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This paper develops a new direct approach to approximating suprema of
general empirical processes by a sequence of suprema of Gaussian processes,
without taking the route of approximating whole empirical processes in the
sup-norm. We prove an abstract approximation theorem applicable to a wide
variety of statistical problems, such as construction of uniform confidence
bands for functions. Notably, the bound in the main approximation theorem
is nonasymptotic and the theorem allows for functions that index the empiri-
cal process to be unbounded and have entropy divergent with the sample size.
The proof of the approximation theorem builds on a new coupling inequal-
ity for maxima of sums of random vectors, the proof of which depends on
an effective use of Stein’s method for normal approximation, and some new
empirical process techniques. We study applications of this approximation
theorem to local and series empirical processes arising in nonparametric esti-
mation via kernel and series methods, where the classes of functions change
with the sample size and are non-Donsker. Importantly, our new technique
is able to prove the Gaussian approximation for the supremum type statistics
under weak regularity conditions, especially concerning the bandwidth and
the number of series functions, in those examples.

1. Introduction. This paper is concerned with the problem of approximating
suprema of empirical processes by a sequence of suprema of Gaussian processes.
To formulate the problem, let X1, ..., X;, be i.i.d. random variables taking values
in a measurable space (S, §) with common distribution P. Suppose that there is a
sequence JF,, of classes of measurable functions S — R, and consider the empirical
process indexed by F;;:

1 n
Guf == 2 (fXD-E[f(XD]),  feFn
Vi Z
i=1
For a moment, we implicitly assume that each F,, is “nice” enough and post-

pone the measurability issue. This paper tackles the problem of approximating
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Zy =supscr, Guf by a sequence of random variables Zn equal in distribution
to sup rcx, B f, where each B, is a centered Gaussian process indexed by
with covariance function E[B,(f)B,(g)] = Cov(f(X1), g(X1)) for all f, g € F,.
We look for conditions under which there exists a sequence of such random vari-
ables Zn with

(1) | Zy — Zu| = Op(ry),

where r, — 0 as n — o0 is a sequence of constants. These results have immediate
statistical implications; see Remark 2.5 and Section 3.

The study of asymptotic and nonasymptotic behaviors of the supremum of the
empirical process is one of the central issues in probability theory, and dates back
to the classical work of [33]. The (tractable) distributional approximation of the
supremum of the empirical process is of particular importance in mathematical
statistics. A leading example is uniform inference in nonparametric estimation,
such as construction of uniform confidence bands and specification testing in non-
parametric density and regression estimation where critical values are given by
quantiles of supremum type statistics (see, e.g., [2, 13, 25, 29, 36, 51]). Another
interesting example appears in econometrics where there is an interest in estimat-
ing a parameter that is given as the extremum of an unknown function such as a
conditional mean function. [14] proposed a precision-corrected estimate for such a
parameter. In construction of their estimate, approximation of quantiles of a supre-
mum type statistic is needed, to which the Gaussian approximation plays a crucial
role.

A related but different problem is that of approximating whole empirical pro-
cesses by a sequence of Gaussian processes in the sup-norm. This problem is more
difficult than (1). Indeed, (1) is implied if there exists a sequence of versions of B,
(which we denote by the same symbol Bj,) such that

) 1Gr — Bn”]—',, := Ssup }(Gn - Bn)f| = Op(ryp).
feFn

There is a large literature on the latter problem (2). Notably, Komlés, Major
and Tusnady [35] (henceforth, abbreviated as KMT) proved that |G, — B, || =
Oas.(n"?logn) for § = [0, 1], P = uniform distribution on [0, 1], and F =
{li0.q:t € [0, 1]}. See [41] and [5] for refinements of KMT’s result. [34, 42]
and [51] developed extensions of the KMT construction to more general classes of
functions.

The KMT construction is a powerful tool in addressing the problem (2), but
when applied to general empirical processes, it typically requires strong condi-
tions on classes of functions and distributions. For example, Rio [51] required that
Fn are uniformly bounded classes of functions having uniformly bounded vari-
ations on S = [0, 1]¢, and P has a continuous and positive Lebesgue density on
[0, 1]¢. Such conditions are essential to the KMT construction since it depends cru-
cially on the Haar approximation and binomial coupling inequalities of Tusnady.
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Note that [34] directly made an assumption on the accuracy of the Haar approx-
imation of the class of functions, but still required similar side conditions to [51]
in concrete applications; see Section 11 in [34]. [20], [1] and [53] considered the
problem of Gaussian approximation of general empirical processes with different
approaches and thereby without such side conditions. Dudley and Philipp used
a finite approximation of a (possibly uncountably) infinite class of functions and
apply a coupling inequality of [60] to the discretized empirical process (more pre-
cisely, [20] used a version of Yurinskii’s inequality proved by [18]). [1] and [53],
on the other hand, used a coupling inequality of [61] instead of Yurinskii’s and
some recent empirical process techniques such as Talagrand’s [56] concentration
inequality, which leads to refinements of Dudley and Philipp’s results in some
cases. However, the rates that [1, 18] and [53] established do not lead to tight
conditions for the Gaussian approximation in non-Donsker cases, with important
examples being the suprema of empirical processes arising in nonparametric esti-
mation, namely the suprema of local and series empirical processes (see Section 3
for detailed treatment).

