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Abstract

Local kernel-weighted test statistics are widely used and have been applied in a variety of
settings including inference on propensity score, panel models and non-stationary regression. The
limit properties of the statistics have been developed under absolutely continuous distributions of
the conditioning variables. This paper studies robustness of the properties of the kernel-weighted
statistics to contamination of the conditioning distribution by singular components. It establishes
the (slower) rate of convergence to limit Gaussian under the null and demonstrates sensitivity of
the rate to degree of singularity. Limit power properties of the statistics are shown to be affected
by the contamination as well. Finite sample examination of the kernel-weighted statistics and the
competing functionals-based Bierens statistics shows that contamination results in a steep loss of
power for both types of tests. The loss of power is more pronounced for the kernel-based tests
reflecting the theoretical result that for local tests the rates are sensitive to contamination while
for functionals based tests the rates remain the same.

1 Introduction

Kernel-weighted statistics are widely used for testing hypotheses about functions, such as density,
conditional distribution, regression function, derivatives of the functions. Denote the class of functions
that satisfy the null hypothesis, V (Hp) and a function from that class by g". Let the class of unrestricted
measurable functions under consideration be denoted by V (H), with V (Hy) C V (H) and a function
from that class by g. The statistic is based on the difference between the estimated under the null
function, §°, and the true g € V (H). The true g can be replaced by the function non-parametrically
estimated without restriction, g, or by the observed measurements with error u, as in the case of test
for a regression function when the true function is replaced with observed y = g (.) + u.
The null hypothesis for g € V (H) is

Hy:5=4" €V (Hy), as.

the alternative
Hy:g¢V(Hyp).

We focus here on non-parametric tests of a parametric conditional mean, where V (Hy) consists of
a single point. Moreover, if the function ¢° is parametrically estimated with a sample of size n, as
n — oo the estimated function in most metrics is in the n~'/2 range from the true function, thus
with non-parametric local estimators that under standard conditioning distributions are farther from
the true function, the asymptotic distribution of the statistic is not affected by treating the estimated
function as the true function in V' (Hp).

The difference u = § — ¢° is zero a.s. under Hy. For any weighting matrix W,, and vector % =
(w1, ..., up)" the form @'W,, 4 = 0 under the null. The test statistic uses the n x 1 vector 4 of estimated
i =g (X;) — 3% (Xi).

The typical form of the basic statistic is
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with 62 (4/W,, 1) representing the estimated variance of, @/ W,,@. The kernel weighting matrix is based
on a multivariate kernel function K (.) and a bandwidth h,. It employs as W,, the matrix with %, j

entries K (%) for ¢ # j and with 0 for 5 = j.

We shall focus on statistics where the specific form of the numerator is

T (X, 9 (u))
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the squared denominator is
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The kernel-weighted test statistic can be examined as a ratio of second-order U-statistics (Hoeffding,
1948), whose limit properties rely on convergence rates for the moments. Hall (1984) provided the
relation between the moments for U-statistics that correspond to the kernel-weighted structure in (1) .
While for many U —statistics asymptotic normality is established for any distribution of the argument
as long as the variance has the parametric rate, the derivation of the asymptotic normality results with

X

kernel function K (th;) and h, — 0 in the U statistic relied on assumptions of absolute continuity

of the distribution F'x (z) of the X's.

In testing for a parametric form of a conditional mean kernel-based tests have been widely used in
the traditional regression context as in Hong and White (1995), Zheng (1996). Those types of statistics
also are employed in various extensions, such as propensity score (Shaikh et al, 2009, Sant’ana and
Song, 2019), panel data models (Lin et al, 2014) and non-stationary regression (Kasparis et al, 2015,
Phillips and Wang, 2012), to name a few. Extensions of the tests to non-i.i.d. context required
extensions to the results on the limit distributions of the U-statistics, such as e.g. those in Fan and Li
(1996, 1999). All the available analyses assumed absolutely continuous distributions for X.

Here, we focus on the properties of the straightforward test of the parametric regression function
in the i.i.d. setting under the general distribution of the conditioning variables. Our derivations have
implications for the more complicated settings in which these tests are employed. We refer frequently
to the paper by Zheng (1996) as Z-96. The statistic there is defined as
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which is related to 7, here via the scaling: V,, = nh/2%,,.

We investigate the impact on the asymptotic distribution of the statistic (1,2,4) of relaxing the
assumptions on the distribution Fx. To simplify the exposition we assume that the joint distribution
of z; = (u;, X;) is i.i.d. with E (u|X) =0.

The general distribution for conditioning variables X, Fx (x), has the well-known Lebesgue de-
composition: it can be represented as a mixture of a discrete distribution, F¢ (x), and a distribution
given by a continuous function, F§ (x), which is in turn, a mixture of a absolutely continuous distrib-
ution, F'¢ % (z), and a singular distribution, F'y (z) . The singular distribution is given by a continuous




distribution function but there is no density function that integrates to it. We examine the general
distribution given by the mixture

Fx (z) = pgF% (@) +pFx (@) + pac FX© (2); (6)
Pat Pst Pac. = Lipa=05ps205p,. 2 0.

The first contribution of this paper is the derivation of the limit behavior of the U statistics related
to the numerator and denominator of the statistic (1,2,4) :

Un = mzillzﬁéﬂn (2i:25) 3 @
X —X;
Hn (Ziy Zj) = uinK (hj> 3 (8)
| 7 XX
Sh = 2m2i:12j¢iHn (25 2) s Hp (25, 25) = UEU?K (hj> ®)

for classes of distributions with singular components. Note that we do not scale the kernel function by
hiq here because it will not facilitate the derivations when the distribution is not absolutely continuous.
We show that \”/% converges to N(0,1) for a wide class of distributions for X.

The joint distribution of z; = (u;, X;) differs from the distribution of 2; = (4;, X;). Under the
absolutely continuous distribution Fx (x) = F%* (z), the terms coming from the difference & — u do
not affect the asymptotic distribution. These terms may result in a finite sample bias, the impact of
which could be substantial, but goes away asymptotically (Ellison and Ellison, 2000). Most of the
literature does not take account of that bias in asymptotic derivations. Our second contribution is
to show that with a general distribution for X there may be asymptotic bias.

