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Abstract:

This paper introduces a new framework to study the asymptotical behavior of the
empirical distribution function (e.d.f.) of Gaussian vector components, whose correlation
matrix '™ is dimension-dependent. Hence, by contrast with the existing literature, the
vector is not assumed to be stationary. Rather, we make a “vanishing second order”
assumption ensuring that the covariance matrix '™ is not too far from the identity
matrix, while the behavior of the e.d.f. is affected by I'™ only through the sequence

Ym = m 2 > 4 I‘EZL), as m grows to infinity. This result recovers some of the previous

results for stationary long-range dependencies while it also applies to various, high-
dimensional, non-stationary frameworks, for which the most correlated variables are not
necessarily next to each other. Finally, we present an application of this work to the
multiple testing problem, which was the initial statistical motivation for developing such
a methodology.

AMS 2000 subject classifications: Primary 60F17; secondary 62G30.

Keywords and phrases: empirical distribution function, functional central limit theo-
rem, factor model, Sample correlation matrix, Gaussian triangular arrays, Hermite poly-
nomials, functional delta method, false discovery rate.

1. Introduction
1.1. Motivation and background

Pertaining to the florishing field of statistics for high-dimensional data, the Benjamini-Hochberg
(BH) procedure has become a well accepted and commonly used method when testing a large
number of null hypotheses simultaneously. Its quality is measured via the false discovery
proportion (FDP), the proportion of errors among the rejected null hypotheses, whose expec-
tation is the celebrated false discovery rate (FDR), see Benjamini and Hochberg (1995). The
methodology of Neuvial (2008) shows that the FDP of BH procedure is an (Hadamard dif-
ferentiable) functional of empirical cumulative distribution functions (e.d.f. in short). Via the
functional delta method (see, e.g., van der Vaart (1998)), this rises the problem of obtaining
functional central limit theorems for e.d.f. in a setting which is suitable for high-dimensional
data.
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A colossal number of work aimed at extending Donsker’s theorem (Doob, 1949; Donsker,
1952; Dudley, 1966) to a more relaxed setup. Among them, a particularly prospering research
field deals with the introduction of weak dependence between the original variables, mainly
by using mixing conditions. Here, we do not attempt to provide an exhaustive list for such
results and we refer the reader to, e.g., Dedecker and Prieur (2007); Doukhan et al. (2010)
for detailed reviews. When restricted to the Gaussian subordinated setting, asymptotics for
the e.d.f. are described in the two well-known papers of Dehling and Taqqu (1989) (long-
range) and Csorgd and Mielniczuk (1996) (short-range). Both studies make a stationarity
assumption: the covariance matrix between the variables is assumed to be of the form

T = r(li — jl), 1 <ij <m,
for some function r(-) vanishing at infinity and not depending on m.

However, in high-dimensional data, while the dimension m can be very large (typically, sev-
eral thousands), the matrix (™) is generally complex and not-necessarily locally structured.
This is typically the case when latent variables (factors) have a simultaneous impact on all
the variables (see, e.g., Friguet et al.; 2009; Sun et al., 2012; Fan et al., 2012 and references
therein), which leads to “spiked” correlation matrices (as refered to by Johnstone, 2001). In
a more general view, the larger the dimension, the more stringent the stationary assumption.

1.2. Presentation of the main result

Let us consider {Y (™ m > 1} a triangular array for which each Y (™) = (Yl(m), . ,nglm)>
is a m-dimensional Gaussian vector, defined on some probability space (€, Fp, Pp,), with
zero mean and covariance matrix I'("™). For the sake of simplicity, assume that each Yi(m) is
of variance 1, that is, FZ(-?) =1 for all 7. Denote ®(z) = P(Z > 2), for z € R, Z ~ N(0,1), the
upper tail distribution function of a standard Gaussian variable, and consider the empirical
cumulative distribution function:

Fou(t)=m 131 {@(xfi(mb < t}, teo,1]. (1)
i=1

Here, we consider the e.d.f. of the (I>(Yi(m))’s rather than the one of the Yi(m)’s to get uni-
formly distributed variables. The variables can therefore be interpreted as p-values, which is
convenient for multiple testing, see Section 4. To study (1), let us introduce the following
quantities:

Y =m~ 23T, (2)
i#£]
—1/2

rm = (m™ + [yml) 3)
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In a nutshell, our main result is as follows: by assuming, when m — oo,

2 Z (F(m ) 0; (vanish-secondorder)
i#£]
4+eq 4
T’”W Z (FE?) — 0, for some gy > 0; (Hp)
i#]
MY — 6, for some 6 € [—1, +o0]; (Hs)

the following weak convergence holds (in the Skorokhod topology):

~

Tm(Frm —I) ~ Z, as m — oo, (4)

where I(t) =t and Z is some continuous Gaussian process on [0, 1] with a distribution only
function of #. Specifically, denoting ¢ the standard Gaussian density,

(i) if mym — 0 < +o0, we have 7, o< m!'/? and the process ml/Q(IAFm — I) converges to a
(continuous Gaussian) process with covariance function given by (t,s) — t A s — ts +
0 ¢(®1(t))p(®~1(s)). Hence, the limit process is a standard Brownian bridge when
6 = 0, but has a covariance function smaller (resp. larger) if § < 0 (resp. 6 > 0).

(ii) if mym — 0 = +00, we have 7y ~ (Ym) "2 < m'/2 and (y,,)"Y/2(F,, — I) converge
to the process ¢(®~1(-))Z for Z ~ N(0,1). Hence the “Brownian” part asymptotically
disappears.

The regimes (i) and (ii) are illustrated in Figure 1: as m~y,, grows, the influence of the
“Brownian” part decreases while that of the (randomly rescaled) function ¢(®~1(-)) increases.
Also, the scale of the Y-axis indicates that the m!/2 is not a suitable rate for large values of
MY -

Let us briefly discuss our novel conditions. Condition (vanish-secondorder) is the starting
point of our study: it corresponds to assume that the expansion of the covariance function of
rm(IF‘m — I) asymptotically stops at order 1. This is a crucial L?-type tool to elaborate our
proofs in a possibly non-stationary regime. However, the price to pay is that it does not cover
regimes where (some of) the greater orders matter asymptotically, as in the case of short
range dependence (tridiagonal 1/2-1-1/2 for instance). As for Condition (H;), it is only used
to prove that rm(ﬁm — I) is C-tight and we suspect it to be unnecessary, athough we did
not manage to remove it formally from our assumption set. Condition (H>) is not restrictive
because it holds up to consider a subsequence.

Finally, we show that the convergence (4) is maintained when replacing the set of assump-
tions (vanish-secondorder), (H;) and (Hs) by the two following conditions:

2+80
s ( ) o(1), with gg > 0; (Hz)

i#]
myLTe — 400,  with g9 > 0. (Hy)

Roughly speaking, it shows that, up to add some “safety margin” ey in the convergence,
Assumption (H;) can be removed in regime (ii).
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Fic 1. Plot of t — m!/?(F,.,(t) — t) for some observed Y (w). These realizations have been generated in the
equi-correlated model FEZL) = pm, i # j (see (14)) and for m = 10*.

1.3. Relation to existing literature

Compared to previous studies using the stationary paradigm, our assumptions are markedly
different: first, the covariance matrix I'™ is allowed to depend on m, that is, the Y (™)’s form
a triangular array of Gaussian variables. Second, I'™) needs not be locally structured, that
is, FE?) is not necessarily related to the distance between ¢ and j. Instead, our conditions are
permutation invariant, that is, are unchanged when permuting the columns of the triangular
array. This is quite natural because the e.d.f. is itself permutation invariant. Third, our ap-
proach shows that the negative correlations can decrease the asymptotic covariance or even
increase the convergence rate.

As a counterpart, when restricted to the stationary setting, our assumptions are admit-
tedly not optimal: it includes long-range of Dehling and Taqqu (1989) but excludes short
range of Csorgd and Mielniczuk (1996). As explained above, this restriction comes from
(vanish-secondorder), which implicitly truncates the covariance expansion in the limit.

Nevertheless, our result opens a window for other dependence models as factor models
or sample correlation matrices for instance. In particular, it covers the result of Delattre
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and Roquain (2011), obtained in the equi-correlated case where FZ(ZL)
correlation p,, tending to zero (at some arbitrary rate).

Finally, let us mention the interesting work of Bardet and Surgailis (2011) in which the
stationarity assumption has also been removed, by establishing central limit theorems (CLT)
for Gaussian subordinated arrays. There are two major differences with our approach: first,
they deal with a CLT for the partial-sum process and not with a functional CLT for the e.d.f.

= pm, @ # j, for some

Second, their assumptions are not of the same nature, because they require that |F£T]n)| <
r(|i — j|) for all 4, j, for some function r(-), independent of m, and vanishing at infinity.

1.4. Organization of the paper

In Section 2, we study the covariance function of F,, under (vanish-secondorder). The main
theorem is formally stated in Section 3 together with many illustrative examples. This new
methodology is then applied to the multiple testing problem in Section 4. The proof of the
main result is presented in Section 5; it mainly relies on central limit theorems for martingale
arrays and on a suitable tightness criterion. To make the proof as clear as possible, some
technical and auxiliary results are deferred to appendices.

2. Preliminaries: covariance of F,, under (vanish-secondorder).

Throughout the paper, to alleviate the notation, we will often denote P,,, by P, Y (™ by Y
and I'™ by I when not ambiguous.

Let us consider the sequence of Hermite polynomials Hy(z), ¢ > 0,z€eR (see Appendix B).
By using Melher’s formula, the covariance function of the process F,,(-) can be described as
a function of the correlation matrix I" of Y.

