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DATA-DRIVEN EFFICIENT ESTIMATORS FOR A PARTIALLY
LINEAR MODEL

BY HUNG CHEN! AND JYH-JEN HORNG SHIAU?

State University of New York, Stony Brook and National Chiao-Tung
University

Chen and Shiau showed that a two-stage spline smoothing method and
the partial regression method lead to efficient estimators for the paramet-
ric component of a partially linear model when the smoothing parameter is
a deterministic sequence tending to zero at an appropriate rate. This paper
is concerned with the large-sample behavior of these estimators when the
smoothing parameter is chosen by the generalized cross validation (GCV)
method or Mallows’ Cr,. Under mild conditions, the estimated parametric
component is asymptotically normal with the usual parametric rate of con-
vergence for both spline estimation methods. As a by-product, it is shown
that the “optimal rate” for the smoothing parameter, with respect to ex-
pected average squared error, is the same for the two estimation methods
as it is for ordinary smoothing splines.

1. Introduction. In this paper, we study the asymptotic behavior of the
two efficient estimators for the parametric component of a partially linear
model discussed in Chen and Shiau (1991) when the smoothing parameter is
chosen either by the generalized cross validation (GCV) method proposed by
Craven and Wahba (1979) or by the Mallows Cj, criterion [Mallows (1973)].
As in Chen and Shiau (1991), we consider a semiparametric regression model

(1) yin=xi7;,,ﬁ+g(tin)+ein’ i= 1"--’n’

where both the x;, = (x;1, . ..,%4,)7 (a d-vector) and ¢, € [0,1] are observed
design variables, 8 = (8y,...,8;)7 is a vector of unknown regression coeffi-
cients, g is a smooth function to be estimated and the {e;,} are independent
and identically distributed errors when mean zero and variance o2.

Several estimation methods for model (1) have been proposed in the lit-
erature. See Chen and Shiau (1991) and the references cited therein. Chen
and Shiau (1991) discussed the asymptotic behavior of the following three
estimators.

(i) The partial spline estimator [proposed by Engle, Granger, Rice and Weiss
(1986), Wahba (1984, 1986) and Shiau, Wahba and Johnson (1986), among
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others] is the solution to the following variational problem:

2 g™ ()]?
@ BER" sewr 1 Z[y‘" x3,8—g(tm)]* + A / (8)]2 at,

where WZ* is the Sobolev space {f|f has m—1 absolutely continuous derivatives
and f € L,[0,1]} and ) is the smoothing parameter controlling the tradeoff
between fidelity to data and roughness of the solution. It is known that the
partial spline estimators for 8 and g = (g(¢1,), . .. ,8tn)T are

3) B)‘ = (XT(I—S)‘)X)—IXT(I—S)‘)Y and E)‘ =S,\(y—X,,3\>‘),

where X = (x;,,,) is the n x d design matrix for the parametric component of (1),
Y = W1n, .- .,¥an)T and Sy is the smoother matrix for ordinary spline smoothing
[i.e., when 8 =0 in (2)].

(ii) The partial regression estimator was proposed independently by Denby
(1986) and Speckman (1988). Motivated by the partial regression scheme in
linear regression, the partial regression estimator is obtained by first smooth-
ing X and y, respectively, by the smoother matrix S, and then regressing the
residuals of y on the residuals of X. Specifically, we have the partial regression
estimator defined by

@) By = (XTI -8,)2X)"XT(I-8))% and g =S\(y —XBiy).

(iii) The two-stage spline smoothing estimator was recently proposed by
Chen and Shiau (1991). For simplicity, we shall discuss a simplified version
of the estimator when the same smoothing parameter is used in both stages
of smoothing, namely,

,Bo,\ = (XT(I - 8)%X)~'XT(I - 8»)%y,
gox =SA(Y —Xﬁo,\) - (I - S)\)S)\XBOA'

The basic idea behind this estimator is to modify the partial spline method
so that roughness of the parametric component is penalized as well as that of
the nonparametric component. Thus we first smooth X to obtain the residuals
(I — S))X for the purpose of extracting the smooth part from the parametric
component, and then we apply the partial spline technique to smooth y over
(I — 8,)X. This two-stage smoothing gives (5).

In general, the smoother matrix S, in (3), (4) and (5) can be replaced by
any commonly used smoother matrix. Of course, estimators obtained by dif-
ferent smoothers may behave differently. See Chen and Shiau (1991) for some
remarks. In this paper, we only study the case that S) is the smoothing spline
smoother.

_To use these three methods to estimate B8 and g in practice, it is necessary
to specify a value of the smoothing parameter ). In the context of nonpara-
metric regression, it is well known that the choice of X is very crucial to the
solution. A popular data-driven method of choosing X is the generalized cross

(5)
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validation (GCV) method (to be described in Section 2). Numerically, the GCV
method has been proven to be a good method. Speckman (1981) and Li (1986)
gave some nice theoretical results on the GCV method. However, the use of the
GCV method for determining the value of ) in (3), (4) or (5) has not yet been
thoroughly examined. To our knowledge the only relevant reference is Speck-
man (1988), who gave a weak GCV theorem as in Craven and Wahba (1979)
for the partial regression estimator (4) in the context of kernel smoothing.

There have been some studies on the asymptotic behavior of the preced-
ing three estimators, when ) is a deterministic quantity depending on r, in
the setting that x;., = A () + 2, where the A,’s are smooth functions and
{@i1n; - .. ,Zidn)}1<i<n are independent and identically distributed error vectors
with zero mean and positive definite covariance matrix. For the partial spline
estimator with spline smoothing, Rice (1986) pointed out that ,BA B can
achieve the usual parametric rate of convergence as in parametric regression,
namely, O(n~1/2), only at the expense of undersmoothing the nonparametric
component g. Thus Rice (1986) concluded that the use of the GCV method for
choosing ) is questionable in this case.

On the other hand, Speckman (1988), for the partial regression estimator
with kernel smoothing, and Chen and Shiau (1991), for the two-stage spline
smoothing estimator as well as the partial regression estimator with spline
smoothing, showed that the negative result reported in Rice (1986) disappears.
More specifically, by choosing an appropriate rate for A, the convergence rate of
Bos—B or By, —B reaches the parametric rate O(n~1/2) while g €0) or g1, can still
estimate g = (g(¢1,), . . .,8(tns))T with the same optimal convergence rate as
that of the ordinary nonparametnc regression estimator, which is achievable
by the GCV estimator of ). Basically, Chen and Shiau (1991) demonstrated
that the goal of obtaining an estimate for the regression surface g(:) with an
“optimal” nonparametric convergence rate does not conflict with the goal of
obtaining an estimate for the parametric component 3 with the parametric
convergence rate. Since “optimal” estimates of the regression surface can be
obtained by the method of GCV for the nonparametric regression context,
we expect that the parametric convergence rate can be achieved for some
estimators of 3, such as (4) and (5), for the semiparametric model (1). The
following conjecture is hence reasonably made by Speckman (1988) for kernel
smoothing and Chen and Shiau (1991) for spline smoothing.

CONJECTURE. The GCV method can be used to choose the value of X in (4)
or (5) such that ﬂl,\ or By, can still estimate B with n=Y/2 rate.

