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Abstract

This paper considers the second-order properties of empirical likelihood (EL) for a parameter
defined by moment restrictions, which is the inferential framework of the generalized method of
moments. It is shown that the EL defined for this general framework still admits the delicate second-
order property of Bartlett correction. This represents a substantial extension of all the established
cases of Bartlett correction for the EL. An empirical Bartlett correction is proposed, which is shown
to work effectively in improving the coverage accuracy of confidence regions for the parameter.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Generalized method of moments (GMM) introduced by Hansen (1982) are an important
inferential framework in econometric studies. GMM is based on, upon given a model,
some known functions g(X,0) of a random observation X € R? and an unknown
parameter 0 € R’, where ¢:R” — R", such that E{g(X,0)} =0 which constitutes
moment restrictions on the relationship between X and 0. The power of GMM is in its
allowing r>p, namely the number of moment restrictions (instruments) can be larger than
the number of parameter, which leads to a full exploration of inference opportunities
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provided by the given model. There is a vast pool of literatures on GMM. Here, we only
cite the reviews by Andrews (2002), Brown and Newey (2002), Imbens (2002) and Hansen
and West (2002).

Empirical likelihood (EL) introduced by Owen (1988) is a computer-intensive statistical
method that facilitates a likelihood-type inference in a non-parametric or semiparametric
setting. It is closely connected to the bootstrap as the EL effectively carries out the
resampling implicitly. On certain aspects of inference, EL is more attractive than the
bootstrap, for instance, its ability of internal studentizing so as to avoid explicit variance
estimation and producing confidence regions with natural shape and orientation; see Owen
(2001) for an overview of EL. A key property of EL is that the log EL ratio is
asymptotically chi-squared distributed, which resembles the Wilks’ theorem in parametric
likelihood. The Wilks’ theorem was established in the original proposal of Owen (1988) for
the means, in Hall and La Scala (1990) for smoothed function of means, Qin and Lawless
(1994) for parameters defined by moment restrictions and Kitamura (1997) for moment
restrictions with weakly dependent observations.

There have been comprehensive studies of EL in econometrics. Imbens (1997) shows
that the maximum EL estimator of 6 is a one-step variation of the two-stage GMM
estimator in the over-identified case of r> p, and achieves the same asymptotic efficiency as
the two-stage estimator. Testing is considered in Kitamura (2001) for moments
restrictions, Tripathi and Kitamura (2004) for conditional moment restrictions and Chen
and Gao (2006) for constructing an adaptive and rate-optimal test for a regression model.
Estimation and testing with conditional moment restrictions are studied in Donald et al.
(2003) and Kitamura et al. (2004). They found that EL possesses the attractive features of
avoiding estimating optimal instruments and achieving asymptotic pivotalness. Tilted EL
and other variations are studied in Kitamura and Stutzer (1997), Smith (1997) and Newey
and Smith (2004).

Another key property of the EL is Bartlett correction, which is a delicate second-order
property that implies a simple mean adjustment to the likelihood ratio can improve the
approximation to the limiting chi-square distribution by one order of magnitude and hence
can be used to enhance the coverage accuracy of likelthood-based confidence regions. In
the context of testing hypotheses, the Bartlett correction reduces the errors between the
nominal and actual significant levels of an EL test. Bartlett correction has been established
for EL by DiCiccio et al. (1991) for smoothed functions of means and Chen (1993, 1994)
for linear regression. Baggerly (1998) showed that EL is the only member within the
Cressie—Read power divergence family that is Bartlett correctable. Jing and Wood (1996)
revealed that the exponentially tilted EL for the means does not admit Bartlett correction
as the tilting alters the delicate second-order mechanism of EL. Recently, Chen and Cui
(2006) show that EL is Bartlett correctable in the presence of a nuisance parameter with
just-identified moment restrictions.

In this paper we show that the EL with over-identified moment restrictions is Bartlett
correctable. The finding represents a substantial extension to all the established cases of
Bartlett correction, which all consider just-identified cases in GMM. The establishment of
the Bartlett correction for the just-identified case is easier as the log maximum EL takes a
constant value —nlog(n) (n is the sample size). However, in the over-identified case the
maximum EL is no longer a constant, rather it introduces many extra terms into the log EL
ratio and makes the study of Bartlett correction far more challenging as can be seen from
the analysis carried out in this paper. The establishment of Bartlett correction in this
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general case indicates that EL inherits the delicate second-order mechanism of the
parametric likelihood in a much wider situation. This together with the findings of
Imbens (1997), Kitamura (2001) and Newey and Smith (2004) and others suggests that
the EL is an attractive inferential tool in the context of moment restrictions. The
establishment of the Bartlett correction leads to a practical Bartlett correction, which is
confirmed to work effectively for coverage restoration in our simulation studies reported in
Section 4.

The paper is organized as follows. Section 2 provides an expansion for the log EL ratio
for parameters defined by moment restrictions. Bartlett correction and coverage errors
assessment of EL confidence regions are investigated in Section 3. Simulation results are
reported in Section 4, followed by a general discussion in Section 5. All technical details are
left in Appendix A.

2. EL for generalized moment restrictions

Let Xy, X>,...,X, be d-dimensional independent and identically distributed random
sample whose distribution depends on a p-dimensional parameter 6 which takes values in a
compact parameter space ® C R”. The information about 0 is summarized in the form of
r=p unbiased moment restrictions ¢/(x, 0), j = 1,2, ...,r, such that E[¢/(X,0y)] = 0 for a
unique 6y, which is the true value of 6. Let

9(X,0) = (¢"(X,0),¢°(X,0),...,¢'(X,0))" and V = Var{g(X1,00)}.
We assume the following regularity conditions:

(i) V' is a r x r positive definite matrix and the rank of E[0g(X,0,)/00] is p;

(i) for any j, 1<j<p, all the partial derivatives of ¢/(x,0) up to the third order
with respect to 0 are continuous in a neighborhood of 0, and are bounded by some
integrable functions, respectively, in the neighborhood;

(i) Tim supy,_. o0 [E[explirTg(X 1, 00)}]| <1 and E[lg(X 1, 00)]|' < oo. @.1)

Conditions (i) and (ii) are standard requirements for establishing Wilks’ theorem and
higher-order Taylor expansions of the EL ratio. The first part of Condition (ii1) is the
Cramér’s condition on the characteristic function of g(X,6y). Requiring a finite 15th
moment is to ensure finite Sth moment for the sign square root of the EL ratio statistic,
which together with Cramer’s condition are needed in establishing the Edgeworth
expansion for the EL ratio statistic.

To facilitate simpler expressions, we transform g(X;, 6) to w;(6) = YV ~2¢(X;, 0) where
¥ is a r x r orthogonal matrix such that

0g(X, 0
py-i2g (90N g g (2.2)
06 TP
Here U = (ukl)pxp is an orthogonal matrix and A = diag(41, . .., 4p) 1s non-singular. Define

Q= ("),,,=UA™" where o =u);'. Here no summation over the subscript / is
carried out due to A being a diagonal matrix.

Let p,,p,,...,p, be non-negative weights allocated to the observations. The EL for 0
as proposed in Qin and Lawless (1994) is L(0) =[[_,p; subject to > : p, =1
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and Y7 pwi(0) = 0. Let £(0) = —21og{L(0)/n"}. Standard derivations in EL show
00y =2 Z log{1 + 21 (O)wi(0)},
i=1
where 4 = A(0) is the solution of n=!>"%_ wi(0)/(1 + 2Twi(0)) = 0. )

According to Qin and Lawless (1994), the maximum EL estimator 6 and its
corresponding 4, denoted as A, are solutions of

- wi0)
01,(4,0) = § T ) =0 and (2.3)
1 S @00 _

The log EL ratio is r(6) = £(6) — £(0). A
In the following we develop expansions for £(60y) and £(6), respectively. To expand £(6,),
define

oI = B{w]'(0y) ... W (0p)} and

A/1~~-jk = n_l Z Wél (00) R M/ék(e()) — Ole"'jk.
i=1

Here we use & to denote the jth component of a vector a. Then, it may be shown that

n(00) = AA — A AA+ 2" AN+ A AA 24" A A
— 20 A A AT A9+ o M A A A A9 — Lo A A A" A9+ Op ().
(2.5)
We use here a convention where if a superscript is repeated a summation over that
superscript is understood. This expansion has the same form as DiCiccio et al. (1991) for
the mean parameter and Chen (1993) for linear regression.
To expand £(0) in the general case of r>p, two new systems of notations are introduced.

