A BERRY-ESSEEN BOUND FOR M-ESTIMATORS

V. BENTKUS M.BLOZNELIS F.GOTZE

Abstract. We prove a Berry—Esseen bound for general M-estimators under optimal
regularity conditions on the score function and the underlying distribution. As an
application we obtain Berry-Esseen bounds for the sample median, the L,-median,
p > 1 and Huber’s estimator of location.

1. INTRODUCTION AND MAIN RESULTS

Let X denote a random variable taking values in a measurable space (X, F) with
distribution F'. For an open subset T of R, let f : X XxT' — R be a jointly measurable
function. Let X4,..., Xy be independent observations drawn from the distribution
F. A random variable ¢ty = tn (X1, ..., Xn) which minimizes the function

Qn(t)=N"" Zf(Xi,t)

is called M-estimator. If E |f(X, t)‘ < o0, for t € T, and the function t — E f(X,t)
has a unique minimum point, say tg, then t5 may be used as an estimator of tg.

The usual requirement for ¢, is that it estimates g € T' consistently. Furthermore,
under certain conditions N/2(ty — tg) is asymptotically normal, see Huber (1964),
Serfling (1980). For recent advances concerning the asymptotic normality we refer to
Pollard (1984, 1985) and Hoffmann-Jorgensen (1994).

Our aim is to establish a general Berry-Esseen bound for the statistics
N'/2(tx — to) under minimal regularity conditions on the the score function f(z,t).
Hence we shall estimate

Ay = 2161]% ‘P{Nl/Q(tN —t9)/b < u} — (I)(u)‘,
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where ® denotes the standard normal distribution function and b is a scale parameter
defined in (1.3) below.

Any M-estimator ty = ty(X7,...,Xn) is a symmetric function of its arguments
X1, ..., Xn, ie., it is a symmetric statistic. Berry—Esseen bounds for general sym-
metric statistics were obtained by van Zwet (1984), Friedrich (1988) and Bolthausen
Gotze and (1993). These results are applicable (see van Zwet (1984) and Bentkus
Gotze and van Zwet (1994)) to a wide class of statistics. They apply to M-estimators
if the score function f is sufficiently smooth since in this case an explicit approximate
solution of the minimization problem is available. However, in a number of important
examples the score function is not sufficiently smooth and direct proofs are needed.

Berry—Esseen bounds for M- and related (maximum likelihood, minimum contrast)
estimators were considered by Linnik and Mitrofanova (1963), Michel and Pfanzagl
(1971), Pfanzagl (1971), Chibisov (1972), Bickel (1974), Matsuda (1983), Radavicius
(1990), Paulauskas (1995), etc. Pfanzagl (1971) obtained the bound Ay = O(N~1/2)
for a minimum contrast estimator in the case where the score function is twice dif-

ferentiable in ¢ and the second derivative f”(z,t) = % f(z,t) satisfies Lipschitz

condition. In particular cases the smoothness condition on the score function were
relaxed in Matsuda (1983) and Radavic¢ius (1990). Matsuda (1983) considered the
maximum likelihood (ML) estimator of the shift parameter of a density function and
obtained an estimate of Ay assuming that the score function is two times differen-
tiable. Radavicius (1990) obtained the bound Ay = O(N~'/2) for a ML estimator
in the case where the score function f(z,t) is differentiable and convex in ¢ and the

derivative f'(z,t) = 5 (z,t) satisfies a Lipschitz condition.
We prove a Berry—Esseen bound for general M-estimators. To formulate the result

we need notations related to smoothness, (asymptotic) convexity and consistency.
Smoothness. Let there exist a neighborhood, say

V = (to—é,to—f—é) cT,
of tg such that, for any t € V,
f(x,t) = lirr%)(f(x,t +7) = f(z,t)) /7 exists, (1.1)

for F-almost all x € X. In other words, for any ¢t € V, there is a set Uy C X of
F—measure zero such that, for all = ¢ Uy, f'(z,t) exists.
Introduce the mean values

Lit):=Ef(X,t) and  Ly(t):=E(f'(X,1)>
and assume that the function L, is differentiable, Ly is continuous at the point g,

Ll(to) =0, Lll (to) >0 and L2(t0) > 0.
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Furthermore, we require
L1 (t) = L (to) - (t —to)| < Clt —to['**,  |La(t) — La(to)| < DIt —tol”, (1.2)

for t € V, with some a >0, >0 and C >0, D > 0.
We shall denote

a = L) (ty), o2 := Ly(ty) and b=o/a. (1.3)

The sample median may serve as an illustration for the smoothness condition
(1.1). Assume that X = R, that f(z,t) = |z —t|, and that a continuous distribution
function F' has a unique median, say tg. Then ty is the sample median and it is a
consistent estimator of ¢y3. For any given x, the function f(z,t) is not differentiable
in t. Nevertheless f satisfies (1.1) with the exceptional (one point) set U; = {t}.
Condition (1.2) is satisfied if, for ¢ € V', the distribution F' has a density, say p, and
p(t) — p(to) = O(|t — to|*) as t — to.

Conwvezity. There exist § > 0 and B > 0 such that

P{QN(t) is convex on (tg — d,tg + 5)} >1—-BN~Y2 (1.4)

In minimization problems the convexity is a natural requirement and this property
of @ is sufficient for all our applications. In a number of interesting examples such
as Huber’s robust estimator of location, the sample median, the L,-median, p > 1,
the function QQn is merely convex. Moreover, the law of large numbers yields the
asymptotic convexity of Qu in the case considered by Pfanzagl (1971) as well.

