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Abstract

A uniform in probability approximation is established for Studentized pro-
cesses of non degenerate U-statistics of order m > 2 in terms of a standard
Wiener process. The classical condition that the second moment of kernel of
the underlying U-statistic exists is relaxed to having % moments. Furthermore,
the conditional expectation of the kernel is only assumed to be in the domain
of attraction of the normal law (instead of the classical two moment condition).

1 Introduction and Background

Let X1, Xs,..., be a sequence of non-degenerate real-valued i.i.d. random vari-
ables with distribution F. Let h(Xi,...,X,,), symmetric in its arguments,
be a Borel-measurable real-valued kernel of order m > 1, and consider the
parameter 0 = me h(zi,...,oy) dF(x1)...dF(zy) < co. The corresponding
U-statistic (cf. Serfling [?] or Hoeffding [?]) is

_ —m
U, =nm" E Xy, Xi,,) = E Xy, Xi,),

C(n,m) C'(n,m)

where m < n, Zc(mm) and ZC,(mm) respectively stand for summing over
Cnym)={1<i1<...<im<n}pand C'(n,m)={1<i1 # ... # iy <n}
(n—m)!

and [n] ™™ := ~————. For further use throughout, we define
n!

hi(z) =EB(h(X1,...,Xn) — 0| X1 = 2).
Definition. A sequence X, X7, Xo,..., of i.i.d. random variables is said to

be in the domain of attraction of the normal law (X € DAN) if there exist
sequences of constants A, and B, > 0 such that, as n — oo,

" Xz - An
Zzle— Ly N(0,1).
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Remark 1. Furtherer to this definition of DAN, it is known that A, can be
taken as nE(X) and B, = n'/20x(n), where £x(n) is a slowly varying function

at infinity (i.e., lim, ZZ{ ((r; k)) =1 for any k > 0), defined by the distribution

of X. Moreover, {x(n) =+/Var(X) >0, if Var(X) < oo, and £x(n) — oo, as
n — 00, if Var(X) = co. Also X has all moments less than 2, and the variance
of X is positive, but need not be finite.

Noting that hi(X1), h1(X2),... , are iid. random variables with mean zero
(Bh1(X1) = 0), Nasari (cf. [?] ) observed that Proposition 2.1 of Csbrgs,
Szyszkowicz and Wang [CsSzW] (2004 [?]) (cf. also Theorem 1 of [CsSzW]
2003 [?]) reads as follows (cf. Lemma 2 in Nasari [?])

Lemma A . As n — oo, the following statements are equivalent:

(a) hi(X1) € DAN;
There is a sequence of constants By, /" 0o, such that

Sl (X5)

(b) —q N(O, to) fOT to € (0, 1];

By,
e e
(c) % —q W (t) on (DI0,1], p), where p is the sup-norm metric
n
for functions in DI[0,1] and {W (t),0 <t <1} is a standard Wiener
process;
(d) On an appropriate probability space for X1, Xs, ..., we can construct a

standard Wiener process {W(t),0 <t < oo} such that

S (X)) Wn
L — =op(1).
0831221 B, n or(1)

n=

Here and throughout, B,, is as in Remark 1, from now on written as B,, =

n'/20(n), where £(.), the slowly varying function at infinity, is defined by the
distribution of the random variable hi(X;) (cf. Remark 1).
Remark 2. The statement (c), whose notion will be used throughout, stands
for the following functional central limit theorem (cf. Remark 2.1 in Csorgd,
Szyszkowicz and Wang [CsSzw] (2004) [?]). On account of (d), as n — oo, we
have

g(S[n}/Vn) —d g(W())

for all g : D = D|0,1] — R that are (D,®) measurable and p-continuous, or
p-continuous except at points forming a set of Wiener measure zero on (D, D),
where ® denotes the o-field of subsets of D generated by the finite-dimensional
subsets of D.

In view of (b) of Lemma A with typ = 1, Corollary 2.1 of [CsSzW] (2004 [?]),
i.e., Raikov’s theorem as stated and proved in Giné, Gotze and Mason (1997



[?]), yields the following version of it in the present context.
Corollary A. As n — oo, we have

1 .
E X;) —p L.
nt?(n) P hi(X) r

Nasari [?] proved a projection approximation of Upinto sums of the i.i.d.
random variables hi(X7), hi1(X2),... , that reads as follows (cf. Theorem 3 of

[7])-

Theorem A. If E [|h(X],... ,Xm)]% log |h(X1, ..., Xm)| ] < oo and hi(X;) €
DAN, then, as n — oo, we have

nt) U = 0 S0 ha(X0) |
Osgligl m Bn Bn _OP(l).

In view of Lemma A and Theorem A , Nasari [?] concluded his Theorem 2
that reads as follows.

Theorem B. If
(a) E [|h(X1, ..., Xm)|5 log|h(X1, ..., Xm)| | < oo and hi(X)) € DAN,

then, as n — oo, we have

[nto] Upnto) — 0

(b) = N(0,tp), where tyg € (0,1];
Uiy — 0
(c) % % —q W(t) on (D]0,1],p), where p is the sup-norm for

functions in D[0,1] and {W (t),0 <t < 1} is a standard Wiener process;

(d) On an appropriate probability space for X1, Xs, ..., we can construct a
standard Wiener process {W(t),0 <t < oo} such that

Ui — 0
sup M ] — W(nt) =op(1).
0<t<1 m By n

=

We note in passing that the weak convergence result of part (c¢) of Theorem
B for non degenerate U-statistics extend those obtained by Miller and Sen in
1972 (cf. Theorem 1 of [?] )

Define the pseudo-selfnormalized U-process U, f';zt} as follows

0 Co<t<

U* — o n

[nt] Uppg) — 0 S Moic
Vi, n -~



where [.] denotes the greatest integer function and V,2 := 3%, h3(X;). Com-
bining Theorem A with Corollary A, Nasari (cf. [?]) inferred his Theorem 1
which reads as follows.

Theorem C. [f

(a) E[ |h(X1,..., Xm)|3log |R(X1, ..., Xm)| ] < oo and h1(X1) € DAN,

then, as n — oo, we have

nt "
) S8 Uy 0 NO.0), for to € 0.1]
() [%ﬂ Uy —a W(t) on (D[0,1],0), where p is the sup-norm for functions in

DI0,1] and {W(t),0 <t < 1} is a standard Wiener process;

(d) On an appropriate probability space for Xy, Xa, ..., we can construct a
standard Wiener process {W(t),0 <t < oo} such that

sup [nt] Upnyy — &T) =op(1).
0<t<1 | M nz

We note that in the light of Corollary A, a similarly pseudo-selfnormalized
version of Lemma A is also immediate (cf. Lemma 1 in Nasari [?] ). Moreover,
these two lemmas, i.e., Lemmas 1 and 2 in Nasari [?], respectively coincide
with Theorem 1 of [CsSzW] (2003 [?]), and with Proposition 2.1 of [CsSzW]
(2004 [?]). Thus Theorems B and C with m > 2 amount to begin extensions of
Theorem 1 of [CsSzW] (2003 [?]) to U-statistics of order m > 2.

While, in view of Raikov’s theorem as in Corollary A, Theorems B and C
are equivalent, Theorem C as stated constitutes a significant first step toward
studentizing U-statistics for the sake of establishing asymptotic confidence in-
tervals for 6 in a nonparametric manner (cf. Theorem 1 and Corollary 1 of
the next session that, in turn, leads to Main Theorem of this exposition). The
pseudo-selfnormalizing sequence V;, of Theorem C still depends on the distribu-
tion function F' that can not usually assumed to be known. Hence our Theorem
1 in this exposition.