Let 7= (4,0), Q) = (Q1,(n), 03, ()", Sa1 = U(4,0) and S;» = S3,. Due to the early
transformation in (2.2),

s p[0Q0.00) _ ([~ S}
611 SZ] 0
Put I'(n) = S~'O(n). Now we can introduce the notations involving I'(5) and their
derivatives

o a*I7(0, 0o) o oI’ 0,00)
J1Jk — and Bk = J1-Jk
4 (617]1 -0, Z 7 on;, ... 0y, -7

and the notations involving w;(0) and their derivatives.
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yia].1~-~jl;k,kl-~~kn7;-~~§17,l71~~l7[ — E al‘/‘)i(eo) i anlwf((eo) . ath(Qo) and
00" ... 00 30" .. 00k 067 ...00"

leZi ik ppy.p;

_ 1i o'Wi(By)  "wk(6o) GRUACY
om0 .. 00" 00h . opk Q0™ ... 00"

— i:jl":jl;kakl“'km;“‘;p’pl Py .

Since 7 = (;1, @) is the solution of I'() = 0, by inverting this equation, we derive in
Appendix A.2 that for j k,l,m e {1,2,...,r + p},

;’,‘I/ _ % - _ B] 4 Bj,kBk _ %ﬁi’lekBl _ Bj,kBk,lBl 4 %ﬂk’lmBi’kBle + ﬂ/’lek’mBmBl
. %ﬁj’klﬁk’manBnBl . %Bi’lekBl + éﬁj’klmBkBle + Op(n—Z). (26)

Note that (2.6) contains expansions for 7/ when j<r and for 0/ when Jj>r, respectively.
Note that

0 =23 )~ S0 @ + 50 wOF - B w01 | + 0,00, @)
i=1

From now on, we fix the ranges of the superscripts a,b,c,d € {1,2,...,r —p},
f.g9.hije{l,2,...,r},k,I,mmnoe{l,2,...,p}and q,s,t,u € {1,2,...,r+ p}. It is shown
in Appendix A.2 by substituting (2.6) into (2.7) that

n~U(0)= — 2B A — BB + 2C* B Bra g L g prkst ik gugd ps e
— pa BBl ths pryik  prfuagupi cik gl pigi4it 24/ gl B' Bt
+ 20 B B — BB B2 j,r + k] + L BB BYBN[2; j, v + k)
+ MBI BkBH 4 BBHFBHBI3: 4+ k4 ]
— L gt B B B3 r + kv + 1y — M B BB — 2 4" BB B
— B“B“B+B! — 1 g p" B“BIB° B + p1B"BI B B + 2y B B B! g
+ B BB Aji[z; il — % ﬁj,uq B'BIB Aji[z; jyil+ % y/;k,lm B Bk g+ grm
+2y"{B BB — BB BB + 1B B B*B! — B B' B BI[2; ], 1]
+ %ﬁj,ququBiBr—i—l[ ;j, l]} + 2B/'BiBr+le;i,l _ (y/';i,lk + y/,l;i,k)BiBiBr—HBr—i-k
+20/" B B' BB — /" BB B B" — Lo/ B B'B"BY + Op(n~?), (2.8)

where [2;;,1] indicates there are two terms by exchanging the superscripts i and j, and
[3;/,i,k] means three terms such that the three superscripts take turns to occupy the
position of j. Expansion (2.8) for 5(0) is more complicated than the just-identified case of
r = p. In that case, all the B/ = 0 from a result established in (A.1), which means 5(9) =0
and r(6y) = €(0y). This is the situations of all the existing studies on Bartlett correction of
the EL. When r> p, the expansion of f(@) contains more terms than that of £(0y), which
increases substantially the difficulty of the second-order analysis.
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Combining (2.5) and (2.8), and carrying out further simplifications,

n_lr((?o) — A4 — AK gk gl — g glrragrrayl o %aklmAkAmAl 4 20kl gprak gpta 4l

+ (Zakl,p—i-a . yp—&—a,mn "k a)nl) Arra gk gl 4 Aji( Al 4 4h _ giapga Bi[2; i./])
(o rrarth _ ypraprbk ) gp+a gp+b 41 4 piugiagugd 4 Gk gia grek ga
. yi,kl Brkgtipgapgs _ 27)/,1«1 B B prthapt _ 24 pi gi pha pa
i 2))”’1 ( B B BB + B Bip BI[2;j,i]) + (yi;i,lk + Vj,l;i,k) B B Bt gtk
+ (% ﬁj,uq ﬁj,sz . % ﬁj,uq ﬁr-l—k,st,yj,k) B'B'B*B' + (aji/1 ﬁh,uq . yj;i,l ﬂr-l-l,uq) B B B'B?
+ (Vj,klﬂr—l-l,uq _ Vi;j,kﬁi,uq _ ))j;i’kﬂi’uq)BquBjBr+k + %yj,klﬁ/,ququBr—i—lBr—i—k
B % y/',klm B Btkpgr+igrtm _ 2yj;i;h,k B B BBtk + % " Bl B B" BY
+ (K gl grtk grtl _ o ciiid gl gi gt + %Ajih(BjBiBh + AinAh)
— 20 A A ATAI 4 o o A ATA" A9 — Lol A AT A" 49 4 Oy ().

(2.9)

This expansion leads to the following signed root decomposition:
n'r(0p) = R'R + Oy(n~/?),

where R = Ry + Ry + R; and R; = O,(n~"/?) for i = 1,2 and 3. By matching R| R} with the
only term A'A’ of order n=! in (2.9), we have

R =4". (2.10)

Then we match 2R! R} with the terms of order n~3/2 and obtain

R12 - _ %AklAk _ Al,p+aAp+a + %OﬂklmAkAm + wle[)+a,kAp+a
+ (Ockl,p—i—a _ %yp—i-a,mnwmkwnl)AeraAk + ((Xl,p—i-a,p—',—b _ ,})p—i-a;p—i-b,kwkl)AeraAerb

2.11)

and R| = R, =0 forje {p+1,...,r}. Similarly, by matching 2R} R} with the rest of the
terms in (2.9) after removing terms contributing to (Rl1 + Ré)(Rl1 + Ré), the form of Ré is
given in Appendix A.2.

From (2.9), r(6y) = nA'A’ + op(1) which means that r(90)—d> X,% and leads to an EL
confidence region for 6 with nominal confidence level 1 — a: I, = {0]|r(0)<c,} where ¢, is
the upper a-quantile of ;{ﬁ distribution.

3. The second-order properties

This section considers the accuracy of the chi-square approximation to the distribution
of the EL ratio statistic 7(0y) and improving this approximation by the Bartlett correction.
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We first introduce some quantities used to define the accuracy of the chi-square
approximation. Let

Jlo — %(OCIOkk 510) + 6OClkkocomm . 36 lkm okm + Oclop+ap+a
l,p+a,p+b 0,p+a,p+b . lk,p—i—aocok,p—i—a +1 wkl,ym,p—}—ak om,p+a[2 l 0]

+ ,yp-i-a bk optapth ki [2:1,0] + p+a,mn " o o0k p+a[2; 1,0]

VIH_a mnyp_g_a n'n W™ U) lwm kCl) ~1 yp+a,mnyk;p+a,vwmkwnlwv() [2’ l, 0]

_ wklyo,p+a,p+a,k[2; 1,0] + (yp+a,k;p+a,v _ yp+a;p+b,kyp+a;p+b,v)wk1 " and (3.1)
lo __ 1 lokk lo lkm _okm lok  kmm 1 lok k, +a,p+a
K =g (@ +07) = 0o — o™ — 5ol ol

a)km,yp—i—ak ;0 Impta %a)km,yp—l—a kp+a lom 41 COmla)nkCxt)lc,])—i—cz,yp—i—a,mn

+ Lo a)km(,yp-‘ra,k;oyp-‘ra,n,m _ yp-i-a,n;oyp-i-a,k,m)

+ et oo (pprameyptakin _prakvyptamny

+ ™o a)kn(prra km,yp+a N/ yp+a,kvyp+a;n,m)

+1 L'l ymo o'k wnk(,yp-l-a,mnyp—l—a,m’n/ _ yp+a,mm’yp+a,nn’)_ (3.2)

Let B, = —I(Z A” OClkkoclmm) where All 2K +Jll _ ,ul,ul and ,“l — 6n—1alkk
The accuracy of the ch1 square approximation is evaluated in the following theorem.

Theorem 1. Under Condition (2.1),
sup |P{r(6y) <x} — P(x, <x) + n~' Boxf ,(x)] = O(n™),

X€ER

where f,(-) is the density of x, 2 distribution.