Apart from the asymptotic distribution the bootstrap distribution is of interest as many tests
are implemented with bootstrap. To avoid mass points in the bootstrap distribution typically wild
bootstrap that smooths the empirical distribution is used in testing when absolute continuity of the
distribution is assumed. However, if the true underlying distribution is not absolutely continuous,
the wild bootstrap distribution may smooth away the singularities and mass points and be a poor
approximation to the true distribution of the statistic. Our third contribution is a finite sample
evaluation of the wild bootstrap procedure that illustrates a dramatic loss of accuracy under the null
and loss of power when the distribution of X does not conform well with the usual assumptions.
Monte Carlo experiments in the literature all utilize well behaved (normal and uniform) distributions;
we demonstrate significant power loss for the case of a mixture of three normals where large values of
the derivative of the density may undermine performance.

We also consider the main alternative, what Fan and Li (2000) call Bierens-type tests (Bierens,
1982 and subsequent work) to kernel-based tests of conditional mean and compare the two types of
test in simulation. We refer to the paper by Fan and Li (2000) as FL-2000. The test statistic first
introduced by Bierens (1982) in the i.i.d. case and later extended to stationary time series uses OLS
residuals @; and weights w (z,7) (e.g. Fourier transform weights w (z,7) = exp (ir') (i = —1), or
some transformed version); the Integrated Conditional Moment (ICM) statistic is

2

. 1
Tn:/‘\/ﬁzy_lﬂjw (xj,7)| dr. (10)

Distributional results in Bierens, Ploberger (1997) permitted to establish power against sequences of
no2 drifting alternatives. The limit null distribution is a mixture of independent x?; simulations or
bootstrap are required to control the test size. No assumptions on the marginal distribution, Fx, of
X are made for the Bierens-type tests. The relation between "local" kernel-weighted and Bierens type
functionals based tests was examined theoretically in F1-2000. A comparison of the performance of



the two types of tests in application to propensity score is examined in Sant’ana and Song, 2019. The
fourth contribution of this paper is a finite-sample comparison of the performance of the two types
of tests in a non-standard set-up for the distribution Fx. We show that both tests exhibit a dramatic
decline in performance but the functional-based Bierens-type test is more stable and more powerful.
An additional point that is made in the literature is that despite lack of power against O (n_l/ 2) local
alternatives the kernel-based tests provide better than O (n’l/ 2) power against "spiked" alternatives
(e.g., FL-2000). We note that this result may not hold in the case of a general distribution for X.

Finally, our simulation experiment evaluates the properties of the test with conditioning distribution
that differs from of the cases most extensively considered in the simulation experiments in the literature
(normality or uniformity). The simulation demonstrates that even under standard assumptions the
power of the test is dramatically reduced under e.g. a mixture of normals distribution with narrow
peaks; these results are similar to the ones in (Kotlyarova et al, 2016). Our fifth contribution is an
evaluation of the impact of the deviation of the conditioning distribution from the ones routinely used
in evaluation of the performance of the test.

The next section 2 provides the asymptotic results for the U-statistics and the test statistic; section 3
evaluates the asymptotic bias for kernel-based tests. Section 4 provides a discussion of the implications
of the general distribution for conditioning variables. Section 5 provides simulations evidence. The
proofs are in the Appendix.

2 Asymptotics for kernel-function based second order degen-
erate U statistics

This part develops the asymptotics for the U-statistics in (7) and (9).

Assumption 1. The vector (u;, x})" for i =1,...,n is i.i.d. in R x R,

Assumption 2.(a) E (u;|X;) = 0; (b) the functions p, (z) = 0 (z) = E (vf|z) and py (z) =
E (u}|z) are continuous and bounded: 0 <b < p; (z) < B < oo.

Assumption 1 could be generalized but is made here to facilitate the focus on the distribution of
conditioning variables. Assumptions 1 and 2 (a) imply that the statistic U,, in (7) is degenerate. The
conditional moments assumptions 2(b) are common, although often the lower bound assumption is not
explicitly made; of course, it applies under homoscedasticity.

Assumption 3. (a) For any z,y € R? with z = (z', ...,mq)/,y = (y*, ...,yq)/ the function K (.)

18 a product kernel K (L;y) =10,k (zl;yl) ; we assume that the bandwidth is the same for all the q

components; (b) The kernel function, k (v), is a bounded symmetric second order non-negative kernel
monotone over v > 0 with support in [—1,1]; (¢) the bandwidth satisfies h — 0, hin — oo as n — 0.

Assumptions 3 (a,b) assume a commonly used kernel function, e.g. Epanechnikov kernel. Here
the product kernel does not involve division by h? as is common; this does not affect the statistic in
(1) and makes highlighting the rate of convergence to the limit process more straightforward. 3 (c)
gives the usual restriction on the speed at which the bandwidth goes to zero. When the bandwidth is
fixed the U-statistic kernel does not depend on n and the standard results for asymptotic normality
hold. Assumption 3 could be generalized to admit a wider class of kernel functions as well as different
bandwidths for different components, but here we simplify to highlight the impact of the distribution
Fx.

Let F'x be the distribution function associated to X. For continuous functions ps (), p, (t) and
Borel set A C R? we define

QZ(A):/Aul(t)dFX(t),l:QA.

This defines a Borel measure df; on R? with d€; (t) = p;(¢)dFx (t), so that any such measure is
absolutely continuous with respect to the measure associated with the distribution Fy. Consider x €
R%,wyi, wy € RY, then define the set A by A(z — w1,z +ws) = {y € R?: 2’ —w} <y’ <a'+wj, Vi}.
Denote by Q;(x — wy,x + ws) the value of Q;(A(x — wy,x + ws)).



We shall use the following additional assumption about the kernel function.

Assumption 4. The kernel function, k, is twice continuously differentiable.

The reason for this assumption of kernel differentiability is that in the event that density does not
exist one can use integration by parts to find the local behavior of the moments of the U statistics.
Examination of limit properties of kernel statistics when density may not exists employs the theory
of generalized functions (see, e.g. Gelfand and Shilov, 1964 a,b) and was given in Zinde-Walsh, 2008,
2017.

For a suitably differentiable function, g (z) with z = (2',...,27) € R? denote by 9,9 (z) the
derivative % (x) . Note that by our assumptions for the product kernel function, K (%) , the
derivative 0, K (.) exists for any h.

Next, we derive the moments for powers and cross-products of H,, (.,.), that determine the asymp-
totic behavior of the U—statistic U,, in (7). Denote by ¢ the vector of ones. Denote by G,,(Z1, Z2) the
conditional expectation E (H (Z1,Z) H (Z2,Z) |21, Z2) .