2 Statement of the results

Fori=1,...,n,let U._; be the jackknifed version of U, based on X1, ... , X; 1,
Xit1, ..., Xp, defined as follows.

i S Xy, X,

1§jl <---‘<j77L.§n
JLye s Jm L



Also define the Studentized U-process as follows.

0,
Ustu _ U[nt} — 9

[nt] =
Vo= 1) X (UG = Un)?

Remark 3. Unlike the U-processes in Theorems B and C, apart from the pa-

rameter @ of interest, U, ‘jff] is completely computable, based on the observations

X1, Xn.

(e}

m
<t< —
n

)

=3

<t

—_

Under a slightly stronger moment condition, which is the price we pay for
the normalization involved in U [‘Zfﬁ, the Studentized companion of Theorems B
and C reads as follows.

Main Theorem. If

(a) E|h(X1, ..., Xm)|? < co and h1(X1) € DAN,
then, as n — oo, we have

(b) [nto] Upte) —a N(0,t0), for to € (0,1];

(c) [nt] Uﬁfﬁ —q W(t) on (D[0,1],p), where p is the sup-norm for functions in

DI0,1] and {W(t),0 <t < 1} is a standard Wiener process;

(d) On an appropriate probability space for X1, Xa,..., we can construct a
standard Wiener process {W (t),0 <t < oo} such that
W (nt
sup | [nt] U[iﬁ‘] — # =op(1).
0<t<1 n2

In view of Theorems B and C and on account of Raikov’s theorem (cf.
Corollary A), which via (b) of Lemma A with ¢p = 1 in this context states

1
W E h3(X;) —p 1, in order to prove Main Theorem it
n £2(n

=1

suffices to prove the following result.

that, as n — oo,

Theorem 1. If E|h(X7,... ,Xm)|g < 0o and h1(X1) € DAN, then, as n — oo,

rr(gﬁ;% > (U1 = Ua)? = " g;(n) > B(X)| = op(1).

i=1 i=1

Consequently, the latter approximation combined with Corollary A yields
a Raikov type result for the distribution free jackkifed version of U-statistics



which is of interest on its own (cf. Remark 4).

Corollary 1. If E\h(Xl,...,Xm)’% < oo and hi(X1) € DAN, then, as

n — 00,

Combining now Corollary 1 with Theorem B we arrive at Main Theorem of
this paper.
Remark 4. When E h?(X1, ..., X,n) < oo, which in turn implies that EA? (X;) <
00, then ¢2(n) = BEh3(X;) > 0 and, as n — oo, Corollary 1 implies that

n
(an 2, ;( ne1— Un)2 — P Eh%(Xl)-
The latter version of Corollary 1 coincides with one of the result obtained by
Arvesen [?] who extended the idea of the so-called (by Tukey) pseudo- values
to U-statistics and studied the asymptotic distribution of non-degenerate U-
statistics via jackknifing.
Remark 5. When m = 1, the projection A;(X;) will coincide with h(X;) —
6, then Main Theorem corresponds to Corollary 5 of [CsSzW] (2008 [?]) on
taking the weight function ¢ = 1 for the therein studied Studentized process
Th4(X — ), i.e., when m = 1, then the studentized U-process U[“;Ltﬁ coincides
with T}, (X — p). Hence in this exposition we shall state our proofs for m > 2.
Also when m = 2, the two conditions in (a) of Main Theorem as well as the
idea of its proof by truncation, coincide with the corresponding ones of Theorem
2 of [CsSzW] (2008b [?]) on weighted approximations for Studentized U-type
processes .

3 Proofs

To prove Theorem 1, it suffices to show that as n — oo,

n 2 n

(n=1) S Uy~ U)? = T2 R3(X)| = op(1).

i=1 i=1

Before proving (1) we do some simplifications as follows.

(n—1) Z?=1(Uf}1 - Un)2

2
~ | () 1
= (n—l) Z nﬂjl Un — n—1 Z h(Xi>Xj1 ’ij—l) - Un
=1 ( m ) ( m ) 1<j1< <jm—-15n

J1yeeesdm—171

6



n 2
1
D) "
n—1 hX,X . — ( )
i1 ( . ) 1Sj1<.§m1<n ( ? J1 7X]m71) ((n’,ill) - 1) Un
jlv-”vjmfl?éi_
= m 1 2
= (n—1) (
A — — WX . X A
=1 [P (1) 1<z‘2<;i <n (Xiy, Xigs ., Xi) = Un)
72‘27"'72‘777,72;17
2
( m) i1=1 (:1—1) 1<io<...<im<n ( Zl,me B 7sz) - Un
L 12,.. 7fm7£,ZL1
m?(n —1) < 1 2
B (TZ - m)2 z_: (nil) Z h(Xilv X’i27 s 7Xim) an(n — 1) U2
) e s
_ g m2(n —1)
(n—m) Un ;LFL 11 Z Z h(Xi1>Xi2>---aXz‘ )
i1=1 1< "
i
m?(n —1) < 1 2
ey 2 Ty 2 e X X matn 1) 2
i1=1 m—1 1%32’<Z;;’;1§n m (n — m)2 n
m2(n —1)
—92 U,
(n_m)2 " (m ! n_l Z Z h(Xil’Xi2>"' >Xim)
i1=1 1<iz #..# im<n
12,yeee b F11
m?(n —1) < 1 2
- (n_m)2 Z (n—l) Z h(Xil’X'l:27‘ .. 7XZ ) M U2
5| 0 gl e | o
2
_ g m*(n —1) U 1
n
(n —m)? (m —1)! (n—l) Z M Xy, Xig, o5 Xiy)
m—=1) 1<i1#iz #..# im<n
m2(n —1) " 1 2
=g |y 2 e X X mintn =1 g
i1=1 m—1) 1<iz<...<im<n m (n — m)2 n

7i’m7ﬁi1

12,...



-2 Uz
(n—m)2 "
2
m?(n—1) — 1 m2n(n — 1)
= P ol > MXi, Xiyso X, )| — NCETER U2
i1=1 (m—l) 1< <. ..<tm<n

'i27--- 77:m7£'il

(2)

Remark 6. In view of (*) in what will follow without loss of generality we
may and shall assume that 6 = 0.

In view of (2) to prove (1) it will be enough to prove the following two
propositions.

Proposition 1. If E|h(X,... ,Xm)|g < 00, then, as n — o0,

U2 —0 a.s.

Proof of Proposition 1

The proof this theorem follows from the SLLN for U-statistics (cf. for ex-
ample Serfling [?]).

§ < 00 and ﬁl(Xl) € DAN then, as

Proposition 2. If E|h(Xy,...,Xn)
n — oo,

2

n

(n—1) 1 J R

—> = YL X X, X)) | — = ) R(X)

(n m) i1=1 (77:1—1) 1<ia<...<tm<n " i=1
i, im i

=op(1).

Proof of Proposition 2
In what will follow a, = b, stands for the asymptotic equivalency of the nu-
Gn

b

merical sequences (a,), and (by),, i.e., as n — oo, — 1.