Theorem 1 indicates that the coverage error of the EL confidence region I, is O(n~!),
which is the same order as a standard two sided confidence region based on the asymptotic
normality of 6. The attractions of the EL confidence region are: (i) there is no need to carry
out any secondary estimation procedure in formulating the confidence region; and (ii) the
shape and the orientation of the region are naturally determined by the likelihood ratio
surface, free of any subjective intervention.

It can be shown by combining the expressions of E(RIR’) given in Appendix A.3 that

E{r(0y)} = p(1 + B.n") + O(n™2). (3.3)

The rationale of the Bartlett correction is to adjust the mean of the EL ratio r(0y) to make
it agreeable with the mean of X,% to the order of n~!. This mean adjustment, originally
proposed by Bartlett (1937), improves the chi-square approximation to the distribution of
the likelihood ratio to O(n=2). The following theorem formally establishes the Bartlett
correction for the EL ratio r(6y).

Theorem 2. Under Condition (2.1),
sup |P{r(6p) <x(1 + Bon™")} — Py, <x)| = O(n?).

XeR
The theorem shows that the Bartlett correction is maintained by the EL for the situa-
tion of general moment restrictions, despite that » may be larger than p and ¢(0) has a
rather complex expression. This indicates that the EL is resilient in sharing this delicate
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second-order property with a parametric likelihood and the existence of certain internal
mechanism in the EL that resembles that of the parametric likelihood.

The Bartlett factor B, can have a quite involved expression for a general over-identified
case of r>p due to the lengthy expressions of A”. However, it admits simpler expression in
two special situations. One is in the situation of just-identified moment restrictions with
r = p. It may be easily checked from (A.14) that

(1 likk lkm lkm) (3 ) 4)

which is the Bartlett factor obtained in DiCiccio et al. (1991) for smooth function of means
and Chen (1993) for linear regression. The other situation is when r>p, but (i)
Cov{g/(X,00), ¢" (X, 00)} = 0 for any j<p and a<r — p and (ii) ¢/(x, 0) = ¢/(x) does not
depend on 0 forj = p + 1,...,r. Assumption (i) means that the first p estimating equations
are uncorrelated with the last r — p estimating equations at 0y and (i) means that the last
r — p estimating equations are free of parameters. In this case,

B, _p—l(l likk + all,p—i—a,p—i—a _ %alkmo(lkm _ Ocllkockp—i—a,p—i-a _ Oclf,p—i-aoclf,p—i—a)'

A special case of the second situation is considered in Cui and Yuan (2001) for a quantile
with r =p+ 1.

To practically implement the Bartlett correction in a general situation, either B. or
B.=1+ B.n~! has to be estimated. It is noted that the direct plug-in estimator of 8, can be
obtained by substituting all the populations moments involved by their corresponding
sample moments. However, considering the rather lengthy forms of f,., we propose using
the following bootstrap procedure to estimate f5,.

Step 1: Generate a bootstrap resample {X}_, by sampling with replacement from the
original sample {X;}’_, and compute r*(@) = 5*(@) — f*(@*), where ¢* and 0 are,
respectively, the log EL ratio and the maximum EL estimate based on the resample.

Step 2: For a large integer N, repeat Step 1 B times and obtain r*l(é), e, r*B(é).

As B'S°F  #h(0) estimates E{r(6p)}, a bootstrap estimate of 3, is

B
B.=(Bp)' > _r0).
b=1

Let 'y, = {X1,...,X,} be the original sample. It may be shown by standard bootstrap
arguments, for instance, those given in Hall (1992), that

E(B.|%n) = (1 + B~ H{1 + Op(n~"/?)) (3.5)

which means that the bootstrap estimate of f8, is /n-consistent. Now a practical Bartlett
corrected confidence region is I, = {0|r(0)<c,f.}.

The above use of the bootstrap to estimate 8, naturally leads ones to think of using the
bootstrap to calibrate directly on the a-quantile of the EL ratio r(6p). Let ¢, be the ath
quantile of the distribution of r*(@) given Z,, namely, P{r*(9)<ca|% } = a. The quantile
can be estimated by the ([aB]+ 1)th ordered value of {r*b(G)}b , where [-] is the integer
truncation operator. We will ignore the error of the quantile estimation as it can be made
as small as possible by increasing the number of bootstrap simulation B. Then a direct
bootstrap confidence interval at a nominal level o is I, = {0]r(0) <y}
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Theorem 3. Under Condition (2.1),
P{V(90)<Caﬁc} = a4+ 0m3?) and P{r0y)<éy) = o+ Om?).

The theorem indicates that the coverage errors of the two confidence regions 7, . and
I, are at the same order of n=3/2, which is one order of magnitude smaller than the
original EL region I,. However, they are both of larger order than O(n~2) when the true B,
is used as conveyed in Theorem 2. The underlying reason for achieving a coverage error at
the order of n72 in Theorem 2 is due to a fact that an even/odd order Hermit polynomial is
an even/odd function, which makes the n~3/>-order term in the Edgeworth expansion
vanish. However, when we used a /n-consistent estimate of f3, in I, ., the n~3/2-order term
in the Edgeworth expansion involves no longer just Hermite polynomials. The error in the
estimation of 8, has an effect at the order of n=3/2.

4. Simulation results

We report in this section results of two simulation studies which are designed to confirm
the theoretical findings of Bartlett correction of the EL by implementing the proposed
empirical Bartlett correction. For comparison purposes, the bootstrap confidence regions
I, 1s also evaluated.

In the first simulation study, X,..., X, are independent and identically N(0, 0% + 1)
distributed, as considered in an example of Qin and Lawless (1994). The relationship
between the mean and variance leads to moment restrictions: ¢;(X,0) = X; — 0 and
9r(X1,0) = X7 — 20> — 1. This is an over-identified case as there are two moment
restrictions and one parameter of interest, i.e. r = 2 and p = 1. Like Qin and Lawless, the
value of 0 is chosen to be 0 and 1, respectively. The sample size used in the simulation study
i1s n = 20, 30,40 and 50, respectively.

In the second simulation study, we consider the following autoregressive panel data
model, which is an example considered in Brown and Newey (2002):

o
Xit=0X -1 + o + &, Xio=1_p+ei, 4.1)

for t=1,...,4and i=1,...,n, where |0|<]1, {8,‘;}?:1 and o; are mutually independent
standard normal random variables, ¢;,~N(0, (1 — #*)~") and independent of {8,~t}f=1 and o;.
Let X;=(Xi,...,Xu4). The moment restrictions after taking time differencing are
91(X3,0) = Xi1(AX ;3 — 0AX n), g2(X 1, 0) = Xin(AX iy — O0AX 3) and g5(X;,0) = Xn(AX ;3 —
OAX ;) where AX;, = X;; — X;;_1. Itis easy to check from model (4.1) that E{g,(X, 0)} = 0.
Hence, there are three constraints and one parameter, i.e. r = 3 and p = 1, another over-
identified case. The parameter 0, the autoregressive coefficient, is assigned values of 0.5 and
0.9 to obtain different levels of correlations. The sample size is chosen at n = 50 and 100,
respectively. Three confidence intervals are evaluated. They are I, based on the limiting
chi-square distribution, /, . via the empirical Bartlett correction and 7, based on the
direct bootstrap calibration.

To gain information on the degree of over-identification in the moment restriction on
the confidence intervals, we also carry out simulations for each model with only one
estimating equation, which happens to be the first estimating equation, respectively. These
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correspond to just-identified cases, where the Bartlett factor are given explicitly in (3.4).
Therefore, in additional to the above three confidence intervals, we also evaluate the
theoretical Bartlett corrected interval which replaces f, by the real value 8, in I, .. We are
also able to obtain the real B, value for the over-identified case in the first simulation
model, hence the true Bartlett corrected interval is performed for all cases in the first
model.

In both simulation studies, the empirical coverage and length of the EL, Bartlett
corrected EL and the direct bootstrap calibrated intervals are evaluated with nominal
coverage levels of 90% and 95%, respectively. The bootstrap resample size B used is 250
and the number of simulation is 1000.