Lemma 1 Under Assumptions 1 — 4, we have that :

E(Hn(Z1,22)) = 0 (11)
B(|H,(Z1, Z)]°) = 1[-3,(”2()()(—1)‘1/]R Oa(X — he, X + hv)@UKQ(U)dv> (12)

B (20 Z)") = B(nCOC" [ X - X+ ok ) )
B(|G0(Z1, %)) (14)

2
Qo(X — he, X + h)d, [K(v)K (v + u)]dv} du>

= E((—1)qu2(X) QQ(X7X+hv)8u[

]R“+ Rq

If X has a density fx with respect to the Lebesgue measure, then :

W E(|Ho (21, 25) ——>E<(1)qu§(X)fx(X) /

h—0t

[0, K°()] T v,;dv) (15)

R i=1

If the distribution of X has a non trivial singular component under its Lebesgue-Radon-Nikodym de-
composition, then :
h™UE(|Hn (21, Z2) | PP (16)

—

This Lemma provides the standard result for limit of ]E( ‘hqun(Zth)F) when density exists,

but demonstrates that when there is singularity at the standard rate E( |h%H7,,(Z1, Z2)|2) diverges.
The next Lemma provides bounds on the moments that will help determine the limit behaviour of the
U-statistics in (7) and (9). For a univariate function ¢ (z) and v = (v',...,v?) € R? define D (v) :
D (v) = {_;¢ (v') . Consider the functions

Ui(2) = — (K (@),
Yy (2) = max{[[k(@) k(@ +w)]'],[k(-2) k(-2 +w)]'[},
ba(e) = max{|[k@k@+w)]| |k k(a0 |} @ = |6 @)

The corresponding product functions are denoted Dy (v), D3 (v), D3 (v) and Dy (v).
Note that D; (v) = 8, K?(v) and the proof of Lemma 1 implies that

B(|Hu (%, Z:)*) = E(M(X) /R Qo(X — hv, X + hv) Dy (v) dv).

We now develop some bounds on the moments. Denote ;(:f: dFx by Fx(X + at, X — at).



Lemma 2 Under Assumptions 1 — 4, for any e : 1 > ¢ > 0 we have that

(1)
b2M1E< [Fx (X — het, X + het)] > < E(|Hn(Z1,22)))
< BQMlE( [Fx(X —hi, X + hL)])

where My = [ Dy(v)] (v:v' >e,i=1,..,q) dv;
(it)
E(|Hn (2, ZQ)|4) < 2q32M4E< [Fx(X — ht, X + ht)] >

where My = [ Dy(v)dv;
(iii)
E(|Gn(Z1,Z5)[7)

< 22(134M2,3E< [Fx (X —he, X + hb)]3>

where M273 = fRi |:fR3_ Dg (’Ul) d’U1:| D3 (’Ug) d’Uz.

The class of distributions in the literature where the behavior of the statistic was analysed so far
includes only absolutely continuous distributions with bounded density functions. We now propose an
expanded class of distributions where we can establish asymptotic normality of the statistic.

The Assumption below defines a wide class D of continuous distribution functions Fx .

Assumption 5. D is a class of continuous distribution functions for X € RIS such that any Fx
in D satisfies the following moment conditions as h — 0

(i) E[Fx(X —ht,X + h)] — 0;

(ii) for some €:0 < e <1 and hg > 0 for any h > hg there is B < oo for which

E[Fx(X — he, X + ht)] _
ElFx(X — (he) 6, X 1 (he) )] ~ (17)

(iii) as h — 0
E[Fx(X — ht, X + hu)?] i~

(E[Fx(X — ht, X + h)])° -

Any absolutely continuous distribution F'§“ with a bounded uniformly continuous density function,
fx, satisfies the Assumption. Indeed, then at every X as h — 0

|F(X — hv, X + hv)| = fx (X) (vh)?[1+&]; € — 0.

The conditions (i-iii) of the Assumption hold then and EFx [(X — ht, X + ht)] goes to zero at the rate
he.

More generally, (i) may hold, but at a different rate from that of the case of absolutely continuous
Fx. A sufficient condition for (i) boundedness of the support of X; then the property holds by uniform
continuity. However, (i) can also hold for many distributions with unbounded support.

For (ii) a sufficient condition is that the Fx distribution be doubling on support of Fx, possibly
all R? (see, e.g. Vol'berg and Konyagin, 1988, Theorem 2), since then

Fx(X —ht,X + ) <Ce 9Fx(X — het, X + her). (19)



By monotonicity of Fx
Fx(X —het, X + het) < Fx(X — he, X + he)

and thus by dominated expectation (ii) is established. However, even when the doubling property may
not hold, the bounds that depend on the expectations could still apply.

Since F is a continuous distribution function E (Fx (X — he, X + ht)?) < E[Fx(X — ht, X + ht)]
and goes to zero under Assumption 5(i), but (iii) requires further that it go to zero faster than
(EFx [(X — he, X + h)])?.

There is a rich class of distributions beyond the absolutely continuous ones that satisfies Assumption
5 and belongs to D. This is a class of mixtures of absolutely continuous and singular distributions in
(6) with p, + p, = 1, that satisfy for some 0 < s < 1 the bounds

61 (X) < Fx(X — hi, X + hi) /B < ¢y (X) < B < o0, (20)

with ¢, (X) > 0 a.e. F%, implying that EFx (X — ht, X + ht) > p Er: (¢, (X)) h* > 0. This could
hold if, e.g. the singular part is absolutely continuous on a lower-dimensional subspace (e.g. with
s = q_l) or if F'x is a fractal distribution, e.g. Cantor-type distribution or a multivarite extension on
RY for some s > 0, then as h — 0 the bounds (20) hold.

For a distribution satifying (20) then the rate in (i) is of order O(h®?) and the Assumption holds.
Part (ii) holds with B = 7% as long as F ﬁ’;’ 8{()) is bounded; for example, for the univariate Cantor-type
distribution or its multivariate extensions when the distribution is uniform on the support set we have
if(())g)) = 1. The rate for the ratio in (iii) is O(h?*?) thus (iii) also holds. Suppose that the distribution
is a mixture of absolutely continuous with possibly many singular components each satisfying (20)
with some s;, for ¢ in a set T, if then sy,;, = rtrél%lst with $pmin > 0, then (20) holds on replacing s with

Smin; Assumption 5 holds.
In the theorem below asymptotic normality for U,, and convergence to expectation of S,, is estab-
lished for any distribution function Fx € D.