The main objective of this paper is to prove this conjecture when S, is the
smoother matrix for ordinary spline smoothing. We also prove that the same
result holds if )\ is chosen by the criterion of Mallows’ C;. We remark that
although the problem of determining smoothing parameters for nonparametric
regression based on data only is studied extensively in the literature [see Li
(1986) and references therein], those results are not applicable in general to
the problem posed in this article. A further remark on this is given in Section 2.
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The main results are summariged in Theoreg}s 1 and 2 (Section 2), in which
the asymptotic distributions of 3,, — 8 and 3,, — B are derived when the
smoothing parameter is determined by either the (restricted) GCV method
or (restricted) Mallows’ C;. Descriptions of these two methods are given in
Section 2. Most of the proofs are given in the remaining sections.

As a by-product of proving Theorems 1 and 2, it is shown in Propositions
1(b) and 3(b) that the “optimal rate” for the smoothing parameter, with respect
to expected average squared error, is the same for the two estimation methods
as it is for ordinary smoothing splines.

As suggested by a referee, we also have looked into the situation studied by
Heckman (1986). When A, = constant, Heckman (1986) established asymp-
totic normality for the partial spline estimator of 3 and showed that its bias is
asymptotically negligible. According to the preceding discussion, it is expected
that the GCV method can be used to choose the value of ) in (3) such that
B, can still estimate @ with n=1/2 rate under the setting of Heckman (1986).
This conjecture is also confirmed for a more general case where the A,’s are
polynomial of degree less than m, and the result is presented as Theorem 3
in Section 2.

2. Data-driven methods and main results. In this section we describe
the (restricted) GCV method and (restricted) Mallows’ Cy, for determining the
value of ) in (4) and (5) and present the main results of this paper. We first
introduce some notation. Write

XBox + Box = [Sx + (I — 8»)2X(XT(I - 8,)2X) X7 (I - S»)%y = Aoxy,

XBiy + 81 = [Sa+ (I - SH)X(XT(I - 8,)2X) X7 (I - S») %y = Anyy,
where Ag, and A;, are so-called hat matrices or influence matrices. Let XOG
be the minimizer of the generalized cross validation function (GCV function)

over A € [\, Mgl where \; = n=% log™ n with 6; = 2m /5, and Ay = n~% for any 6,
satisfying 0 < 6, < 2m/(4m +1). Also | —Ap Y2 = yTT —Ap))T —Agpy)y, the
residual sum of squares. Similarly, let \o¢c denote the minimizer of Mallows’ Cy,

Co(N) = n"ln(I —Ao,\)y“2 +2n~ 1o trAp,

over A € [A1, A2], where o? is assumed known. For the partial regression
method, Mg, Vi(}), A\ic and Ci()\) are defined accordingly for A;,y.

It is known that there exists a common orthonormal basis for all S, (with
A being the running index), for example, a Demmler-Reinsch basis [Demmler
and Reinsch (1975)]. In other words, all S, can be diagonalized simultane-
ously by this basis. Further details of this basis are given in Section 3. Unfor-
tunately, it is not clear whether there exists such a common orthonormal basis
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for all Ay, or Ay in general. Although both the GCV method and Mallows’ Cy,
have been studied in the context of nonparametric regression when S is the
smoother matrix for smoothing splines, these results are not applicable to our
problem since the arguments used to prove these results depend strongly on
the existence of a common orthonormal basis for all S,.

Throughout the rest of the paper, we assume that {x;,} is a random sample
from x, where x = (x1, ...,%5)7, % = A (t)+2,, for 1 <r < d,t € [0,1] and the ,’s
are smooth functions. Set gy = 2;‘?:1 Brh-+g. We also assume that the following
conditions hold.

(A1) Ez, =0, Var((zy,...,29) = = = (0s) and Ez? < 00, for 1 < r < d, where
¥ is a d x d positive definite matrix.

(A2) [ (gM@®)Rdt=~>0andm > 2.

(A3) The points ¢;, are generated by (2i — 1)/2n = t"' p(t)dt for some den-
sity function p(¢) on [0, 1].

(A4) The errors ey, ...,e,, are i.i. d having a distribution independent of
n and ¢, and Ee}, < oo, forz— 1,2,.

(A5) g,hrgo € F={f:f € W2'"[0 1] f®0)=f®1)=0,m <k <2m -1}
for1<r<d.

Under (A3), we can find the magnitude of tr S} for I = 1,2,... over [\1, As]
based on Lemma 5.1 of Speckman (1981). This result is summarized in Lemma
2(c). Under (A5), functions in F are the so-called very smooth functions defined
in Wahba (1977). When A2 also holds, it follows from Speckman [(1981), (3.2)
and Lemma 3.1] that an exact bound can be obtained for g T(1 —8,)%go, where
g0 = (go(t1n), - - - ,80(tsn))T. This bound is given in Lemma 2(b) in Section 3.

We now dlSCllSS the assumption (A5), which states that gy and 4, must sat-
isfy boundary conditions on some high derivatives. (A5) is considered because
it and (A2) give an explicit asymptotic expression for the expectation of the av-
eraged squared error loss. Then this expression can be used to determine the
asymptotic behavior of A determined by either the GCV method or Mallows’
Cr. Using the bias reduction approach developed by Eubank and Speckman
(1991), go and A, can be modified (by construction) to satisfy the boundary
conditions specified in (A5). It is then conjectured that a result similar to that
of this paper without (A5) will still hold as long as an explicit asymptotic ex-
pression for the expectation of the averaged squared error loss exists after the
boundary adjustment. However, no proof is available now.

The asymptotic distribution of B,; and ﬁl 5 are summarized in Theorems
1 and 2, respectively, when the value of ) is determined by either the GCV
method or Mallows’ Cy.

THEOREM 1. Under (A1)~(A5), VB, — B) converges in distribution to
N(0, 025-1) for X = Xog OF Aoc.

TIﬂEOREM 2. Under (A1)-(A5), \/ﬁ(ﬁl;\ — ) converges in distribution to
N(0,02x7Y) for A = Mg or Aic.
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Now we describe the (restricted) GCV method and (restricted) Mallows’
Cy, for determining the value of ) in (8) under the assumption that A4,’s are
polynomial of degree less than m [i.e., A% (¢) = 0]. The results are summarized
in Theorem 3. First write

XBy + 8 =[Sy + (I - S))X(XT(I - 8,)X)"XT(I - S,)]y = Ary.

Let Ag and )¢ be the minimizer of the corresponding GCV function and Mal-
lows’ Cr, respectively, over A € [A1, A2l

THEOREM 3. Under (A1)-(A5) and h('")(t) =0, for 1<r<d, (,3; -8B
converges in distribution to N(0,0%2L1), for A= )\G or )\C

Let Lg,()\) denote the averaged squared error loss over design points, that
is, n™!|Ao\y — X3 — gl|?, and \or denote the value of A that minimizes the
risk Ry,(\) = ELg,()\) over [A1, A\2]. Note that here the expectation is taken
with respect to e only, that is, conditioned on (x,¢). We will prove Theorem
1 via the following three steps. Since the GCV method or Mallows’ C;, at-
tempts to provide a data-based estimate of \gg, we first try to locate \gg. Let
Ag = [A\1,n~%], where 6; > 2m/(4m + 1) > &3 > 6, > 1. Note that A, is con-
tained in [A;, A2]. We show in Proposition 1 that Agp € Ay. Next, we show in
Proposition 2 that the choice of A based on either the GCV method or Mal-
lows’ Cy, does fall in A, in probability. Finally, we show that. /n (,30; - B)is
asymptotically normal.

Set h, = (A (t1,), ..., A (t))T, for 1 <r <d, and

-1

o= lpl/z'"(v)dv] [Tyt

The proofs of the following two propositions are given in Section 4.