Tables 1 and 2 contain the empirical coverage and the averaged length of the confidence
intervals, which can be summarized as follows. First of all, the need for carrying out the
second-order correction to the EL confidence interval I, is obvious as the original EL
interval has quite severe under coverage for all the cases considered even for a sample size
of 100 for the panel data model. The under coverage is particularly severe when the sample
size 1s small for the normal mean model N(1, 2) and for the panel data model. These are the
situations where the Bartlett correction is needed. In all the cases considered the empirical
Bartlett correction (/,1.) improves significantly the coverage of I,. The restoration of
coverage by the Bartlett correction is impressive when the sample size is small. We also
observed that, as anticipated, the direct bootstrap confidence interval has similar
performance with the Bartlett corrected intervals in most of the cases. However, in the

Table 1

Empirical coverage (in percentage) and averaged length of the EL confidence interval 7,, the theoretical Bartlett
corrected (TBC) interval /. by using the ture Bartlett factors, the empirical Bartlett corrected (EBC) interval 7, uc
and the direct Bootstrap (BT) calibrated confidence interval I, with X~N(0, 0>+ 1) and 0 =0

Nominal level 90% 95%

sample size EL TBC EBC BT EL TBC EBC BT

(a) With two moment restrictions

20 coverage 84.50 89.50 90.30 87.90 91.20 94.80 93.82 93.40
length 0.635 0.712 0.835 0.792 0.760 0.847 0.932 0.930

30 coverage 85.75 89.25 89.45 87.32 91.20 94.10 93.50 93.20
length 0.543 0.602 0.626 0.605 0.672 0.720 0.765 0.761

40 coverage 87.65 90.10 89.80 88.76 92.50 94.80 95.60 94.80
length 0.490 0.515 0.546 0.542 0.585 0.615 0.627 0.625

60 coverage 87.50 89.50 89.04 88.75 94.00 95.50 94.63 93.87
length 0.448 0.465 0.425 0.413 0.540 0.560 0.547 0.532

(b) With one moment restriction

20 coverage 86.50 88.70 90.10 89.50 92.60 94.70 94.30 93.80
length 0.723 0.753 0.865 0.852 0.878 0.912 0.987 0.983

30 coverage 86.50 89.30 89.32 88.75 93.20 95.10 94.20 94.60
length 0.595 0.613 0.676 0.662 0.718 0.737 0.794 0.806

40 coverage 88.10 90.20 90.10 89.30 94.0 94.50 94.60 95.20
length 0.515 0.524 0.563 0.557 0.618 0.630 0.645 0.650

60 coverage 87.80 89.40 89.34 88.90 94.10 94.80 94.60 94.30

length 0.464 0.472 0.452 0.445 0.552 0.567 0.558 0.550
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Table 2
Empirical coverage (in percentage) and averaged length of the EL confidence interval /,, the theoretical Bartlett
corrected (TBC) interval /. by using the true Bartlett factors, the empirical Bartlett corrected (EBC) interval 7, .

and the direct Bootstrap (BT) calibrated confidence interval I, with X~N(0, ®+1)and 0 =1

Nominal level 90% 95%

sample size EL TBC EBC BT EL TBC EBC BT

(a) With two moment restrictions

20 coverage 81.40 87.50 86.45 85.48 87.00 92.10 91.80 90.20
length 0.661 0.807 0.792 0.783 0.789 0.956 0.924 0.917

30 coverage 82.50 92.00 89.15 88.63 92.50 95.25 94.21 93.60
length 0.610 0.705 0.683 0.677 0.707 0.794 0.782 0.764

40 coverage 85.50 89.50 88.40 88.90 91.25 94.25 93.70 93.20
length 0.462 0.531 0.523 0.526 0.590 0.657 0.643 0.635

60 coverage 88.50 89.75 90.35 89.23 92.25 94.40 94.25 94.50
length 0.412 0.443 0.452 0.440 0.492 0.531 0.535 0.540

(b) With one moment restriction

20 coverage 88.90 90.35 89.75 90.10 93.00 94.20 94.50 94.35
length 1.025 1.065 1.050 1.063 1.228 1.275 1.283 1.280

30 coverage 87.80 89.20 89.50 88.90 93.50 94.65 94.80 94.40
length 0.843 0.865 0.869 0.860 1.010 1.036 1.041 1.030

40 coverage 88.60 89.35 89.45 89.90 94.25 94.75 94.60 94.40
length 0.720 0.734 0.736 0.743 0.862 0.876 0.870 0.867

60 coverage 88.90 89.50 90.15 90.25 94.50 95.15 95.10 95.20
length 0.602 0.610 0.615 0.619 0.721 0.730 0.726 0.732

normal mean model, the coverage of the direct bootstrap interval I,y 1s not as good as the
Bartlett corrected interval [, . in most of the situations. The robust performance of the
Bartlett corrected interval may be due to the fact that the estimation of the Bartlett factor
B., which involves simple bootstrap averaging, is less variable than the bootstrap
estimation of an extreme quantile of the distribution of r(0) (see also Tables 3 and 4).

When the number of moment restriction is reduced to one, the lengths of all intervals
increase which is expected as the estimation efficiency declines. The theoretical Bartlett
correction is slightly better than 7/, and I, in terms of coverage accuracy and length.
However, when # is larger (n = 60 in the first study and » = 100 in the second), the three
second-order intervals perform almost the same.

It is noticed that the lengths of the confidence intervals for the panel data model is
comparable with those given in Brown and Newey (2002). Finally, we observed that as the
sample size increases the EL interval I, improves both in its coverage and length, whereas
the improvement on the Bartlett intervals and the bootstrap interval is more in reducing
the length of the intervals.

5. Discussions
The main finding of the paper is that the EL with general moment restrictions are

Bartlett correctable. This is a substantial extension of the previously established cases of
Bartlett correction of EL, including the case of smoothed functions of means by DiCiccio
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Table 3

503

Empirical coverage (in percentage) and averaged length of the EL confidence interval 7,, the theoretical Bartlett
corrected (TBC) interval [, by using the true Bartlett factors (with one moment restriction only), the empirical
Bartlett corrected (EBC) EL interval 7,1, and the direct Bootstrap (BT) calibrated confidence interval I, 1 for the

panel data model (4.1) with 6 = 0.5

Nominal level 90% 95%
sample size EL EBC BT EL EBC BT
(a) With two moment restrictions
50 coverage 81.25 87.30 89.20 87.10 93.40 94.05
length 0.917 1.325 1.384 1.088 1.425 1.504
100 coverage 84.50 89.90 89.80 90.20 93.80 94.30
length 0.706 0.875 0.894 0.818 1.065 1.096
Nominal level 90% 95%
sample size EL TBC EBC BT EL TBC EBC BT
(b) With one moment restriction
50 coverage 85.70 88.50 88.75 90.10 92.25 94.10 93.82 94.30
length 1.382 1.457 1.525 1.534 1.574 1.631 1.625 1.685
100 coverage 87.50 89.75 88.90 89.50 89.75 94.75 94.30 94.50
length 1.162 1.182 1.175 1.180 1.302 1.320 1.335 1.343
Table 4

Empirical coverage (in percentage) and averaged length of the EL confidence interval I, the theoretical Bartlett
corrected (TBC) interval [y, by using the true Bartlett factors (with one moment restriction only), the empirical
Bartlett corrected (EBC) EL interval I, . and the direct Bootstrap (BT) calibrated confidence interval I, 1 for the

panel data model (4.1) with 6 = 0.9

Nominal level 90% 95%
sample size EL EBC BT EL EBC BT
(a) With two moment restrictions
50 coverage 80.50 88.45 89.30 87.30 93.80 94.40
length 1.596 1.819 1.823 1.765 1.950 1.936
100 coverage 81.40 89.20 88.80 89.20 93.50 94.60
length 1.540 1.623 1.656 1.726 1.905 1.913
Nominal level 90% 95%
sample size EL TBC EBC BT EL TBC EBC BT
(b) With one moment restriction
50 coverage 86.50 90.20 90.30 89.40 92.30 95.10 94.70 94.80
length 1.849 1.889 1.894 1.876 1.923 1.940 1.934 1.939
100 coverage 87.25 90.20 90.10 89.40 93.00 94.80 94.30 94.70
length 1.808 1.829 1.820 1.813 1.910 1.928 1.920 1.925
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et al. (1991) and the linear regression by Chen (1993). It shows that the Bartlett property of
the EL is still preserved even in the case of over-identification. Although the Bartlett factor
can admit a rather involved expression with over-identified moment restrictions, proving
that the EL is Bartlett correctable provides the theoretical foundation to the proposed
easily implementable empirical Bartlett correction and bootstrap calibration of the EL
ratio.

Although we have focused on the coverage accuracy of the EL confidence regions, the
results of this paper have implications on hypothesis tests. For testing the simple
hypothesis, Ho : 0 = 0y, a size o EL test rejects Hy if r(0p) > ¢,. The Bartlett corrected EL
test rejects H if r(0y) > ﬁ ¢,. The latter test has more accurate size approximation than the
original EL test. The maximum EL ratio 5(9) can be used to test over-identification
restrictions E{g(X, 0)} = 0, as proposed in Qin and Lawless (1994) and Kitamura (2001),
which mirrors the GMM test of Hansen (1982). The expansion given in (2.8) would be
useful in studying the second-order properties of the EL over-identification restrictions
test.