Theorem 3 . For Fx € D under Assumptions 1-5 as n — oo

L N N(O,l);
2E (H3) 4

|55 — B (Hz)| = o, (E (H7))

This result shows that the U-statistic U,, converges to the Gaussian at a rate O, (n (E (Hﬁ))flm) ,

so that if there is e.g. a component with spin 0 < Smin < 1, for s = spin the rate of convergence
is Op (nh_sq/g). Applying this to a statistic that is scaled by h™9, U, = %Un, we get the rate
h=2F (Hg) in the correspondingly scaled denominator, and thus the rate O, (nh@_s)qﬂ) for U,. For
s = 1 the usual rate nh?/? (e.g. Z-96, Lemma 3.3) applies, but when the distribution is not absolutely
continuous the rate is slower.

Corollary 4 . Under the Assumptions of the Theorem the statistic

"Un_ _, N (0,1).

V252 d

Next, we consider the statistic I,, in (2) that differs from U,, in that @ replaces u._ in the expres-
sion for H, (;,2;) and &2 that similarly differs from S2. The difference comes from the fact that the
estimated residuals replace the model errors to form U statistics in which the Z; are no longer i.i.d..
In Lemmas 3.3(b-e) Z-96 shows that under the null the extra contribution from the discrepancy be-
tween u; and 4; in a parametric regression model that satisfies the usual regularity conditions for the
parametric model (Assumptions 2-4 of that paper) is not important enough to change the asymptotic




distribution under the null. Indeed, with those assumptions for an M-estimator such as nonlinear
least squares the residual vector, 4 is obtained by a (possibly random) projection of vector u so that
I, =U, (140, (n")) and similarly 62 =52 (1+0,(n71)).

Lemma 5 Under the assumptions of the Theorem and with I, = U, (1 + 0O, (n’l)) and &721 =
S2 (1 + O, (n’l)) asymptotic normality holds:

nl,
“ - N(0,1).
/262 ¢
n
Under the assumptions the asymptotic distribution of the statistic is unbiased. The next section
will show that bias in the limit distribution of the test statistic may arise when F'x has mass points.

3 Bias and asymptotic bias

In finite sample generally E (ﬁn (%, ;3])) may not be zero. Ellison and Ellison (2000) show that in

the case of testing a linear regression model with homoscedastic errors the finite sample expectation
conditional on X of the numerator, I,,, converges to —o? (T'r (PxW,,)) , where o is the error variance,
Px is the projection onto the space of the regressors (including a constant), W, is the kernel weights

. .. . X)+1
matrix. They propose a euristic correction term, M Lo
£\ 267, \ 267

, for the statistic that makes use of

this quantity.

Generally, using the regression residuals, &« = Mxu with Mx = I — Px we have (omitting the
subsripts)
VWi —u'Wu = —tr (uu' PW) — tr (W Puu') + tr (uv’/ PW P).
Under assumptions 1 and 2 F|x (uu’) is a diagonal matrix, A = Ay, with positive diagonal entries
between b and B. It follows that conditionally on X,

Eix (/Wi —u'Wu) = —tr [PWA + WPA — PWPA;

thus bias is
—trE[PWA+ WPA— PWPA].

Under homoscedasticity with A = ¢21, this reduces to —o?trE ((X’X)_1 X’WX) :

When the distribution is a mixture of a continuous and discrete distribution the bias can be com-
puted by adding the expectation over the support of the discrete part to the expectation for the
continuous distribution. If the continuous part of the mixture satisfies our assumptions the corre-
sponding part of the expectation converges to zero and thus there is no possible contribution to limit
bias. To explore the asymptotic bias we examine the discrete component of the distribution, p,F¢; it
is supported on at most a countable number of mass points. Denoting by Era the expectation for the
discrete component of the distribution we get that the limit bias is given by

—patr (Epa [PWA +WPA — PWPA]).

For A = ¢%I with a finite number of points of support, X,gl € R, k=1,..ny4, for Fg‘é, the limit bias
equals
-1
—paK (0) O'QEFdEZiIEi;ﬁjI (Xi =X; = X,‘f) trX; (X'X) XJ’-, (21)
since as h — 0 once h becomes greater than the minimal distance between points in support of the
xd —xg

discrete part for any Xgl #+ Xg2 the value of the weight K <"1h"2> becomes 0. Aslong as K (0) > 0
the limit bias is negative.

Thus when the distribution function Fx is discontinuous there is generally a bias in the numerator
of the statistic and since the denominator for a distribution with mass points converges in probability
to a bounded non-zero limit, the bias is present in the limit distribution of the statistic.



4 Power of the kernel-based test

To facilitate comparison to the results in the literature we consider in this section the scaled statistic
I, = h%ln for the i.i.d. case. The results currently available apply in models with absolutely continuous
Fx (typically with some further smoothness assumptions on the density). For this class of distributions

the test was shown to have power against a sequence of alternative models that can be represented as
Y = go (Xi, Bo) + 7,0 (Xi) + s,

that approach the null at the rate no faster than v, = O ((nh‘”?)il/z) (see, e.g. Z96). As remarked

in FL-2000 there is thus power against a Pitman sequence with rate v,, = O (n_l/Q) for the case of a
fixed bandwidth h, but with h — 0 there is no power against such a sequence. For Fx with singular
parts, e.g. for Fix € D (s) the sequence 7,,, correspondingly, by Theorem ? can approach the null no

faster than O ((nh(zf‘q)qm)_lﬂ) for the test to have any power. This rate is worse than (nhq/z)_l/2

thus there is no power against n—1/2 alternatives.

It is known that local tests may have extra power against localized alternatives. The local "singular"
alternative models represented as

Yi = g0 (Xi, Bo) + Vn0n (Xi) + i, (22)

with 7,, a deterministic sequence and a,, = [ 82 (z) dz — 0 approach the null (given by go (X;, 3,)) at
the rate O (ay,7,,) - Under some conditions that further specify the class of "singular" alternatives it
is shown in FL-2000 that for the kernel test with A — 0 there is a class of alternatives (characterized
by conditions on the pairs (ay,7,,)) where the kernel-based test has power. Moreover the power is
non-trivial for alternatives with -, o, approaching zero at a rate arbitrarily close to n~=2/3.