Consistency. Let, for some § > 0 and A > 0,

P{|tx —to| >0} < ANV (1.5)

Assumptions (1.4) and (1.5) allow to reduce the problem to a purely convex case.
Indeed, the probability in (1.5) and BN~'/2 in (1.4) are of the same order as the
remainder term in the Berry-Esseen bound and hence may be neglected. In many
interesting cases the consistency condition (1.5) holds for 6 = c¢4/In N/N) with a
sufficiently large constant ¢ = ¢(f, F'). Our results are applicable in these cases and
for our purposes it suffices to choose the parameter § in (1.4) of the same order.

Denote

By = Sup{ﬁg(t) |t —to] < 6b\/1nN/N}, where f5(t) = E|f/(X,1)]".
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Theorem 1.1. Suppose that (1.1), (1.2), (1.4) and (1.5) are satisfied with some
d >6b+/InN/N, some A, B, C, D, and with o = 3 = 1.

Then
Apn = sup ‘P{b_1 NY2(tn —tg) < u} — @(u))
u€ER
<eN"Y2(A+ B+ B3/0® +a b C +bDo?), (1.6)

for N satisfying

—212 2 —412 12
= Zc(a bB2C? + o462 D +1>, (1.7)

where ¢ denotes an universal constant.

Throughout ¢, c1,co,... will denote generic absolute constants. We write
c(Th, T, ...) when the constant depends on 11,75, .. ..

The bound of Theorem 1.1 is explicit. Our notation might suggest that we are
considering a fixed underlying distribution F' and fixed values of the parameters
0, A, B, C and D. In fact F and 6 =dn, A = An,... may depend on N.

For the sample mean ty = N~ !(X;+---+Xy) Theorem 1.1 yields a bound for Ay
which is asymptotically equivalent to the classical Berry—Esseen bound. Indeed, ¢y,
the minimizer of Qn(t) = 271N! vazl(Xi — t)2, is the sample mean and in this
case Theorem 1.1 implies

limsup AyN'/2 < cE|X —E X[’ /o?,
N

provided that 02 = E (X — E X)? > 0.

Conditions (1.1) and (1.2) are satisfied when the score function and the underlying
distribution in combination are sufficiently smooth. Thus, if the distribution F is
arbitrary we need to impose stronger regularity conditions on the function f, and
vice versa. For instance, conditions (1.1) and (1.2) hold for arbitrary F' if f is twice
differentiable in ¢ € V' and, for some 0 < a < 1,

[ (@, t) = [ (x,5)| < h(@) - |t — 5], (1.8)

for s,t € V and z € X. In this case (1.2) is satisfied with « as in (1.8) and with
3 = 1. Here h is a measurable function such that E h?(X) < oo. Evidently, (1.8) is
satisfied for f(z,t) = (z —t)?. Thus, Theorem 1.1 yields the Berry—Esseen bound for
the sample mean without any conditions on the smoothness of F'.

An example when the smoothness of F' becomes important is the sample median.
In this case the score function f(x,t) = |z—t| satisfies (1.1) whenever F' is continuous.
Furthermore, condition (1.2) is satisfied with &« = § = 1 if F' has a bounded density
function, say p, and

p(t) = p(to)| < e(F) |t —to, (1.9)
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for ¢t € V. If, moreover, p(tg) > 0, then Theorem 1.1 yields the Berry—Esseen bound
O(N~1/2), see Proposition 2.1 in Section 2.
Theorem 1.1 is a consequence of a more general result given in the next theorem.
Denote

B(t) = B|f(X, t)|3]1{}f’(X, 1) < U\/N} +oVNE |f/(X, t)|2]l{|f’(X, B > a\/ﬁ}
and let
B = Sup{B(t) Dt —to] < 6b\/1nN/N}.

Theorem 1.2. Suppose that (1.1), (1.2), (1.4) and (1.5) are satisfied with some
d > 6by/In N/N, some A, B, C, D and with some «, 3 € (0, 1].
Then there exists an absolute constant ¢ such that

AN <ecN Y2 A+ B+35/6%) +ca v*CN~2 4 cbP Do 2N—F/2, (1.10)

for N such that

N
In N

> 0(91/0‘(1_2/0‘6202/0‘ 4 QUBRD2/B—4/8 1). (1.11)

Theorem 1.2 is applicable to a large class of M-estimators. In particular Theo-
rem 1.2 yields the Berry-Esseen bound O(N~'/2) for the sample median, Huber’s
estimator of location and for the sample L,-median, p > 1, under optimal smooth-
ness conditions on the distribution F'. These examples are described in Section 2. For
Me-estimators defined by means of smooth score functions, i.e., twice differentiable
functions satisfying (1.8), Theorem 1.2 yields the following result.

For a function f satisfying (1.8) denote

_ (4E;(X))1/a

and put € = oo if Eh(X) = 0.

Corollary 1.3. Suppose that the smoothness condition (1.8) is satisfied for
s,t € V.= (to — &, tg + 0') with some function h and some « € (0,1]. Suppose
that the consistency condition (1.5) holds with some A and some § such that

6by/In N/N < § < min{e;§’'}.
Then there exists an absolute constant ¢ such that

Any <eN7Y2(A+ B+bo®D +5/03) + ¢ N~*2a71pC, (1.12)
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for N satisfying

N
In N

> c (9 a2/ 20> + ¥ D% + 1) (1.13)
with

B=cNT2(a 2(¢+n(ER(X) ), C=Bh(X), D=clo®+&+n)(1+6"2),

where ¢ = B (f"(X,t,))” and n = Eh2(X).