To prove Proposition 2 observe that

(n—1) — 1
(n —m)? Z n—1 Z M Xiys Xigs -, X
= o)) 1<io<.. <im<n
12,00 im Fi1



(n—1) < _
- (n_m)2 Z [n_l] e Z h(XilaXi2>--' >Xim)
i1=1 1<io .. 2im<n
i 12,0 im i
- 2
n
~ ]y > X, Xy, X))
i1=1 1§i27£~'~767:m§n
L i27---77:m3£'il
=[Ny (X, X))
I<ii#..Fim<n
m—1
—I—[n]_2m+1 Z Z h(Xil,...,Xij,Xij+1,... ,Xl'm)
J=2 1<iz#..Fiam—;<n
X h(Xiu cee aXija Xim+1a cee 7X'i2m7j)

+ [n] 2L > h(Xiys Xigy ooy Xin) B(Xiys Xisis ooy Xigo 1)
1<in#. . Figm—1<n

The first term and the second one, which obviously does not appear when
m = 2, in the latter equality will be seen to be negligible in probability (cf.
Propositions 3 and 4), thus the third term becomes the main term that will
play the main role in establishing Proposition 2.

To complete the proof of Proposition 2 we shall state and prove the next
three results, namely Propositions 3, 4 and Theorem 2.

Proposition 3. If E|h(X,... ,Xm)|% < 00, then, as n — oo,

]2y R (X, X

im) — 0 a.s.
1<i1#Aim<n

Proof of Proposition 3
From the fact that for m > 2,

2m 5 .
Te— < 3 it follows that

E|h* (X1, ... ,Xm)|—zni'11 =E|h(X,... 7Xm)|% < .

By this the proof of Proposition 3 follows from Theorem 1 of [?].

Proposition 4. For m > 3, If E|h(Xq,... ,Xm)]% < 00, then, as n — oo,

m—1
[n]72m+1 Z Z h(Xil,---,Xij,Xij+1,--- >Xim)
Jj=2 1§7:176'--767:2m7j§n



X h(Xil,...,Xij,Xim+1,... ,Xiszj) = Op(l).

Proof of Proposition 4
In order to prove Proposition 4 it suffices to show that as n — oo, for j =
2,...,m—1, we have

[n]72m+1 Z h(Xil, ey XZ'].,XZ'
1§7:176'--767:2m7j§n

X h(Xil,. . .,Xl'j,Xierl, c. 7Xi2m,j) = Op(l).

7X7«m)

1

Since the proof of the latter relation can be done by modifying, mutatis mu-
tandis (cf. Appendix), that of the next theorem, i.e., Theorem 2, hence the
detailed proof is given in Appendix.

Theorem 2. If E|h(Xy,... ,Xm)\% < coand h(X1) € DAN then, as n — o,

‘ [n]_2m+1 Z h(Xiy s Xigs - - 7Xim)h(Xi1 ) Xim+17 s 7X7:2m71)
1<in#.. . Figm-1<n

— YRR | = op (1)

Proof of Theorem 2
Before stating the proof of Theorem 2 we need the following definition and
lemma which will play a crucial role in our proofs.

Definition. The Borel- measurable function L(z1,... ,zy) : R™ — R, m > 2,
with mean p = EL(Xq,...,X,,), is said to be degenerate if for every proper
subset {a1,...,a;} of {1,... ,m}, j=1,...,m —1, we have

B(L(X1,... , Xm) — i Xay, - s Xa;) =0 as.

We note in passing that if L were symmetric in its arguments, then the associ-
ated U-statistic with such a kernel would be a complete degenerate one. Hence
our terminology for L in this definition.

Lemma 1. If L : R™ — R, m > 2, is degenerate with mean y = EL(X1, ..., X,;,)
and EL*(X1,... ,Xm) < oo, then,

E(n™™ > (L(Xiy, Xiy) =) )P < [0 E (L(X, - X)) =),
1<iy#... Fim<n

Proof of Lemma 1

A 1
Let L1 ., = — E Ly, .. 5,,, where Ly, 5, = L(Xs,...,X,,,) and C,
m! £

10



denotes the set of all permutations o1,...,0,, of 1,...,m. It is clear that

> Liyiim — 1) = S Ly im — ).

1<i1# . Fim<n 1<ir .. Fim<n

Now write

E ([n]™™ Z1g¢17&...7&imgn(ii1,---,im — ) )2
= ([n]™™)? D A<ivt fim<n E(ﬁil,... i — 1)?

_ ~1 s
+ ([n]™™)2 00 Yicintetiomy<n BL (L iy ion — 1)
X (Li17_..7ij7im+17---77:2m7j — )]

A

+ ([n]_m)2 Z1§i1¢___¢i2mgnE ( (Li17---7im — 1) (iinz+17---yi2m — )

= [ E (L1..n — 1)’
— -1 -
+ ([Tl] m)2 Z‘;n:l Zlgil7é,,,7éi2m7jgn E{E[Lil,...,ij,ijJrl,... dim T H ’ Xil? s 7Xij]

X E['z—/ilw--7ij7im+17---77:2m7j - N’ Xi17 s 7Xij]}

A A

+ ([n]_m)2 Zl§117£3£12m§n E(Ll'l,m,im - Iu) E(Lierlym Jg2m Iu)

= [T E (L1,.. m — p)?
<[] E (L1, m— 1)

The last inequality results from a well known inequality for sums of ran-
dom variables followed by an application of Cauchy inequality provided that
ELZ, .. =EL? ..

It is easy to observe that when L is symmetric in its arguments, the in-

equality in Lemma 1 becomes equality.

For further use in this proof, we consider the following setup:
hi.m = h(X1,...,Xn),

hgmzn = him1

3m .,
(Il <n’s)

h’>{2...2m71 = h’ggn)m h&?r?—l—l...Zm—l’

W (@) = B (B, |X1 =),

11



h(]) — h(m) 35.,7=1,...,m—1,

L 1 Lnom) < n¥y
o) ._ (m)

P 3= im0 < 1og(n))
0o W1

LR @) < 072 o))

where 14 denotes the indicator function of the set A and £(.) is a slowly varying
function at infinity associated to hi(X7).
In view of the above set up, observe that as n — oo

P ( Z hiliQ"'im hilim‘kl"'iQm*l # Z hi’f:;) Am hz(zr'zr)n+l---i2mfl)

1<in#. Fiam-1<n 1<in#. . Fiam-1<n
< WP (|hym| > 05 )

<E[|hmlf1

(. mney ] 0

Hence the asymptotic equivalency of the statistic of Theorem 2 and its trun-
cated version i.e., > 31 o Lo hgzz)mim hg:’;}wlmhmﬂ in probability.
Having the asymptotic equivalency of the original statistic and its trun-
cated version, to prove Theorem 2, we shall proceed by working with the
truncated version. Extending the idea of Hoffeding procedure to represent
U-statistics in terms of complete degenerate ones (cf. for example [?]), in
our context in which due to lack of symmetry, our statistic of interest i.e.,
D 1<in it i1 <n hz(zg i hg};ﬂmimﬂ is not a U-statistic, by adding and
subtracting required terms, we shall create a sequence of degenerate statistics.
Then by employing proper new truncations and applying Lemma 1 we conclude
the asymptotic negligibility of all of these degenerate statistics in probability
(cf. Propositions 5, 6 and 7) except for the last group of them which are of
the form of sums of i.i.d. random variables (cf. Remark 7). Among those the

latter mentioned just one (cf. part (b) of Proposition 8) will asymptotically in
n

probability coincide — Z h2 ) and that will complete the proof of Theorem

zl
2.