PROPOSITION 1. Under (A1)~(A5) and X € [A1, A2], when n tends to infinity,
we have (a) Ro,(\) = A2 + n=IA"1/2m gnd (b) A\og = n~2m/(4m+D),

Here the symbol a(n) =~ b(n) means that a(n)/b(n) is bounded away from
zero and infinity. Note that Aoz € Ag is an immediate result of (b).

__ PROPOSITION 2. Under (A1)(A5) and A € [A1, 2], limy P(X € Ao) = 1, for
A = dog Or Aoc-

To prove Theorem 1, we use the following technical lemma to pave the
way. Set Ag(\) = n71XT(I - 83X, A;(N) = n7 XTI — 8,)?X, Z = (2m)nxa and
H= (hr(tin))nxd-

LEMMA 1. Assume that (A1)<A5) hold and that g,h, € F, for 1 <r <d.
Then the following hold uniformly over all A € [\, Aol:
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(a) Ag(A) = B +0p(1));
(b) A1(N) = B +0p(1));

and the following hold uniformly over all A € Agy:

(¢) n~12XT(I — S,)*S)X = 0p(1);
() n~Y2XT(I — $,)g = 0,(1);

(&) n=Y2HT(I — Sx)?e = 0,(1);

() n~Y2ZTS\e = op(l) forl=1,2;
(g) n~Y2Z7 (I S4)g = 0,(1).

The proof of Lemma 1 is given at the end of Section 3. Note that the notation
0,(1) used in this paper denotes either the usual convention or adxd (ordx1)
matrix such that the magnitude of each element is 0,(1).

Now the proof of Theorem 1 becomes fairly simple.

PROOF OF THEOREM 1. Rewrite
Ag(N)nY2(Bys — B) =n~Y?Z%e + Rem(}),
where
Rem()) =n~V2{XT(I - S,)2(S\XB +g) + H'(I - S»)%e + Z'[(I — S»)? - I]e}.

It follows from Lemma 1(c)~(f) that sup,¢,, |[Rem())| = 05(1). Although any
realization of ) is in [A;, A2], which is a wider interval than Ay, by noting that,
for any ¢ > 0,

P (lRem(X)I > c) <P(Ag M) +P (|Rem(:\\)| >cand ) € Ao)

<P(Ag Ap) +P (sup |Rem()\)| > c) ,
AEAO

we can conclude that Rem(}) = 0,(1) by Proposition 2.
By Lemma 1(a), sup,¢py,, »,1 oM — Z| = 05(1). Since

Ao(}) - 3| < SuP]le(/\) 5| = 0p(1),

E[/\b

we have Ayg()) — X in probability. It is shown in Chen and Shiau (1991)
that n—1/2ZTe — N(0,02%) in distribution. We then conclude n(B,5 — 8) —
N(0,0221) by the above argument and Slutsky’s theorem. O

We now turn to the partial regression estimator (4). Observe that

A (MnV2(Byy — B) =n~Y?ZTe + n~2XT(I - S, )g + n~2HT(I - S))%e
+n~Y2ZT[(I - S,)? —Ie.
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Similarly, the proof of Theorem 2 can be performed via the following two
propositions and Lemma 1(b)—(f).

Let the loss function L;,(\) = n~1||A1.y — X8 — gl|?, and let A1z denote the
value of the smoothing parameter that minimizes the risk Rq,(\) = ELy,(}\)
over X\ € [\, A2l

PROPOSITION 3. Under (A1)-(A5) and X € [\, \2], when n tends to infinity,
we have (a) Ry, (\) ~ A2 + n=IA~1/2m gnd (b) A\ig ~ n—2m/@m+1)

__ PROPOSITION 4. Under (A1~A5) and X € [\, Aol lim, PO\ € Ag) = 1 for
A= /\1(; or /\1(;.

We now turn to the partial spline estimator (3) when A (¢) = 0.

PROOF OF THEOREM 3. Set Ag()\) = n=1X7(I — S),)X. Rewrite
Az(:\\)nlﬂ(ﬁ,\ - B) =n"2Z%e¢ + Rem(}),
where
Rem()\) =n~Y2{ZT(I - S,)g+HT(I - S,)(e +g) — Z"S)e}.

Note that HT(I — S»)(e +g) = 0 because the &,’s are polynomials of degree less
than m and S, is the smoother matrix for ordinary spline smoothing. Using
the same proof to show Lemma 1(a), we have sup,,,, ,1142(}) — Z| = 0p(1).
It follows from Lemma 1(f) and (g) that sup,cs, [Rem(})| = 0p(1). We then

conclude /n(3 5 —B) — N(0,0%%71) by the above discussion and the argument
used in proving Theorem 1. O

3. Technical lemmas. In this section we state two more technical lem-
mas and summarize some properties of smoothing splines that are needed in
the sequel. Lemma 1 is proved as an immediate result of these lemmas.

It is well known that smoothing splines are in the space of natural polyno-
mial splines of order 2m on [0, 1] with knot set {#;,}? . According to Demmler
and Reinsch (1975), a basis for natural splines is {¢,(t)}1<j<» With the follow-
ing biorthogonality property:

n 1
LS bin () (81) = (£ 4 (2) dt = Mo
n3 0

Here {)\;,} is a nondecreasing sequence of nonnegative numbers, and the
eigenvalues of S, are (1 + A)\;,)~! for 1 < k < n. Hence, S, is a nonnegative
definite matrix and has the eigenvalue decomposition I'”D,T, where D, is
a diagonal n x n matrix with k-th diagonal value (1 + \4,A)"! and T is an
orthogonal n x n matrix with the ij-th element n=1/2¢;,(¢;,). Therefore, (I —
S, )8k = 8L (I — S,)* for any positive integers ! and &.
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Let
B? =n~'gT(I-S,)%, B}, =n"'hI(I-S,)h,
and B, =n~'gl(I - S,)’g.

Note that B% is the averaged squared bias of the ordinary smoothing spline

estimate of g. A similar interpretation is applicable to BZ, and 32
The following lemma is due to Speckman [(1981), Lemma 3. 1 (3.2) and
Theorem 2.4].

LEMMA 2. Suppose that (A3) holds. When A € [A, )] and m > 2,
(a) B3, = 000 if go € F, (b) B, = YA*(1+0(1)) if g € F and (A2) holds,

and (¢) trS% = Tu(1 + Mg N)~F = A ~Y2(1 + 0(1)) for positive integer L.

Thus Lemma 2(a) also implies that B2, = O(\?) and B} , = 0()\?),ifg,h, € F.
Lemma 3 summarizes the convergence rates for some terms to be used later
in the proofs of Lemma 1 and Propositions 1-4. Let x;, = hy(¢;n) + 2;» and
z, = (21, ... ,an)T.

LEMMA 3. Assume that (A1)~(A4) hold and that h,, [, f1,[o € F,for 1 <r
< d. Let a, ay and a1 be constants satisfying 1 < a < 1/ag < 5 and a < a;.
Then, for any finite positive integer I, the following statements hold uniformly
over all A €A, gland 1 <r,s<d:
(a) 2784z, = c;os A~/ 40, (A~1/4ma0)
(b) eTShe = a%c; A~/ (1 4 0,(1));
(© n-Y2T(1 = Sy)'e = 0p(\V/%1) = 0,(1), where £= (F(t1a)s- . »f (tnn)) T
(d) n~Y24T(I — 8y )z, = 0,(A\Y/*1) = 0,(1);
(e) n~HL(I-S,)f = O(/\2) where £; = (fi(t1n), - - - fi(tnn))7,
i=1,2andl > 2;
() n1xT(I —S))22s = 05 +0p(1);
(@ n~'xT(I - S»)'%s = o7 +0p(1), for 1 > 2;
(h) n=V2xT(I — 8,)28:x; = 0p(1) + O(n'/2)%);
(i) zTSie =0, (\"1/4mao);
G) n'zT(I - SA)le 0,(n"1/2);
(k) x7(I - S»)3x, — Z(I— S»)%zs
= —(c1 — 2cq + ¢3)TrA "™ 4 0, (ATV/AM0) 4 Op(n}/2NV/%1)
+h! (I - S,)%h;
M) xI(I-8,)%% —xF(I-8,)*%,
= (c1 — Bcy + Bcg — C4)ars A"/ 4 0p(AT/Ama0) 4 O (n1/2NM/e1)
+ hz‘(I — S)‘)SS)\hs.