Proposition 2.1. Consider Fm() the process defined by (1) and the function family {ce(-), ¢ >
1} defined by

co(t) = Hp 1 (®7 1) p(@71(t)), te[0,1],£=1,2,.... (5)
Then for all t,s € [0, 1], we have

covﬁaxw,ﬁm(@)::E:fzgggii —2§: Dl (6)

>1

This result can be found, e.g., in Theorem 2 of Schwartzman and Lin (2011) (see also
Theorem 1 of Efron, 2010). We provide a proof in Appendix B for completeness. While (6)
is an exact expression, we can try to approximate the covariance Cov(]F (1), Fm( )) when m
grows to infinity, while making some assumption on the matrix I' = I'("™),

Firstly, let us note the following: since m =2 Ziyj(lﬂm-)e = ()~ Var (m™t Y3, He(Y;)) >
0 (by using (70) in Appendix B), expression (6) shows that the following conditions are
equivalent as m tends to infinity,

vt € [0,1], Var(Fpn(t)) = o(1) (7)
Ve > 1, m_QZ i) =o0(1) (8)

m2 Z ;)% =o(1) (LLN-dep)
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As a consequence, Condition (LLN-dep) is required as soon as a convergence result of the

~1/4
form (4) holds. Note that the rate 7, defined by (3) satisfies 1 < <m72 Eiﬂ-(f‘m)Q) <

Tm < y/m. Hence 1, tends to infinity under (LLN-dep) but not faster than /m.
Secondly, let us rewrite (6) as follows:

Cov(Fp(t), Fin(s)) =m  (t A s — ts) + Ymer (e (s)

+Y [ m ) Ty Jeo(s)(€1) ! (9)

1>2 i#£j

where vy, is defined by (2). The latter holds because, for two independent N (0, 1) variables U
and V, we have m™" 37, co(t)ee(s) (1) ' = Cov(1{®(U) < t},1{®(V) < s}). In expansion
(9), the second order term (i.e., the sum over ¢ > 2) is negligible w.r.t. the other terms if
(vanish-secondorder) holds. AHence, assuming now A(vanish—Secondorder), we obtain that the
rescaled covariance Cov(7m,Fp,(t), rmFm(s)) of rp,Fy, converges to the following covariance
function

K(t,s) = (tAs—ts)+

c1(t)er(s), (10)

1416 1+ 16|

where 6 is defined in (H2) and where we use the conventions #/(1+|0|) =1 and 1/(1+10]) =0
when 6 = 400. Note that (H2) always holds up to consider a subsequence, because m~,, > —1
from the nonnegativeness of I'(™)

Remark 2.2. In the RHS of expression (10), the second term is not necessarily a covariance
function because 6 can be negative. Nevertheless, K can be written as K(t,s) = 1+|9| K(t,s)+

% 1(t)er(s), where

K(t,s) =t As—ts—ci(t)ei(s) (11)

turns out to be a covariance function; considering a Wiener process (Wt)te[o 1) K s the covari-
ance function of the process Wy —tW1 —cq(t fo s)dWs, which is the orthogonal projection

in L? of W; onto the orthogonal of the linear space spcmned by W1 and fo (s)dWs. In-
terestingly, the latter also shows that the original covariance K given by (10) can be seen
as the covariance function of Zy = (1 4 |8])~2 (W; —tWy) 4+ (1 + |0])~Y2((1 + 0)'/2 —

t) fol o
3. Main result
3.1. Statement

Our main result establishes that the convergence of the covariance functions investigated in
Section 2 can be extended to the case of a weak convergence of process. For this, we should
consider the other technical assumptions described in Section 1.2.

Theorem 3.1. Let us consider the empirical distribution function Fm defined by (1). Assume
that the covariance matriz T depends on m in such a way that (vanish-secondorder) and
(H1) hold with ry, defined by (3) and assume (Hz). Consider (Zt)ic[o,1) @ continuous process
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with covariance function K defined by (10). Then we have the convergence (in the Skorokhod
topology)

~

Tm(Fp — I) ~ Z, as m — oo, (12)
where I(t) =t denotes the identity function. Moreover, the result holds by replacing the set
of assumptions {(vanish-secondorder), (Hy) and (Hs)} by {(Hs) and (Hy)}.

Theorem 3.1 is illustrated in the next section, which provides several (commented) exam-
ples.

3.2. Examples

Let us first note that Assumptions (vanish-secondorder) and (H;) always hold under the
following condition

\I‘yjn)\ < a, for all i # j and a,, satisfies m'*t%a2, — 0 for some § > 0. (13)

Also remember that, as mentioned in Section 1.2, regime (i) (resp. (ii)) referred to the case
where 6 < oo (resp. § = 00). We now give several types of matrix I'™ for which Theorem 3.1
can be applied.

Equi-correlation Let us start with the following simple example:

T
1 pm oo pPm 1 1
rim = p?ﬂ . ' ) - = (1= pm)Im + pm ) (14)
: e Pm : :
Pm o Ppm 1 1 1

where p,, € [—(m—1)71,1] is some parameter. We easily check that 7, defined by (2) is given
by m~p, = (m—1)py, and that the assumptions of Theorem 3.1 are all satisfied if p,,, — 0 and
mpm converges to some 6 € [—1, +o0], which yields convergence (12). This is in accordance
with Lemma 3.3 of Delattre and Roquain (2011).

This simple example already shows that, following the choice of the sequence (pu;)m, the
empirical distribution function can have various asymptotic behaviors. For instance, taking
pm = —(m—1)"1 gives a process in regime (i) with a minimal asymptotic covariance function
(0 = —1, see (11)), while taking p,, ~ m~2/3 leads to a rate 7, ~ m!/3 <« m'/? and thus a
process converging in regime (ii).

Alternate equi-correlation Let us consider the covariance matrix:

1 —Pm  Pm T
—Pm 1 —Pm e _11 _11
. —om 1 — 1 1
Pm  —Pm 1
(15)
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where p, € [—(m —1)71,1] is a given parameter. Clearly, ~,, is such that

3

—1

MYm = 2pmm Z = Pm \_m/2J/(m/2)

k=1

Hence the rate 7, defined by (3) is 7, ~ /m and assumptions of Theorem 3.1 are fulfilled
(with @ = 0) by assuming that m'™0p2 — 0, with § > 0 (because (13) holds). Hence, under
that assumption, \/ﬁ(@m —1I) converges to a standard Brownian bridge.

Maybe surprisingly, this example shows that, even if the correlations are “strong” (e.g.,
Pm ~ m~2/3, to be compared with the equi-correlated case), positive and negative correla-
tions can exactly compensate each other to provide the same convergence result as under
independence.

Long-range stationary correlations Let us consider the correlation matrix of the fol-
lowing form:

;) =r(lj =), for r(0) =1, r(k) =k~L(k), 0<D <1, (16)

17]

where L : (0,4+00) — (0, +00) is slowly varying at infinity (V¢ > 0, L(tx) ~ L(z) as x — +00).
This framework is often referred to as “long-range dependence” in literature dealing with a
stationary setup (see, e.g., Dehling and Taqqu (1989); Doukhan et al. (2002)). First, standard
calculations easily show that for all v > 0,

m=1 i 2y v e[0)
m 'y =i =2m! kv 2logm ify=1 . (17)
i£j i=1 k=1 22]@21 kv oifrv>1

Thus, for any 14 € (D, 1), since L is slowly varying,

mym Zm Y |G =i 2 m
i#j

7

means U, = O(v,,). This entails mfyl+(1 v1)/(2n1) >

m=1/2 and thus Assumption (H) holds. In particular, rp, ~ Ym 12 Additionally, for any
v € (D, 1) and v3 € (0,2D) such that v3/ve > 1, by applying again (17),

Tt S (T S w2y =il S w0 log m)
i#] i#]

by applying (17), where the “u,, < vy,

~

for any 0 > 0. We derive (H3) because taking 6 > 1 such that 6 < v3/vs and 0 < 1/vs is
possible. By using Theorem 3.1 under (13), we derive

V2 (Fyy = I) ~» ¢1()Z, as m — oo,

for Z ~ N(0,1). This is in accordance with Theorem 1.1 of Dehling and Taqqu (1989) (see
in particular Example 1 therein).

Finally, let us note that Assumption (vanish-secondorder) of Theorem 3.1 is not satisfied
for a covariance matrix of the type (16) taken with D > 1 (short-range) (the other terms in
the covariance expansion (9) are required in the limit, see Csorgd and Mielniczuk (1996)).

imsart-generic ver. 2007/09/18 file: DR2012-v2.tex date: May 3, 2013



Delattre, S. and Roquain, E./ 9

Weak short/long range correlations Let us modify slightly the matrix (16), by letting:
(m) _ . _ _ 1.-D
L =pmr(i—il), forr(0)=1, r(k)=k"", D>0, (18)

where py, is some nonnegative parameter (we removed the slowly varying function for the sake
of simplicity). When p,, varies in function of m, note that the latter is not of the stationary
type. From (17), we have
2om By if D €[0,1)
MYm ~ 2pm logm ifD=1 (19)
20m Y s kP ifD>1

Assuming that the quantity (19) as a limit (denoted #) and that p,,, — 0 as m grows to infinity,
(vanish-secondorder) and (H;) hold if m'*9p2, — 0 with § > 0 (because (13) holds). The
resulting rate of convergence r,, is given as a function of D and p,, in Table 1. Markedly, weak
short-range correlations (D > 1) always yields 7, ~ m!/? while weak long-range correlations
(D < 1) can give both regimes. For instance, taking p,, ~ m—2/3 yields r,, ~ mP/?t1/3 for
D < 1/3 and 7y, ~ m!/2 otherwise. Overall, the convergence rate increases with D.

D€ 0,1) D>1

pmm* P =0(1) | =0
0 <oo | rm~+m T ~ /M

1-D
PmM — 00
-1 D/2

0 =00 | Tm ~ pm "2m not possible

TABLE 1
Rate 1, defined by (3) in function of D >0 and pm such that pm = o(m~ Y29 for some § > 0, for the
particular covariance (18).