Now by adding and subtracting required terms we write

2 : *
hll 42m—1

1<ii#.. Fizm—1<n

2m—1
_ 2 : § : _1\2m—1-d E * *
- { ( 1) (hll A2m— 1 (hzl 2m—1
1<i1#...Fiom—_1<n d=1 1<51<...<ga<2m—1
2m—2 c
* *
+ E } E (_ E : (hu A2m—1 E(hll A2m— 1)‘Xlk ’ee
c=1 1<k1<...<kc.<2m—1d=1 1<51<...<ja<c

+E (W in )}

12

)| X

J1

Zjl,...

Xy )

Jd

Xijd)



2m—2

= Z V(il,... ,Z'mel)—i- Z Z Z V(ikl,...

1<it#.. Figm—1<n c=1 1<k1<...<ke<2m—11<i1#.. . Fiam—1<n

+ Zlﬁh#---#izmqﬁn E(h;kl-ni?m—l )

Proposition 5. If E |h1m|g < o0, then, as n — oo,

[n]72m+1 Z V(il, e ,igm_l) = Op(l).

1<ii#...Fizm—1<n

Proof of Proposition 5
For throughout use K will be a positive constant that may be different at each
stage.

Since V(i1,...,i2m—1) posses the property of degeneracy we can apply
Lemma 1 for the associated statistics and write, for € > 0,

P (| [n]>mH! > Vit iame) > 6)
1<i1#.. . Figm—1<n

<€ 2R [ [n] 2! > Viit, ... yigm-1)]?
1<ii#.. . Figm—1<n

<2 HE [ V(... 2m—1) ]2

< K 2 [p]72mil p2mol pm2mal g o hygn)m h&:?—f—l...?m—l 2

< K €2 [p] 72t p2m-l p-2mtl nE R | hio.m ‘g

— 0, as n — oo.

The estimation for m > 3 that occurs in our next proposition does not ap-
pear, and hence not needed, when m = 2.
Proposition 6. For m > 3, if E | hi2..m ]§ < 00, then as, n — o

[n]~2mH1 > Viig,, ... ir) = op(1),

1<ip#.. . Figm-1<n

where c=3,....,2m—2 and 1 < k1 < ... <k.<2m - 1.
Proof of Proposition 6

Based on the way i, , ... , i, are distributed between A and p™

3 B 117:2-.--1771 11%m41---12m—1
in two different cases when k1 = 1 and k1 # 1, the proof is stated as follows.

Case k1 =1

Let s and t be respectively the number of elements of the sets {ik,,... ik} N

13



{i1,d2,... yim} and {ig,, ..., ik 01, 4me1, - -« si2m—1}. It is clear that in this
case, i.e., k1 = 1, we have that s, > 1 and s+t = c+ 1. Now define

C

. . _ «T «T
VT(ZkU s 7ch) = Z(_l)c d Z E(hi1---i2mf1_E(hil---lémfl) | Xik?jl yro ’Xik?jd )’ (3)
d=1 1<j1<...<ja<c
< T’ T’
VT (ik17 e 7ikc) = Z(_1)67d Z E(h;...i2m,1_E(hz...igmfl) ‘ Xik:jl rte 7Xikjd )7 (4)
d=1 1<ii<...<ja<c
T _ 1) (m) ! _ (s (t)
where h;'kl...z‘gmq - hi:liz...im hilim+l~--i2mfl and h;kl---hm—l - hi1i2mim hilim+l~~-i2nz—1'

Now observe that as n — oo

P ( 3 Vg, ... ip) # > VT iy in))

1< #. Fiam-—1<n 1<ig#.. . Figm-1<n

<P( 3 V(g oin) # > VT (s i) )

1<ig#. Fizm-1<n 1<in#.. . Figm-—1<n
+P( > VT (i, vin,) # > VT Cipys o yiny))
1<iy#.. . Figm-1<n 1< #..Figm—1<n

3s 3t
<P (1> % )+t PR, > nS)

5 5
< E [ |hi2..m|? 1( |+ E [ |himt1..2m-1]3 1

3s 3
|h|>n3) (|h>n %) ]

The latter relation suggests that >y, » . <, V(iky, ... ,ik,) and
Zlql;ﬁm#izmiﬁn VT/(ikl, ..., 1k, ) are asymptotically equivalent in probability.

Since VT/(z'kl, ..., ik, ) is degenerate, Markov inequality followed by an ap-
plication of Lemma 1 yields,

P (| [n]7?m* > VT (i i) | >€)
1<ii#.. . Fiam—1<n

< 672 E [ [n]72m+1 Z VT,(ikl, . ,ikc) ]2

1<in#. Fiam-1<n

< Kelln—@m—1-o] B[AY  hD., ]

7 s)
< Ke?n—-02m—-1-0¢] n°nn ) | h12..m |§

— 0, as n — oo.
(t+s)
10

The latter relation is true since when ¢ > 3, we have —c +

14



Case k1 # 1

Similarly to the previous case let s and ¢ be respectively the number of elements
of the sets {ig,, ..., ik J{i1, 02, ... s im} and {ik, -« 50k, {01, g1y - - 5 92m—1]-
Clearly here we have s,t > 0 and s +t = c. It is obvious that in this case s,t
can be zero but not simultaneously. More specifically, (s = ¢,t = 0) and
(s = 0,t = ¢) can happen and due to their similarity we shall only treat
(s=¢,t=0).

Let VT (ig,,... i) and VT (ig,,... i) be of the forms respectively (3)
and (4), where by .= hl*) . plm) and by = ps

11...92m — 1112...0m " 11%mA1--12m— 11...52m—1 1192...%m " 11%m41.--12m—1"

Observe that as n — 0o

P ( 3 Vg, ... ip) # > VT (i vin))

1<i#. Fiam-1<n 1<in#.. . Figm—1<n

e RS> aF )+ at P (R ] > 0T ), s> 0, st=c;
m 3c m
n® P( IR 1> S )+ B (1A, a1l > log(n) ),  s=c,t=0

- E [ ’hlgm‘j 1(|h|>n%) ] + E [ ‘h1m+1...2m—1’§ 1(|h\>n%) ], s,t > 0, S+t=c;
T Bl 1, s T4 P B o> log(n) ), s=c,t=0

— 0.

Applying Markov inequality followed by an application Lemma 1 once again
yields,

P (| [n]"2mH! > VT iy i) > €)
1<in#. Figm-—1<n

<Ke2n—0@m—-1-¢] nn B[Ry B P

< Ke?n—02m—-1-¢)]“n°n=¢ nis E’hlz...m!%, s,t> 0, s+t=c;
T | Ke?n—-2m—1—¢)] ¢n°n° nio log% (n) E‘hlgmm‘g, s=c,t=0

— 0, as n — 0.
This completes the proof of Proposition 6.
Proposition 7. If E |h12,__m|g < oo and ﬁl(Xl) € DAN, then, as n — oo

[n]72m+1 Z V(Zkl ) Z‘162) =op(1),

1<ii#.. . Fiam—1<n

15



where, 1 < k1 < ko <2m — 1.

Proof of Proposition 7
As it was the case in the proof of the last proposition, we shall state the proof
for two cases k1 = 1 and ki # 1 separately.