Lemma 3 immediately gives the results of Lemma 1 as shown below. The
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nontrivial proof of Lemma 3 is deferred to Section 6.

PROOF OF LEMMA 1. First note that A=1/4m = o(n=1/2), for all X € [A\1, \2]
since 1/ay < 5. It is easy to see that (a) and (b) hold by Lemma 3(g). Note that
X = o(n~1/2), for all A € Ag. Then it is easy to see that (c) holds by Lemma
3(h); (d) holds by Lemma 3(d) and 3(e); (e) holds by Lemma 3(c); (f) holds by
Lemma 3(i); (g) holds by Lemma 3(d). O

4, Proof for two-stage spline smoothing estimate. We prove Proposi-
tions 1 and 2 for the two-stage spline smoothing estimates in this section. The
following technical lemma summarizes the convergence rates for some terms
to be used in the proofs. The proof of the lemma is deferred to Section 7.

LEMMA 4. Assume that (A1)~(A4) hold and that g,h, € F,for1<r<d.We
further assume that the constants a,ay and a, specified in Lemma 3 satisfy the
further constraint that 4m/(4m — 1) > a1 > a and ap > % Then the following
statements hold uniformly over all X\ € [\, Ag]:

(@) n7ltrAgy =cin A"V (1 40,(1));
(b) n=ltrA2, =con~A"Y2"(1+40,(1));
(©) n='g] (I —Acx)?g0 = ¥A%(1+0,(1));
(@) n187Z7 (1 - Aoy )?28

= [n_l (Z ﬂ,h,)T (I-8,)* (Z ﬁrhr>
+ (c2 — 23 +¢4) BTEBn~IA1/2m | (1 4.0,(1));

(e) |n~1gl(I—Aoxr)%e| = 0p(Ron(}));
® [n(ZB)"(I ~ Aox)e| = 0p(Ron());
(g) [n"I[eT(2A0,\ —A%A)e - aZ(Zter,\ - tI‘AgA)[ = Op(Ron(/\)).

PROOF OF PROPOSITION 1. Write Ag,y — X8 — g = (Agy —DXB +g) +Apyre.
Hence

R, (/\) = n_l(X.B + g)T(I —A())\)2(X,3 + g) +n"1o2 tI‘A%A.
Note that X3+ g =28+ go. Then

Ron(A)= { [c20? + (cg — 205 +¢4) BTl IA-1/2m 4 )2

(Z ﬂ,h,)T 15 (;mm) }(1 vop(1)),

(6)

by Lemma 4(b)~(d).
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Note that n~Y(%,.5.h.) T — SH)4E,5h,) > 0 and its order is O()\2), by
Lemma 3(e) and that the eigenvalues of S, are between 0 and 1. Also,
(cz — 2¢c3 + C4),[3T2ﬁ > 0, by the fact that c3 — 2¢3 + ¢4 > 0 and X is posi-
tive definite. Hence, Proposition 1(a) holds by (6), and Proposition 1(b) follows
easily from Proposition 1(a). O

PROOF OF PROPOSITION 2.  Recall that Coz,(\)=n"1||(IFAp,)y||2+2n~1o2trAy,,
which can be written as

Cor(A) =n~'eTe + Ro,(\) + 2n1(ZB + g0)T(I — Aoy )%e
(7 +n71{0?(2tr A¢y) — tr A2,) — eT(240) — A2, e}
=n"1eTe + Ry,()\) +0,(Ro,())),
by Lemma 4(e)—(g).
Recall that the GCV function Vy()) = n71||(I — Agp)y|2[n—t tr( — Aga)1~2.

Write Agy = S + Boy, where Boy, = n~1(I — SxPXA;100XT I — Sy)2. It follows
from Lemmas 1(a) and 3(g) that

trBoy = tr (A5 (M7 XT(I - 85)*X) = tr(Iaxa +0,(1)) = 0,(1).
Also Lemma 2(c) gives that tr Sy = O(A\~1/2™). We then have
[(n~1tr(I — Agy)] 2 1420 M trAg, + o(n~ltr Apy).
Observe that
n~H(I — Ao\ )¥)|? =Ron(A) + 20" H(ZB + 80)"(I — Aox)’e + n"e"e
—n7! [T (2405 — A%, )e — 0%(2trAg — trA,)]
—20%n71 trApy.

The fourth term on the right-hand side is equal to 0,(Rg,())), by Lemma
4(g). The second term is also of the order 0,(Ry,()\)), by Lemma 4(e) and ().
We thus get

Vo(A) = [n=1eTe + Ron(A) +0p(Ron(2)) — 2021 tr Agy]
x [1+2n71tr Ay +o(n~1tr Apy)]
=n"teTe + Ron(\) + 0p(Ron (A)) +2(n 1 tr Agy) (n"2eTe — 0%)
=n"teTe + Ry, () +0,(Ron (1)),

(8

by Lemma 4(a), Proposition 1(a) and the law of large numbers. From (7) and
(8), we have

| Cor(A) = Cor(Mor) = Bon(X) — Ron(Mor) +0p(Ron (1))
and

Vo(A) = Vo(ror) = Ron(A) — Ron(Aor) +0p(Ron (1)),



222 H. CHEN AND J.-J. H. SHIAU

respectively. When Rg,(A)/Ro,(Mor) — o0, it follows easily that Cor () >
Cor(Aor) and V(X)) > V(Aor) in probability. Since  is the minimizer of Co()\)
or Vp()), this implies that Ro,(A\)/Ro,(Mor) — 1 in probability. Let {6,} be
any sequence that tends to infinity. Note that Rg,(Aor6n)/Ron(Aor) — oo and
Ro(\or/6n)/Ron(Mor) — oo by Proposition 1(a). Hence, R, (\)/Ro,(Mor) — 00
for any X > Aorép or A < Agr/6,. Since ROn(X)/ROn(AoR) cannot go to infinity,
we have that

lim P(Mor/6n < X < Morbn) = 1.

Since {6,} is any sequence that tends to infinity, X cannot be too far away
from A\gg in probability. Thus lim, P(A € Ag)=1. O

5. Proof for the partial regression estimate. First, we state a techni-
cal lemma that summarizes the convergence rates for some terms to be used
in the proofs of Propositions 3 and 4. We defer the proof of this lemma to
Section 7.

LEMMA 5. Assume that (A1)<(A4) hold and that g, h. € F,for1 <r<d. We
further assume that the constants a, ay and a, specified in Lemma 3 satisfy the
further constraint that 4m/(dm — 1) > a1 > a and ap > % Then the following
statements hold uniformly over all A € [\, \2]:

(a) n"lgg'(I —ApRTU - Ap)ge = 1231 +0p(1));

n=1BTZ7 (1 - Ap) (- A1)ZB
T
= n_1 i:( Z ﬁrhr> - S}\)z (Z ﬂrhr) +0p (A—1/2m)} 1+ Op(l));

© |n7'XB+g)"TU - AT -Ae| = 0p(R1, (V).