In order to compare our result with that of Pfanzagl (1971) let us consider the
case when (3(tg) < oo, the smoothness condition (1.8) is satisfied with a = 1 and
the consistency condition (1.5) holds with some A < oo which is independent of .
In this case Corollary 1.3 yields Ay = O(N~1/2). A similar asymptotic result, but
under a bit more restrictive conditions was proved by Pfanzagl (1971) for minimum
contrast estimators. In particular, instead of the consistency condition (1.5), Pfanzagl
(1971) assumed that the distribution F' belongs to the parametric family defining the
minimum contrast estimator.

Observe, that Corollary 1.3 yields the Berry-Esseen bound O(N~%/2) if the
smoothness condition (1.8) is satisfied with a parameter a. The order O(N~%/2)
depends on the smoothness of f in an optimal way. To see this consider an example.
Let ty be the minimizer of the function N~} ZiVZJXi - t‘2+a and assume that X
has a symmetric distribution such that P{|X| =1} = P{X =0} = 1/2. Then, see
Example 2.8 in Section 2,

lim inf N/ Ay > 0.

In this case the score function f(x,t) = |z — t|>** satisfies (1.8) with the exponent
o and Corollary 1.3 yields Ay = O(N~%/2),

In Corollary 1.3 we do not need to impose the asymptotic convexity condition (1.4)
since it is implied by the smoothness condition (1.8). In this case the function @y
is twice differentiable and hence it is convex on the interval (tg — d,to + &) provided
that

N
() =N (X, t) >0, te(to—6,to+0). (1.14)

=1

The smoothness condition (1.8) and the law of large numbers for Zfil (X, to)
imply that the probability of (1.14) tends to 1, provided that 6 < e. Hence (1.4) is
fulfilled.

The smoothness condition (1.8) can be replaced by the weaker one: for some
H >0 and p,q > 1,

E|f"(X,t)— f'(X,s)|" < H|t—s|", (1.15)
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for s,t € [to — ¢,to + ¢']. Condition (1.15) allows to estimate the oscillation of
the random process Q7 (t), see, e.g., Talagrand (1990). Such an estimate together
with the law of large numbers for Zf\il f" (X, to) implies (1.4) since the probability
of (1.14) tends to 1 as N — oo, for ¢ sufficiently small (but independent on V).
Furthermore, (1.15) implies that there exists a version of the random process Q% (t)
with continuous sample paths. Hence, in presence of (1.15) the only smoothness
requirement on f is that, for ¢t € [to — ¢, ¢ + ¢'],

[z, t) = ;iir})(f’(ac,t +7) = f'(z,t)) /7 exists, (1.16)

for F-almost all z € X.

Corollary 1.4. Suppose that (1.15) and (1.16) are satisfied with some ¢', H and
some p,q > 1. Suppose that (1.5) holds with some A and § such that

6b+/InN/N <8 < min{ (27 aH~/7)"""; 57},

Then there exists an absolute constant ¢ such that, for N satisfying (1.13),
Ay <ecN"Y2A+bDo~ 2+ 3/0%) + ¢ N™9?Pq~1p1/PC
+c(p)N""a P+ c(p, ) N~7/Pa™ " HYP(1 4 25),

where v = min{p — 1;p/2}, r=p/(p—1), » =E ‘f”(X, t0)|p,
C=HY?, D= (x+H6) "B, B, = sup{E P [t —to] < 5}.

Remark. Our approach allows to construct bounds for A even under more general
conditions than (1.1) and (1.2). For instance, in Theorem 1.2 it suffices to assume
that conditions (1.1) and (1.2) hold for ¢ € V', where V' is a dense subset of V.
In particular the Berry-Esseen bound O(N~1/2) holds for the sample median in the
cases when F' might have atoms in any neighborhood of t;. More precisely, it is
sufficient to require that F' is representable as a sum Fy + F}, where the measure Fj
has a positive density satisfying (1.9) in a neighborhood of the median ¢y, and where
F} is a discrete measure which assigns probabilities p; > 0 to points z; such that

Z pi = O(u™?) as u — 0.

i |z —to|<u

Another possibility to weaken (1.2) is to replace [t—to|' T and |t—to|® by ¢1(|t—to])
and ¢o(|t — to|) with functions ¢1(7) = o(7) and ¢2(7) = o(1), as 7 — 0.

The rest of the paper is organized as follows. In the Section 2 we consider various
applications of the main result and give several examples. In Section 3 we prove
Theorems 1.1, 1.2 and Corollaries 1.3 and 1.4. Calculations related to the applications
are postponed to Section 4.
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2. APPLICATIONS AND EXAMPLES

In this section we apply Theorem 1.2 to the sample median, the sample quantiles,
Huber’s estimator of location and to the Lj,-median, p > 1. These statistics are
M-estimators with special score functions. Hence in each particular case we have a
fixed score function f and our aim is to find minimal smoothness conditions on the
distribution F' which ensure a Berry—Esseen bound. The examples are arranged in
order of increasing smoothness of the score function.

Let F' denote the distribution function of a real random variable X. If F' is
absolutely continuous, p will denote a density function of F'. Recall that

Ay = sup ‘P{lf1 NY2(ty —to) < u} — @(u)‘
ueER

with b = o/a to be specified in each particular example.

2.1. The sample median. Assume that F' has the unique median tq. Let f(z,t) =
|x — t|. A random variable ¢t which minimizes Qn(¢) is called the sample median.
In this case b =1/(2p(to)).

Proposition 2.1. Assume that F' has a density p on (tyg — d,tg + &). Suppose that
p(to) > 0 and that, for some a € (0,1] and H > 0,

Ip(t) — p(to)| < H|t —to]”, it —to] < 4. (2.1)

Then there exists an absolute constant ¢ such that

Ay < eN72Hp™ 1 =%(t)) + e N~YV/2, (2.2)
for N satisfying
N c c c361/a 2/
> =3 + 53
mN = P2 i—-6<X<to P2 tg< X <to+6 P22/ (to)

In particular, the Berry-Esseen bound O(N ~'/2) holds if F is twice differentiable
at the point ¢y and p(tg) > 0.