Vanishing factor model “Spiked” covariance matrix has been introduced in Johnstone
(2001). It assumes that the k-first eigenvalues of the covariance matrix are greater than 1 (for
some fixed value of k) while the other are all equal to 1. In our setting where we consider only
correlation matrices, we assume that the sequence of eigenvalues is constant after some fixed
rank k. Precisely, let us consider a matrix T'™ of the following form:

rim = (1 - pm)Im + meHPTa (20)

where H is a k x k diagonal matrix with diagonal entries hgm), . ,h,im) € (1,00), where
P = (p§T))1§i§m71§T§k is an m x k matrix such that PT P = I}, and where p,, € [-1,1] is
some parameter. Importantly, k is taken fixed with m. The k first eigenvalues of I' (m) are
thus given by 1 — p,, + pmh,(nm), r = 1,...,k, while the remaining eigenvalues are all equal
to 1 — py. Hence, to ensure that T(™ given by (20) is a well defined correlation matrix, we

should additionally assume that for all ¥ = 1,.... %, 1 — pm + pmh™ > 0, and that PHPT
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has diagonal entries equal to 1, that is, for all i = 1,...,m, ZT L h ( m))2 = 1. Note that

’L T
the latter requires hgm) +- 4 h,&m) = m and thus maxr{h£ > m/k:.
Next, by using (20), the conditions above and some properties of the Frobenius norm, we
can derive the following:

k m 2
mym = Pm Z h7(~m) (m_1/2 ZPEZ})> — Pm; (21)
:lk =1
m2y (0 ) = (Z(fa@m)/m)2 — 1/m> : (22)

i#] r=1
Since the RHS of (22) is upper-bounded by p2, (k—m~!) and lower-bounded by p2, (k=2—m™1)
and since k is taken fixed with m, condition (LLN-dep) is satisfied if and only if p,, — 0 while
(vanish-secondorder) holds if and only if r,,,p,, — 0. Additionally, we have

m 2
m—QZ (FZ(ZL))4 _ p4m m™2 Z By oo by, (Zpi,m ...pi,m) —1/m

i#]

Spiln m- (Z h'l‘lh‘TQ szmpzrg) _1/m

1,72

where we used the Cauchy-Schwartz inequality (we dropped the dependence in m in the
notation for short). Finally, the assumption of Theorem 3.1 are all fulfilled provided that

r2H0p2 — 0 with § > 0 (23)

(up to consider a subsequence making the quantity into (21) converges to some 6). In (23),
the rate 7, can be computed by using the definition, see (3), or expression (21). The rate
of convergence thus intrinsically depends on the asymptotic behavior of the coordinate-wise
mean of each eigenvector (pz(T))ISiSm .

To further illustrate this eéx:ample, we can focus on the particular case where k = 1. In that
case, the model can be equivalently written as

F(m) = (1 - pm)Im + Pm§£T7 (24)

where & = €™ is a m x 1 vector in {—1,1}" and where p,, € [—(m — 1)~',1]. The model
(24) contains as particular instances the equicorrelated matrix (6™ = (11---1)T) and the
alternate equicorrelated matrix (£ = (1 —11---)7) that we have studied above. We easily
check that condition (23) recovers the conditions that we obtained in each of theses particular
cases. In general, for an arbitrary £0™) € {—1,1}"™, since the quantity in (21) is equal to

m 2
pm (m‘”2255m>> — P, (25)
=1

the rate r,, is directly related to the number of —1 and +1 into £(™). For instance, if £(™) =
(U, ...,Uy) where Uy, Us,. .. are ii.d. random signs, we have by the central limit theorem
that the quantity (25) tends to 0 (in probability) whenever p, — 0, which gives a rate
rm ~ /m (in probability). Hence, we obtain the convergence (12) with the same rate and
asymptotic variance as in the independent case whenever m!*9p 2 — 0 with § > 0.
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Sample correlation matrix We consider the model where the correlation matrix is gen-
erated a priori as a Gaussian empirical correlation matrix. Namely, let us assume that

0™ = p=1SD™1 for S =n;'XTX and D = diag(S1.1,- -, Sm.m)*/? (26)

where X is a n,, x m matrix with i.i.d. A/(0,1) entries. Assume m/n,, — 0 as m tends to
infinity, which, in a statistical setup, corresponds to assume that the number m of variables
(columns of X)) is of smaller order than the sample size n,.

A by-product of Theorem 2 in Bai and Yin (1993) (adding a number of variables which is
a vanishing small proportion of the sample size) is that,

1S = Il 2 0,

where || - ||2 denotes the Euclidian-operator norm, that is, ||S — Iy||2 = maxi<i<m ])\Em) — 1]
and )\gm)7 ceey )\%n) denote the eigenvalues of S. Hence, maxi<j<m, [S;; — 1| Lif 0, which in turn

implies |[T0™) — I,,||2 2o, Next, simple arguments entail the following inequalities:

m1 ngj;?) =m <@ )T, @™ )07 > | < |I0™ — 1|9

i#]
2 m
2?30 (00 <m TSSO - 17 < 0 — 1
i#j i=1
4 2 (m)\ - /2 4
+e — m . - & ..
rem e (n) < {m tsl} e 280"
¥} ¥

4
Moreover, we easily check that E(n,l,{25’i7j)4 =E (nr_nl/Q ZZI Xk,iXk,j) is upper bounded

by some positive constant. Hence, by assuming that the sequence n,, satisfies
m'* /n,, — 0 for some § > 0,

the above inequalities implies that the rate is r,, ~ v/m, that (/) holds with § = 0 and that
(vanish-secondorder) and (H;) are satisfied (all these convergences holding in probability).
Hence, Theorem 3.1 can be applied and this shows that the asymptotic of the empirical
distribution function is the same as under independence.

4. Application to multiple testing
4.1. The curse of dependence

The so-called “Benjamini and Hochberg procedure” (BH procedure), widely popularized after
the celebrated paper Benjamini and Hochberg (1995), is often given as the default procedure
to provide a false discovery proportion (FDP) close to some pre-specified error level ae. More
specifically, the BH procedure provides that the expectation of the FDP, called the false
discovery rate (FDR), is bounded by a under independence of the tests (and also for some
type of positive dependence, see Benjamini and Yekutieli (2001)). Furthermore, many authors
reported that the FDR of the BH procedure is essentially unaffected by dependencies, see,
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e.g., Farcomeni (2006); Kim and van de Wiel (2008). It is therefore tempting to conclude that
the BH procedure works whatever the dependencies are. However, as noticed by Lehmann
and Romano: “control of the FDR does not prohibit the FDP from varying, even if its average
value is bounded” , see Lehmann and Romano (2005). In addition, some authors have exhibited
that the distribution of the FDP of BH can be wide spread in a particular (unrealistic) equi-
correlated framework, by using simulations, see, e.g., Table 2 in Korn et al. (2004) and by
using a theoretical study, see Delattre and Roquain (2011). The present work brings a broad
theoretical support for this, by showing that the distribution of the FDP of BH procedure is
widening as the quantity =, defined by (2) grows.

The formal link between the FDP, the BH procedure and e.d.f.’s has been delineated in
Genovese and Wasserman (2004); Farcomeni (2007) (FDP at a fixed threshold) and con-
solidated later in Neuvial (2008) (FDP at BH threshold). Here, we follow the approach of
Neuvial (2008), by using that the FDP of BH procedure is a Hadamard differentiable func-
tion of (rescaled) empirical distribution functions. Convergence results are thus derived from
Theorem 3.1 by applying the (partial) functional delta method, see Proposition C.2.

4.2. Two-group model, FDP and BH procedure

Let us add to the original vector Y ~ N (0,T") an unknown vector H = (H;)1<i<m € {0,1}™
as follows: for 1 <7 < m,

Xi=0H; +Y], (27)

for some positive number § (assumed to be fixed with m). Hence X ~ N (§H,T'). Now consider
the statistical problem of finding H from the observation of X = (X;)1<i<m. From an intuitive
point of view, H is the “signal” (unknown parameter of interest), Y is the “noise” (unobserved)
while I' and § are “nuisance” parameters, generally assumed to be unknown.

Let us define the following e.d.f.’s: for ¢ € [0, 1],

Foml(t 7n01§: (1— H)1{®(X;) <t} (28)
Fim(t) = 1}:1{1{¢ ) <t} (29)
G m! Z L{(X,) <t} = “Fom(t) + ——F1m(t), (30)

where mg = > " (1—H;) and my = >_.* | H;. The proportions mg/m and m; /m are supposed
to converge when m grows to infinity and the limits are denoted by m € (0,1) and m € (0,1),
respectively. From Section 2, when I" satisfies (LLN-dep), the e.c.d.f.’s IE‘om( ), IFLm( ) and
((A}m(t) converge in probability and we denote in what follows the limiting c.d.f.’s by Fy(t) = ¢,
Fi(t) = ®(®71(t) — ) and G(t) = moFp(t) + m1 F1(t), respectively.

Here, the quality of a procedure that rejects each null hypothesis “H; = 0” whenever
®(X;) <tis given by

FDP,,,(t) =
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where we used the convention 0/0 = 0. Now, define the following functional: for a € (0, 1),
T(H)=sup{t€[0,1] : H(t) >t/a} for H € D(0,1),

with the convention/\sup{@} = 0. Classically, the BH procedure (at level «) corresponds
the thresholding 7(Gy,), see Genovese and Wasserman (2004). In the sequel, we study the
asymptotic behavior of FDP,, (T (Gy,)), denoted by FDP,, for short.