Case k1 =1

Again let s and ¢ be respectively the number of elements of the sets {if,, i, } N
{i1,92, ... yim} and {ig;, ik, } {1, 9m+1, - - - yi2m—1}. It is clear that in this case
we either have (s =2,¢t = 1) or (s = 1,¢ = 2) which due to their similarity only
(s =2,t =1) will be treated as follows.

Define

2
T T
Zkl’ Zk2 Z Z (h"fl A2m— 1 (h"fl A2 — 1) | xikjl ’xikjd )7
=1

11 <o <ja<2

2
T/
* *
Zk172k2 E , E : (hll A2m—1 E(hll A2m— 1) | xikh T ’xikjd)’
d=1 1<j1 <. <ja<2
* (2) (m) * (2) ©
where hu A2m huzz dm hi1im+1mi2m 1 and hll A2m hllm Am, hilim+l~~-i2m71'

As n — oo, we have

P ( Z V (i, in,) # Z VTl(ik17ik2) )

1< #. Fiam-1<n 1<ir#.. . Figm—1<n

< P ( Z V(iklyikz) 7& Z VT(ik17ik2) )

1<ip# .. Fiam—1<n 1<ii#. . Fiam-1<n

+P ( Z VT(iklvikz) # Z VT,(ik17ik2) )

1<i1#.. Fizm—1<n 1<ir1#.. Fizm—1<n

< 2 PR >0ty 4 0 PR (X)) > 0% 0(n) )

< E [|hazml3 Lpsnermy 1+ n PR (X1)] > 02 €(n) )

= Li(n)+ Ix(n).
It can be easily seen that as n tends to infinity I(n) — 0.
To deal with Is(n) we write
P ([R{™(X1)| > n'/? ((n) )

16



n'/2 ¢(n)

< nP(|hi(Xy)| > 5 )
n/2 0(n)
+n P (] E(himir.2m—1 1(‘h‘>n§g_z) | X1) | > T)
N 1/2 /¢
< nP(|h(X1)]> ”T(”) )
1/2 p)~1()\ B N
+ 207407 (n) E [ | himett..2m—1 | 1(|h|>n§5_) ]
- 1/2 Y
< n P (R > A

+2n2 % 071 (n) B| himy1..2m-1 ]§
— 0, as n — oo.
The latter relation is true since hi(X1) € DAN and m > 2, and it means that
I>(n) = o(1). Hence the asymptotic equivalency of > 1 ; ;. <, V(iky ik, )
and Zl§i1¢__'¢i2m71§n VT/(z'kl,z'kz) in probability.

Before applying Lemma 1 for [n]~2"+! Z1§z‘1¢...¢z‘2m,1§n VT (ky, ik, ), Since
we know that k& = 1 and s = 2, due to symmetry of h; i, ., without loss of
generality we assume that ko = 2.

Now for € > 0, Markov inequality and Lemma 1 lead to

P(| [n] 72 > VT (ir,i2) | > €)

1<ii#.. . Figm—1<n
_ 2 YA 2 Y4
< K e 2 [n—(2m=3)] 202 n 2 BEMY i1 amo1— B b1 o) X1, X2)]2

_ _ _ / 0
+K 2 [n—(2m=3)] 20?0 2 BB bt om —B(AS b o) X0)]2

m

)

K €2 [n—(2m—3)] 2 n2 n 2 E[EMRZ , h! 2

2
m+1...2m71_E(h§2)...mhgm+1...2mfl) |X2)]2

= Ke?[n—(2m—3)]"2n% Ji(n)
+ K €2 [n—(2m —3)]72 n? Jy(n)
+ K % [n—(2m = 3)] 72 n? Js(n).
Considering that as n o0, [n— (2m —3)]72 n? — 1, we will show that

R
Ji(n), Ja(n), J3(n) = o(1).
To deal with J;(n) write
Ji(n) < n2B[E(hZ AY X1, X
1(n) < n [E( 12..m""im+1..2m— 1| 15 2)]
= n 2 E[EA(h) | X1, Xa) B2(h{) 1 o 1| X1) ]
= _2 E[ E2(hg2 m| X1, X ) E2(hgm)+1 2m— 1| Xl) (|h§m)(X1)|§n1/2 o(n)) ]

< o' ) B[ P
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< n75 2(n) E| hig.m|3

— 0, as n — oo,
ie., Ji(n) = o(1). A similar argument yields, Ja(n) = o(1), hence the details
are omitted.
As for J3(n) we write

Js(n) < n 2 BIE(A 05 o1 | X2) P
= n 2 B{ B[E(h b1 om 1) X1s- Xin) | Xa ]}
= n 2 E{ E(h{) | X2) E(A{ 1 ooyl X1)}?
< n73 2(n) B| hig,m|3

— 0, as n — oo.
The latter relation means that J3(n) = o(1). By this the proof of Proposition
7 when k1 = 1 is complete.

At this stage we give the proof of Proposition 7 when k; # 1.
Case k1 #1

Once again let s and ¢ be respectively the number of elements of the sets
{iklaik‘g} N {il,ig,. .. ,im} and {iklaik‘g} N {il,im+1, c ,Z'mel}. It is obvi-
ous that in this case the possibilities are either s = ¢ = 1 or when m > 3,
(s = 2,t =0)or (s =0,t =2). We shall treat the cases s = t = 1 and
(s =2,t =0) when m > 3, separately as follows.

Case ki1 #1: s=t=1

We note that here we have k; € {2,... ,m} and ko € {m+1,...,2m — 1}.
Now define

2
Zkl’ Zk2 Z Z (h;kl Z2771 1 (h;kl sz 1) | Xikjl 9 ’Xikjd )’
—1 1<j1<.0. <ja<2
2
rL _ T/ T/
VT (Zkl’ZkQ) - Z(_1)2 ! Z (h;kl 2m— 1 (h;kl A2m— 1) | Xikjl P ’Xikjd)’
d=1 1<j1<...<jg<2
where 2" =M pm g T —p M

11...12m— 1192...%m  11%m41-02m—1 11...12m—1 1172...0m 11%mA112m—1"
Now observe that as n — oo we have

P ( Z V(ik17ik2) # Z VTl(ik17ik2) )

1<ip# . Fiam—1<n 1<ii#.. . Fiam—1<n

<P ( Z V(iklvikz) # Z VT(ikl7ik2) )

1<ii#.. . Fiam—1<n 1<i1#.. Fizm—1<n

18



+P ( Z VT(iklvikz) # Z VT,(iklvikz) )

1< #. Fiam-1<n 1<in#. Figm-—1<n

IN

2n P (|h{) | > n?)

< 2E[ |hia.m|? L(jn>ns/5y |

— 0.
In view of the latter relation we apply Lemma 1 to [n] ~2"+! D 1<irt.. Fiam 1< VT (i iy
and we get

P( Hn]—?m-{-l Z v (ik17ik2)‘ > 6)
1<in#.. . Figm-1<n
< Ke2n—(m—31"2n2n2ERY pY 2
> € n—(2m 7 n n ( 12..m 1m+1...2m—1)
< K2 [n—(2m — 3)]*2 n? n=2 n7/5E\h12_”m]%

— 0, as n — oo.
This completes the proof of Proposition 7 for the Case k1 #% 1 when s =t = 1.