(b)

PROOF OF PROPOSITION 3. Simple algebra leads to
Rln()\) = n_l(X,B + g)T(I —AIA)T(I —-Al)‘)(Xﬁ + g) +n 162 tr A{}\Al)‘.

Set A;y = S + Biy, where By, = n=(I — S\XAT'(MXT( — S»)%. By Lemmas
1(b), 3(g) and 2(c), we have

tr BT, By, = trA71 (M) [n 71X (I - 8,)2X]AT L (\) [n X7 (I - S))4X]

©
= p(l)

and

1o STBu= trAl"l(/\){n‘lXT[(I _S\)P—(I- sA)‘*]X} = 0,(1),

tr 8% =coA~Y2m(1 +0(1)).
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Hence,
(11) n~ltr AT Apy = con AV (1 4.0,(1)).
Then since XB + g =Z3 + g,;, we have

Rln()\) = [020,2n—1)‘—1/2m + ’)’)\2

+n-1(2r:grh,)T(I - S)\)z(Xr:,Brhr)] (1+0,(1)),

by Lemmas 5(a), 5(b) and (11).
Note that n=}(Z,8:h)T (I — 8))?(Z.6-h,) > 0 and its order is O()2) by
Lemma 3(e). Hence, (a) holds; (b) follows easily from (d). O

(12)

PROOF OF PROPOSITION 4. We first observe that tr By = Op(1) by Lemmas
1(b) and 3(g). Then, by Lemma 5(c), it remains to show that

(13) n7lo? tr Al\A1 — €T (A1 +AT, —AT A1y)e| =0 (R1(})),
(149) n7Yo?(2tr A, — tr AT A) —eT (A + AT, —AT\An)e|=o(R1()))
hold uniformly over all A € [\, A2], so that

Ci()) = n"'eTe + Ry, (2) +0,(R1, (1)),

ViL(2) = n7'eTe + Ry, (1) +0p(R1, (1)).
Then, by applying the same argument employed in Proposition 2, we have

Proposition 4.
It follows from Lemmas 1(b), 3(c), 3(j) and 3(g) that

(15) n~le’Biye=[n"1eT(I-8,)(Z+H)]|AT' (W) [n~Y(Z + H)T(I - S))2e]

=0p(R1x(})),
n~'e’B1Sxe = [n71eT(I-8,)%(Z + H)|A[(N)
(16) x {n"YZ+H)T[(I-8)) - (I-8))%e}
=0(R1.(})),
n1e’BY,B e = [n~eT(I- 8,)%(Z + H)]AT1())
an x [n71XT(I - 8,)2X]ATY(N)
x [n=Y(Z + H)T(I - S»)%]
=0p(R1a(1)).
It follows from Lemmas 3(b) and 2(c) that
(18) n~'[eT(25) — S%)e — o2 tr (2S) — S2)] = 0,(R1.(1)).

We conclude (13) and (14) by (9), (10) and (15)—(18). O
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6. Proof of Lemma 3. We begin with a technical lemma which is an
extension of Lemma 4.4 in Speckman (1985) to the case when the random
variables are not independent. Therefore, the Gaussian assumption in Speck-
man (1985) or Li (1986) is removed.

LEMMA 6. Let Wy, ..., W, be random variables with zero mean and finite
variance. Suppose that there exist nonnegative numbers {u;} such that

v 2 v
E[ZWk} SZuk, for all u < v.

k=p k=p

Then, for any ¢ > 0,

n
Z Cp Wk
k=1

n
> c} < c %cp(logy 4n)? > " uy.

P{ sup
k=1

0<e1 < <en<ep

PROOF. By the argument used in Lemma 4.4 of Speckman (1985), we have

i
sup chWk = co max ZWk .
k=1 == ka1

0<e;1 <+ <6 <ey

Then, by the first two theorems stated in Serfling [(1970), page 1228],

[l<z<n Z Wk

Hence, this lemma holds by Chebyshev’s inequality. O

2 n
} < (logz 4n)? ) " us.
k=1

REMARK 1. When EW,W; =0, for k # !, Lemma 6 holds with u; = Var(W,,).

REMARK 2. Lemma 6 also holds when 0 < ¢, <--- <¢; < c.

Define
n n
Ebrn = n~1/2 Zzirnd’kn (tin), Birn = n-1/2 Z h: (tin)¢knhr(tin),
i=1 i=1
n n
Ckn = n_1/2 Zg(tin)¢kn (tin)’ Ekn = n_1/2 Z ein¢kn (tin)’
i=1 i=1

for 1 <k <nand1<r<d. Lemma 6 will be applied to {&n&ksn}1<t<n and

{krn€rn}1<k<n, for 1 <r,s < d, later on in the proof of Lemma 3. Thus we need
to show that these two sequences of random variables satisfy the assumption
of Lemma 6.



DATA-DRIVEN ESTIMATORS 225

LEMMA 7. For any finite positive integer l and 1 <r, s <d, both

{(ﬁkméksn = 0rs) (14 Apm ,\)—z}

and {gkmekn(l + )\kn)\)_l}

1<k<n 1<k<n

satisfy the assumption of Lemma 6 with u;, = c*(1 + M A)~2, for some con-
stant c*.

PROOF. Recall that Sy = I'TD,T. Set D,, = (dit)uxn, where dy = 1, if
u <i=k <v, and dj = 0, otherwise. In other words, D, is an n x n diagonal
matrix with the diagonal entry equal to 1 from the p-th row to the v-th row
and zero otherwise. Then

- Ekmakn
kZ m T(FTDMUD)\ D#VF) e,

19

Z gk'l‘i’“/{‘ = 4T(ITD,, DD, T)'2, — 0y tr(T7D,,DAD,,T).
En A

By (Al), (A4) and a conditioning argument, we have
2
- Ekrnrn _ 2, T(TT 21
E [Z Ty | =° Ez!(T"D,, D»D,,T)%z,
=20, tr(FTD,wDAD,wF)zl
=20 [Z(l + ,\k,,,\)-”] .
k=p

Letting uy, = 020,+(1+ A, A\)~2, we have shown that the assumption of Lemma
6 holds for {£grmern(1 + /\kn)\)—l}lgkgn-
Next, by (19) we have

2
lz f’zﬁk;" A‘)’;s} = Var(z7(T7D,, Dy D,.T)'z,),
kn

since E(zI(I'TD,,, Dy D,.,TV2s) = oys to(U7D,, D) D,,,T'). We first show that, for
any symmetric matrix A = (a;)nxn,
(20 Var(zTAz;) < ¢° tr A?

for 1 < r <s < d, where c° is a constant depending on Ez?2? and T only. For
notational simplicity, we only demonstrate the case of r = 1 and s = 2. First,
we note that EzT Az; = 02 tr A and

TAz,)? = Z Z Xk: zl: Q;jQL1Z1172j2n 2k 10120
i
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Since {(zi1, Zi2n)}1<i<» are mutually independent with mean (0, 0), we have

Ezlzz, i=j=k=I,

. . = 12’ i=j’k=lai#k1
Ezllnzj2nzk1nzl2n 011092, i= k,] =1 5‘/],
0, otherwise.