The use of the bootstrap to carry out the Bartlett correction empirically is due to a rather
involved expression for the Bartlett factor. Although it may be expected that the direct
bootstrap calibration would give the same effect as the Bartlett correction, the justification
of the direct bootstrap method inevitably needs those cumulants and the Edgeworth
expansions established in this paper.

The results established in Theorems 1 and 2 can be extended to independent but not
identically distributed samples, for instance, those arisen in a regression study. We need to
modify «, f and y as follows:

o n . ) k j
it = Y W O0). O] = —IZE<“ @ 90)) and
i=1 on, - - o,

ki oonen, — LS dwi(0o) _3"wi() w0 |
n 00 ... 00 00k . 00k 00" ... 00

i=1
We need also to re-define V,, as n_IZ?:l Var{g(X;, 0y)}. These forms of o and V,,
were employed in Chen (1993) to establish Bartlett correction for linear regression
where r = p. Conditions (2.1) should be modified to reflect the independent but not
identically distributed nature of data. Similar conditions as those given in Theorem 20.6
of Bhattacharya and Rao (1976) are required. Then, it may be shown that Theorem 1
is true by employing Skovgaard (1981) on transformation of Edgeworth expansions.
Theorem 2 is then a consequence of Theorem 1 as the calculation of the cumulants
follows the same spirits given in Appendix A for independent and identically distributed
samples.
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Appendix A
We provide some technical details on the log EL ratio r(0y) in Appendix A.2, the sign

root decomposition in Appendix A.3, and the proofs of the two theorems in Appendix A.4.
More details on these derivations can be found in Chen and Cui (2005).

A.1. Basic formulae

We first present some basic formulae which will be used throughout the derivations.

Recall that Q = (), ,=UA™" where o =7, Since I'(n) = S~' Q(7) where

_ _ 0 0 QT
o (—I—i-Slz(SszSlz) 'Sh S1(ShS1)™! o s 0
- ST S —1ST ST S —1 - —Lr—p B
( 12 12) 12 ( 12 12) 0 0 00T

it can be checked that
or’(o, 0 B A 0
. I .
ﬁ]’k:E(%) =6% and B=| -.. :S_1<O> = | —4>
s B 04,

Here AT = (4',... 4)T=(4T, A1)", where 4, =(4',...,47)" and A, = (4""!,..., 47"
constitute a partition of 4. Therefore for positive integers k and «,

B =0 fork<p, B'*“=—A"" fora<r—p and

Bt =M 4! for k<p. (A.1)
Let B =(B',...,B)" and B, = (B*!,...B*")". Since SB = (AT,OZM)T, it means that
—Bi + SiBy = A. As Sip = (%), , and from (A.1) we have

VBT = ATTG<p). (A-2)
where [ is the indicator function. Since

—(47) (Cl?’))

: _ ol
(Bp q)(r+p)><(r+p) =S <(Ci,l)T 0
we have Sy (B™),,, = (C*" ;X,, and Sy (B"1),,, = 0. As Sy = (¥)", these mean

YEB = " for I<r and k<p and Y*¥B"*t4 = 0. (A.4)

(A.3)

Furthermore, (A.3) also implies the following which links the B system with the
A"™- and the CV"-systems:

(Bk,l) (Bk,p+b) (Bk,r-l-l)
(Bp+a,l) (Bp+a,p+b) (Bp+a,r+l)
( Br+k,l ) ( Br+k,p+b) ( Br+k,r+l )
(a)mk Cl,m) (wmk Cp+b,m) 0
= (4+ely (Arrarthy —(crrely . (A.5)

(wkm [wnm Cl,n _ Aml]) (a)km [wnm Cp+b,n _ An1,p+b]) (wkm Cm,l)
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In a similar fashion, we can establish the following links between B* and (o/%, /%)
systems where ¢ and i contains either single or double superscripts:

Lp+ap+tc __ olr. p+c;p+a,o +a;p+c,o Lp+mp+c ol p+com

phrtarte — _golypteptao 4 aprapteo) o pghytmpte  gpolyp ’
+ap+bptc __ +a,p+b.p+c +ap+mptc __  p+eptam +a;p+c,m

prraptbrte — _pgptaptbpte o ppraptmpre _ ptep 4 ppraptem

Lp+ap+n __ ol p+aon Lp+mp+n __
ﬁ r r =w Vp s ﬂ P P - 0:

+a,p+b,p+n +a,n;p+b +a;p+b, +a.p+m,p+n +a,
ﬂp p+b.p :,yp amp +?p ap n’ ﬂp p+m,p — _yp amn,
r+k.p+a,p+c ko o +aptc ko " +c;p+a,n +a;p+c,n
prlptapte — oo yortap [pPteptan o yptapten)
r+k,p+a,p+n ko _mo,. p+amn koy.,onp+a o:p+ta,n
PP = @ @Oy T — @Oy T 4y PR,

ﬁr-i-k,p-i-WI,p-i-C — Cl) a)noyp—i-c,nm _ wko[yp-i-c;o,m 4+ yo,p—l-c;m] ﬁr+k,p+m,p+n — Cl)ko 0,mn
b .

(A.6)
See Chen and Cui (2005) for details.

A.2. Derivations of (2.8) and (2.9)

We shall expand each term on the right of (2.7). By ignoring terms of O,(n>/?), the first
term

am/(eo) i 10° m/(eo) NIV BRI () o'

1N () = ! W(0g) + —2 -
Z i(®) Z (60) 2000 0 ¢ T 6 odkadae”
JakAl kAl am

Sy UYL AT L S S 7 o L S o

Similarly, the second term

R Z wi@)wi( )72

| )
= Vi Z{WI(QO)Wh(QO) + Wh(QO) ( )0 [2:: A1+ 5 Wl(e )662}12(518)}

= V34 0+ T gy 4 3 T e 1 )

+111019k{(cjlzk+y]llk}

R N N N S Yo e A A R AL L A O WO
For the third term

- Z[ﬂ W,(Q)]3 i ﬂ/l (A]zh + Ot”h)+ ¥ /1’,1/19 yllhk +0 (n_s/z).

Finally, n~'377, [/AlTWi(é)]4 = VA e Op(n372).
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We then have for a,b,c,d € {1,2,...,r—p}, f,g9,h,i,je{l,2,...,r}, k,l,m,n,o0¢€
{1,2,...,p} and gq,s,t,u € {1,2,...,r + p} that
n~'1(0)= —2B A — BB +2B“B(A + B) — f"B'BY(A + B))
—2B"B"“BY (A + B) + p**B"BIB(A + B) — 1" B'B*B' (A + B)
— B"B“BY(A' + B) +1p"*B'B'B (A + B) + 2B B°BY(A + B')
+ 2’))i’k{—Bj’quBr+k + [% ﬁ/,ququBr—l—k 4+ Bi,uBu,quBr+k
_ %ﬁu,quj,quBsBr—i-k _ ﬁi’quu’quBSBr+k + %ﬁi’uqﬁu’SthBthBH_k
+ 1papipi gtk 1 preas pupi ps prtk 1 phd pupd Briks BYo; oy + k]
+ Bj,uBuBr+k,qu + iﬁj,uqﬂr—f-k,stBquBsz}
+ 205 (BB — BH4BIBK2; j,r + k] + 1 p*B BIBN[2; j, r + k)
+ ,Vj,kl{_B/'Bi‘+kBl‘+l + Br+kBr+lBi’qu[3;j, r 4 k, r 4 l]
_ %BjBr-i-kﬁi‘-i-l,ququ[:S;j’ r 4 k’ F 4 l]} _ Cj,lejBr+kBr+l
+ %yj,klmB]'Br—i—kBr—i—lBr—&—m _ Bj,uBqu,qu _ %ﬁj’uqﬁj’ﬁBquBth
+ p"B"B!B*B* — B B'A" + BB B! A"[2;],i] — 1 f"" B" BB 4"[2; ], 1]
4 2'))j;i’l{BjBiBr+l _ B]'BiBr-‘rl,qu 4 %ﬁ?’-ﬁ-/,qujBiBqu _ BV-HBZ'B]',qu[z;j, l]
+ %ﬁi’ququB[Br—H[z;j, l]} + 2BjBiBr+l Cj;i,l . (Vj;i’lk + '))i’l;[’k)BjBiBr+lBr+k
_ %OﬁiithBiBh 4 2OCjithBiBh’qu _ OCﬁhﬁi’ququBiBh _ %A]'ihB]'BiBh
+ 2yj;i;/1,kB]'BiBhBr+k _ %ocjith]’BiBth + Op(n—5/2).
Applying (A.1) and (A.4), it may be shown that the third to the 18th terms on the right-
hand side cancel each other and the application of (A.4) simplifies the 20th term. Keeping
all the other terms, we have (2.8).
Now bringing in the expansion for €(6y) in (2.5) we have
n'r(0y) = (4 + BYA + B) — A4 A — BB)—20°kB B+* — 2y B B B+
+ %Ocjih[AinAh 4 B]BlBh] 4 Vi’leiBr+kBr+l + Aji(AhiAjAh . Bi,quBj[Z; l,]])
_ ﬁi’uq[Cj’kBr+k _ BH_k’SBS'))j’k 4 B/,SBS _ A]lBl]Bqu _ 2OCjihB/BiBh’qu
+ Bj,uBi,unBq + 2Cj,kBj,qBr+kBq . yi,ler+kBr+1Bj,qu
_ 2’))i’lejBr+lBr+k’qu + 2,yj;i,l(B]'BiBr+l,qu + Br+lBiBj’qu[2;j, l])
+ (i ﬁ/’,uqﬁj,sl . %ﬁj’uqﬁr—’_k’St'))i’k)BquBsBl + %,yj,klﬁ/',ququBr—f-lBr—i—k
+ (Vj’klﬁr+l’uq _ yi;j,kﬁi,uf/ _ Vj;i’kﬁi’uq)BquBiBr+k _ 2yi;i;h,kBjBiBhBr+k
4+ (V/';i,lk + '))i’l;i’k)BiBiBr+lBr+k _ %yj,kln1BjBr+kBr+lBr+m
+ %OéﬁthjBiBth + (ocjihﬁh,uq _ ,yj;i,lﬁr—i—l,uq)BjBiBqu
+ Cj,lejBH—kBH-l _ 2Cj;i,lB]‘BiBr+l + %Ajih(BiBiBh + AinAh)
— 20 AW AT A9+ o " A AT A9 — Lo A A A A9+ Op ().
(A7)
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Now the terms appeared on the third line of the above equation cancel each other. To
appropriate this, by applying the relationships implied by (A.5) together with (A.1) and (A.4),