Case k1 #1: (m>3)s=2,t=0

In this case we first note that ki, k2 € {2,...,m}. Now define
2
Zklazkg Z Z (h’;kl dom—1 (h’;kl A2m— 1) ’ xikjl s 7xikjd )7
=1 1<51<...<Jg <2

2
VT (ik17ik2) = Z(_l)g_d Z (h;kl d2m—1 (h; A2m— 1) ’ xikjl R R )7

id
d=1 1<51<...<jg<2

where by . = p® M and by —p® B0

11...02m— 1192 im | 110m41---12m 11...92m 1182...%m  U1lm+1---12m—1"
Now observe that as n — 0o

P ( Z V(Z'k?17ik2) 7& Z VT/(Z.an'kz) )

1<in# . Figm—1<n 1<ii#. . Figm—1<n

<P > Viikin) # Yo Viikein))

1< #. Fiam-1<n 1<ir#.. . Figm—1<n
+ P ( Z VT(iklaikz) 7é Z VT,(iklvikz) )
1< #. Fiam-1<n 1<in#. Figm-—1<n

IN

n? B[RS, > 0 ) + POIAIL ) oy] > log(n) )

IN

E[ | h1a.m |3 Lppnossy 1+ PCPamir om-1| > log(n) )
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— 0.
The latter relation together with degeneracy of VT/(z'kl,z'kz) enable us to use

Lemma 1 once again and arrive at

]P)(‘ [n]72m+1 Z VT (ik17ik2) ‘ > €)
1<ii#.. . Fiam—1<n
_ 2 0
2 n 2 E(h§2)m hgrrl+1...2m—1)2

< Ke?n—(2m-3)7?
n?n’s log7/6(n) E’hlz..m‘g

< Ke?n—(2m-3)72

— 0, as n — oo.
Now the proof of Proposition 7 is complete.

Remark 7. Before stating our next result we note in passing that when k; = 1
then [n]~2m+! D 1<ir£ . tinm_1<n V (i) is of the form

[n—(2m —2)]~" Z E(hi 2. 2m—1 — E(hi 2. 2m—1) [Xi)),
n}/{2,...,2m—1}

116{17 ’

otherwise, i.e., when for example k1 = 2 it has the following form

[n— (2m —2)]™ Z E(hliys. 2m—1 — B(Mliys. 2m—1) 1Xip),
n}/{1,3,...,2m—1}

7'26{17 ’

and so on for k; € {2,...,2m — 1}.

Proposition 8. If E|h1m|% < oo and izl(Xl) € DAN, then, as n — oo

(a) [n]—2m+1 Z1§7A¢1;é...;éz’2m,1gn V(Zkl) = OP(l)v fOT kl € {27 s a2m - 1}7

(b) | [n—(2m—2)]! Z E(hiz. 2m—1 — B(hiz. 2m-1) [Xi)
1€{1,....,n}/{2,....2m—1}
+E(hT2. 2m-1) Zh2 i) | =op(1).

Proof of Proposition 8
First we give the proof of part (a). Due to similarities, we state the proof

only for k1 = 2.

Define
VT(iZ) (h;klzz dam—1 (hfllz A2m— 1)’ X’?)’
. «T’ «T'
VT (Zg) (hzlzg dom—1 (hzlzg i2m— 1)| Xi2)7
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where h; =n) opm andh* — pM) RO

1192...92m—1 1192...%m ' 11lm41-..12m 11%2...92m—1 1192...%m ' 11%m-1---12m—1"
Again observe that as n — oo

P V(iz) # > VT (ia) )

1<ii#.. . Fizm—1<n 1<ii#.. . Fiam—1<n

<P Y V(iz) # > VT(iz) )

1<in#. Figm—1<n 1<in#. Fiam-1<n

+P( > VT (is) # > VT (i) )

1<i1 ... Fiogm_1<n 1<i1 ... Fiam—_1<n

n PR 1> 035) + PO, o] > log(n))

IN

IN

E[ ‘hlgmm‘g 1(\h|>n3/5) ]+ P(’h1m+1...2m71‘ > log(n))

— 0.

An application of Markov inequality yields

P (|72 > VT (i2) | > €)

1<ir#. . Fiam—1<n

Ke2n—@m-2)]"nn BALY a0, )2

IN

< Ke? [n— (2m — 2)]_1 nnoio log7/6(n) E[hlg,,_m\%

— 0, as n — 0.

This complete the proof of part (a). .
In the final stage of our proofs, to prove part (b) first define h*(x) =

E(h12..m 1(|h|>n3Tm)‘X1 = z) and write
1 - . .
|n —29m+2 Z E(hi2...2mfl - E(hiQ...mel) |XZ)
1€{1,... n}/{2,... ,2m—1}
+ E(hla. 2m-1) Z (X

= \; znj E(h; 1 X;) 1 znj h(X

n —2m + 2 . i2..2m—1 n 1

ie{1,...,n}/{2,... .2m—1} i=1
1 n

<|————— E(h* X;
- |n —29m+2 Z (hZZ...Zm—l | )

i€{1,... n}/{2,....2m—1}

1 " om — 2 "
- N"R(X; — h3 (X
n—2m+2; 1( Z)H— n—2m+22

n

1
Sl——75 > E(hiy. om-1 |Xi)
n—2m+?2 i€{l,... n}/{2,... 2m—1}
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2m—1
1 To 1 =9
n—2m+2 Z hl(XZ)’+n—2m+2Zhl(X
ie{1,... . n}/{2,... 2m—1} =2
2m — 2 L.
n(n —2m+ 2) ; hi(Xi)
1 - - (m -
- — | > [—h*(X) ] [2RS™ (Xi)+ b (X)) |
n —2m+
ie{1,...,n}/{2,... 2m—1}
. ; 2%1 52(X) N 2m — 2 Z
n—2m+ 2 — L n—2m—|—2 —
1 ~ ~ 2
S oo [ > h(Xa)]M > h* (X))
i€{1,... n}/{2,... 2m—1} i€{1,... n}/{2,... 2m—1}
1 9 1 2m—1
Tk ) 72
+n—2m—|—2 Z h (XZ)+n—2m+2Zh1(X
ie{1,... . n}/{2,... .2m—1} =2
2m — 2 = -,
* n(n —2m+2) Zhl(Xz)’ (5)

It is easy to see that as n — oo, we have m S22 (X;) = op(1). Also
in view of Corollary A, i.e., Raikov theorem, we have % Yo h3(X;) =
op(1l), as n — co. Hence, in view of (5), in order to complete the proof of part
(b), it suffices to show that as n — oo,

1 ~2 _
e SENNND DR CORL O]
ie{1,...,n}/{2,... 2m—1}

To prove the latter relation we first use Markov inequality and conclude

P( 3 B X) > € (n—2m+2))
1€{1,... n}/{2,... 2m—1}
< et (n-2m+2)2 3 E | i+ (X;) |2
i€{1,... n}/{2,... 2m—1}
< e (n-2m+2)2E| (X)) |
< 3 (n— 2m—|—2)% n"3 n3 E[ |h12..m| 1

(Ih|>n ) ]

1 1 1 5
< 3 . s == e+l -
< €2 (n—2m+2)2 n 2 E[ |hig. m|5 1(|h|>n§5_)]

— 0, as n — oo.
.. . 5 5 .
The latter relation is true since for m > 2, we have that — + 1 < —, and this

m
completes the proof of part (b) and those of Proposition 8 and Theorem 2.