We develop here a new direct approach to the problem (1), without taking the
route of approximating the whole empirical process in the sup-norm and with dif-
ferent technical tools than those used in the aforementioned papers (especially the
approach taken does not rely on the Haar expansion and hence differs from the
KMT type approximation). We prove an abstract approximation theorem (Theo-
rem 2.1) that leads to results of type (1) in several situations. The proof of the
approximation theorem builds on a number of technical tools that are of interest
in their own rights: notably, (i) a new coupling inequality for maxima of sums of
random vectors (Theorem 4.1), where Stein’s method for normal approximation
(building here on [7] and originally due to [54, 55]) plays an important role (see
also [9, 43, 50]); (ii) a deviation inequality for suprema of empirical processes that
only requires finite moments of envelope functions (Theorem 5.1), due essentially
to the recent work of [3], complemented with a new “local” maximal inequality
for the expected supremum of the empirical process that extends the work of [58]
(Theorem 5.2). We study applications of this approximation theorem to local and
series empirical processes arising in nonparametric estimation via kernel and series
methods, and demonstrate that our new technique is able to provide the Gaussian
approximation for the supremum type statistics under weak regularity conditions,
especially concerning the bandwidth and the number of series functions, in those
examples. A companion work [13] provides multiplier bootstrap methods for (ap-
proximate and valid) computation of Gaussian approximations Z, in applications
(see also Remark 3.3 below).

It is instructive to briefly summarize here the key features of the main approxi-
mation theorem. First, the theorem establishes a nonasymptotic bound between Z,,
and its Gaussian analogue Z,. The theorem requires each F;, to be pre-Gaussian
[i.e., assuming the existence of a version of B,, that is a tight Gaussian random
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variable in £°°(F,,); see below for the notation], but allows for the case where the
“complexity” of F, increases with n, which places the function classes outside any
fixed Donsker class; moreover, neither the process G, nor the supremum statistic
Z, need to be weakly convergent as n — oo (even after suitable normalization).
Second, the bound in Theorem 2.1 is able to exploit the “local” properties of the
class of functions, thereby, when applied to, say, the supremum deviation of kernel
type statistics, it leads to tight conditions on the bandwidth for the Gaussian ap-
proximation (see the discussion after Theorem 2.1 for details about these features).
Note that our bound does not rely on “smoothness” of F,,—in contrast, in [51], the
bound on the Gaussian approximation for empirical processes depends on the total
variation norm of functions. This feature is helpful in deriving good conditions on
the number of series functions for the Gaussian approximation of the supremum
deviation of projection type statistics treated in Section 3.2 since, for example, the
total variation norm is typically large or difficult to control well for such examples.
Finally, the theorem only requires finite moments of the envelope function, which
should be contrasted with [1, 34, 51, 53] where the classes of functions studied
are assumed to be uniformly bounded. Hence, the theorem is readily applicable to
a wide class of statistical problems to which the previous results are not, at least
immediately. We note here that although the bounds we derive are not the sharpest
possible in some examples, they are better than previously available bounds in
other examples, and are also of interest because of their wide applicability. In fact,
the results of this paper are already applied in our companion paper [11] and the
paper [8] by other authors.

To the best of our knowledge, [47] is the only previous work that considered
the problem of directly approximating the distribution of the supremum of the
empirical process by that of the corresponding Gaussian process. However, they
only cover the case where the class of functions is independent of n and Donsker
as the constant C in their master Theorem 2.1 is dependent on F (and how C
depends on F is not specified), and their condition (1.4) essentially excludes the
case where the “complexity” of F grows with n, which means that their results are
not applicable to the statistical problems considered in this paper (see Remark 2.5
or Lemma A.l ahead). Moreover, their approach is significantly different from
ours.

In this paper, we substantially rely on modern empirical process theory. For gen-
eral references on empirical process theory, we refer to [4, 19, 37, 59]. Section 9.5
of [19] has excellent historical remarks on the Gaussian approximation of empir-
ical processes. For textbook treatments of Yurinskii’s and KMT’s couplings, we
refer to [16] and Chapter 10 in [49].

1.1. Organization. In Section 2, we present the main approximation theorem
(Theorem 2.1). We give a proof of Theorem 2.1 in Section 6. In Section 3, we
study applications of Theorem 2.1 to local and series empirical processes arising
in nonparametric estimation. Sections 4 and 5 are devoted to developing some
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technical tools needed to prove Theorem 2.1 and its supporting Lemma 2.2. In
Section 4, we prove a new coupling inequality for maxima of sums of random
vectors, and in Section 5, we present some inequalities for empirical processes.
We put some additional technical proofs, some examples and additional results in
the appendices. Due to the page limitation, all the appendices are placed in the
supplemental material [12].

