @(2)] + 2.

*

We next consider I5. By (59), we easily obtain the bound

IA(Y), — A(X),| < cAeA (X), < AeAV,.
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With this bound, we get
“ 1
’[272‘ < clelEy ; 2—14]6 |90/ (Tk—l)’ AV

Since |¢/(2)| < ¥(z) < G(2), the right-hand side can be bounded exactly in the same way as
Jy in (74), with Ay replacing Aiﬂ. What we get is (cf. (82))

Tdt Tt
ol Sede [ —sup[Py(Vy < 2) = 0(2)] +e2de | 5
By elementary computations, we see that
/T dt _ /T dt  _
4 > = Gy,
o o " Jo VT —t
and, taking into account that a; > 24?2,
T dt c T at Co
— < 1/2 S :
0 @ GAeJy g NG
Then c
5] < C—l sup |P5(Y, < 2) — ®(2)] + c2Ae.
Collecting the bounds for I5; and I, we get
c
|| <~ sup [PA(Y, < 2) = @(2)| + 2. (86)

* z

c) Control of I3. By Taylor’s expansion,

n

1 1 u — Yk—l
I; =< E " AAZ.
37 g Z (A — 19kAAk)2(p <\/Ak - ﬁkAAk) g

k=1

Since |AAL| = AV, <1292 and ¢, > 4, we have
Ak S Ak — 19kAAk S 6372 + T— ‘/k + 12’72 S 2Ak (87)
Using (87) and the inequalities |¢"(2)| < ¥(z) < G(2), we obtain

~ 1 ~ (T
|I3] < c°E —G( )AV.
3 )\; A% \/5 k
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Proceeding in the same way as for estimating J; in (74), we get

C
|15] < C—lsup IPA(Y, < z) — ®(2)| + 2. (88)

*

We are now in a position to end the proof of Lemma 3.1. From (63), using (84), (86) and
(88), we find

c
|Ex®,(Yn, Ay) — Ex®, (Y0, Ag)| < c_l sup [PA(Y, < 2) — ®(2)] + ca(Ae + € |loge| 4 6).
Implementing the last bound in (62), we come to

sup [PA(Y, < 2) — ®(2)] < Lsup [Pa(Y, < 2) — ®(2)] + ca(Ne + € [log e + 6),
z C

* z

from which, choosing ¢, = max{2c;, 4}, we get
sup [Py(Y, < 2) — ®(2)| < 2ca(Ae + € [loge| + 9), (89)

which proves Lemma 3.1 for 1 < A < e L.
For 0 < A < 1, we can prove Lemma 3.1 similarly by taking v = ¢|loge| + 6. We only need

to note that in this case, instead of (83),

T dt c T at
/ 53 S and / — < c|loge|. (90)
0 0 M

a co€| Ine|

8. Equivalent conditions

In the following we give several equivalent conditions to the Bernstein condition (A1"). In
the independent case equivalent conditions can be found in Saulis and Statulevicius [28]. For
the convenience of the readers and motivated by the fact that in [28] the conditions are rather
different from those used here, we decided to include independent proofs.

Proposition 8.1. The following three conditions are equivalent:
(I) Bernstein’s condition (A1').
(IT) (Sakhanenko’s condition) There ezists some positive absolute constant K such that

KE(|n;|* exp{K|n:|}| Fic1) < E(m?|Fi1), forl1<i<n.

(IIT) There exists some positive absolute constant p such that

1
E(|mi|*|Fi1) < ék!pk_ZE(nﬂ]:i_l), fork>3 and 1<i<n.
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Proof. First we prove that (I) implies (II). Let ¢ € (0,1). By condition (I) and Lemma 4.1,
we find that

—1 e tH_lk
Bt F ) = 3 S ppF )

k!
k=0
o 2f]_[—lk
< U s e p )
k=0
2 — (E+3)!
< HEW|Fie) Y =yt
k=0
= fOHE®|Fir). (91)

Since g(t) = tf(t) is a continuous function in [0, 5] and satisfies g(0) = 0 and g(5) > 3, there
exists to € (0, 5) such that g(to) = 1. Taking K = toH ', we obtain condition (II) from (91).

Next we show that (II) implies (III). By the elementary inequality z* < k!e®, for k > 0 and
x > 0, it follows that, for k£ > 3,

E(jmil*|Fie1) = E(nl K>~ K| Fio)
< (k= 3)L KP E(|n|* exp{| Kn: [} Fi-a)-
Using condition (II), for k& > 3,
1
E(|mil*|Fi-1) < (k = 3)N K* *E(n}| Fi-1) < §k!:0k_2]E(77¢2|}—z‘—1)7
where p = +, which proves condition (III).
It is obvious that (III) implies (I) with H = p. O

Proposition 8.2. If ny,...,n, are i.i.d., then Bernstein’s condition, Cramér’s condition and
Sakhanenko’s condition are all equivalent.

Proof. According to Theorem 8.1, we only need to prove that Cramér’s condition and Bern-
stein’s condition are equivalent. We can assume that, a.s., n; # 0.
First, from (30), we find that Bernstein’s condition (A1’) implies Cramér’s condition:

L1
Eezf™ M < .

Second, we show that Cramér’s condition, i.e. Ee‘ ml = c1 < oo, implies Bernstein’s
condition (A1’). By the inequality z* < k!e®, for k > 0 and x > 0, it follows that

Enf| < CSElcglm\k < k! C’S Eeco ml — k‘!clg 1.
Then, it is easy to see that, for k > 3,

2
2cicq

1 1
[Ent] < 5 Kl =5~ Enp < 5 kL H"Er,

o2

where 02 = En? and H = max {co, 26(;%201 }, which proves that condition (A1’) is satisfied. [
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