Example. Let X7, Xo,..., be a sequence of i.i.d. random variables with the
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density function
_ "T—a’737 ’(L'—a’ZL a#()?
f) = { 0 , elsewhere.

Consider the parameter § = E™(X;) = o, where m > 1 is a positive integer,
and the kernel h(X1,...,X) = [[;~; Xi. Then with m,n satisfying n > m,
the corresponding U-statistic is

Up =n()m™* Z ﬁ Xi;.
C(n,m) j=1

Simple calculation shows that h;(X1) = X1 a™ 1 — a™.

It is easy to check that E\h(Xl,...,Xm)]% < oo and that hi(X;) € DAN
(cf. Gut, [?]).
For the pseudo-selfnormalized process

0, 0<t< =,
n
Ur .=
[nt] — m m
[nt]()m lX:C’([nt],m) Hj:l Xi] —a m S ¢ S 1.

(Si(Xiam=t —amE 7
n
m
sup-norm for functions in D[0, 1] and {W(¢),0 < ¢ < 1} is a standard Wiener
process.

The studentized U-process based on U, here is defined as follows.

Nasari in [?] concludes that [n] Ul —d W(t) on (D]0,1],p), where p is the

Ugit = 00m " Yoy I X =0 om0
n >~ = 9

VO =)L U~ Un)?

. m2 n — " -
(n=1) S (Ui Uy)? = (—12){2 Xin—10m-17" > [ x5
; =1

n—m
( ) 1<in<...<im<n j=2
'L'2y-~~7im7éi

—n [n()m™* Z HXij]2}'

C(n,m) j=1

In view of U[‘iﬁ‘] and U[’;t], our Main Theorem is applicable for U[‘iff] provided
Theorem 1 continues hold true in this case. Hence, part (c¢) of Main Theorem
implies that [nt] U[“;fﬁ —q W(t) on (DJ[0,1],p), where p is the sup-norm for

functions in D[0,1] and {W(¢),0 <t < 1} is a standard Wiener process.
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Appendix: Proof of Proposition 4

As it was mentioned before, the proof of this proposition can be done by mod-
ifying that of Theorem 2, except for that some of the steps are not required.
This is due to the presence of the extra term of n with negative power i.e.,
— 1, and m > 3. It is clear that
among the statistics in proposition 4 the one associated to j = 2 has the largest

n~J*+1 in this proposition, where j = 2,... ,m
extra term of n~'. Hence, we shall only show that as n — oo,

[n] 2+ > WX, Xigs Xigs -+ Xi,,)
1< #.. . Fizm—2<n
X h(le s Xi2, Xz

m419

To prove (I), consider the following setup:
hi.m:= h(X1,..., Xnm),

P = hym 1

()
12, 29m—2 = hgrg??...m hggn)m—l—l...Qm—Q’
(J) (m) .
h hl m (|h(m|§ ?J) s J s , M )
h(o) = h(m)

Y1 < tog(n))’

where 14 is the indicator function of the set A.
Now observe that as n — oo

P ( > Riyigis...im Nivigimy1..iom—> 7 >
1<iy#.. . Fiam—2<n 1<ir#. Figm—2<n

3m

<nmIP’(|h1 m|> ns )

<E] |h1,,_m|§ 1

(\h14.4m\>n§g&) ] —0

In view of the latter asymptotic equivalency and our setup, in order to prove

(I), we need to show that as n — oo,

-2 1
[n] mr Z h;‘kf,iz,---,hmﬂ =op(1).
1<in#.. . Fiam—2<n
Similarly to what we had in the proof of Theorem 2 we write

§ : *k
hll 2m—2

1<in#.. . Fiam—2<n

2m—2
_ _1)\2m—2—d Kk
= > {1 > E(hiy iy~
1<ii#.. Figm—2<n  d=1 1< <..<ja<2m—2
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2m—3

+ Z Z Z(_l)c_d Z E(h;ik...igm71 _E(h;*...igmfg)‘ X’ikjl s Xikjd)

c=1 1<k1<...<ke<2m—2 d=1 1<j1<...<ja<c

+ B (] i 0)}

2m—3
= > V*(ir, .. ydam2) + Y > > V*(ikgy - s in,)
1<in#. . Figm—2<n c=1 1<k <...<kc<2m—21<i1 #...Flam—2<n

+ Zlﬁh#---#izm&én E(hz?---iszz)‘

To prove (I), we shall show the asymptotic negligibility of all of the above
terms in the next three propositions.
Proposition 4.1: If E \hl,__mﬁ < 00, then, as n — oo

[n]~2m+1 > V*(i1,... yiom_2) = op(1).

1<in#.. . Fiam—2<n

Proof of Proposition 4.1
For throughout use K will be a positive constant that may be different at each
stage.

Since V*(i1,... ,i9m—2) posses the property of degeneracy we can apply
Lemma 1 following a Markov inequality for the associated statistic and write,
for € > 0,

P (| [n]”2"*2 > V*(i1, ... yiam—2)| > € (n—2m +2))
1< #... Fizm—2<n
<e? (n—2m+2)2E [ [n] 2"+ > V*(ir,. .. igm—2) ]2

1<ir#.. . Fizm—1<n
<e? n—2m+2) 2 [n] 2 E[V*(1,...,2m —2) |2
< K e (n=2m+2) 2 [n] 22 02 0 B (A R o)
m

< Ke 2 (n=2m+2)72 [n] 22 n2m 02" 05 B | hio.m |§

— 0, as n — oo.

Proposition 4.2. If E \hl,__m\% < 00, then, as n — oo,

[n]~2mH1 > Viig,,... ir,) = op(1),

1<ig#.. . Figm—2<n

where c=2,...,.2m—3 and 1 < k1 < ... < k. <2m — 2.

Proof of Proposition 4.2
The proof will be stated in three cases according to the values of k1 and ko as
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follows.

Case k1 =1 and ko =2
Let s and t be respectively the number of elements of the sets {ig,,... ik } N
{i1,12,13,... ,im} and {ikl, e ,ikc} N {i1,92, bty .-« »2m—1}- It is clear that
in this case, i.e., ky = 1 and ks = 2, we have that s,t > 2 and s+t = c+ 2.
Now define

[

T /. . o c—d s sox L
%4 (an s 721%) - § :(_1) § : E(hil...igm,Q —E(hil,__i2m72) ’ Xikjl PRI 7Xikjd )7
d=1 1<j1 <. <jg<ec
T c d il il
«T" /- . c— . .
14 (Zk17 s 721%) = § :(_1) § : E(hil...igm,g _E(hil...igm,g) ’ Xikjl ) 7Xikjd)7
d=1 1<ni<...<ja<c
- _ (9 (m) T’ _ (s (®)
where hit ;= Ry, i3..0m hiyiy Imt1.i2m—2 and hil g, = P, 13..m Riyia im41-i2m—2"

Now observe that as n — oo

PO S Vi k) # ST VT i) )

1< #.. . Fizm—2<n 1<ii#.. . Fiam—2<n

<P( > V¥ (ipys- o o ig,) # > V* (kg viny) )

1<in#. Figm—2<n 1<in#.. . Fiam—2<n
«T . . T .
+P( > V¥ (igys . yig,) 7 > V¥ (igys e yin,))
1<iy#.. . Fiam—2<n 1<iy#...Figm—2<n

3s 3t
< P (R, 0> 0% )+ 0l PR o] > 05 )

5 5
< E[|hi23..m|3 1( 3 |+ E [ |h12 mt1..2m—2]3 1(

|h|>n5) ] — 0.