Hence
Var(z! Azy) = (E232% - 0%, Za” + 0110922 Zau < cZau,
i iJ

where ¢ = max(Ez222 — 02,, 01109;). Since A is symmetric and ¥; jag = tr A%,
(20) holds.
Let A = (I'"D,, D, D,,TY. By (19) and (20), we have

2
[Z &Erlngks; _)\‘;;sJ = Var(zAz,) < ¢ tr(T"D,, DA D,,T')%
+ Akn

=c? {Xh:(l + ,\k,,,\)*zl] :

k=v
Thus {(§ern&rsn — Trs (L + AgpA) ™ }1<k<n satisfies the assumption of Lemma 6 by
identifying u, = c®(1 + M, A)"2. O

PROOF OF PART (a). First, we show the case of [ = 1, that is, to show that

holds uniformly for all A € {A;, A2] and its proof argument will be used through-
out the proof of Lemma 3. Since 8, < §;, there exists a > 1 such that aéy < 6.
Define the index set A = {6: 6 = a6y, for some positive integer i and 6 < 6,}.
Then A is a finite partition of [6;, é;]. Correspondingly, {n~%, § € A} is a
finite partition of [\, Ag]. For any 7 = n=% with aé € A, Ez'S,z, = 0,5 tr S,
and Var (27S,z;) < c® tr $2 = O(z—1/?™) by (20) and Lemma 2(c). Thus by the
Chebyshev inequality, we have

(22) 2! S,2s — 0y tr S, = Op(771/4m).
Write
(27822 — 01 tr S) — (27S:25 — ors tr S-)

-> -3 (Ekrnhsn — Ovs)
(23) - P 1+ AknA 1+ /\knT krnSksn rs

T—2A i 1- 1 Ekrnhsn — Ors
A — 1+ 2.2 1+ M,
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Note that (1 + M\z,\)~! are nonincreasing in 2 and bounded above by 1, and
that {(égrnhsn — Trs X1+ MenT) "1 }<r<n satisfy the assumption of Lemma 6 with
up, = ¢*(1+ Ay 7)2. Then, for any ¢ > 0 and § € A, we have

. 1 &rnépsn — 0
P Su rnSksn st c
{n_a6< s kz=1: T+ 14Xmr | =
Z 1 Ebrnbhsn — Ors
1+

Aen A 14 A, T

>ef

<P
o<1/(1+,\,.,.,\)< <1/(1+,\1,.,\)<1
< ¢ %(log, 4n)? Z U,
k=1

by applying Lemma 6 to (23). Since

Z up =c*(1+ M) "2 = c*eor V2™ (14 0(1))
k
by Lemma 2(c), these arguments lead to
(24) (2TSzZs — 05 tr S)) — (27'S 2 —ors tr S;) = O, (/\—;1:7-‘1/4’" logn)

uniformly for all A € [n~%, n~%). Then, by (22), for n™* <A <n~¢,

(i;?SAzs — ops tr SA) =0, (T_l/4m) +0, (T_1/4”' logn) =0p (,\—1/4mao) ,

where ag is any fixed constant satisfying 1/ay > ¢ > 1. Since the cardinality
of A is finite, (21) holds.
Now it remains to study the case when ! > 2. Note that

Ez,q-'si-zs = Ops tr Si. = clarsT_1/2m(1 +0(1)) and
Var(zf'slfzs) < & tr SEI ry 71/2m

by (20) and Lemma 2(c). Hence z7S.z, — s tr S%. = Op(r~1/4™) by the Cheby-
shev inequality. Some algebra shows that

(278425 — oy tr S4) — (27SL 2, — 0y tr S)

1 1
) Z [ 1+ )\kn>\ l - (1 + )\kn-,-)l] (&krnrsn — Ors)

k

n I-1
T - ZZ [ 1 ] €km€ksn — Org )
14 M) (1 + A A )it | (14 M7 )i

Note that (1 + My, A)~F are nonincreasing in £ and bounded above by 1. Hence,
(a) holds by applying Lemma 6 to each term on the right-hand side of the
above expression and by the argument used in showing (21). O
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PROOF OF PART (b). (b) follows from (a) by identifying z, and z; in (a) with
ein(b). O

PROOF OF PART (c). For any finite positive integer /, observe that En—1/2fT
(I-S.Ye=0and

Var[n~V#T(I - S, )] = n 02T (I - S,)2f < n~ 10’7 (I - S, )% = O(7?)

since the eigenvalues of S, are between 0 and 1. Hence, for any given 7 €
[)\l’ )‘2]7

(25) n~V2°T(I - S, Ye=0,(7).
For 7 = n=% with § € A, write
{1~ 8,) - (I-8;)]e

A—7 o [ 1 = 1 i
(26) = Z[Z(l_l+)\kn>\) (1_1+)‘kn7'):|

k=1 Li=1
y 1 MenT
1+ AknA 1+ AknT

where fin = n"Y2 Y1) f(tin)Ppn(tin). Note that {[\en7/(1+ MnT)] fin€rn} does not
depend on A, E(funern finern) = 0, for k # 1, that {(14+ My M)~ (1+ M, 7))V}, for 1 <
i,j <1, are nonincreasing in k, and that

AbnT o2 AbnT 2
Var(1+)\k,,Tfkn€kn)_ Z(1+)\k T) ﬁm
=n-102T (I — 8, 2 = O(+2).

It follows from Remark 1 following Lemma 6 that we can apply Lemma 6 to
each term on the right-hand side of (26). Thus we conclude that

(27) n~Y2{T(I - S)\)'e — £1(I - S;)%e] = O,((r — X) logn)

ﬁmekm

holds uniformly for all A € [n~%°, n~?]. By (25) and (27), for any a; > q,
n~V2T(1 - S, )'e = 0,(A/™)

holds uniformly for all A € [A\;, Az] and finite positive integer I. Hence, (c)
holds. O

PROOF OF PART (d). (d) can be shown similarly by identifying e in (¢) with
z.in (d). O

PROOF OF PART (e). Note that

[P (1 - 83 < (T (1= $3)0) 2 (0 (- 83)'8e) 2,
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by the Cauchy-Schwarz inequality. Since that the eigenvalues of S, are be-
tween 0 and 1, (e) holds by Lemma 2(a). O

PROOF OF PART (f). Write XT(I-8,)2Z = Z"Z+HT(I-S,)2Z+Z7(S2 —28,)Z.
Then, by (A1) (in Section 2) and the law of large numbers, n=1Z7Z = ¥ +0p(1).
Hence, (f) follows from (a) and (d). O

PROOF OF PART (g). Note that

n7'x] (I - S))'x, =n~'27 (I - 8))'z, + n"'h7 (I - S, )'z,
+n- hT(I - 83 )z, + n~'hT (I — S, )'h,.

Recall that n=1Z7Z = ¥ + 0,(1). Hence, it follows easily from (a), (d) and (e)
that (g) holds. O

PROOF OF PART (h). Write
X7 (I = 83)%Sx, = 27 (S — 283 + 83)2, + hT(I — §,)2S,h,
+hI[(I-8,)% - (I-8,)%z +hT[(I-8,)2 - (I - S,)3z.
Since |h7(I — S,)28,h| < nBayrpBasp = O(nA?), (h) holds by (a) and (d). D

PROOF OF PART (i). Observe that Ez!S%e = 0 and
Var (z!'S!e) = o2 Var (278%z,) ~ r~1/27,

by (20) and Lemma 2(c). Hence z’S.e = O,(r~1/4™), for any given sequence
T =n"% with aé € A. Write

n -1
(28) zT(S,-S')e

[ 1 ] EbrnEin )
= | (14 MenA)? (1 MNP (L N )Y

Note that (1 + A\, \)~F are nonincreasing in 2 and bounded above by 1. By
Lemma 7, {£urmérn(1 + Mp7) 7} satisfies the assumption of Lemma 6. By ap-
plying Lemma 6 to each term on the right-hand side of (28), we conclude that

(29) zIShe = 0,((1 - A"17)7~Y4mlogn) = O, (A~1/4mm)
holds uniformly over A € [n=2%, n—¢]. Hence, (i) holds. O
PROOF OF PART (j). Write
n~1227(I1 - S,)%e = n=Y227e + n=Y/227 (-28, + 8% )e.