4.3. Partial functional delta method

Since we have G (T(Gp)) = T(Gym)/a a.s., the FDP of BH procedure corresponds to the

random variable

PTG 1 (T (G = =
FDPm — - 0, E\ ( )) =y <@]FO,M) @Fl,m> , (31)
T(Gm) m m
where we used the following functional:
H Hy+ H
W(Ho, Hy) = o 0TI I) o 1y, 11y) € D(0,1)2 (32)

T(Ho + Hy)

still using the conventions sup{(} = 0 and 0/0 = 0. By Corollary 7.12 in Neuvial (2008), T is
Hadamard differentiable at function G, tangentially to the set C'(0,1) of continuous functions

n (0,1) and w.r.t. the supremum norm (we refer to Section 20.2 in van der Vaart (1998)
for a formal definition of Hadamard differentiable functions). This holds because G is strictly
concave and limy;_,o G(t)/t = 400, which yields in particular 7(G) € (0,1). As a consequence,
standard calculations show that ¥ is Hadamard differentiable at (7o Fp, 71 F1) tangentially to
C(0,1), with derivative

Ho(T(G))
T(G)

Now, by using (31),Athe functional delta method provides the asymptotic behavior of FDP,,
from the one of (7:2Fo 1, 72 F1 ). As a matter of fact, since the derivative \il(,ropompl) (Ho, Hy)
only depends on Hy Whlle the limit processes are (a.s.) continuous, establishing convergence
results separately for Fom and IE‘l .m is sufficient (we do not need to consider the joint pro-

U (o Fo i 1) (Ho, H1) = , for (Ho, Hy) € C(0,1)% (33)

cess (2 OIFO ms MR, .m))- We have precisely formulated this argument in Proposition C.2. This
is an interesting novelty w.r.t. the methodology of Neuvial (2008). Hence, applying (twice)
Theorem 3.1 we are able to derive a convergence result for FDP,,

4.-4. Results

First, let us introduce the following additional quantities:

-1/2
rom = | mg "+ |mg® Y (1 — Hi)(1— Hy)Ty; ; (34)
i#]
-1/2
rim = | myt 4 |my? Y HiHTy : (35)
i#i
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Corollary 4.1. Consider the two-group model (27), generated from parameters 6, H =
H™) and a correlation matriz T = T . Assume that mg (depending on H) is such that
vm(mo/m — m) — 0. Assume that T' satisfies either {(vanish-secondorder) and (H;)} or
{(H3) and (Hy4)}. Assume that the rates rym, Tom and 1y, respectively defined by (3), (34)
and (35), grow proportionally to infinity as m tends to infinity. Let o € (0,1) and t* = t*(, @)
be the unique t € (0,1) such that G(t) = t/a. Let h(t*) = (p(®~1(t*))/t*)?. Then the sequence
of r.v. FDP,, defined by (31) enjoys the following convergence:

FDP,, — mya
moa {(1/t* = 1) /mo + h(t*)70m } />

where yo,m = m62 Zi;&j(l - H;)(1- Hj)Fi,j'

~» N(0,1), (36)

Proof. First, classically, it is sufficient to prove that the convergence (36) holds up to consider
a subsequence. Hence, we can assume that (Hs) and the convergences

my ' > (1= H;)(1 — Hy)Ty; — bo; (37)
i#]j
ml_l Z HZ‘H]'FZ'J — 01
i#j
hold, with 6, p and 6, valued in [—1, +o0]. Also note that since ry, & rom, (resp. rm < r1m),
the sub-matrices (I'; ;)i j.ir,=#;=0 and (I'; ;) j.ir,=n,=1 satisfies the same assumption set as T'.
Now, let us write

Tom (%E«*O,m(t) — 7r0Fg(t)> = romm™! ;(1 — H)(1{®(X;) < t} — 1) + romt(mo/m — m).
(38)

In the RHS of (38), while the second term converges to 0 by assumption, a consequence of
Theorem 3.1 is that the first term converges to a process with covariance function

to
1+ [6o|

2l 1
0 1+|90’

(tAs—ts)+ a1 (t)cl(s)] , forall t,s € [0,1].

Obviously, a similar result holds for the process rlym(%IAFLm —m ).
Applying the (partial) functional delta method as explained in Proposition C.2 (by using
70,m X T1,m and (33)), we obtain

1/t — 1 fo
L+100] 1+ 16o]

70.m(FDP,, — moar) ~ N (0 , (amg)? [ (c1(t*) /t*)2D : (39)

Finally, we easily derive (36) by separating the cases 0y < 400 and 6y = +oc. O

As an illustration, Corollary 4.1 can be used in the independent case (g, = 0) or py,-equi-
correlated case (7Y0,m = pm), so recovering the previous results of Neuvial (2008, 2009) (in the
Gaussian case) and Delattre and Roquain (2011), respectively. This holds for any H satisfy-
ing \/m(mo/m — mp) — 0. Note that, in general, the quantity 7o, depends on the unknown
H and not only on I'. Hence, the asymptotic properties of FDP,,, potentially depends on
which null hypotheses are true or not, which can be considered as a limitation. Nevertheless,
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this fact is inherent to the multiple testing setting considered here, because the dependencies
accounting in the FDP of BH’s procedure are related to the sub-matrix (I'; ;); j.m,— H;=0 and
thus are linked to the location of the true null hypotheses.

A convenient way to circumvent this problem is to add prior random effects, by assuming
that, previously and independently to the model (27), we have drawn H = (Hy,...,Hy,)
for Hy, Ho,... ii.d. Bernoulli variables of parameter m; = 1 — mp, for some my € (0,1).
Thus X follows the distribution N (6H,T") conditionally on H. The corresponding global
(unconditional) model, often referred to as the two-group mizture model has been widely
used in the multiple testing literature, see, e.g. Efron et al. (2001); Storey (2003); Genovese
and Wasserman (2004); Roquain and Villers (2011). By contrast with the previous model,
H is random. In particular, mo = > ", (1 — H;) ~ B(m, m) and /m(mgy/m — m) does not
degenerate at the limit, which adds some extra variance in the FDP convergence result. The
counterpart is that the statement is substantially simplified, as we can see below.

Corollary 4.2. Consider the two-group mizture model defined above, generated from param-
eters 6 > 0, mo € (0,1) and a correlation matriz T' = T, Assume that T satisfies either
{(vanish-secondorder) and (H1)} or {(Hs) and (Hy)}. Let a € (0,1) and t* = t*(6, ) be the
unique t € (0,1) such that G(t) = t/a. Let h(t*) = (¢(@71(t*))/t*)%. Then the sequence of
r.v. FDP,, defined by (31) enjoys the following convergence:

FDP,, — mya
Tox {(1/t* — 71'0)/(7['0777,) + h(t*)’ym}l/Q

~ N(0,1), (40)

where vy, is defined by (2).

Proof. Again, it is sufficient to state the result up to consider a subsequence. Thus (H3) holds
without loss of generality. First check that (vanish-secondorder) entails

2

2D (- H)(1— Hj)Tij—m5 > Tij | =op(1), (41)

2
i#] i#]

r

(computing, e.g., the variance of the latter) and this convergence can be made a.s. by taking
a suitable subsequence. A consequence of (41) is that vo m,m ~ Ym a.s. (in particular, 6y defined
by (37) equals mp#.) This implies ry, x 70, (a.s.) and thus the adequate assumption set for
the sub-matrices (I'; ;)i j.i,=n;=0 and (I'; ;)i j.1,=n;=1. Now, by using (38), we obtain that

T0,m (%ﬁo’m(t) - 7TOF0(t)) converges (unconditionally) to a process with covariance function
defined by: for all ¢, s € [0, 1],

1 w00 mo(1 — 7o)
m [1+7r0|9(t NSt + g “)CI<S)] My
1 ol
_ 2 _ oY
=T |:1+7T0|0|(t/\8 mots) + 1+7r0’9|01(t)61(8):|

Obviously, a similar result holds for the process rl,m(%fFLm — m F1). We finish the proof by
applying the (partial) functional delta method, see Proposition C.2. O
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m = 5000 m = 50000

o
& — mpy,=0 8, — Mpy, =0
—— mpy=10 —— mp,=10
mpy, =100 o mpy, =100
0 mp,, = 1000 0 7 mpmy, = 1000
9
o |
F
S 31
o |
N 1
o 1
o | 3
= :
-] | NEraa I P ||\

00 01 02 03 04 00 01 02 03 04
F1G 2. The curse of dependence for BH procedure: distribution of FDPn, (31); the dotted lines corresponds to
the true distribution computed over 5000 simulations, the solid lines display the Gaussian approximation given
by Corollary 4.2 (whose mean, moaw = 0.225, is displayed by the dashed vertical line). Simulations made in a
3-factor model, see text.

4.5. Discussion

Corollary 4.2 provides a theoretical support for the “curse of dependence” of BH procedure: as
m grows to infinity, the concentration of FDP,, around mpa deteriorates when 7, increases,
so when positive correlations appear between the individual statistical tests. However, no-
tice that, perhaps surprisingly, negative correlations help to decrease ~,, and can yields to
a concentration even better than under independence when -, is negative (although this
phenomenon is necessary of limited amplitude because ~,, > —1/m).

To illustrate further Corollary 4.2, Figure 2 displays the true distribution of FDP,,, together
with the Gaussian approximation obtained by Corollary 4.2. The two-group mixture model
chosen to generate the X;’s uses a factor model (20) for I" with the following parameters: k = 3,
mpm € {0,10,10%,10%}, hy/m = 0.4, hy/m = 0.3, hs/m = 0.6, and p; = (1,1,...,1)/m'/2,
pp = (1,-1,1,—1,...,1,—-1)/m'/2, p3 = (1,1,...,1,—1,—1,...,—1)/m"'/2. The parameters
of the mixture are mg = 0.9 and § = 3. The BH procedure is taken at level a = 0.25.

This experiment shows that, even for a relatively small values for p,, (pn = 0.002 or
pm = 0.02), the FDP distribution can be largely affected by the dependencies. Also, for m =
5000 (left picture), while the Gaussian approximation looks accurate for mp,, € {0, 10,100},
this seems more questionable when mp,, = 1000. This non-Gaussian phenomenon, whose
amplitude increases with p,, (for a fixed m), shows the limit of the proposed methodology. As a
matter of fact, additional experiments show that the approximation induced by Theorem 3.1 is
still valid for m = 5000 and mp,, = 1000. As a consequence, we believe that the observed bias
comes from the functional delta method, because the functional ¥ (32) cannot be considered
as linear in that case. Finally, the right display in Figure 2 shows that, as one can expect,
this phenomenon disappears by increasing the value of m.