Next we give an example which shows that the optimal rate assuming condition
(2.1) is O(N~%/2).

Ezample 2.2. Let a € (0,1] and let F be a distribution with the density
p(t) = ca(l = [t|%), for [¢] < 1, where ¢o = (o + 1)/(2a). It is easy to see that
F has a unique median to = 0 and p(0) = ¢,. Condition (2.1) of Proposition 2.1 is
satisfied with exponent o and H = 2¢,. Hence (2.2) yields Ay = O(N~%/2). The
rate O(N~/2) can not be improved since liminfy N*/2Ay > 0.
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2.2. Sample quantiles. Let 0 < p < 1 and let f(u) = |u| + (1 — 2p)u.
A random variable ¢y which minimizes the function t — N1 Zf\;1 ft — X;) is
a sample p-quantile. Theorem 1.2 applies to the sample p-quantile and yields a
Berry—Esseen bound like (2.2) under the same regularity condition as in Proposition
2.1.

Using a different approach and a somewhat more restrictive condition on the
smoothness of F' a Berry—Esseen bound O(N -1/ 2) for sample quantiles, 0 < p < 1,
was obtained in Reiss (1974), see also Serfling (1980). In particular, Reiss (1974) and
Serfling (1980) assumed that the distribution function F' is twice differentiable in a
neighborhood of #.

For X non degenerate, the (sample) L,-median, p > 1 is defined as the minimizer
ty of Qn(t) with the score function f(z,t) = |x — t|/P. In this case the function
f(z,t) = |z — t|P is strictly convex and differentiable in ¢. Hence, the unique L,-
median ¢y = argmin, E ‘X — t|p exists provided that E | X |P < co. Furthermore,

a=p(p—1E|X — P2 and o? =p2E|X—t0|2(p71).

2.3. The L,-median, 1 <p < 2.
Proposition 2.3. Assume that for some § > 0, C > 0 and 8 € (2 — p, 1],

F(t) = F(to)| < Clt — to]”, t—to| < 4. (2.3)

Suppose that E | X|P~D@+0) < oo, Then Ay = O(N~—®+-2)/2),

Observe, that conditions of the proposition ensure that a < oo and ¢? < oo.

Assuming the smoothness condition (2.3) the rate O(N~(~1/2) is unimprovable.
In order to prove the rate O(N~(P~1+5)/2) with some B > 0 we need to impose a
stronger regularity condition on F'.

Proposition 2.4. Assume that F' has a density p on (tg — d,t9 + ) such that, for
some C' > 0 and 3 € (0,2 — p),

Ip(t) — p(to)| < Clt — to|”, |t —to| < 0. (2.4)

Then the condition B | X|P~DU+P+0) < o0 implies Ay = O(N~P+8-1)/2),

One may expect that if F' has a density on (tg — §,to + ) satisfying
Ip(t) — plto)] < Clt — tof>. bl < (2.5)

the Berry-Esseen bound O(N~'/2) holds. However this condition is not sufficient.
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Proposition 2.5. Suppose that (2.5). holds. Moreover, assume that the function
t— [t —toP~*|p(t) — p(to)]

is integrable in a neighborhood of ty. If E |X|(P=1) < o0 then Ay = O(N~1/2),

The smoothness condition of Proposition 2.5 is close to optimal. In Section 4 we
shall show that, if E|X[3P~1) < 0o and F has a density p such that p(ty) > 0 and

p(to +u) = p(to) +u®P,  p(to —u) = p(te) — u*~ P, 0<u <,

for some 0 > 0, then
lim inf N2l ' N Ay > 0. (2.6)

2.4. Huber’s estimator of location. Assume that X is non degenerate. Let
kE > 0. The Huber (1964) estimator of location is the minimizer of Qn(t) =

NN pr(Xi —t), where

2 k2

pr(t) =+, for || <k, and  pu(t)=K[t|— S, for [t >k
It is easy to see that
there exists a unique to such that E pj (X —ty) =0 (2.7)

and
P{|X —ty| <k} >0 (2.8)

provided that k is sufficiently large. In particular, the parameters
a=P{|X —to| <k}, o®=kP{X —to| >k} +E[X —t,PI{|X — to| <k}
are positive.

Proposition 2.6. Assume that (2.7) and (2.8) hold. Assume that, for t; =ty + k
and to = to - ]{3,

|F(t; +h) — F(t;)| < H ||, |h| < 4, i=1,2, (2.9)
with some H > 0, o € (0,1] and § > 0. Then
Ay < eN"O/2H 2 jgl+e | o N—1/2 <k3/03 +k/(a o—)) +o(N71/2),

Observe that the derivative ¢ — p//(t — o) is discontinuous at the points ¢y + k
and tg — k. Therefore, in order to obtain a Berry—Esseen bound we need to impose
the smoothness condition (2.9). In particular, the bound O(N~'/2) holds if F is
differentiable at to + k£ and to — k.
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2.5. The L,-median, 2 < p < 3.

Proposition 2.7. Assume that E|X|P~DC+8) < oo with some § € (0,p — 2].
Then Ay = O(N—P/?).

The following example shows that O(N~(~2)/2) is the optimal rate without any
assumption on the smoothness of F.

Ezample 2.8. Let X be a random variable with a symmetric distribution such that
P{|X| =1} =P{X =0} =1/2. Then tg =0, a =p(p—1)/2 and 02 = p?/2. An
application of Proposition 2.7 yields Ay = O(N~(=2)/2), The rate is optimal since
it is easy to show that liminf N@P=2)/2A > 0.