Then by the central limit theorem and (i), (j) holds. O
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PROOF OF PARTS (k) AND (1). It follows from (a) and (c) that
x7(I - 8,)%x; — xT(I - S))?z,
=—2z" (I - 8,)28\z, — hI(I - S))?z,
+ hT(I - 8,)%2s + hT(Z - S,)%z, + hT (I - S, )%h,
= — (e1 — 2c2 +¢3)ars A 7Y 4 0, (ATV/4ma0) 4 O, (n1/2AV/ 1)
+ h(I - 85,)%h,,

X7 (1= 83)*%s —x7 (I - Sx)*x,
= 27 (I — 8,)3Ssz, + hT[(I - 8,)% — (I - 83)4]z.
+ BT [(I-8,)° — (I - Sx)%]zs + KT (I — S,)%S»h,
= (1 — 3¢ + 8cg — €4) 0 A 712 4 0, (ATV/AME0) 4 O, (n1/2N1/21)
+ hT(I - 8,)3S,h,.

Hence, we conclude (k) and (1). O
7. Proofs of Lemmas 4 and 5.
PROOF OF LEMMA 4. Recall Ry,()\) ~ A2 + n~1A~1/2"_ From now on, we

require that the three constants a, a¢g and a; in Lemma 3 satisfy 4m/(4m—1) >
a1 > a and ag > 1 so that, for A € [y, As),

(30) n=IzTAmeo - 6(A2 ¢ n=IATY2m) = 0(Rp,(N))
and
(€3] n~V2)1e1 = o(A2 4 n~IA"Y2m) = (R, (A)).

Equations (30) and (31) can be verified by simple algebra. Recall that Ay) =
S» + Byy, where By, = n‘l(I—S,\)2XAgl()\)XT(I — 8,2 and Agy = n~ XTI -
SyEX.

[(a) and (b)] By Lemma 3(g), we have

(32) trBox = tr{4;1(2) [n7XT(I - 5,)*X]} = 0,(1),
(33) trB2, = tr {A71()) [n" X7 (I - S,)*X]}° = 0,(1),
(34)  trS\Box= trA; (A) {n7IXT[(I-8,)° - (I - 8,)*]X} = 0,(1).

This, together with Lemma 2(c), proves (a) and (b).
(c) It follows from Lemma 2(b) that

(33) n1gl(I-8,)%go = 7X2(1 +0(1)).
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Also, by Lemma (a) and Lemma 3(d) and (e), we have
n~1gTB2,g0 = [n"'gl(I - 8,)2H +n~ g} (I - S,)*Z]
x {AT1(\) [ IXT(I - 8,)*X] A5 (V)
X [n‘IHT(I —85)2go +n~1Z7(I - S,)%gy]
= [0(X) + 05 (n™2)][£7* +05(1)] [0(2) + 05 (7 /2)] = 0(3?).
This, together with the Cauchy~-Schwarz inequality and (35), leads to (c).

(d) Write

n1Z7(1 - Ay )*Z = n-l{zT(S§ — 28,)Z + ZT[(I - Boy) — (Box — B%,))Z
+ZTS)‘BO)‘Z +ZTB())\S)\Z}.

By Lemma 3(a), we have the first term
(36) n~1(ZB)T (8% - 25,)(Z8) = (ca — 2c1)87=BnIA"1/2™ (1 + 0p(1)).

It follows from Lemma 3(a), (d) and (f), Lemma 1(a), (30) and (31) that the
third term

(37)n‘1ﬂT ZTS)BoxZB = BT [n~1Z78\(I - 8»)2X]A; 1 (M) [nXT(I - 8,)%Z)B
= (1 — 2¢q +¢3)B8TEBn~1IA"127(1 4 0,(1)).

The fourth term has the same rate.
Observe that

n1Z7(I — Boy)Z = [n~'27ZA;*(M)][A0(A) - 71X T (I - 8,)?Z]
+{[r127(28, - $2)2] - [n"27(1 - 5,)H]}
x A7 (M) [n71XT(I - 8,)%Z],
n"1ZT(Boy — B3,)Z = [n71Z7(I - ,)2X]A; 1 (V) [Ae(N) —n X T (I - 8,)*X]
x A7 (N [n 71X T(I - 8,)%Z].
Then by Lemma 3(d) and (f), we have
n~IHT(1-8,)2Z =0,(A2 +n2A"Y2™) and n7'XT(I-85,)°Z =S +0,(1).

Also, by (A1) (in Section 2) and the law of large numbers, we see that n~1Z%7Z =
¥ + 0,(1). Hence, it follows from Lemma 1(a) that

(38) n~1ZTZAGT () =1 +0,(1).
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Hence, by Lemma 1(a), (36) and Lemma 3(k) and (1), we conclude that
n~Y(ZB)"[(I - Box) — (Box — B,)](28)
=17 {(HB)T (I - S1)4(HB) + 0p(x~47%) 1.0, (n~1/2x1/)
+ (4eg — deg +¢4)BTEBAY2] (14 0,(1)).
This, together with (36) and (37), proves (d).

(e) Note that n=gT(I — S)Yh, = O()\2), for I > 2, and
(39) nTIXT(I - S))%e = O, (n~V/22Y%) + 0,(nY/2) = 0, (n~Y/2)

by Lemma 3(c) and (j). Then by (31), (39), Lemma I(a) and Lemma 3 (d), (e)
and (g),
n~'giBj e
= [n7'gf (T - 85)%X]A; (M) [nXT(1 - 8,)%X]A; 1 (2)
x [n71XT(I - 8))%]
~ (n-1/2A1/a1 + )\2) [n-1/2Al/a1 + Op(n‘1/2)]
= 0p(Roa (1)).
Similarly, we have
n='gf (I - Sx)Bore = [n~'g{ (I — 82)°X]AT (N [n7'X7(I - 8))%€]
=0p (ROn()‘))-
By Lemma 3(c) and (31), n~'g](I — S,)%e = 0,(Ron()\)). Putting these results

together, we have (e).

(H) Write (I-Agy)? = Si—(I—B())‘) Sx—8xI—Bypy) + I—Bypy) — (Box —Bg)\). By
the central limit theorem, n~1Z%e = 0,(n~1/2). Then it follows from Lemma
1(a) and Lemma 3 (¢), (k), (O and (i) that

n~1ZT(I - Bor)e = [Ao(X) —n7127(I - 8,)2X]A; 1 (A) (12" e)
~[n1Z7(1 - 8,)*X]A7 1 (V)
% [n7HT(I - 8»)%e —n~127(2S, — S%)e]
=0(Ro,())).
By Lemma 3(1), we have Ay(\) — n~1X7(I — §,)*X = O,(Ry, (V). It then follows
by (39) and Lemma 3(f) that
n-";ZT(Bo)‘ - Bg)‘)e = [n‘IZT(I - S)‘)2X]Aal(>\)
x [Ao(N) —~ n7'XT(I - 8,)*X]A; 1 () [n2x7(1 - Sx)%e]
=0(Ro,())).
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Next,
n=1ZT(I - Box)Sxe =n"1Z7Se — [n~1ZT(I - 8,)2X]|A;1())
(40) x {n71XT[(I-8,)% — (I-8,)%e}
= O(ROn()‘))’

since n~1Z7S)e = 0,(Ro,()), by Lemma 3(i) and the fact that
nIXT[(I-8,)2 — (I-S,)%le=n"tHT[(I-8,)? - (I-S))%]e
(41) +n71Z7(S, — 282 + S3)e
=0(Rox (1)),
by Lemma 3(c) and (i). Similarly, n=1278,(I — By, )e = o(Rg,()\)). Finally,
n~'ZTS4e = 0, (Ron(N))

by Lemma 3(i). Combining all the terms, we have (f).