This study reinforces the idea that the BH procedure should be used very carefully when
there are dependencies between the individual tests. Following the work of Romano and Wolf
(2007), an interesting task would be to correct the BH procedure by taking into account these
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dependencies while still providing a valid control of the FDP. This is an exciting direction for
a future work.

5. Proof of Theorem 3.1
5.1. A related result and additional notation

Let us define the “modified” empirical distribution function F,, by the following relation: for
te0,1],

P (B (t) = ) = 1o (Fn (£) — £) + c1(£)rmY m. (42)

The convergence of the two processes rm(I@m — I) and rp(Fy, — I) are strongly related by
(42). The main idea of our proof is to deduce the convergence of 7, (F,, — I) from the one of
Tm(Fp, — I). Precisely, the following result will be proved together with Theorem 3.1 in the
sequel.

Proposition 5.1. Under one of the two sets of assumptions of Theorem 3.1, let us consider
the corrected empirical distribution function Fm defined by (42) and a continuous process
(Zt)te[o,l] with covariance function K defined by (11). Then we have the convergence (in the
Skorokhod topology)

Py (B — 1) ~ Z/ (1 + 16])Y2, as m — oo, (43)

where I(t) =t denotes the identity function.

Additionally, throughout the section, we use the following notation
hi(z) =1{®(z) <t} —t — c1(t)z, (44)
so that Fp, (t) —t = m Yoty he(Y;). Finally, we will sometimes use the following assumption:

there exists > 0 (independent on m) lower bounding the m eigenvalues of I'(™).
(eigenvalues-away0)

5.2. Convergence of finite dimensional laws for ﬁm

Let us prove the following result.

Proposition 5.2. Assume that the covariance matriz I' depends on m in such a way that
(vanish-secondorder) holds with ry, defined by (3) and assume (Hs). Consider a continuous
process (Zt>te[0,1] with covariance function K defined by (11). Then, the process (ry(Fm —
I), Yl(m)) (jointly) converges to L(Z/(1+]0))/2)QN(0,1) in the sense of the finite dimensional
convergence. In particular, the convergence (43) holds in the sense of the finite dimensional
convergence.

Proof. The proof is based on central limit theorems for martingale arrays as presented, e.g.,
in Chapter 3 of Hall and Heyde (1980).
First, since we aim at obtaining a convergence jointly with Yl(m)7 a (somewhat technical)

but useful task is to define the array of random variables (Yi(m), 1 <i<mm>1)is
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such a way that Yl(m) is fixed with m. This is possible by first considering some variable
Z ~ N(0,1), by letting Yl(m) = Z for all m > 1, and then by choosing for each m > 2, the
variables Yi(m), 2 < i < m, such that

- (2, Y™ 2 <i <m) ~ N(0,T(M);

- {(Y;")2<i<m, m > 2} is a family of mutually independent vectors conditionally on Z.

This also define a common underlying space (€2, F,P) for the array of random variables.
Now, define the following nested array of o-field: for m > 1, G, 0 = o(0) and for 1 < i < m,

Gni=o(V)1<j<int1<e<m).

Next, let us consider for each t € [0, 1], the martingale array (M, i(t), Gm,i, 1 <i <m,m > 1)
defined as follows:

Mini(t) = 3 Xong (@) for Xny () = = (V™) = E (he(V™) | Gmg1) ) - (45)
j=1
Clearly,
P (Fp () — 1) = My () + %” S E (ht(yi("”) | gm,i_l) . (46)
=1

Also note that we can replace each G, ; by Fpmi = a(Yl(m)7 . ,Y.(m)) (Fm,o0 = o(0)) in the

2

above expression, because (Yi(m), 2 < i <'m) is independent of (Yj(g), 2<j<inG2<l<m),

conditionally on Yl(m) .

Case 1: (eigenvalues-away() is assumed We show in Lemma A.1 expression (66) that the
second term in the RHS of (46) has a vanishing variance as m tends to infinity. Therefore,
it remains to show that the conclusion of Proposition 5.2 holds for the process M, ,,, which
we prove by using Lindeberg’s theorem. We use Corollary 3.1 page 58 in Hall and Heyde
(1980) (or more precisely its generalization to the multidimensional case). The conditions are
as follows:

(i) for all t € [0, 1], for all € > 0, eri1 E ((Xm,i(t))Ql {|Xm,i(t)] > e} | ]:mﬁ-,l) ﬂ) 0;
(ii) for all ¢, € [0, 1], 7 E(Xin,i(1) Xini(5) | Fonsio1) —> K2, 5).
To check (i), let us fix ¢ € [0,1] and prove " | E(X,,(t))* = o(1). By definition, we have

m 4 m
S B i) = S (h(r™) < (V™) | Fir))
i=1 i=1
< 24 (;iml ZE <ht(Y(m))) 4 ZZ ZE (E(ht(yi(m)) ‘ fm,i_l))4>
i=1 i=1
<Lt 3 B ()’
=1
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Now, the RHS of the previous display converges to zero because ry, < y/m and E(ht(Yi(m) Nt <
oo. This proves condition (i) of Lindeberg’s theorem.
Let us now turn to condition (ii). For ¢, s € [0, 1], we obviously obtain

m 2 m
N E (X i (1) Xomi(8) | Fnict) =22 S B (Y™ o (V,™) | Foicr)
i=1 =1

;

— i’”’; ST Eh(Y ™) | Fanim ) E(hs (V™) | Fnio). (47)

Next, by using ab < 2(a? +b?) for all a,b € R together with (65), the second term in the RHS
of (47) tends to zero in probability. Moreover, we have

( i hs (V™) = B(he (V™) g (V™M) | fm,i_ﬂ))

=1

Tm m m m m
=m4;Var(<ht<Yf Do (V™) = B (V™o (V™) | Finica),

because the elements inside the sum are martingale increments. Hence, the quantity inside
the above display tends to zero. Combining the latter with (47) establishes condition (ii) of
Lindeberg’s theorem provided that the following holds:

7‘7%1 i m m)y P 15
S (VDb (V) B (1 0D T R ().
i=1

This comes directly from the law of large number stated in Lemma C.3, because r2,/m —
(1+16])~" by (3) and (12).
Applying Lindeberg’s theorem (in the underlying space described above), for any t1, ..., ¢ €
[0,1], the random vector
Zm = Mpm(t1),. .., Muym(ty))

converges stably in the following sense (see, e.g., Jacod and Shiryaev (2003) Definition 5.28):
for all (fixed) bounded random variable U and continuous bounded function f in R¥,

EU f(Zm)) = E(U)E(f(2)) as m — o0,

where Z is a centered multivariate Gaussian vector with covariance (1+|0]) (K (;, i) 1<i,j<k-
This implies that (Z,,, Y1) converges (jointly) in distribution to £(Z) ® N'(0,1). This finishes
the proof of Proposition 5.2 in the case where (eigenvalues-away0) is assumed to hold.

Case 2: (eigenvalues-away() is not assumed The strategy is to apply Lemma C.4 in order
to reduce the study to “Case 1”7 above. For any ¢ > 0, let

ve Y + ¢
L (1422

where &1,&a, ... are i.i.d. N'(0,1) variables, independent of all the Y;’s. The covariance matrix
of (YF,...,Y,) is obviously
2
__¢ I+ 1
1+e2™™  14¢2

£
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Clearly, the corresponding rate (3) is s, = (m~! + (1 +&%)~! \’ym])fl/Z. It is related to 7, via
the following inequalities: 7, < 5, < (1 4 £2)%/?r,,. Hence, I'® satisfies (vanish-secondorder)
and (H3) with 6 replaced by 0° = 1 +1€29. Since it also satisfies (eigenvalues-away(0), by using
Proposition 5.2 in the “Case 1”7 above, it satisfies for any t1,...,¢; € [0, 1],

() (15 (5 (11) = 1), 75 (B (1) — 1), Y5) ~ £ (B0 070, 1),

(L+lo=p72

where FE (t) — t = m ™ >ty he(YF) for all t. Next, we clearly have,

Z(t1),...,Z(1 Z(t1),....Z(t
(b) ¢ ((1ir)|es|)1(/§)) o L ((IIJ)F‘@DISQ’“)) as e — 0.

Let us now prove that for any ¢ € [0,1],

lim sup {IE )rm(ﬂﬁm(t) ) — s (FE (1) — t)‘} S 0ase 0. (48)

m

This will conclude the proof by applying Lemma C.4. First, we write
E \rm@m(t) SRR CACE]

E |rpm /mz hi(Yi) = (V)| + (15, — rn) B fm 1> hy(Y5)
i=1
. 9y 1/2
< q (rm/m)*E (Z(ht(Yi) - ht(Yf))> + (142 = D |r, (F5,(8) — )|
i=1
By taking the lim sup in the above display, it only remains to show
m 2
limsup { (rm/m)? E <Z(ht(y;) — ht(Yf))> —0ase— 0. (49)
m i=1

This can be proved by using Lemma B.3 (78) as follows:

m 2
i=1
= (rin/m)* 3 B ((he(Yi) = he(Y) (re(Y)) = ha(¥;))
ij=1
= (rm/m)* 3 (B (he(Yi)he(Y7)) = B (he(Yi) (V7)) = B (he(Y7)he(Y5)) + B (he(YE)he(Y5)))

1

a@
<
Il

(1 A+t 201+ 52)—4/2)

rm/m

||M3

PRI

because COV(E,YJ-) =Ty, Cov(YZ,Y;) = Cov(Y;, YF) =T ;/(1 4+ 2)/2 and Cov(YF,Y7) =

2 Vi
Ij/(1+ £2). Next, by separating the case i = j and i # j, the previous display can be upper

bounded by

> (QS))Q 1+ ()7 = 20146972 4 (i /m)? Y (Tig)? x4y (ng))

0>2 ’ i#j >2
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While the first term above does not depend on m and converges to zero as € — 0, the second
term above as a lim sup,,, equal to zero by (vanish-secondorder). This implies (49) and finishes
the proof. O

5.3. Convergence of finite dimensional laws for ﬁm

In this section, we aim at proving the following result:

Proposition 5.3. Consider the assumptions of Proposition 5.2. Then, (12) holds in the sense
of the finite dimensional convergence.