In order to obtain the improved bound O(N~(P~2+)/2) with some v > 0 we need
to impose a regularity condition on F.

Proposition 2.9. Assume that, for some C >0 ,~ € (0,3 —p) and § > 0,
|F'(t) — F(to)] < C|t — tol”, |t —to] < 0. (2.10)
Suppose that E | X|P~D®) < oo, Then Ay = O(N~P=287)/2),
One may expect that the smoothness condition

|[F(t) = F(to)| < CJt —to|*7?, It —to] <0 (2.11)

is sufficient for proving bound O(N~1/2). However this is not the case. As in Propo-
sition 2.5 we need to impose a stronger condition on F'.

Proposition 2.10. Suppose that (2.11) holds with some 6 > 0 and C > 0. More-
over, assume that the function

t— |t —to|P"H|F(t) — F(to)|
is integrable in a neighborhood of ty. If E|X [P~ < 0o then Ay = O(N~1/2).

2.6. The L,-median, p > 3. If p > 3 then the Berry-Esseen bound for the (sample)
L,-median holds without conditions on the smoothness of F', since in this case the
score function satisfies the smoothness condition (1.8) with a = 1. Hence Corollary
(1.3) yields the bound O(N~#/2) provided that E | X|P~ D) < o0, for 0 < f < 1.

3. PROOFS

Proof of Theorem 1.1. Theorem 1.1 is a particular case of Theorem 1.2.

Proof of Corollary 1.3. Corollary 1.3 is a consequence of Theorem 1.2. In what
follows we show that conditions of Theorem 1.2 are satisfied. Observe that

| (z, )] < |f"(z,t0)] + 6“h(x), for |t —to] <.



12 V. BENTKUS M. BLOZNELIS F. GOTZE

Hence % E f'(X,t)=E f’(X,t). In particular, a = E (X, t). Calculations show
that (1.2) holds with « as in (1.8) and with

f=1, C = Eh(X), D=c(o® +&+n)(1+4572).

It remains to verify condition (1.4). Since a = E f”(X,tq), an application of
Chebyshev’s inequality yields

P{Q%(to) < a/2} < N"'4a™2E (f"(X,t0) — E f"(X,10))* < N"'ea™2¢.  (3.1)

If ER(X) = 0 (1.4) immediately follows from (3.1) and (1.8). If EA(X) > 0 an
application of Chebyshev’s inequality yields

1 E h(X)-Eh(X) * cn
P{N Zh ) > 2Bh(X)} < BT S WEanT 6

By (1.8),

N
sup QK () — QX (to)| <O*NT' Y (X

[t—to|<d

Combining this inequality with (3.1) and (3.2) we obtain that

P{ inf Q1) > }>1—CN (a_2§+n(Eh(X))_2)

|t t0|<5
provided that § < (4 E h(X)/a)_l/a. Hence (1.4) follows with
_ —1/2( -2 -2
B=cN (a (€ + n(BEh(X)) )

which completes the proof.

Proof of Corollary 1.4. Corollary 1.4 is a consequence of Theorem 1.2. In what
follows we check the conditions of Theorem 1.2. By Lemma 3.1 below, the condition
(1.4) is satisfied with a constant

B = N2 (c(p)N_7a_p% + ¢(p, Q) N~V/Pq P HY/P(1 + 25)).

Furthermore,

(X 0] < 9(X), g(X) = [f"(Xto)l+  sup  (f'(X,s) = f(X,1)).

to—égs, tgto—l-&
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It is shown in the proof of Lemma 3.1 that E g(X) < oco. Hence % E f(X,t) =
E f"(X,t), for |t — to| < 0.

It remains to verify condition (1.2). Using (1.15) one may show that the condition
(1.2) is satisfied with

a=q/p, B=1 and C=H'" D= (x+Hs)"3/".

An application of Theorem 1.2 completes the proof.

Proof of Theorem 1.2. Without loss of generality we may assume that all random
variables are defined on a common probability space (Q, 77). Furthermore, we may
and shall assume that 0 € T and ¢ty = 0.

In view of (1.11) it suffices to bound Ay for N such that

BN > (9 op2g=2/ 4 gL/B DIBRRG=4/5 | 1), (3.3)

The proof of the theorem will consist of two steps. First, using the asymptotic
convexity condition (1.4) we shall show that the probability P{ty < t} is close to
P{0 < Qy(t)}, for t € (—4,0), i.e., that

P{0< Qn(t)} - % — = <Pty <t} <P{O<Qn(1)} + % +

B

. (3.4)

To estimate the probability P{0 < Q(¢)} in the second step we may apply
the classical Berry—Esseen bound since, for given ¢, the random variable Q' (t) =
N1 Zi\;l Y;(t) is the sum of real random variables Y;(t) = f'(X;,t).