We examine whether the result is robust against the case of a more general continuous distribution
function that is not non-absolutely continuous. In particular, we show that with the absolutely contin-
uous part satisfying all the usual assumptions even a small contamination with a singular distribution
can lead to a drastic reduction in power. We make the following assumption.

Assumption 6. (a) The distribution Fx € D (s) with 0 < p, . < 1,0 < s < 1 and the support of
the singular part, F'y does not include (—1,1).

(b) The alternative is represented as (22) with 7,, a deterministic sequence and o, = [ 62 () da —
ay, — 05 the support of §, is in ¢,,—neighborhood of 0 with |¢,,| < 1.

(¢) Assumptions (C1)-(C4) of FL-2000 apply with f (.) representing the density of the absolutely
continuous component, F5¢<.

The Assumption 6(a) requires F'x to have a non-trivial singular part that is supported outside of
a neighborhood of zero. As a specific example for (a) consider a product measure with the absolutely
continuous components with positive density on (—2,2) and a fractal singular component, F§,, e.g.
given by a Cantor distribution on [1,2] with s = %

The form of the alternative given in 6(b) is the same as in FL-2000, with the only difference that
here we restrict the class of alternatives by requiring the support of d,, (.) to be a neighborhood of zero;
this serves to simplify the derivations. A specific representative of this class is the function suggested
by FL-2000, §,, () = I (z € [0,¢,]?), or the one used in the simulations in that paper. By Assumption
6(a) the support of d,, (x) does not intersect with the support of the singular part of Fx.

Assumption 6(c) here implies that the assumptions (C1)-(C4) of FL-2000 apply to the absolutely
continuous component. If in contravention to Assumption 6(a) we had p, ., = 1, then under 6(b-c)
the result of Theorem 3.1. in FL-2000 would hold and better than n~'/2 power would be possible for
the statistic I, over the class of alternatives that satisfy

lim (nhq/Q'yflan) > 0 (23)

o Vpln = o(n_1/2). (24)



Theorem 3.1 in FL-2000 asserts that when the class of alternatives is such that (23) holds then
nhQ/an —q N (0102,0(2)) ,

with O, Cy, 03 positive constants and there is power against O (a,,7,,) alternatives. The discussion
in that paper (p. 1029) highlights several choices of 7,,, a,, that provide power for rates better than
n~1/2, (24). For example, selecting a subclass with e.g. a, = con™'/? and v,, = c,n"V/4h=9/* for
non-zero bounded sequences c,, ¢ leads to the rate a7y, = o (n*1/2) : selecting oy, = con~'1T¢ for
small ¢ > 0 and ~,, = ¢,n'/* provides a,7, = O (n_3/4+€) , close to n=3/4,

Next, we develop the limit distribution for the statistic I, given the singular part for Fx defined
in Assumption 6(a). For this distribution by Lemma 3? the bounds on E (h_Qan (Zy, Z2)2) provide

that this expectation is h~(2=%)%¢2 where o2 is such that
VME (67, (X)) < 0? < BAMLE (65 (X)). (25)
Theorem 6. Under Assumption 1-6 provided that
Y2 a,nh?=2)1/2 =y, (s) — C (s)

the statistic I:n converges as

nh=99/2] ., N (é(s), 02) , (26)
where C (s) = Cy (s) Cy > 0 if
lim (viannh@_s)q/z) > 0. (27)

We see that here the condition (27) differs from (23), and may not necessarily hold for class of
alternatives with (23 — 24) . Indeed, for the same statistic with the same values for a,,~, we have
that Ci,, (s) = Ciph1=9)4/2. if O} < oo, then C; (s) = 0. Thus when Fx is contaminated with
a singular distribution there is no power for the class of "singular" alternatives that provided better
than n~1/2 power in the absolutely continuous class of distributions. With the knowledge of the specific
structure of the singular components of the distribution, it would have been possible to indicate a calss
of alternatives where the test would have power with rate better than n~1/2, but such power results
will not be robust to slight contaminations of the distribution.

To conclude, the test against local alternatives may have power when the alternatives approach the
null at a rate O ((nh(z_s)qm)il/z) when Fx € D (s) but not for sequences of O (n‘l/Z) alternatives.

Thus over this class of distributions the local kernel-based test (with h — 0) does not exhibit a power
advantage over Bierens test.

5 Simulations

5.1 The mixture of normal distribution for X and size properties.
Here we consider the homoscedastic linear model under H

Y=1+X:+Xo+e (28)

typically examined in the literature. Instead of the usually considered distributions of the conditioning
variables such as uniform or normal we use a mixture of normals with large values of density derivative:
X1, X5 are independent observations from the normal mixture model NM:

Fx = 0.5N(0,1) 4+ 0.3N(0.8,0.01%) + 0.2N(1.2,0.01%).

10
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Figure (1) Figure 3. Size discrepancy.

We mainly compare our numerical results to those of FL-2000 where the X1;, X5; were drawn as
X1 = Vi +Viy; Xoi = Vi + Vi with V; and V4, Vj2 independent draws from a uniform [—, 7] . The joint
distribution that we consider is simpler in that it eliminates dependence between the two regressors,
on the other hand, we focus on the irregular nature of the marginal.

Figure 3 provides evidence about test size discrepancy under the null in (28) where Xy, X5 are NM,
u ~ N(0,1),n = 2000. Here and below I, 12 denote wild bootstrapped kernel test for h = sd (z)n—,
with ag 2 = 1/6,1/3, correspondingly. We denote pl,p2 wild bootstrapped Bierens tests. IG, I2G
asymptotic test for kernel stats. 1499 bootstraps in each simulation.

Figure 3 demonstrates that asymptotic critical values for the most part are undersized, with the
worse distortion for a larger bandwidth indicating that even at this bigger sample size (2000 as opposed
to 500 in Figure 2) finite sample bias remains a significant problem for the asymptotic approximation.
Bootstrap statistics all perform much better with close to the true size under the null.

5.2 Power properties with normal mixture covariates.

In this section we provide simulation evidence that confirms the comments in the previous section
about the asymptotic performance of the two tests, kernel-based and Bierens type. We consider some
of the examples investigated e.g. by FL-2000. The difference here is that the two regressors, X7, X,
are independently distributed as N M, with densities that exhibit very high derivatives relaive to all the
simulations for hernel statistics considered in the literature. We use the same models as in FL-2000;
q=2.