(g) Write A2, — 249y = 82 — 25, + (BoAS»x + S»Boy) + BZ, — 2B,,. First, we
note that

(42) n~1(e’S\e — 0% tr 8}) = 0, (n"IA"V/4ma0) = 0, (R, (1)),

by the proofs of Lemma 3(a) and (b) and (30). Next, by Lemma 1(a), (39) and
(41) and Lemma 3(g),

n‘leTBo,\e = [n‘leT(I - S,\)2X]A61()\)[n‘1XT(I - S,\)2e]

4
(43) ~ [n=V2AY% 1 0,(n~V/2)]2 = 0,(Roa (V)),
n~teTBg Sxre = [n~teT (I - S,)2X]A; 1 (M) [n~1XT(I - S,)%S)e
(44)
=0p(Roa (1)),
(45) n~'eTBf e = [n~'e”(I - 8,)2X]A; ' (A\)[n'XT(I - 8,)*X]

x A7 (A)[n"1XT(I - S»)%e] = 0p(Ron (1))
Part (g) holds by (32)~(34), (43)(45) and (42). O

PROOF OF LEMMA 5. Recall that A, =S, + B;,, where
By, = n_l(I— SA)MI_I()\)XT(I—S)\)z and Al(A) = n_le(I—S)\)2X.

(a) By Lemma 3(d), (e) and (g),
n~'giB\Biago = [n7'gf (I - $1)*X]AT () [nT1X7(1 - 8,)*X]AT(A)
X [n_lXT(I—S)‘)2g0]
= 0,((A2 + n~V/2\Var)2),
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It can be easily verified that O,(n~1\¥/%1) = 0,()\?). This, together with the
Cauchy—-Schwarz inequality and (35), proves (a).

(b) Write
BTZT(1 - A1,)T(I - A1\)ZB = BTZ7(S2 — 25,28 + 28727S%B,, 28
+B8TZ%[(I - By,) - BY, (I - B1,)]28.
By (36), Lemma 3(a) and (f) and Lemma 1 (b), we have the second term,
n=1BTZTSTB1,ZB = BT [n1Z7S,\(I - S))X]AT (N [n X7 (I - 8,)2Z)B
(46) = (c1 — c2)BTEBnIA~1/2m 4 o, (n~1\~1/4ma0)
+0,(n~1/2\Va1), ‘
Observe that
n1ZT(I1-B1,\)Z = [n7'Z2TZA7 (V)][A1(N) — 71X T(I - S,)2Z]
+(n71ZT8,Z)A (M) [nIXT(I - 8,)%2Z]
—[n71Z7(1 - S, )H]ATI(N) [n X T(I - 8,)2Z),

n'ZTB],(I-By)Z = [n7'Z7T(1 - 8,)X]ATH(N)
x {[n71XT(I - 8,)Z - n71XT(I - 8,)%X]
+ [p71XT(I - 8,)%X]AT (M)
x [A1(A) —nIXT(I - 8,)2Z]}.
It follows from Lemma 3(a) and (d) that
x7 (I —S5)%x, —xT(I - 8»)%2, = x7 (I - S,)%h,
= hT(I — 8,)%h, + O, (n1/2\V/2)
= hT(I — 8,)%h; + 0,(nA2 + A71/2m),
xZ'(I - SA)zs - xz'(I —S,\)zxs = (cl - cz)a,s)\_l/zm - hz'(I — S,\)2hs
+0p (/\—1/4ma0) +0, (n1/2/\1/a1)
= (c1 — c2)0rA"Y2™ —hT(I - S, )%h,
+0p(nA% + X71/2m),
Note that [n~'hT(I — §,)*hs| = O(\?) by Lemma 3(e). Hence
BT[A1(N) —n~XT(I - 5,)*Z]8
=n"o,(nA2 + A\~Y2) & (HB)T(I — 8,)2HB](1 +0,(1)),
BT [n1XT(I - 8,)Z - n1XT(I - S,)2X]8
=n"(c1 —c2)BTZBA V2 — (HB)T(I — S,»)2HP](1 +0,(1)).

47)

(48)
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By Lemma 1(b), (38), (47), (48) and Lemma 3(a), (d), (f) and (g), we conclude
that

n~1(ZB)T[(I - B1\) - B],(I - B1)](28)
=n"Y(HB)T(I - 8»)2(HB) + c287=BA~Y27](1 + 0,(1)).
Part (b) holds by (36), (46) and (49).

(49)

(c) Write (I — A1) - Ayy) = (I — 85 + BT\ By, — (I - S,)Byy — BT, - 8S)).
By Lemma 1(b), (48) and Lemma 3(c)—(e), (g) and (j), we have
n‘lgg'Bf,\Bl,\e
- =B (1 - S X]AT () X7 — 8,PXIAT () KT - 8, )]
~ (V2N 4 )2) [nY/2)\Va 4 O, (n=1/2)]
= 0p(R1,(})),
n‘lgg'(I — S,\)Bl,\e
=n"'giBl\(I-S))e
= [n"'g§ (1 - 8,)*X]AT (W) [n X T(I - 8,)%]
=0p(R1n(})).
By Lemma 3(c), n~1gZ(I — S))%e = 0,(R1,()\)). Hence,
(50) n~lgl(I - A;)T(I-Ay)e =0(Ri,(N)).
Write ;
(I-Ap)T(I-A1) = (I-By\)T(I-Byy) +52

~(I—B1,)T8x — SA(I - B1»),
Z¥(I — B1))T(I - Byy)e = ZT(I — Byy)e — ZTBY, (I — By )e.
Recall that n=1Z7Te = O,(n~1/2). Then
n=1ZT(I - By )e = [A;(\) —n71Z2T(1 - 8, )X]A[ (n1ZTe)
1271 )X ()
x [n"IHT(I - 8))%e —n"1ZT(2S, — 52)e]

= o(R1.(N)),

by Lemma 1(a), (47) and Lemma 3(c), (f) and (i). Using the same argument to
derive (47), we have

51) A1) = nIXT(1 - 8,)2X = 0,(R1n(V)).
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By (39), Lemma 1(b), Lemma 3(f) and (g) and (51), we have
n‘IZTBf,\(I —Bjy)e = [n‘IZT(I— S,\)zX]Al‘l()\)
% [A1(A) = n=IXT(1 — 8,)2X]AT (V) o= 1XT(1 — S))%e]

o(R1.(})).

Hence,
(52) n~1ZT(I — B1,)T(I — B1y)e = o(Ry1,(N)).
Then by Lemma 3(c) and (i), we have
n1ZT(I - B1,)7S e =n"127S,e — [n~1Z7(I - 5, )2X] A71())

(53) X [n‘lXT(I—S,\)S,\e]
= O(Rln (/\))
Thus by (52), (53) and Lemma 3(i) we have
(54) ZT(I-Ap)T(I-Ape) = 0p(R1.(N)).

Part(c) holds by (50) and (54). T
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