To verify (3.4) we shall use a simple but useful observation concerning convex
functions, cf. Huber (1964). Let t — ¢g(t) be a convex function. If ¢, is a minimizer
of g and ¢'(t) exists then

0<g(t) = te<t = 0<4 (), (3.5)

which means simply that g(t) is nondecreasing, for t > t., and it is non increasing,
for ¢ < t,. The monotone derivative ¢’ of the convex function g exists everywhere
except at most countable set of points, see Schvartz (1967). To make (3.5) valid for
all ¢, extend (if necessary) the function ¢’(¢) so that the extension g'(¢) is monotone
and g (t.) = 0, for all minimizers ¢, of g. The asymptotic convexity condition (1.4)
allows to apply (3.5) to the function ¢t — Qn(w,t) and to derive (3.4). Indeed, by
(1.4) and (1.5), the events

As ={w: Qn(t,w) is convex in ¢, for t € (=6,0)}, Bs={w:|tn|<d}
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satisfy
P{As} >1-N"'2B  and P{Bs}>1-N"1?A

Hence, (3.4) reduces to the verification of
0<Qnw.t) = tvw)<t = 0<Qylwt),

for w € As N Bs, where @/N denotes the extension of the derivative of the convex

function Qn. But, for fixed ¢, the random variables @gv(t) and Q'y(t) coincide
almost surely, and (3.4) follows.
Let us apply the Berry-Esseen bound to Q’y(t). Denote

YO =0, m=BY@M),  o-(ErO-BY0)?)"
and n =Y (t) — my,
=EnPI{nl < oeVN} + 0V NE [n]*1l{|n| > 0,V N}.
We have

’P{O<ZY } ®(VNm,/oy) ‘<CN 23, /03, (3.6)

see, e.g., Theorem 8 of Chapter V in Petrov (1975).
Observe that

my = EY(t) = Li(t) and o? = Ly(t) — L3(t).
It follows from (1.2) that, for |t| < 6b4y/In N/N,

Imi — at| < Ol < C(6b/IN/N)' ™ < 0/2

and ) .
5 0? <o’ < o) o?, (3.7)

provided that (3.3) holds. It follows from these inequalities that
Bi)o? <cBlo+e¢N7Y  for |t| <6by/InN/N, (3.8)

provided that (3.3) holds.
Recall that Ay = sup,, An(u), where

An(u) = ‘P{b‘l N~V2ty <} — @(u)‘.
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In what follows we show that Ay (u) does not exceed the right hand side of (1.10).
We shall consider separately two cases: |u| < 6vIn N and |u| > 6 vIn N. In the case
|u| > 6 vIn N the bound to prove follows from the estimate

P{|tn| > 6by/InN/N} < cN7Y2(14+ A+ B+ B(t1)/0® + B(t2) /o),  (3.9)

where
t1 =6by/In N/N and to = —6by/In N/N.

Indeed, (3.9) implies
An(u) < N7YV2c (14 A+ B+ B(t1)/o® + B(ta) /o®) + 28(—6vVIn N)
<N Y2c(1+A+B+3(t)/o* + B(t2)/c?).

Let us prove (3.9). It follows from (3.4)—(3.6) and (3.8) that the probability
P{|tn| > GbW} does not exceed
cN_1/2(1 +A+B+B(t) /o +B(t2) /o) + [@(\/Nmt2/0t2) +1-— @(\/Nmtl/atl)} :
Using (1.2) and (3.3) it is easy to show that

VNmy, /oy, < —2V/In N and VNmy, /oy, > 2VInN.

Hence the quantity in the brackets [- - -] is bounded by ¢ N=1/2 and we obtain (3.9).

It remains to estimate Ay (u), for |u| < 6v/InN. Let t = N~Y2yb. Tt follows
from (3.4)—(3.6) and (3.8) that

An(u) < N“2c(14+ A+ B+B(t)/0®) + R, R= ‘@(\/Nmt/at) - Q)(u)‘. (3.10)
Thus the theorem would follow if we show that
R<c(a'0*ON~2 4 ¥ Do 2N-F/2 4 N~1/2),

By the Lagrange mean value it is sufficient to verify that the

difference d := v/ Nm, /o, — u satisfies

d| < ¢cCa b N~ 21 4 Do 2P N=P/2 8 L N—V/ 2y, (3.11)
Write
d = VN(ms — at)jor — WU“"O_‘”)
Substituting

or— 0= (op+0) (07 —0%) = (00 + o) " (La(t) — 0° — LI(2))
and using the estimate (3.7) we obtain
ld| < V20 'WNCt* + 0 3aV/N|t|(D[t]? + L1 (t)?). (3.12)
By (3.3) we may estimate
o 3aV/N|t|L3(t) = uo 2L2(t) <uN~Y2, for |t|<6by/InN/N.
This together with (3.12) implies (3.11) and completes the proof of the theorem.
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Lemma 3.1. Assume that (1.15) holds and that E | f" (X, to)‘p < 00. Assume that
§ < min{ (27 aH/P)"/; 51},

Then there exist constants c¢(p) and c(p, q) such that

‘ { ,q) HY/P (1 + 26
P{mf{Q;'V(t): [t — to] < 6} <o} < jcv@ap L cpa) Wi )

where v and s are as in Corollary 1.4.

Proof of Lemma 3.1. Denote
Z(t)=f"(X,t) and  Z;j(t)=f"(X;t), i=1,2,...,N.
By (1.15) and Holder’s inequality,
E|Z(t) - Z(to)| < (HIt —to]?) "/
Hence, for |t — tg| < 4,

EZ(t) > B Z(to) — (HJt — to|?) """ > a — (H5)"" > a/2.

We have N
L) =B 2(t) - NS (B Zi(t) - Zi(h) > 0
i=1
if
M := sup Sy(t) <a/2, (3.13)
[t—to| <6
where we denote N
Sn(t) =N""Y (EZi(t) - Zi(t))
i=1

Further, M < My + M,, with
M; = SN(0), and M, = sup{SN(t) —Sn(s): to—0<s,t<to+ 5}.
By Chebyshev’s inequality,

P{M >a/2} <P{M, >a/4} + P{My > a/4} < 4Pa PE M} + 4a 'E M,. (3.14)
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Using well known inequalities, see e.g. Petrov (1975), for p-th moments of sums of
centered random variables we obtain

E M} < c(p)N'"PE|f"(X,0)|” = c(p)N' P, for 1<p<2,

. E M} < c(p)NP2E|f"(X,0)[" = c(p)) NP5,  for p>2.
Thus
E MY < ¢(p)N ™7 5, p> 1 (3.15)
Similarly,
P

E |Sn(t) — Sn(s)|” < c(p)NE \ (Z(t) — Z(s)) — B (Z(t) — Z(s))

, p>1.