Hy:Y=1+X;+X,+e DGP1

Y = 1+X;+X2+015X,Xs+e DGP2

(fixed alternative)

1
Y = 1+X1+X2+W(X12+X§)+e DGP3

(local alternative)

Y = 14X+ Xo+ 1007 Osin( X010 sin(Xon 1) 1{| X1 | A | Xo| <n” V10 4 ¢ DGP4

(singular local alternative)

11
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Y = 14+ X;+ X3+ 0.5sin(Xy)sin(Xz2) + e DGP5

(high frequency alternative)

Here as is standard e ~ N (0, 1), independent of X; and X5.
Our Fx is normal mixture NM for each X7, Xo; independent:

Fx =0.5N(0,1) 4+ 0.3N(0.8,0.01%) + 0.2N(1.2,0.01?)

The distribution exhibits high values for the derivative of density.
Following FL-2000, let I; and I> represent kernel statistics with a bandwidth choice of h; =
0.5n~1/0sd(X;) and h; = n='/%sd(X;), respectively. For the Bierens statistics, we use

pi = %ZZ/ﬁjﬁk exp(¢'(Z; + Z1))dp; () i=1,2

j=1k=1

Z; = arctan (W)
sd(X)

where 1, is a product U[—1, 1] distribution and p, is a product N(0,1) distribution. We consider a
sample size of n = 200.

Wild bootstrap test.

Size.

As the figure indicates, the wild bootstrap controls size remarkably well for all the statistics, even
at a relatively low sample size of n = 200.

Power against DGP2 (fixed alternative) for NM and n = 500. Fan&Li: with z’s given by sums
of uniforms all the tests had similar power. Here the Bierens-type tests clearly dominate in terms of
power.

Power against DGP3 (local alternative), NM, n = 500. Fan&Li: kernel tests had trivial power that
declined with n; power of the pl,p2 tests increased. Here same for I,I2 tests; Bierens test has some
power, that for pl declined slightly, for p2 unchanged.

In Fan and Li the observation was that the kernel test I had only trivial power that declined with n,
while the power of the pl, p2 tests increased. Here the 1,12 tests do have trivial power and their power
declines as n increases, and the Bierens test has some discriminatory power that does not change much
as sample size increases.

Power curves for DGP4 (spiked alternative). x1,2x9 ~ NM;n = 500; I, I2 wild bootstrapped kernel
test (h = sd (z)n~, ar 2 =1/6,1/3), pl, p2 wild bootstrapped Bierens tests.

Power against DGP 5

12
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6 Appendix A. Proofs.

Lemma 6 Auxilliary Lemma. Let f : RY? — R be bounded and g : R? — R be a function with 0g a
bounded function with support contained in [1}_,[l;,w;] Then :

f@g()iFx (@) = (-1 [ 0ty (20)
Rae Ra

where Qs (t,1) is the function

Qf<t7 l) = o f(x) H Ly <a;<t,dFx (.’E) (30)

i=1

In particular, for fived z,y € RY and h > 0 this implies that :

5 f(z)K? < ; ) dFx(z) = (71)‘1/ Qf(z — hi, 2 + h)d, K2 (v)dv (31)

R4

[ @K (”3 - Z) K (x - y) dFyx (z) = (—1)4/Rq Of(z — hi, 2 + hv)d, |:K(U)K(Z - Y —&—v)}dv
(32)

Proof.

Since f is bounded, the function A — [, f(x)dFx(x) represents a finite Borel measure on R? which
we will refer to as ;. With this notation, it follows that :

F(2)g(x)dFx (z) = / 9()dY (z)
Ra Ra

14
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Given the support of g, this can be expressed as :
q
[ s@ ] 10ocudf(o)
R4 i=1

For any = € [, [l;,u;], we have by the fundamental theorem of calculus

g(z) = (-1) /: /; dg(t)dty ... dt,

and so it follows that :
q
/ g(2)d (z) = (~1)¢ / 09(t) T 11, <u Lot <u, dtdS2 (1)
Ra Ra JRa i)

Fubini’s Theorem now implies that :

/Rq 9(2)d (@) = (—1)0 [ Q(t,)ug()dt (33)

Ra
where Q(t,1) is the function
q
Qp(t,1) = / [T <o <udo <t <u,dQp(z) = Qp({z € R : [; < 2y <1, Vi})
R? =1

Substitution of g(z) = K?((z — z)h™'), which by Assumption 3 has support contained in [[{_, [z —
h, z; + h], into (33) and using (30) gives :

a2 (5 Jarxta) = (-1 [

R4

Qf (2 — hu, )0, K2 (t — Z>dt
Ra h

The change of variables t; — z; + hv; now yields (?7?):

[ fa (x = Z) AFy () = (~1)" /R Qf (2 — hu, X + ho)d, K2 (v)do

Likewise, substitution of g(z) = K ((x—2)h~ 1) K ((z—y)h~') which has support contained in []{_, [z;—
hi, z; + hu] yields :

[ JwK <x - Z) K <m - y) dFx(z) = (—1)1 /R Qf(z — he, )0, {K<t - Z)K(T’)]dt

and the desired result (32) follows from the change of variables t; — z; + hv;. =
Proof of Lemma 1. Let Z;, Zs, Z3 be independent copies of (X, u) and define :

X1 - X5

Hn(Z1,ZQ) Zul’UQK( h

) Gn(Z1, Zs) :E|:H7L(Z37Z1)Hn(z3722)

Zl,zg}.

From Assumptions 1-3 (11) immediately follows. We will now derive the expression for E( |G,,(Z1, Z2) K ).
The definition of the conditional expectation and independence implies that :

0551t i (5]
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where p15(X) = E[u?|X]. By (32) of Lemma 6 applied to the expression in squared brackets, this
evaluates to :

E(|Gn(Z1,22))) = E(uz(xl)ug()@) UR Qa(X1 — he, X1 — hw)d, {K(’U)K(Xl;XQ + vﬂ dv] 2)

Using (29) of Lemma 6 with the function f(z2) = uy(z2) and

glxa) = { [ 900X b, X0~ ), |:K(’U)K(X1 - %2 4 v)] dv] i

which has support contained in [[_, [X{, X{ + 2h] implies that

E(|Gn(Z1, 22)%) = E((_1>qu2(xl)/Rq Qa(t, X1)0, [/R Qo ( X1 —he, X1 —ho)d, [K(v)K(th_ t—H})]dvrdt)

The desired result (14) now follows from the change of variables u = (¢t — X1)h ™!