B/',uq[cj,kBl“Fk . Br+k’SBS'))j’k + Bj,SBs . Alel]Bqu
— [ﬂj,uq Cj,kBr+k _ ﬂl,uq,yl,kBr—i—k,p—l—aBp—i—a _ ﬁl,uq,yl,kBr—i—k,r—i—mBr—i—m
_ [gl,uq Alp+aprta _ ﬁp+b,uq Aptbrraprra o ﬂl,uq plr+a grta
+ ﬁ]l+b,qup+b,p+aBp+a + ﬁp—i-a,qup—i-a,r-i-mBr—i—m]Bqu
— [ﬁi,uq Cj,kBr+k _ ﬂl,uq(Bl,p—i-a _ Al,p+a)Bp+a _ ﬁl,uq Cl,mBr+m
+ ﬁl,uq(Bl,p—i-a . Al,p+a)Bp+a . ﬁp+b,qup+bp+aBp+a + ﬁp+a,qup+b,p+aBp+a
_ ﬁp+a,uq Cp+a,mBr+m]Bqu — 0
Applying again (A.5), we can express the terms appeared in the first two lines of (A.7) by
I 41 gkl gk 41 Lp+a qp+a 41 | 2 kim 4k qm 41 kl Fptak qpta 41
A'A—ATA" A — 24 AP 4 505 AT AT AT + 20" C APTA
+ [2o(kl,p+a _ ,})]J-i-a,mnwmkwnl]Ap-l-aAkAl + Z[al,p+a,p+b _ ,yp-l-a;p—i-b,kwkl]Ap-i-aAp-l-bAl

which leads us to (2.9).
A.3. Expansion for R

We subtract R’zRé from all the terms appeared in line 4 and below in (2.9). Fortunately
all the terms which do not have A’ appeared cancel out with those appeared in RlzRé.
Hence, the remaining terms can be written as 2R} RY.

The pursuit for an expression of Rj3 is done by repeatedly employing formulae (A.5) and (A.6)
as well as (A.1), (A.2) and (A.4). For instance, the terms appeared in the fourth line of (2.9)

AAAA" + BUBB'B! — 24" B BB + 20 BBk B
— AklAkmAmAl + 2AklAk,p+aAp+aAl + 2Al,p+aAp+a,p+bAp+bAl
+ Ak,p+aAl,p+aAkAl + Ap+alAp+blAp+aAp+b + wmlwnlcp—i-a,m Cp+b,nAp+aAp+b
+ a)nlwkm cptan Cp—i—a,kAmAl _ 2wmk Cp+b,mAp+a,kAp+bAp+a
. 2a)mnwk1 Cn,k Cp+a,mAp+aAl . 2wlep+a,kAp+a,p+bAp+bAl
_ 2wmlwkn Cp—i—a,kcp-f—u,mAnAl’
and the terms in the fifth line
. yi’leH_kBrHBj’qu . 2yj,lejBr+lBr+k,qu
— _ym,lep+aBr+kBl‘+le,p+a _ yp—l—b,lep—i-aBr—i—kBr—}—pr—i-b,p—}—a
_ ,Vp-f-b,ler—f-kBr—f-lBr—knBp+b,r+n _ 2Vp+b,klBp+aBp+bBr+lBr+k,p+a
. 2yp+a,kl Bp+a Br+l Br-l—m Br—l—k,r-l—m
— ym,klwknwlowvm CPtav gpta gn go + V{H—b,klwknwZoAp+b,p+aAp+aAnAo
+ yp+b,klwknwlowmv Cp+b,mAnAoAv . 2yp+b,k1wknwlowvn Cp+a,vAp+aAp+bAo
+ 2vp+b,klwknwloAn,p+aAp+aAp+bAo 4+ 2yp+a,klwkvwlnwmo Cv’mAp—HlAnAO,

and so on for the other terms.
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Let us define

I _ 3 4lm 4km 4k 1 qlkm gk qm __ lkm qnm 4k 4n
R31_8A AR g L gllon gk g5 gk g gk g
_ 5 knmAlmAkAn + 4alknaomnAn1AkAo lknmAmAkAn
Réz — Alk,p+aAp+aAk 4+ Al,p+a,p+bAp+aAp+b _ %Cl)k a)mlcp—i—a,kmAp—i-aAn
wklcp+a;P+b,kAp+aAp+b + %wkm Cp+a,kAlmAp—|—a + %AlkAk,p—i-aAp—i-a
Ip+a qp+ap+b qp+b | 1 glp+a gqp+ak 4k 1, km  nl ~p+anptak gqm
- Alrragrranth gpib 1 glpta gpak gk _ Lo fm oyl optan optak 4
_ a)klwmn Cn,k Cp+a,n1Ap+a _ COkl Cp+a,kAp+a,p+bAp+b
Rl33 — %[,ym,voa)vnwolwkm %anml km] Cp—i—a kAp+aAn +1 yp—f-b koa) W a)mv Cp—i—b YLy
bko  k / Inp+b b k / k
+ [%yp—i- ko kol o lnp+ ]Ap+ pta gqp+a qn + " [wn (V k:pt+an + yp—i-a, ,n)
OClkp—f-b _ %yp—i-b,mnwmlwnk]Cp+a,vAp+aAp+b + yp—i-a,kowonwmlwkv Cu,mAp-i-aAn
+ [% ,yp—i-b,mkwmlwkn _ O(lnp—i-b]An,p—}—aAp—i—aAp—i—b9
Rl _ ,yp+a;p+b,nwnowmlCo,mAp+aAp+b _ OCp—HZ,P-I—b,P—I—CAl,p+cAp+aAp+b
+ [(yp—i—c;p—i—a,n + yp—i-a;p—i-c,n)wnl _ 2ocl,p+a,p+c]Ap+c,p+bAp+aAp+b
+ (,Vp+c;P+a,0 + Vp+a;P+C,0)wonwklCp-‘rc,kAp-l-aAn . O(lk,]?+aAm,p-i—aAkAm
+ ocp—i—a,p—i—b,p—i—cwml Cp—i—c,mAp—i-aAp—i-b _ %alkmAm,p+aAp+aAk
. [% Ocko,p—',—a + %yp+a,mnwmkwno]AloAp+aAk . 2ock,p+a,p+bAlp+bAp+aAk
_ [am,p+a,p+b + yp—i-a;p—i-b,kwkm]AlmAp—i—aAp—i-b’
Rl35 — [% OClk,P+01OCmn,P—l—a . %wl lwm m ot nwk kyp—i—a,l m' ., ptan'k ]AmAnAk
+ [2ap+a,kfoclmf _ oclkm,]?—l-a _ lalmn(akn,P+a _ lyp—l—am n " (D )
1, mm, Kk ll l'v, pram'l +am'k'l +a 4k qm
—>0""w (" "yP y y” )APTAT A
1 lk.p+a,p+b 2 klvs vp+ap+b 1. ptap+bn
— 5 [BoPTEPTD o Lo (TP — S P TEPTRR )
4+ (akvp+a _ %,yp—i—a,mnwmkwnv)(oclvp—i—b _ %,yp—i—b,m n 'l " U)]Ap+aAp+bAk
+ [alap+a:fap+bap+czf _ O(l,p‘f‘a,l?‘i‘b,P-Hf _ ((xlk,}H-C _ %yp"l‘camnwm wnk)