Hence, by (1.15),
E|Sy(t) — S’N(s)’p <c¢(p)N""Hls — t|*.

This estimate yields

E sup (SN(S) - SN(t)> < c(p)N~/PHMP /26< 20 )l/pdu,

to—0<s,t<to+9 0 uP/q
see, e.g., Theorem 1.2 in Talagrand (1990). We have
E M < c(p,q)N /P HY?(1 + 20).

Combining this inequality with (3.14) and (3.15) we see that the probability of (3.13)
is larger than

1—c(p)N~"a Ps+ c(p,q) N "/Pa~ HYP(1 + 26),
thereby proving the lemma.

4. APPENDIX

In the appendix we outline proofs of the propositions and examples of section 2
omitting tedious computations. Detailed proofs are contained in an extended version
of the paper which appears as a Preprint of SFB 343, 1995, Universitat Bielefeld.

The propositions are corollaries of the general result provided as Theorem 1.2.
Therefore we check the conditions of this theorem.

Proof of Proposition 2.1. It suffices to verify conditions of Theorem 1.2. Let us check
condition (1.2).
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For t € (to — d,t9 + 9), we have
Li(t) =P{X <t} —P{X >t}, Li(t)=2pt), Lo(t)=1.

Hence a = 2p(tg) and 02 = Ly(ty) = 1. Since L1(to) = 0, the mean value theorem
yields

Lyi(t) = L1(t) — L1 (to) = Ly (to + 7(t — t0)) (t — to), 0<r7<1.
Hence, the inequality
|Li(t) — a(t — to)| < 2H|t — to| "+, |t —to] < 9,
is a consequence of
|Li(t) — Li(to)| < 2H|t' — to|®, [t —to] < 6.
But this is exactly (2.1). Therefore, condition (1.2) is satisfied with the exponent «
and with 3 =1, C =2H and D = 0.

It remains to verify condition (1.5). Let XM < x@ < ... < XN denote the
order statistic of the sample X1, X5,..., Xn. It is easy to see that if

(IN/21-1) - x(IN/2)) o x(IN/21+1) o x(IN/2142) (4.1)

then ty = XN/2+D) if N is odd and X (IN/2) < ¢y < X(IN/24D) if N is even. Using
Bernstein’s inequality, see e.g. Petrov (1975), one may show that

P{w oty — 0 < XUINVA-D < x(IN/2142) 40 4 5} >1-N"! (4.2)

provided that

2 cP Htg -0 < X <to}+cP g < X <tg+6}. (4.3)

Since F is absolutely continuous on (ty—d,tp+0), the bounds (4.2) and (4.1) together
imply (1.5) with a constant A = N~'/2 provided that (4.3) holds. An application of
Theorem 1.2 completes the proof.

Proof of the statements of Example 2.2. It is easy to see that tp =0, a = (a +1)/a,
0? =1 and that conditions of Theorem 1.2 are satisfied with

=1, b=a/(14+a), =1, A=B=D=0 and C=(a+1)/a.
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Let v = b' and write t = N Y24 = N2 We shall show
that liminfy N°/2 Ay(u) > 0, where Ay (u) = [P{b7! N'/?ty <u} — ®(u)|.
It follows from (3.4), (3.6) and (3.8) that
An(u) > ‘@(NUQ mt/0t> — @(u)‘ —eNTV214+ A+ B+B(1t)/0?)
> ‘@(NUQ mt/0t> - @(u)‘ _eNY2, (4.4)

Here m; = L1(t) and o, = La(t) — L3(t). Observe that in our case oy = 1. A simple
calculation yields

my = P{X <t} —P{X >t} =uN"1/2 — o7}t
Hence
‘Nl/th/at — u‘ —a N2,
An application of the mean value theorem implies

|®(NY2my /o) — (u)| > c(a) N2,

with some c(a)) > 0. This inequality combined with (4.4) completes the proof.

Proof of Proposition 2.3. It suffices to check the conditions of Theorem 1.2. Observe
that the condition (2.3) ensures that a = p(p — 1)E | X — t[P=2 < 0co. Calculations
show that, for small h (one may take, e.g., |h| < §/20),

|L1(to + h) — ah| < c(p, B, F) [n|7+P~*

and
|La(to 4 h) — La(to)| < c(p, 8, F) |hl. (4.5)

Hence the first inequality of (1.2) is satisfied with an exponent o = 3+ p — 2 and the
second one with an exponent 1.

It remains to check condition (1.5). Since the function t — |z — t|P is strictly
convex, we have

Pty <to—0d'} SP{O<Qn(to— )}, Pty =to+0'} <P{0>Qy(to+0)}.

The random variable Qn () is the sum Ziil Yi(t) of real i.i.d. random variables
Y;i(t) = f'(X;,t). An application of Chebyshev’s inequality yields

P{0>Qy(to+0d)} = P{—Ll(to +0") > Qy(to +0") — Li(to + 5/)}

2
B Qo+ M) —Iilto+) o La(to+7)
L2(to + ') . L3(to+0")
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Similarly
-1 Lg(to — 5’)
P{0<Q(to—6)} <2N T2 5

Observe that
EYl(t() — 5/) = Ll(to — 5’) < 0= Ll(t0> < Ll(to + 5/) = EYl(t() + 5/), 5 > 0,
since the function L, is strictly increasing.