\h\>n§5§) ]
The latter relation suggests that > 1, o, V7 (iky,- - ig,) and
D 1<in it i 2 <n V*" (ix,, ... ,ir,) are asymptotically equivalent in probabil-

ity.

Since V*' (Tkys- -+ i) is degenerate, Markov inequality followed by an ap-
plication of Lemma 1 yields,

P (| [n] 2t 3 V* (inys i) | > € (n—2m+2))
1<in#.. . Fiam—2<n

!

< €2 (n—2m+2)"2E [ [n] 272 3 V* (i in) 2
1<ii#.. Fizm—2<n
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< Ke? (n—2m+2)"2 n—2m—2—c)] B [BSy B 1 o 1

(t+s)
Ke 2 (n—2m+2)72 [n—(2m—1—c)] ¢ nt2 n=c2 n o B | h1.m ’g

IN

— 0, as n — oo.
This completes the proof of Proposition 4.2 when k1 = 1 and ko = 2.

Case either k1 # 1 or ko # 2

Let s,t be as were defined in the previous case and note that here we have
that s, > 1 and s+t = ¢+ 1. The proof of Proposition 4.2 in this case results
from a similar argument to what was given for the previous case, hence the
details are omitted.

Case k1 # 1, kg # 2

Let s,t be as what were defined in the previous two cases and note that in

this case we have s,t > 0 and s+t = c. Also let V" and V7 as they were
defined in the case k1 = 1, ko = 2 and observe that as n — oo we have

PO S Vi in) # ST VT ki) )

1<in#...Fiam—2<n 1<in#. . Fiam—2<n

<P( > V¥ (ipys- .o o ig,) # > V* (s v ik) )

1<in#. Figm—2<n 1<in#...Fiam—2<n
«T . . T .
+P( > V¥ iy yig,) 7 > V¥ (igys e yig,))
1<iy#.. . Fiam—2<n 1<i#...#igm—2<n

PR > nE )t PR s el > 0T ), st > 0, st=;
3c
n® B(hi5"s ol > 0% )+ B (7501 amool > log(n) ), s=c,t=0

B L 3"'”z‘§ Loty 1 B Lz mitomoal® 1, gy 56> 0, st=c
B L PR B B ool > log(n) ), s=c,t=0

— 0.

Applying Markov inequality followed by an application Lemma 1 once again
yields

P (| [n]"2m*2 > VT iy i) | > en (n—2m+2))
1<in#. Figm—2<
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< Ke 2 (n=2m+2) 2 [n—(2m—2—0)] 02 n 2B (A5 B 1 s ]

E’hlz...m\%, s,t > 0, s+t=c;
log%(n) E[h12mm]§, s=c,t=0

|\1 »—tlﬂ
o ola

< { Ke?2n-2m+2)72[n—2m—-2—¢)] ¢nt2pn 2

n
Ke?2mn-2m+2)2[n—2m—-2-0¢)] ¢ n2nc2n1

=]

— 0, as n — 0.
This completes the proof of Proposition 4.2.

As the last step of the proof of Proposition 4, in the next result we deal with
terms of the form of sums of i.i.d. random variables (cf. Remark 7).

Proposition 4.3. If E|h1m|g < o0, then, as n — oo

(a) [n]~2mH doA<tivt tiom a<n V(i) = op(1), k1 € {3,...,2m — 2},

1
(b) Z E(hi5s. 2m—2—E(h1j3. 2m—2) [Xi) = op(1),
(n —2m +2)(n — 2m +3) ie{l,... n}/{1,3,... 2m—2}

n

1
(c) Z E(hi3. om—2—E(h3 2m—2) |Xi)
(n —2m +2)(n — 2m +3) ie{l,... n}/{2,... 2m—2}

1
+ n—2m+ 2

Proof of Proposition 4.3

E(h13. om—2) = op(1).

First we give the proof of part (a). Due to similarities, we shall state the
proof only for the case that k; = 3.

Define

«*L o N sk L sk L

Vv (23) - E(hilig...igmfg - E(h‘ilig...igmfgﬂ X’L'S)’
T/ T/ T/
* LN *ok sk )

V (Zg) - E(h‘ilig...iQm,Q - E(hilig...igm,2)| XZ3)7

. _ () (m) T’ _ () (0)
where hi1i2~~~i2m72 - hi1i2i3...im hili2im+l~--i2'm72 and hi1i2~~~i2m—2 - hi1i2i3mim hili2im+l~--i2'm72'

Again observe that as n — oo
. T,
PO Y, VA Y, VT (i)
1<iy#. Fiam—2<n 1<in#.. . Fiam—2<n

<P Y VA Y V7))

1<in#. . Fiam—2<n 1<iy#.. . Fiam—2<n

+r Y v A Y v )

1<ii#.. . Fizm—2<n 1<ii#.. . Fiam—2<n

28



< ”P(\hm:& m’ > "3/5)+ P(’hm m+1..2m— 2’ > log(n))

— 0.

Applying Markov inequality we arrive at

1 /
P(|—— 3 V" (i3) | > € (n—2m+2))
n—2m+3 . . -
1<ii#.. . Fizm—2<n

_ . - 1 0
< K e (n=2m+2)7 (n=2m+3)" B bl mir omo)’
— 0, as n — o0.
This completes the proof of part (a).
Next to prove part (b) define

sx L 1 m
h = h§2)3...mh§2 )7n+1...2m—27

s T’ 1 1
h = h§2)3...mhg2) m+1..2m—2»

and observe that as n — oo we have

n

P( > E(his...am—2—B(M1i3 om—2) |Xi)
i€{1,. m}/{1,3,... 2m—2}
# Z (h113 2m—2"" E(hy 113 2m— 2) 1 X))
ie{1,. 0} /{1,3,... 2m—2}
n
%k
SP( Z E(h1i3...2m 2 ]E( 113 2m— 2) |Xl)
ie{l,...,n}/{1,3,... 2m—2}
- T T
# Z E(h1i3...2m72 - E(h1i3...2m72) |X7«) )
i€{1,. ) /{1,3,... 2m—2}
+ IP( Z E(hils om-o—B(his. om_s) 1 Xi)
ie{1,. n}/{1,3,... 2m—2}
# Z (h’lz?) 2m—2" E( 113 2m—2) ‘XZ))

ie{l,... ,n}/{1,3,... 2m—2}

<n IP)(’h123 ml > "3/5)+ n ]P’(]h§2 )m+1 om_al > n3/5)

— 0.

Hence another application of Markov inequality yields,
1 g T T
P( |n—— Z E(h1i3. 2m—2—B(P1i3. 2m-—2) | Xi) | > € (n—2m+2) )

< Ke2m—2m+2)%(mn—2m+3) " B b i am)’
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— 0, as n — o0.
Now the proof of part (b) is complete.

To prove part (c) we only need to observe that

n

1
> E(his..om—2 —E(hi3_ om—2) |Xi)
(n—2m+2)(n—2m+3) i€l Do 22}

n

1 1

E(h75 = E E(hjs Xi).
T omte (713, 2m-2) (n—2m+2)(n—2m+3) (hiz...2m—2 | Xi)
ie{1,... ,n}/{2,... ,2m—2}

The rest of the proof is similar to that of part (b), hence the details are omitted.
Now the proof of Proposition 4.3 and that of (I) is complete.
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