Proof. From expression (42), we investigate the (joint) convergence of (7, (Fp, — I), 7Y m).

Case 1: § = —1 In that case, r2, Var(Y,,) — 0. Hence, we can directly use Proposition 5.2
to state that (rm(Fp — 1), rmYm) converges to £(Z/(1+ |0])*/?) ® &y in the sense of the finite
dimensional convergence. This establishes Proposition 5.3 in that case.

Case 2: § > —1 Now, 72, Var(Y,,) is converging to some positive real number, namely
(14 6)/(1 +16]) > 0. In particular, Var(Y,,) > 0 for m large enough. Let us define the
random variable

Yy = ?m(Var?m)*l/Q.
We now consider the (m + 1)-dimensional random vector (Y;)o<i<m, which is centered, with
a covariance matrix denoted A(m+1) = (A(m+1))0<z j<m and such that A(m+1) =1, A(m+1)
I‘(T) for 1 < i,j < m. We easily check that A™t1) satisfies (vanish- SecondOIdel) and

(Hs) with the same value of # and a rate asymptotically equivalent to the original r,, see
Lemma A.2. Hence, Proposition 5.2 shows that (by using notation therein),

(rm ((m +1)7! ih&n)) ,Yo> - L(Z/(1+0])"%) @ N(0,1),

=0

in the sense of the finite dimensional convergence. Since r,,,h:(Yp)/m tends to zero in proba-
bility, the last display can be rewritten as

(rm(ﬁ*m _ 1),?m(Var?m)—1/2) w L(Z)(1+ 0)Y?) @ N(0, 1).

Finally, since 72, Var(Y,,) — (1 +60)/(1 + |6]), we finish the proof by applying (42). O

5.4. Tightness under (vanish-secondorder), (H7) and (Hz)

To complete the proof of Proposition 5.1, we prove that the process X, = rm (INFm — 1) is tight
in the Skorokhod space. This also 1mphes tightness for rm(Fm I) by (42) because c; is a
continuous function on [0, 1], itself entailing Theorem 3.1.

We consider here the set of assumptions (vanish-secondorder), (H;) and (Hs) (the second
set of assumptions is examined in Section 5.5). For proving the tightness of X,,, we use
Proposition C.1. This is possible because |¢;(t) — ¢1(s)| < Lit — s|*/2, 0 < s,¢ < 1 for some
constant L > 1 (see Lemma B.4). Below, we prove that (80) holds in the following way: for
large m,

| X (1) — Xpn(s)|" < Ot = s + (ryn) "t — s|), for all £, s € [0, 1], (50)
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for some constant C' > 0 and for a constant €y > 0 such that (/) holds.
To establish (50), fix ¢, s € [0,1], s <t and write

rd T T
IMXm@%*Xm@H4=;§i§: E(h(Y;)h(Y))h(Yi)h(Ye)), (51)

1,5,k ¢
where we let h(z) = 1{s < ®(z) <t} — (t — s) — (c1(t) — c1(8))x = h(x) — hs(x). Now, we
split the sum in the RHS of (51) following the value of the cardinal of {i, j, k, ¢}.
Sum over #{i,j,k,¢} =1 The corresponding summation is % S E((R(Y;))*). We have
E((R(Yi)") < 8% (Jt— sl + |t = s/ + BV Lt = s[*2) < Caft s, (52)
for C; = 53*L* > 0. Since r2, < m, we obtain

7“4 e — Cl
D E((A(R)*) < [t | (53)

=1

Sum over #{i,j,k,{} =2 Up to a multiplicative constant, we should consider the sum

N N 1 1
4§:E (B2 (R(Yy))?) = TV + 1Y,
i#]

(1)

where, for an arbitrary n; > 0, 7T’ 1(1) and T, are defined by

704 _ _
TV = 25 ST 1{I0u] > mE (R (A(Y))?) (54)
i#]
7“4 _ _
V= S {I0) < m)E (R(Y))(R(Y)). (55)
i#]

On the one hand, by using (52),

< 42\%% (V)RR < S QZM? t—sl.  (56)

nim i#] nim i

On the other hand, by using (74) in Proposition B.1 (with g1 = go = (h)? and d = 2), we
obtain that for any ¢ # j such that |I'; ;| < m (choosing 77 > 0 such that 24/3n; < 1),

_ _ 1 — 3/2 02
E (RO ROP) < g gy (B (M) < gy oyl = o,
for Co = 3*L* (E (|Z|8/3))3/2 € (0,00) . Hence, we get

3/2
S|t — 5|32, (57)
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Sum over #{i,j, k, €} =3 Up to a multiplicative constant, we should consider the sum

ZE YORY;)(h(Yi)?) = T2 + 147

4,5,k #
where, for an arbitrary ne > 0, T1(2) and T2(2) are defined similarly to (54) and (55), by

separating the case where maxe, zc,eijk} [ese| is above or below ns.
On the one hand, by using (52), we have

Cyra
TI(Q) < ﬁ Z ]_{ max ‘Fel,ez| > 772}|t - 8|

-k
ik e1#ea€{i,j,k}

Ci/ny [ rd
SRl s ) WA LU Tl N et B (58)
i#]
On the other hand, by using (75) in Proposition B.1 (with g1 = g2 = h, g3 = (h)?, fi =
fo=1{s< ®(:) <t}, d =3 and d = 2), we obtain that for any distinct i, j, k& such that
MaXe, 2eyefijk} |Lerea] < M2 (choosing ma > 0 such that 3/3n2 < 1),

e 272
h(Y;)h(Y;)(h(Y; < max Fee2—t—53/2x Cs.
BOODDEOT) = s,y el Tgymmpl —o1 Ve
This yields
) Vo 27° o 2 3/2
T =3 g gy e 2 Tl | = 5P (59)

i#j
Sum over #{i,j,k,l} =4 The last sum to be considered is
T  NE (VAR (VAR 3, 73
% > EGRER)RYORYY)) = 11 + 137,
Gkl

where, for an arbitrary n3 > 0, Tl( ) and T2(3) are defined similarly to (54) and (55), by
separating the case where max., zc,e{i j .0} T, eo| is above or below 73. As before,

7 < G Y1 ma ITeyen| > m3 o)t — 5|
L= mA el;éege{z,jkﬁ} ere2 3

1,5,k #
C 4
<6 p | STt sl (60)
s \ "M

Next, by using (75) in Proposition B.1 (with g; = h, fi = 1{s < ®(-) <t} and d' = d = 4),
we obtain that (choosing 13 > 0 such that 4./3n3 < 1),
‘3

4
T(3) < _m a r e t—
Loomt m%yuée?el{fj,k,e}' exeal (1- 4\/3773)4‘ °

< 484 r 4 3
= 6(1 — 4\/%)4 m2 E ‘Fi,]'| |t - 8| : (61)
i#]
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Finally, we obtain (50) by combining the bounds (53),(56),(57),(58),(59),(60),(61) and by
using the assumptions (vanish-secondorder) and (H).

5.5. Tightness under (Hs) and (H,)

Obviously, (H3) and (H4) imply (vanish-secondorder), (Hz) with 6 = 400, and ry, ~ %;1/ 2,
Hence, Proposition 5.2 entails that the finite dimensional laws of X,,, = r,,(F,, — I) converge
to 0 and it only remains to prove that X,, is tight. This can be done as in the previous section,

except that we use Kk = 2 in Proposition C.1. Namely, we prove that, for large m,
E| X (£) — Xon(s)]? < Cy%|t — s, for all ¢,s € [0, 1], (62)

for some constants C' > 0, §p > 0. To prove (62), we write (by using the same notation as in
the previous section)

B[ Xon (1) = Xm(s)]* =115 D E(RYIA(Y;)

2 2

T T
<C mt Calt m E:FQ
- 3m| 8| 3| 8’7727%22, j‘ l’]’

2 7 h
+ ST 1{I0i| < nE(RY)R(Y;))
i#]

for some 7 > 0 and by letting C35 = 4 32L% > 0. Applying now (75) in Proposition B.1 (with
gi=h, fi =1{s<®(-) <t} for i = 1,2 and d’ = d = 2), we obtain that (choosing n > 0
such that 21/3n < 1),

r2 — (12)? 3 r2
_m . _ , VT g3 2
oS 1IN < mB(RYORY) € gl — o | 25 3010
i#£j i#£]
Finally, since (H3) and (H,) provide % D it 151 = O(75) and 2, /m = O(+52) for some

m

e1,e2 > 0, the criterion (62) is proved with 6y = &1 A g2 and the proof is finished.

Appendix A: Technical results for proving the main theorem

Lemma A.1. Assume that '™ satisfies (vanish-secondorder) and (cigenvalues-away0). For
1 < i < m, let us consider the filtration {F;}o<i<m defined by Fo = o(0) and F; =
o(Y1,...,Y:), and denote o? = Var [E (Y; | F;—1)]. Consider the function hy(-) defined by (44),
the Hermite polynomials Hy(-) defined by (69) and the coordinates cy(-) defined by (5). Then
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the following holds:

:f; iaf 5 0; (63)
i=1

;j?; Z EEY; | Fim) EY; | Fi—)])” — 05 (64)

m2 ZE [ Y;) | Fie 1))2} 0, foranyte[0,1]; (65)
<7;:Z i_n;[@ (he(Y;) | ]—"i_l)> 2 —0, foranytel0,1]. (66)

Proof. By using Cholesky’s decomposition, we can write I' = RRT where R is m x m a lower
triangular matrix. Hence, denoting by R, ... R,  the lines of R, we have < R; , R; >=1};
for all 7, j. Moreover, since we can write Y; = Zl 1 Ri;Z; for some Z,...,Zy, iid. N(0,1),
we have R?; = Var(Y; | Fi-1) =1 — 07 and 0} = Zl ! R?; for all i.