We obtain

/ 2 La(to — 0") 2 La(to +0') c(f, F,0") /
P{ltn —to| > 6"} < N2 5y T N2 1) < =, >0 (46)

The choice §' = §/20 and an application of Theorem 1.2 completes the proof.

Proof of Proposition 2.4. To prove Proposition 2.4 it suffices to check the conditions
of Theorem 1.2. As in the proof of Proposition 2.3 the estimate (4.6) implies (1.5).
It remains to verify condition (1.2).

Since F' has a bounded density p, for |t — tg| < 6, the function L; is differentiable
and L (t) = p(p — 1)E | X — t[P72, for |t — to| < §. Calculations show that, for small
h (one may take |h| < §/20), the estimate (4.5) holds and

L 0+ ) — L4 (to)] < clp, FRP 1+, (4.7)
Since Lq(tg) = 0, this inequality yields
|Ly(to + h) — ah| < c(p, F)|n|PTo.

Hence the first inequality of (1.2) is satisfied with the exponent & = p 4+ # — 1 and
the second one with the exponent 1. This proves the proposition.

Proof of Proposition 2.5. The proof proceeds along the lines of the proof of Propo-
sition 2.4. Minor differences appear in verifying condition (4.7) while estimating the
integral

-3 _
/ EX to}p Ip(x) — p(to)|dz < c|h|? 26 d, B <2-—np,
c|h|<|z[<co

by means of (2.4). Such bound fails to hold, for # = 2 — p. Hence in addition to
the condition (2.5) we need to impose an integrability condition. This completes the
proof.

Proof of (2.6). We shall show that

lim inf NY2In ' N An(u) > 0, with w=b""1.
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Assume without loss of generality that tg = 0. As in proof of Proposition 2.3
the estimate (4.6) implies (1.5) (with some A independent of N). Furthermore,

E | X3P~ < o0 yields § < co. Therefore, as in proof of the statements of Example
2.2, it suffices to show that, for some ¢(f, F') > 0,

’(ID(Nl/2 my/oy) — Cb(u)’ > c(f, F)N~Y2In N, for large N. (4.8)

Here m; = Ly (t), 07 = Ly(t) — L3(t) and t = N~1/24b = N~1/2,
Let us prove (4.8). Calculations that, for small h, the inequality (4.5) holds and

|L1(h) — ah — hr(h)| < c(f, F)|R|?, (4.9)
where the function r is such that
|r(h)| = e(f, F)|h| - |In|A]|. (4.10)

Take h = t. It follows from (3.7), (4.5) and (4.9) that, for large N,

\/Nmt T
7_u_

ot

Ef) ’ <VNo Y Li(t)| - o/ — 1] + \/Na_l‘Ll(t) —at—tr(t)
< ¢(p, FYN~Y/2, (4.11)

This bound together with (4.10) gives
‘\/Nmt/at —u| > c(f,F)N"Y2In N,

for sufficiently large N. The last inequality combined with the Lagrange mean value
theorem implies (4.8) and completes the proof.

Proof of Proposition 2.6. It suffices to verify the conditions of Theorem 1.2. Let us
consider condition (1.2).

Since P{X =to—k} = P{X =ty +k} =0, it is easy to show that the function L,
is differentiable at to and

|L1(to + h) — P{|X — to| <k} -hl
< yh|(\F(t0 +k+h) — Fto+ k)| + |F(to — k +h) — F(to — k:)|), Ih| < 4.

Invoking (2.9) we obtain

|L1(t) — L1(to) — a(t — to)| < 2H|t — o], [t —to| < 0. (4.12)



22 V. BENTKUS M. BLOZNELIS F. GOTZE

Furthermore, since
(e = 1)” = (phz = 9))°| < 2Kt - 5], rsteR,
we obtain
|La(t) — La(to)| < 2k[t —to].

This inequality together with (4.12) yields (1.2) with an exponent «, with g = 1,
C =2H and D = 2k.

Let us verify the consistency condition (1.5). Inequality (2.8) implies that the
function L, is strictly increasing in a neighborhood of tg, i.e., that, for any 6" > 0,

Ll(to — 5/) < Ll(to) =0< L1<t0 + 5/>

An inspection of the proof of the estimate (4.6) shows that (4.6) remains valid
(with, e.g. ¢ = 0/2) in this case as well. Hence condition (1.5) holds with
A = N=Y2¢(f F). Observe also that 02 < k? and that § < k3. An application
of Theorem 1.2 completes the proof.

Proof of Proposition 2.7. The proposition follows immediately from Corollary 1.3.
Proof of the statements of Example 2.8. We shall prove that

lirrjlvinf An(u)NP=2/2 5 0, with w=0b""1.

It was shown in the proof of Corollary 1.3 that the consistency condition (1.5) is
satisfied with A = N~'/2¢(f, F). Furthermore, it is easy to see that in our case
to = 0 and 3 < oco. Therefore, see the proof of (2.6), the problem reduces to showing
that

’CIJ(Nl/z my/oy) — (ID(u)) > ¢(p) N~ (P=2)/2 as N — o0

with some ¢(p) > 0. Here ¢, m; and oy are as in proof of (2.6).
Obviously, |Ly(t) — L2(0)| < c(p)|t|. Furthermore, simple calculations show that

|Li(t) — at —tr(t)] < e(p)t?,
where the function r(t) = p2~1|¢[P~2sign(t) satisfies
r(t) = T(N_1/2) > ¢(p) N~ (P=2)/2,

The rest of the proof is similar to the proof of (2.6), and we omit it. The proof is
complete.

Proofs of Propositions 2.9 and 2.10. The proofs go along the lines of the proof of
Proposition 2.4. and resp. 2.5.
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