2
E(|Gn(Z1, Zz)|2) = E((—l)QNQ(X) Qo (X, X+hv)0, {/R Qo (X —he, X —hv)0, [K (v) K (v+u)] dv] du)

q
R+ q

A similar argument shows that :
X —-X
E(|H.(Z1,22)]?) = E(uz(xl)#z(xz)W(th)) = E(uz(X)(—l)q/

= E(uZ(X)(l)q/[ . Qo(X — he, X — hv)@sz(v)dv>

Qo (X — he, X — hv)avK%)dv)

to provide (12) and for (13) we get

(17,21, 20)/") = B( (X1 [ 240X =, X — )0, w)av ).

Ra

When X has a density fx with respect to the Lebesgue measure :

zq+hvg z1+hvy
Qg(a?—i—hmm—h):/ / oY1y Yg) Fx Y1y yq)dy

wq—h @1 —h

where x; is the i'" coordinate of z € R. For any fixed v € [~1,1]9, Theorem 7.10 in Rudin (2006)
and the fact that ps(.) is bounded from above implies that :

q
h—qQQ(x—l—hv,x—h)muQ };[1 14 wv;)

at almost every x (with respect to the Lebesgue measure on RY). Since the set of of points for which
this is not true is also a null set under Fx (when X has a density), an application of the dominated
convergence theorem yields :

WB(H (21,20 B(()%007x(X) [ [08%0) [T+ o)

h—0+
- i=1

q
8 K2 Hvldv>

— WB(H(21 ) o B(CUB A0 [ ]
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where the last equality follows from the fact that under Assumption 3(a-b) d‘f} E(v;) = — LK% (—v),
thus [o, [0,K2(v)]dv = 0.

Before considering the case where X does not admit a density, we first do some preliminary calcu-
lations. Define (v1,v_1) to be the partitioned vector (v1,...,v,) with v_1 = (ve,...,v4) . For any fixed

choice of v_; € R%7!, we have that :

T dus

/ Qa(X — he, X + h(vy,v-1))dy, k*(v1)dvy
[_

0

QQ(X hL X + h(’Ul,’U 1))81,1/{,' U1 d’Ul + QQ X — hL,X + h(vl,v_l))&,le(vl)dvl

1
Q2(X — ht, X + h(v1,v_1))0p, k2 (v1)dvy +/ Q2(X — ht, X + h(—v1,v_1))0p, k*(—v1)duvy
0
/ Qa(X — he, X + h(—v1,v-1)) 0y, k2 (v1)dvy
0
{QQ(X —hi, X + h(vi,v-1)) — Qo(X — he, X + h(—vy, ul))} Do, k2 (v1)dvy

1

/
/
_ /01 (X — huy X + h(v1,v_1))y, k2 (01 )dor —
/
/

|:QZ(X + h(—v1,v_1), X + h(v1, vl))} Dy, k2 (v1)dvy

where the second to last equality follows from the fact that di k2 (—vy) = _le2 (v1) and the last from
the fact that the sets defined by {X — he, X + h(vi,v-1)} and {X — ht, X + h(—v1,v_1))} intersect
on {X + h(—vi,v_1), X + h(vi,v_1)} and the linearity of the measure. Iterating this procedure from
v1 to vy shows that :

/ Qa2(X — he, X — hv)d, K?(v)dv = /
[~1.1)e

(Qz (X +hv, X — hv)) 9, K*(v)dv
[0,1]a

Since Oy, k*(v;) = —0y, k*(—v;) and 8,,k*(—v;) > 0 on [0, 1], it follows that we can express E( |H,,(Z1, Zo)|? )
through a non-negative integrand via :

B(|Ho(Z1, Z)|?) = E(M2(X) /{w <92 (X + ho, X — hu))avKQ(—v)dv> (34)

Let Fx = F% + F§ refer to the Lebesgue Radon-Nikodym decomposition of F'y where F§{ and F are
respectively, absolutely continuous and singular with respect to the Lebesgue measure on R?. Suppose
Fx is not absolutely continuous with respect to the Lebesgue measure so that F is a non trivial
measure. Let Eps represent integration with respect to F% so that by using the same steps as given
above we get that :

B(|Ha(Z1, 22) ) = E(M2<X1>N2(X2>K2<)Q;&)>
> By () (2522 )

=Ers (uQ(X) /[o,m <92 (X — hv, X + hv))a@Kz(v)dv>

where Q3 is defined the same way as Q9 but with the measure dQ23 = p,(.)dF% (which is also singular
to the Lebesgue measure since i5(.) is bounded away from 0). For any fixed v € (0,1)?, Theorem 7.15
in Rudin (2006) implies that :

h™1Q5(x — ht,x + hev) —— 400

h—0t
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for almost every x (with respect to the measure d€23). Since p,(.) is bounded away from 0, a null set
under d€23 is also a null set under dF'y and so Fatou’s Lemma implies that :

liminf h B ( |H,(Z, Zg)|2) > liminf h ™9 Eps (,uQ(X) / (Q; (X — hv, X + hv)) 8UK2(—v)dv>
h—0+ h—0+ * [0,1]7

> Bpg (Mz(X) /[0 : (lihrgérif h=105(X — hv, X + hv))@ﬁ@(—v)d’u)
= 400

[

Proof of Lemma 2.3.

By (34) of Lemma 2.2, using monotonicity of Q2(X — hv, X + hv), the fact that Di(v) =
(-1)?9,K?(v) > 0 for positive v and Assumption 2(b) we get a lower bound

B(|H,(Zy, Z2)*)

— By |
= E(/JQ(X)/RQ+

E(,U,Q(X)/ Q2(X — hv, X + hv) Dy ()1 (v : vl >ei=1, ) dv)
Rq

+

Qa2(X — hv, X + hv)c')sz(v)dv>

q
+

Qo (X — hv, X + hv)Dy (v)dv)

Y]

> M1E<,u2(X) [Qa(X — (he) v, X + (he) 1] )
> b2M1E< [Fx (X — (he) 1, X + (he)1)] )
where My = [ D;(v)I (v vl >ei=1, ...7q) dv, and the last inequality arises from the definition of
Q5 (.,.) and the lower bound on s (.) .
Un upper bound on ‘E(Hn(Zl, Z2)4)‘ is obtained by considering D4 (v) and bounding the integral
over [—1,1]? by 29 integrals over [0, 1]7.