Let us now prove (63). From (eigenvalues-away0), we have for all x € R™, ||[RTz|]? =
2 Tx > n||z||?>. Hence for all z € R™, ||Rz|[? > n||=||?. Thus, we have

m j—1 m j—1 m
S =3 (RE) =0 =ny o,
1<j 7j=11i=1 7j=11i=1 i=1

which proves (63) by (vanish-secondorder). As for (64), we have for i < j,

Z Rk Zk Z Rj0Zy

-1
E[E(Y; | Fic1) E(Y; | Fj-1) = ZRi,kRj,k =1, — RiiRj;.

Hence, we obtain

STEE | F)EQ; | Fo))? =Y (T - RiR)? <2 | Y12+ S R2, |,

i<j i<j i<j i<j

which establishes (64) by (63) and (vanish-secondorder).
Next, let us establish the following equality in LQ(IP’m): forany :=1,...,m and t € [0, 1],

o
0>2 v

where the RHS of (67) is 0 if o; = 0. For this, consider some 1 < i < m and assume o; > 0
%ﬁ’l) ~ N(0,1). By using the multivariate
Gaussian structure of Y, the distribution of ¥; conditionally on ;1 only depends on Y;.

Hence, we can write E (ht( ) | Fiz1) = g(Y;) for a (unique) function ¢ in L2(R, N(0,1)). We
now consider the expansion of g w.r.t. the Hermite polynomials in that space:

(otherwise the result is obvious). Let Y; =

g(-) = Z Wm(.),

¢!
£>0
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and we can compute each coordinate E(g(Y;)Hy(Y;)) in the following way: for any ¢ > 0,
E[H(V)E (h(Y:) | Fior)] =E[H < >h ()]
_ Z _ E [ )HZ/(Y)}

— ;')af€!1{€22},

by using Fubini’s theorem (because >, |c(‘lf,), E [|Hg( )HZI(Y)|:| (eN)1/2 D2 |;f,')(1/)‘2 <

o0), and by applying (70) with Cov(Y;, EN/@) = 0. This proves (67).
Finally, by using (67), (70) and notation above, we have

2
(TmZE (he(Y3) | Fiea )) = QZE Vi) | Fie1) E (he(Y5) | Fj—1)]
= S 3 ot T e 5

1,j £>20'>2
_ 7‘m ca(t)” o o o1\
_m2zz 5! aiaj E |Y;Y;
i, £>2

co(t)? e
< (v ﬁé? s 2 (EEY: | Fi) E(Y; | F-1)))’

1>2

which proves (66) by using (64). Exactly the same calculation with “i = 5”7 shows (65) from
(63). O

Lemma A.2. Assume that T(™) satisfies (vanish-secondorder) and that r2, Var(Y,,) con-
verges to some positive real number. Consider the (m+1) x (m+1) covariance matriz A(™+1)
of (Yi)o<i<m defined in Section 5.3. Then the rate

~1/2
Tm+1(A(m+1)) — (m+ 1)—1 + (m+ 1)—2 Z A§?+1)
0<iZj<m
satisfies Ty (A™TD) ~ rp and moreover
2
(m+1)7%2 Y (Agf;“)) — o(1). (68)

In particular, AV satisfies (vanish-secondorder). Finally, when (Hsy) holds for T(™)
also holds for AV with the same value of 6.

Proof. By definition,

Z Ai,j =m 2 Z Fz’,j + o2m 2 Z A(]’j.

0<ij<m 1<ij<m 1<j<m
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Since Ag; = (VarY,,,)~/2m=1 37" T ;, we have

1/2
m~2 Z AOJ:(VarYm)_l/%n_lm_2 Z Fi,j:m_l m~? Z Ly j ;

1<j<m 1<i,j<m 1<i,j<m

which is o(1/m) because I' satisfies (vanish-secondorder) and thus (LLN-dep). This implies
Tm+1(A) ~ rp,. Next, we establish (68). Let us write

(m+1)"2r2, Z (M) = (m+1)"%2 Z (Ti ) +2 Z (Ao;)?

0<izj<m 1<i#j<m 1<j<m

Furthermore, we have

m 2
Z (AOJ)Q:(Var?m)_l Z (m‘lzI‘m)
=1

1<j<m 1<j<m

< (Var?m)_lm_Z Z 20 v + Z INRIN
1<4,i'<m Jglai'}
<24 (mVarY,,) ! Z (Tij)?
1<i#j<m

This implies the result, because m VarY,, > r2, VarY,,, which is bounded away from 0 by
assumption. O

Appendix B: Results related to Hermite polynomials

Let us first recall that the sequence of Hermite polynomials Hy(x), £ > 0, z € R, is defined
by the expression: for all £ > 0,

vz € R, ¢\ (z) = (—1) H(2)(x), (69)

where ¢(z) = (2m)~ /2 exp(—22/2) is the density of a Gaussian standard variable and ¢(*)
denotes its (-th derivative (by convention, ¢(°) = ¢). For instance, we have Hy(z) = 1,
Hi(z) = and Ho(z) = 2% — 1.

A well known fact is that {H,(-)/(¢!)'/2,£ > 0} is an Hilbert basis in L?(R,N(0,1)), the
Hilbert space composed by square integrable functions w.r.t. the standard Gaussian measure.
Moreover, the following property holds: for any centered 2-dimensional Gaussian vector (U, V)
with EU? = EV? =1,

VOO > 0,040, B(H (U)Hp(V)) = (Cov(U, V) 01 600, (70)

The latter can be seen as a consequence of Mehler’s formula, itself being nicely presented in
Foata (1981) (1.4) (see also references therein).

imsart-generic ver. 2007/09/18 file: DR2012-v2.tex date: May 3, 2013



Delattre, S. and Roquain, E./ 28

Proof of Proposition 2.1 Let us start by expanding, for any ¢ € [0, 1], the function
1{®(-) <t} w.r.t. the Hermite polynomial basis in L?(R, N(0,1)):

L{®() <t} =Y co(t)He(-)/(2Y). (71)

>0

By applying (71) at Y;, we obtain the following expansion in L2(P,,): for all i = 1,...,m,
L{D(Y;) <t} = cot)Ho(Ys)/(£)). (72)
>0

By averaging w.r.t. ¢, we obtain

Bl — 1= 30 A0S ), (73)
’ i=1

>1

where the series in the RHS of (73) converges in L?(P,,) (by using the triangle inequality).
The proof is finished by combining (73) with (70).

Next, the following proposition shares some similarities with Lemma 4.5 of Taqqu (1977)
and Lemma 3 of Csorgd and Mielniczuk (1996).

Proposition B.1. Consider an integer d > 2, a positive number p such that \/3pd < 1
and Z ~ N(0,1). Let gi1,...,9q4 be d measurable real functions defined on R such that
E (]gz-(Z)]‘l/?’) < 400, 1 <i<d. Let (Uy,...,Uy) be d-dimensional centered Gaussian vector
with EU2 = 1, 1 <4 <d, and |[E(U;U;)| < p, 1 <i # j < d. Then the following holds:

H\gz ey H( (1g:(2)1))"" (74)

Furthermore, if B(g;(Z)) =0 and E(Zg;(Z)) =0 for 1 <i < d' for an integer d’, 1 < d' < d,
we have

d

Hgi(U)

i=1

d

S )

where f; is any function such that fi(z) = gi(z) —a; — fiz, x €R, o, B; €ER, for 1 <i<d
and f; = g; otherwise.

E

Proof. The Kibble-Slepian formula Kibble (1945); Slepian (1972) (given, e.g., in expression
(2.2) of Foata, 1981) provides that

5 li{“(“) Dy el ng

voi<j
d
=S B (g2, (2), (76)
voa<j =1
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where the summation is over all the d x d symmetric matrix v = (v4)1<;, j<a With nonnegative
integral entries and with diagonal entries equal to zero, while v; denotes v;; + - + vyq.
Above, we have implicitly used Fubini’s theorem (the summation over v is infinite). The next
calculations show that this is indeed valid: by using the assumptions, we have

ZH'EUU [ HEL% H,, (2)|

v o i<J

1/2
<ZH( ) Elg:(2) Hy, (2)

v =1

< > (s

x1,...,xg€Nd i=1

1/2

d U1+ Hya 12
Z W Elgi(Z)Hy, 44y, (Z)]
. ] 7

LyeNd

1/2
2!
S0 PE|g (D H2)/@) ] Y (ijj!> . (1)

>0 yeN?
L y1+--+yq=>~¢

s
Il
—

|
.z&

s
Il
R

Now, in the latter display, the sum over y is upper bounded by d*, which gives that the RHS
of (77) is upper bounded by

3/4

> (pd®) PR |gi(2)HA2) /() 72] < | 3o 3pa2) 7 | (B (lau2)*?))
£>0

>0

where the latter combines Holder’s inequality with Lemma B.2 (used with p = 4). This proves
(74) and shows that Fubini’s theorem can be applied to get (76).

Finally, we prove (75) by using (76) and the same calculations as above, except that the
absolute values should be kept outside the expectations. As a result, for 1 < i < d’, since
E(gi(Z)Hy(Z)) = 0 for £ = 0,1 by assumption, the corresponding sums over ¢ start at £ = 2.
This establishes (75), because for all £ > 2 and 1 < i < d', E(g;(Z2)H,(Z)) = E(f:(Z)Hy(Z)).

O

The following result was obtained in the proof of Lemma 3.1 in Taqqu (1977). We provide
an elementary proof below. Also, let us mention that there are more accurate such results
when ¢ grows to infinity, see Theorem 2.1 in Larsson-Cohn (2002).