X(ak,p+a,p+b _ Vp+a;p+b,v)wuk]Ap+aAp+bAp+c

and

Ré § = {2a1,l7+a:f o/ +bf + oM gprap+bf + "M [2 yp+a ,om yp+b,vn
1 +c;pt+am’ +a;p+c,m’ +c;p+b’ +b;p+en
— Jgrrarsan g grartenygrrar s gt
ko +bi'k (. 0m ;p+a o;p+am’ +a,p+b.p+c, pt+em'n’
PR 4 v PROITY — ol tartrteyr

ko, om'n' . p+a;p+b.k +a; +b,mn +a,n;p+b,m’ +a 4p+b qm

It may be shown after some algebra that R} = ZleRéi
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A.4. Proof of the Theorems

The proof of Theorem 1 is divided into two parts. In the first part, we derive the
cumulants of v/nR. In the second part, we establish an Edgeworth expansion for the signed
root which then leads to an Edgeworth expansion for the EL ratio r(6)).

Cumulants of the signed root R: Since the cumulants of order higher than four are
of O(n2) or smaller, we only need to derive the first four cumulants. As the first and the
third cumulants are easier to derive than the second and the fourth, we present them first.
From (2.10) and (2.11), and the fact that R} is the product of four zero-mean averages,
we have

E(R))=0, ER)=n""4 and E(R]) =0n>),
where ' = —in~'o** . Therefore, the first-order cumulant is

cum(R) = n~ 'y + O(m™2). (A.8)
The joint third-order cumulants

cum(R', R°, R°) = E(R'R°R") — E(R")E(R°R")[3; 1, 0,v] + 2E(R")E(R")E(R")

= E(R|R{R)) + E(R,RIRY)[3; 1, 0,0] — E(R)E(R{R})[3; 1, 0, 1]
+ O(n3).

We note that

E(R/R}) =n"'6" and

/ - lokk sl I lkem ok Kl p+azo:p+ak
E(RyR)) = n™ 7[5 (o — §') — o/0Harta 4 Lollmoolm o gylyprasonta,

+ (afkr+a 1 "k gt ypramnygokpta | (g Lprapth _ o klopraptbleyoptapth)
Write R} = R}, + R}, where R}, = —1 AM A% 4 Lokim 4k 4™ and R, contains the rest of
the terms appeared in (2.11). We have
E(Rlzl) = —%n_loclkk,
E(R, R(RY) = E(R},)0” +O(n?) = O(n~) and
E(RS RIRY) = n72(=Lo 57 — 1o/ 1 O(n~>).
Thus,
E(R,RIR}) = E(R)E(R|RY) — LE(R{RIR}) + O(n ™), (A.9)
which means that
cum(R', R°, R®) = O(n™?). (A.10)

To compute the second cumulants, we have to derive the expectation R,R) which
involves 21 terms. After deriving the expectation of each term and combine them as given
in Chen and Cui (2005), we have

E(RLRS) = n2J" + O(n ™), (A.11)
where J% is defined in (3.1).
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We also need to compute E(RlzR‘l’) + E(RéR?). It may be shown that, with the remaining
terms of O(n™1),

2 / 0 loklk lo 29 lkm okm 1 .ok jkmm
n E[R31R1]_Soc 5 — S50 Mo — s oo

nZE( Ré 5 eri) _ g lo,p+a,p+a + ofepta yok.pta +1 O(lok k.p+ap+a + o Prap+b g optap+b
lo.p+a _ kk,p+a 1 ko, ml +a,km; +a ki, p+ap+ak;o
+ Lofortaghiorta _ 1 gko gty PTE — PP
+ 1 wkm(yp—i-a,k;o OClm,p—i-a 4+ yp—i—a,k;p—i-a(xlom) _ %wnla)koyp—i-a,n;p—i-a,k
~1 a)kma)nl(yp—i-a,n;myp—l—a,k;o + ,yp—i—a,n;oyp—l—a,k;m) + Oclo,p—l—aocp—l—a,p—l—b,p—i—b

kl mn ¢, nk;p+a, pt+a,m;o nk;o,. p+anm;p+a
™y + %y )

v
wkl(yp—f-a,k;p—f-bao,p—i-a,p—i-b + yp+a,k;oocp+a,p+b,p+b)
nZE(Rl R()) - _ O(lk,p+a(.xok,p+oz . Oclop+bocp+a,p+a,p+b + %wvownlwkmym,vnyp+a,k;p+a
1 a)kmyp—i-a,k;p—i-aaoml + %wkoa)nlyp+b,knap+a,p+a,p+b
+ %wknwvlwmoyp—i—b,kvyp—i-b,m;n + %wkownlwmvyp—l—b,knyp—i-b,m;v
kaalk,p—i-avp—m,v;o + kawnl(,yk;p—i-a,n + yp—l—a;k,n),yp—l—a,v;o
+ %wml knyp—i—a,mkaon,p—l—a + wnowmlwkv,yp—i—a,knyv,m;p—i—a,
nZE(Rl R()) - _ 4al,p+a,p+boco,p+a,p+b _ %alomocm,p—i—a,p—i—a _ %alk,p+aaok,p+a

O(lo,p—i-a(.ka,p—ka . Oclo,p—i-aap—i-a,p—i-b,p-i-b nkyk,m;oyp—i-a;p—i-a,n

+ C{)ml W
+ a)nl(yp+b;p+a,n + yp+a;p+b,n)ao,p+a,p+b
+ wnowkl(,yp—i-b;p—i-a,n + yp+a;p+b,n),yp+b,k;p+a + wml,yp—i—b,m;oocp—i-a,p—i-a,p—i-b

1, mo  nk.p+amn,lkpt+a km, pt+ap+ak . lom
— 70" " P o PTE — )P TEPTLE O

an(Rl R(J) _ %oclo,p—i-aakk,p—i-a 4+ alk,p+aaok,p+a _ %(xlo,p—o—a,p—i-a _ %alokak,p—o—a,p—i-a
+ 1 wnvalovyp+a;p+a,n _ %alk,p—kaaok,p—ka 4+ %wmownvalvp—i-ayp—ka,mn

o 7./

~1 (Dl lwm )t kwk k,yp—i-a,l m ,yp—i—a,n k

3 n U,Vp—i—a ,mn p+amn

—ga)wa)w 0

an(Rl()RzlJ) — 2O(lk,p+a(xok,p+a + 20 ,p+a,p+bao,p+a,p+b + oclok(xk,p—i-a,p—i-b
+ alo,p+aap+a,p+b,p+b + %wm 2" ZO) kayp—i-a mm’ yp—i-a on’

_ % wm/o wn/l (yp—i—b;p-i-a,m’ 4+ yp—l-a;p—i-b,m )(yp—l—b;p-i-a,n + vp—i—a;p—}-b,n/)

— " " COkm(ym ' ip+a + ,ym,p—i-a m )yp-ka a'k

1, .mo, nl_ pt+aptap+b, p+bm'n 1 km m,m’n/ tap+ak
—Ewwotpppyl’ —2a)a)a) e
']
_|_ COm 2 (yp-i-ap—i-amn '))p+a’n’p+a’m ),
l’le(RéR?) - _ %(O‘lokk _ 510) _ OClo,p-i—a,p—}—a + %OClkmOCOkm + dl’p+a’p+ba0’p+a’p+b

+ oclk,p—l—aocok,p—}-a + wklvp—i-a;o;p—i—a,k _ %wmkwnlyp—f-a,mno{ok,p—l—a

a)klyp+a;p+b,kao,p+a,p+b )
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In summary,
E(RLRS) + E(RYR)) = n2K" + O(n™3), (A.12)

where K% is defined in (3.2).
In light of (A.11) and (A.12), we have

cum(R', R°) = n='6" + n=24" + O(n™>), (A.13)
where
Al = K"°[2: 1,01 + J° — pl . (A.14)

The joint fourth-order cumulants of R is
cum(R', R, R™, R") = E(R'RFR"R") — E(R'RM)E(R™R)[3: 1, k;m, 1]

— E(RHE(RR"R")[4;1,k,m, 1] + 2E(R)E(R")E(R™ R")[6]
— 6E(R)E(RM)E(R™E(R")

= E(R/RR"R!) + E(RLRERTR!) + E(RLRYRI'RY)
+ E(RyRSRY R)[6] — E(R| RYJE(R}'R))[3; 1, ks m, 1]
— E(RyRDE(R} R)[12] — E(RS RNE(RY R)[12]
— E(R,RE)E(R'R))[6] — E(R)E(R} R} R} )[4]
— E(RY)E(RER] R!)[12] + 2E(R)E(RSE(R]' R, [6]
+O0n™). (A.15)

In the above, [6] means six terms by choosing two superscripts from a total of four; and
[12] implies 12 terms by choosing / from the four superscripts first and then choosing k
from the rest of the three. From now on, we will just use, say, [6] without the details of the
superscript rotations to save space.