(117,23, 2)1') =B (6) [ (X = hu, X = o) 0,5 0)] a0 ).

< 29 <u4(X) /R 04X+, X~ B)D4 (v) dv)
< 2008 (3, (X)X + X~ 1))
<

2q32M4E< [Fx (X +h, X — h)] ) :

with My = qu Dy (v)dv. The upper bound on |E(Hn(Z1, Z2)2)| is similar.
+
In the expression for E( |G, (Z1, Z2)|2) consider

Ou { » Qa(X — he, X — )0y, [K (0)K (v + u)] dv] i
= 2 {/Rq Qo(X — he, X — h)0y, [K (0)K (v + u)] dv]

y UR Qa(X — he, X — o)y [ (0)0uK (v + u)]dv} .
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Bound on the first factor:

/ Q2(X — he, X — h)0y, [K (v)K (v + u)|dv
R4

< 29B D2 (Ul)dle<[Fx(X+h,X—h)}>,
R

on the second:

/ Qo(X — he, X — h)0y [K (v)0, K (v + u) | dv

S 29B Dg (Ul)dUlE<[FX(X+h,X—h)]>
R

Combining and completing with the bound
to (X) Qa(X, X + ho) < B2Fx (X — he, X + he)

we obtain

E(|Gn(Z1, Z2)|)

< 22qB4M2,3E< [Fx(X —he, X + hL)]3>

where M273 = fRi |:fR?F D2 (’01) dU1:| D3 (’Uz) dvg.

Proof of Theorem 2.3.
By Theorem 1 of Hall (1984) a sufficient condition for asymptotic normality requires that the
moments satisfy the conditions:

E(Hy (21,22) |21) = 0as; (35)
E(H, (z1,2))° < oo forall n; (36)
E[E(G? (21,2))] + LE(H, (21,2))"

{B(H, (2,227}

We next verify that under our assumptions that conditions of that theorem hold when EH2 (z;, z;)
goes to zero as h — 0. Condition (35) is (11) of Lemma 1. As well, (36) holds by Assumption 5 (i).
All that is needed is to show as n — oo

— 0asn— oo, (37)

(a) E[ ( (21,%22) )] oo, (38)

2
{E 21722 }
4

S B (Hy (21, 22)) i
{B #1227}

(0)

In (38) by Lemma 2 (iii) the numerator is bounded from above by 22¢B* M, 3 E (|F (X —he, X + hL)\?’) .

By Lemma 2(i) the denominator has a lower bound b*M2 {E (|F (X — ehi, X + ¢ht)|)}>. By Assump-
tion 5 (ii) B (|F (X —ehe, X +ehi)]) > %E (|IF' (X — he, X + he)]) . Then the ratio in (38) is bounded
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from above by
224 BN, 4 B (|F (X — he, X + m)|3>

(01M2/B) {E (|F (X — he, X + ho)|)}>

By Assumption 5(iii) then this goes to zero and (38) holds.
For (39) similarly using Lemma 2 and Assumption 5(ii) we bound the ratio from above with

L2 B2V E (|F (X — he, X + hu)|) 24 B2 M,

(*M2/B){E (|F (X —he, X + ho)))y> (0*ME/B)nE (|F (X — hu, X + hi)])’

By (15,16) of Lemma 1 regardless of whether Fx is absolutely continuous or has singular compo-
nents we have that h™9FE (H,, (21, 22))°> > ¢ > 0. implying that h~9E (|[F (X — he, X + hi)|) > € > 0.
Then

nE (|F (X —h,X + h)|) =nh?(h"1E(|F (X — ht, X + ht)|)) > nhi€.

By Assumption 3 (c) nh? — oo. Thus (39) follows.

Proof of proposition 6.

Similarly to the proof of Theorem 3.1 in FL-2000 we focus on the orders in probability of the terms
in

~ 1 . X, — X.
In = mEiE#iuiqu (Zhj>

= A;+ Ay + A3+ 2(As+ A5 + Ag),

(i) We obtain similarly to FL-2000 that

_ 1 A X Xi— X5\ _ 1
A = mzzzj;ﬁz (9 90)7‘, (9 go)j K ( n ) = Op (n ) ,
then
AhC= /A, = 0, (E-2) Z 0, (1)
(ii) For
2
Tn Xi — Xj
Ay = — 2 3.3, 4 X))on (X)) K| ——
2 n(n—1)hd i2j#i0n (Xi) 0n (X;) ( h )

noting that the computation of moments is restricted to the neighborhood of zero we get similarly to
FL-2000 but with normalization suitable to the presence of singularity with s

E (nh@*S)q/?Az) = ph 992520 (Cy + o(1));
var (nh(%s)q/@lz) = O(nh\*=91y%q)
= 0 (’yzanh(zf‘q)qu (oflhq) (nh‘lf1 =o0(l).
Then nh(2-9)4/2 4, —p C (s) = CyCy provided that
’yzomh@_s)‘”2 =Cy, — Ch. (40)

(iii) For the term

X;— X,
= o

1
— g i iU
n(n—1)hd 177 ( h Ui
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from Theorem 3 and Lemma 5 of this paper it follows that
nh(=942 4, . N (0, 02)

with 02 > 0 that satisfies (25).
(iv) The term

A, = ([g _ 50)' {M&Ema% (Xi, 8.) 0 (X;) K (X;Xj>}

is supported in a neighborhood of zero and provides as in FL-2000
Ay = Op (nil/zf}/nan> y

thus
nh@=4/2 4, = 0, (%annl/2h(2_s)q/2) =0, (1).

(v) For the term

1 X; - X; _
min =1y hg inid <hj> [90 (Xi, Bo) — g (Xi)]

As =

computation of moments differs from those in the proof of FL-2000, as it has to take into account the
singular part of the distribution. Moments are computed similarly to the derivations in the proof of
Lemma 1 here on considering Qa, = [ Ag (X, 8) dFx. These computations yield

A5 = Oy (n1pl=01/2)

then
nh(=2)9/2 45 = O, (h(Q—S)q/Qh(s—l)Q/Q) =0, (hq/Q) =0, (1).

(vi) Since the term Ag is defined on the neighborhood of 0 only, the result in FL-2000 holds and
provides

Ag =0, (n_1/2a1/27) :
where under the condition (40)
Rk = O, (nl/zh(z—s)q/zam,y)
= 0, (h<278>q/4) =0,(1).

On combining these results we obtain (26).
[ |
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