1/p
Lemma B.2. For all even integer p > 2 and £ > 0, we have [E <Hg(Z)/m>p} < (p—1)%2,
for Z ~ N(0,1).
Proof. For some £ > 1, by using H, = {H,_; and (69), we obtain

/ Hy(2)Pé(x)dz = (~1)f / Hy(2)P ¢ (z) da
—tp-1) / (He ()P [Ho 1 (2) ()
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Next, by using Holder’s inequality, we get (f[Hg(x)]p¢(ac)d$)2/p <LU(p=1) ([ |He-1(z)|P(x)dx) 2/p
and the result is obtained by induction on . O

Lemma B.3. Consider the function hi(-) defined by (44) and co(-) defined by (5). Let us
consider a two-dimensional centered Gaussian vector (U, V) with EU? = EV? = 1. Then for

any t,s € [0,1], the following holds:

ce(t)ce(s
E(h (V) = 3 A o v (78)
0>2 ’
Proof. Expression (78) is a direct consequence of (70) and of Fubini’s theorem. O

Lemma B.4. The function ci(-) = ¢(®~1(-)) satisfies the following: for all v € (0,1), there
exists some constant C,, > 0 such that for all s,t € [0, 1],

ler(t) —ei(s)| < Cylt — 8|7 (79)

Proof. First note that the derivative of ¢; on (0,1) is ®~!. Classically (see, e.g., Lemma 12.3
of Abramovich et al. (2006)), there is some xy € (0,1/2) such that for any u € (0,xzg),
&1 (u) < /2log(1/u). Also, obviously, for some fixed v > 0, there is some C/, > 0 such
that for any u € (0,z0), \/2log(1/u) < C/u™". As a consequence, since |®~!| is bounded on
[z0, 1 — 2], there exists some constant C/ > 0 such that for all u € (0, 1), |®~(u)| < Cu~".
This entails that for all 0 < s <t < 1,

"

)~ ) < [ 107 wldu < S <o)

by letting C, = C”/(1 — v) > 0 and because (z + y)° < 2% + y° for any z,y > 0 and any
6 €(0,1). O

Appendix C: Useful auxiliary results

The following result can certainly be considered as well known, although we failed to find a
precise reference for it. It can be seen as a reformulation in our framework of classical tightness
results as given, e.g., in Lemma 2 of Csorgd and Mielniczuk (1996), in Remark 2.1 of Shao
and Yu (1996) and Proposition 6 of Dedecker and Prieur (2007).

Proposition C.1 (Tightness criterion for empirical distribution function with non-stan-
dard scaling parameters). Consider &1,...,&y, real random variables (that need not to be

independent or identically distributed) such that &, P.0 as m tends to infinity, for &, =
m~! Sty &m, and consider the process

m

Zunlt) = (a/m) 3" g1(&), for t € [0,1],

i=1

where (am)m is some positive sequence tending to infinity as m tends to infinity and where
gi(z) = 1{®(z) <t} — fo(t) — fi(t)x for functions fo, fi on [0,1] such that |fo(t) — fo(s)| V
|f1(t) — fi(s)| < Lt — 5|7, 0 < s,t < 1, for some q € (0,1] and L > 0. Assume that the
following holds: for large m,

E|Zin(t) — Zm(s)|" < C(|t — s + (am)~22/4|t — s|7), for all t,s € [0,1], (80)
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for constants kK >0, C >0, 6 > 1, ¢ € (0,1] and o > 1 —¢'. Then, as m grows to infinity,
the sequence of processes (Zy)m is tight in D(0,1) (endowed with the Skorokhod topology and
the corresponding Borel o-field) and any limit is a.s. a continuous process.

Proof. The proof is based on standard arguments and is similar to the proof of Theorem 22.1
in Billingsley (1968). Fix € € (0,1) and n > 0. Following Theorem 15.5 in Billingsley (1968),
it is sufficient to prove that there exists a 6 € (0,1) such that for large m,

Pl sup |Zn(t)— Zn(s)|>e| <n.
0<s,t<1
|s— t\<5
We merely check (see, e.g., the proof of Theorem 8.3 in Billingsley (1968)) that the latter
holds if there exists 0 € (0,1) such that for large m,

Vs €0,1], P ( sup | Zm(t) — Zin(s)| > 6) < no. (81)
t:s<t<(s40)A1

Let us now prove (81). Fix s € [0,1]. Assumption (80) entails that for all u,v € [0,1] such
that (v —u)? > ¢/a,,, we have

E|Zm(v) = Zm(u)|" < 20

— |98
- 552/q|v U|

for 63 = 91 A (¢’ + d2) > 1. Hence, if p > 0 is such that p? > ¢/a,,, applying Theorem 12.2 of
Billingsley (1968) we have for all integer M such that s + Mp < 1 and for all A > 0,

P <122<Lx | Zon(5 + D) — Zim(5)| > A) < W[i/q(Mp)éa (82)

for some positive constant K > 0 (only depending on d3, x and C'). Next, we use the following
inequality: for all 0 < wu,v <1, u <v <u-+p,

|Zim(v) = Zin(W)| < | Zin (w+ p) = Zm(u)] + 2Lamp? (1 + [€,). (83)

The latter holds because we have

Zn(0) = Zin(u) = (am/m) Yy 1{u < & < 0} = am(fo(v) = fo(u)) = am(fi(v) = fi(w))é,
i=1

< Zm(u+p) = Zin(u) + 2Lanp?(1 + 1&,])
<a

and Zpn(u) = Zm(v) < am(fo(v) = fo(w)) + am(f1(v) = fi(w)€n < Lamp?(1 +[€,])-
Now, by using (83), we obtain
Sup [ Zn(t) = Zm(s)] <3 max |Zm(s +ip) = Zm(s)| + 2Lamp(1 + €ml). (84)
t:s<t<s+Mp

Furthermore, provided that a,,p? < 2e, we have P(2La,p?(1+[€,,]) > 5Le) < P(|€,,| > 1/4).
Hence, combining (82) and (84), by taking § € (0, 1) such that K§%~1/e5+92/0 < /2 we will
obtain that for all s € [0,1 — §], for large m,

K _
P( sup  [Zy(t) — Zm(s)| > (3+5L)e ) v s /q553 + P(ISml > 1/4) < nd,
t:s<t<s+d
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as soon as we can choose p > 0 and an integer M such that Mp = § and €/a,, < p? < 2¢/ay,.
This holds if there exists an integer into the interval [6(am, /)9, 6(am/(2¢))'/9], which is true
for large m because a,, tends to infinity. This entails (81) with ¢ replaced by (3 + 5L)e and
the proof is finished. O

Proposition C.2 (Partial functional delta method on D(0,1)). Consider the linear space
D(0,1) of cad-lag function on [0,1] and the linear space C(0,1) of continuous functions on
[0,1]. Let 0 = (00,61) € D(0,1)%2. Let ¢ : D(0,1)? — R be Hadamard differentiable at 0
tangentially to C(0,1), w.r.t. the supremum norm, and such that the derivative is of the form

¢o(Ho, H1) = go(Ho), for any (Ho, H1) € C(0,1)?,

for a continuous linear mapping go : C(0,1) — R. Consider Zom, Zim, m > 1, processes
valued in D(0,1) and Zg, Z1 two processes valued a.s. in C(0,1). Assume that the two following
distribution convergences hold (w.r.t. the Skorokhod topology and the corresponding Borel o-
field), for some positive sequence (am)m tending to infinity:

am(Zom — 00) ~ Zo;
am(Zl,m — 91) ~ Zl.

Then we have

am (H(Zo,m> Za,m) — ¢(0)) ~ go(Zo)- (85)

Proof. Classically, let us show that for any subsequence {n} there exists a further subsequence
{¢} such that (85) holds along this subsequence. For any {n}, since both processes a,(Zg,, —
o) and a,(Z1, — 61) are (Skorokhod-)tight, the joint process (an(Zon — 600), an(Z1,n — 01))
also is. Hence, by Prohorov’s theorem, there exists a further subsequence {¢} such that
(ag(Zog — 00),a¢(Zy ¢ — 61)) converges in distribution. Now applying the Skorokhod’s repre-
sentation theorem (see, e.g., Theorem 6.7 page 70 in Billingsley (1999)), there exists random
elements Ty = (To,Th¢), £ > 1, T = (Tp,T1), defined on a common probability space, such
that £L(Ty) = L (ag(Zo’g —6y), ag(ZLg —01)), L(Ty) = L(Zo), L(T1) = L(Z1) and Ty converges
a.s. to T'. Since both Ty and T} belong to C'(0, 1) (a.s.) and since any sequence of cad-lag func-
tions converging (w.r.t. to the Skorokhod distance) to a continuous function also converges
uniformly, we obtain

To.e — Tolloo + ||T1,0 — Til[oc = 0 a.s.
Hence, the Hadamard differentiability of ¢ entails:

o0+ t,Ty) — o(0)
ty

— g9(Tp) as.

for any sequence t, — 0. By taking ¢, = 1/as, we derive (85) along the subsequence {¢}, which
proves the result. O

Lemma C.3. Assume that T' satisfies (LLN-dep). Then for any h : R — R measurable such
that E|h(Z)| < oo, we have

m 1Y h(Yi) D ER(Z)], for Z ~N(0,1). (86)
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Proof. By Section 2, Assumption (LLN-dep) implies that Vt € [0, 1], F,, (¢) L, t. Since h €
LY(R,N(0,1)), for any e > 0, there is a continuous bounded function h. such that E|h(Z) —
he(Z)| < e. Moreover, by definition of the weak convergence, (86) holds for h = h. (for
instance, the convergence in probability can be seen as an a.s. convergence up to consider
subsequence). Since we have

sup { E|m™ 1Y (h(Y;) — he(Y; <supd{m ) EhY;) = h (V)] y <e,
mzpl{ ;(( ) = he( ))‘}_mﬁ{ ; [h(Y3) — he( )!}_
we can conclude by using Lemma C.4. O

The following lemma is classical, see, e.g., Theorem 4.2 in Billingsley (1968).

Lemma C.4. Forn > 1 and e > 0, let X;, X, X%, X be real random variables (X, and
XE being defined on the same probability space) and such that

(a) Ve >0, X ~» X® as n — oo;
(b) X¢~ X ase —0;
(¢) limsup,,_, . {E|X; — X,|} =0 ase — 0.

Then X, ~ X.
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