From (A.9), we immediately have

E(R){E(Rf R]'R})[4] + E(RS R R)[12] — 2B(RSE(R]'R))[6]} = O(n™*)

which means the sum of the last three terms in (A.15) is negligible.
To facilitate easy expressions, let us define

= o(lkmn’ I = 5lk5mn + 5lm5kn + 5ln5km’

t3 = Oclkm(xnoo + Oclkn(xmoo + (xlmn(xkoo + akmnaloo’

fy = OClkOOCmnO + Oclmoockno + alnoakmo,

I5 = ockninal,p+a,p+a + Oclmnak,p—i—a,p—i—a + alkn({n,p—i—a,p—i—a + alkman,p—l—a,p—i—a,

lk.p+a ., mnp+a + almo,p+aakn,p+a i ocln,p—i—aakm,p—i-a

le = o o

It is relatively easy to show that

E(R\RYRTRY) — E(RIRVE(RIR)[3; 1 k,m, f] = n=3(t; — 1) + O(n™*). (A.16)
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Derivations in Chen and Cui (2005) show that
E(R,RY R} R)[4] — B(R,RDE(RY R)[12]
— n73{wol(,yp+a,o;k(xmn,p+a + yp+a,0;mockn,p+a 4+ yp+a,o;nakm,p+a)][4]

— 611 + 21 — g 13 + 514 — [ "y g 6]) 4 O™, (A.17)

E(R, RS R} R))[6] — E(R,RS)E(RY R)[6]
=13t — tr+ L3 = Jta + [ " e okt 6]
. % [wol(,yp-l-a,o;m (xkn,p—i-a + yp+a,o;n (ka,p-i-a)
+ a)ok(,yp-i-a,o;m o/nrta + ,yp—f-a,o;n Oclm,p+a)][6]
+ wk/l wm’k(yp—l—a,m’;nyp-i-a,k/;m + ,Vp+a,k’;n,yp+a,l11’;m)][6]
_ % Vp—i—a,m’n’ [( wol Cl)n’k 4+ a)Ok wn’l)( a)m’n,})p—i-a,o;m 4+ wm’m,yp-‘ra,o;n)][6]
+ zlt [a)l/lwm’rn(wn’kwk’n + wn/na)k'k)yp—i-a,l'm/,})p-i—a,n/k’][6]} + O(n_4) (A.18)
and
E(R, R R} R)[4] — E(Rs RYE(R}' R))[12]
— 53 02t — % ty + [wn/l a)k/k(yp—i-a,k/;n,yp—i-a,n’;m + Vp—i—a,n/;nyp-‘ra,k/;m)][6]
+%[yp+a,m’n’ ((1)01 COn/k 4+ COOk COn/l)(wm’nyp—i—a,o;m 4+ COm’myp—i—a,o;n)][6]
i %[wl’lwm’m(wn’kwk’n + wn/na)k/k),yp—i-a,l'm/,yp+a,n/k/][6]} + O(I’l—4). (A.19)
Combining (A.16)—(A.19) it may be shown that
cum(R', R, R", R") = O(n™*), (A.20)

Edgeworth expansion for r(6y): We first derive an Edgeworth expansion for the
distribution of n'/2R. Let x; be the jth order joint cumulant of n'/2R. From (A.8), (A.13),
(A.10) and (A.20),

ki =n""Pu+0m>?), ky=1,4+n"'4+0m>),
Ky = Om™?), Ky =02,

where I, is the p x p identity matrix, u = (u',...,1")" with 4/ = —Lo** and 4 = (4”),,.,.
Let

g 1 r 11 " 111 rrr T
Uy= (A", AT, AN, A7, AN 4™,
3 1,1 1, r,1 T, 1;1,1 rr,pN T
Uc=(CM,....Cl», ... Cr ... Cmv ClibL L ey

and U = (UL, U E)T is a vector of centralized means. From (2.10), (2.11) and the expansion
for Rs given in Appendix A.3, the signed square root n'/2R can be expressed as a smooth
function of U, namely there exists a smooth function /4 such that n'/2R = h(U). We can
then use the results given in Bhattacharya and Ghosh (1978) to formally establish
Edgeworth expansion for the distribution of #n'/?R under Condition (2.1). In particular, let
% be a class of Boreal sets in R satisfying

sup ¢(v)ydv =0(), ¢ 0,

Be# J 0By
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where OB and (0B)° are the boundary of B and e-neighborhood of 0B, respectively.
A formal Edgeworth expansion for the distribution function of n'/?R is

sup = O(n_3/2),

Be#

P(n'’R € B) — / n(v)p(v) dv
B

where n(v) = 1 +n~ 2y +5 In= Mo T (up™ + Ay — tr(uu™ + A)}, ¢(v) is the p-dimensional
standard normal density, and tr(-) is the trace operation for square matrices.
Let H = (hy),« p::u,uT + A. By the symmetry of ¢(v) we have

P{U(B)<cy) = P{(n'*R) (n'*R)<c,} + O(n™?)
_ / | 0)$() dv+ O™?)
loll <cy

= P(<c) +on /| . {Zhn(v 1>+Zh;fviu;}¢(v)dv

i#]
+0(n?)
=0 — B(.cmfp(c%)n_1 +0O(n2), (A.21)
where B. = > hy = >0 (W 1! + 4™). We note in particular that the remainder term in

(A.21) is O(n—?) rather than O(n—3/2). This is due to a fact that an even/odd order Hermit
polynomial is an even/odd function. This completes the proof.

Proof of Theorem 2. Based on the Edgeworth expansion given in (A.21),

P{L(B)< (1 +n7"B,)}
= P{y, <cu(1 +n7'B)} = Beeof yex(1+n7 ' B~ + O )
= o+ O(n?)

since the chi-square distribution satisfies

P{Xlz, <c,(14+n7'B)} = P()(; <¢y) + Becof (e)n™' + O(n™?)

and f,{c.,(1 +n"'B.)} = f,(¢;) + O(m™"). This proves the theorem. [

Proof of Theorem 3. Note that the bootstrap estimate for f, = 1 + B.n~! is \/n-consistent.
Applying the delta method (Bhattacharya and Ghosh, 1978) on top of the derivation in the
proof of Theorem 2, we have

P{U(B)<cuP.} = PUU(B)<cu(1 + Bn™")} + O~
=0+ 0m ) +0n>?) =0+ 0m3?). (A.22)

We note here that the O(n—3/?) term is entirely due to using a /z-consistent estimator of
p.. This completes the first part of the theorem.

Let R* be the sign root decomposition of r*(@) It can be shown that its expression is
given by replacing in R, the sign root of r(6): (i) all the population moments by their sample
averages based on y, and (ii) all 4, B and C’s by their corresponding quantities based on
the bootstrap resample {X7}?_,. As shown in Hall (1992), the cumulants of R* have forms
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which essentially replace all those population moments by their sample counterparts based
on the original sample y. These lead to, for any x* € R,

P (0) <x*[1,} = P <x*) — p 7' Box"f ,(x*) + Op(n ), (A.23)

where B. is a version of B, by replacing all the population moments by their sample
counterparts. It may be shown that under the conditions of the theorem,
B. = B.+ Oy(n'/?).

As ¢, satisfies P{r*(0)<¢y|y,} = o, we can carry out a Cornish—Fisher type expansion of
¢, based on (A.23) and obtain

ey = co(1 + Ban™') + O, (n%?).

This together with the Edgeworth expansion for r(f) given in the proof of Theorem 1
implies that

P{r(0)<¢,} = P(r(0)<c,(1 4+ Bon™ 1)} + O, (n%/?)
= o+ 0mn3?)

by repeating the derivation of (A.22). In the first equation above, we use again the delta
method whose validity is given in Bhattacharya and Ghosh (1978). [
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