1.2. Notation. Let (2, A, IP) denote the underlying probability space. We as-
sume that the probability space (2, A, P) is rich enough, in the sense that there
exists a uniform random variable on (0, 1) defined on (€2, A, IP) independent of the
sample. For a real-valued random variable &, let | &, = (]E[|$|q])1/q, 1 <g <o0.

For two random variables & and 5, we write & 4 n if they have the same distribu-
tion.

For any probability measure QO on a measurable space (S, S), we use the nota-
tion Qf := [ fdQ. Let LP(Q), p € [1, oc], denote the space of all measurable
functions f:S — R such that || fllg,p := (Q|f1")!/P < oo where (Q|f|P)!/P
stands for the essential supremum when p = 0o. We also use the notation || f||co :=
sup,cs | f(x)|. Denote by egp the L£2(Q)-semimetric: eo(f,8e) =1f—¢gllo.o2
f.g€L2(Q).

For an arbitrary set T, let £°°(T) denote the space of all bounded functions
T — R, equipped with the uniform norm || f|7 := sup,c.r | f(¢)|. We endow
£%°(T) with the Borel o-field induced from the norm topology. A random vari-
able in £°°(T) refers to a Borel measurable map from Q to £°°(T). For & > 0,
an ¢-net of a semimetric space (7,d) is a subset T, of T such that for ev-
ery t € T there exists a point t, € Ty with d(¢,t;) < ¢. The e-covering num-
ber N(T,d,e) of T is the infimum of the cardinality of e-nets of T, that is,
N(T,d,¢) := inf{Card(T;) : T; is an e-net of T} [formally define N(T,d,0) :=
limg 0 N(T, d, €), where the right limit, possibly being infinite, exists as the map
e N(T,d,¢) is nonincreasing]. For a subset A of a semimetric space (T, d),
let A% denote the §-enlargement of A, that is, A®> = {x € T :d(x, A) < 8} where
d(x,A) =infyea d(x,y).

The standard Euclidean norm is denoted by | - |. The transpose of a vector x is
denoted by x”. We write a < b if there exists a universal constant C > 0 such that
a < Cb. Unless otherwise stated, ¢, C > 0 denote universal constants of which
the values may change from place to place. For a,b € R, we use the notation
aVvb=max{a,b}and ay =a VvO0.

Finally, for a sequence {z;}7_;, we write E,[z;] = n! "_1Zi, that is, E, ab-
breviates the symbol n=! 3" . For example, E,[f(X;))]=n"! Y| f(X;).

2. Abstract approximation theorem. Let X1,..., X, be i.i.d. random vari-
ables taking values in a measurable space (S, S) with common distribution P.
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In all what follows, we assume n > 3. Let F be a class of measurable func-
tions S — R. Here, we assume that the class F is P-centered, that is, Pf = 0,
Vf € F. This does not lose generality since otherwise we may replace F by
{f — Pf:feF}. Denote by F a measurable envelope of F, that is, F is a non-
negative measurable function S — R such that F'(x) > sup fer [ f(x)], Vx € S.

In this section, the sample size n is fixed, and hence the possible dependence of
F and F' (and other quantities) on n is dropped.

We make the following assumptions.

(A1) The class F is pointwise measurable, that is, it contains a countable subset
G such that for every f € JF there exists a sequence g, € G with g, (x) — f(x)
for every x € S.

(A2) Forsome g >2, F € LI(P).

(A3) The class F is P-pre-Gaussian, that is, there exists a tight Gaussian ran-
dom variable G p in £°°(F) with mean zero and covariance function

E[Gp(Gp(®]=P(fe) =E[f(XDg(XD] VfgeF.

Assumption (Al) is made to avoid measurability complications. See Sec-
tion 2.3.1 of [59] for further discussion. This assumption ensures that, for example,
sup e 7 Gn f = sup s Gy, f, and hence the former supremum is a measurable map
from Q2 to R. Note that by Example 1.5.10 in [59], assumption (A3) implies that
F is totally bounded for ep, and G p has sample paths almost surely uniformly
e p-continuous.

To state the main result, we prepare some notation. For ¢ > 0, define F, =
{f—g:f.geF,ep(f g) <elFl|p2} Notethat by Theorem 3.1.1 in [19], under
assumption (A3), one can extend G p to the linear hull of F in such a way that G p
has linear sample paths (recall that the linear hull of F is defined as the collection
of functions of the form Z’}l:l“jfj where o; € R, f; € F,j=1,...,m). With
this in mind, let

3) n(e) =E[IGull£ ] VE[IGpl ]
For notational convenience, let us write
@) Hy(e) =10g(N(F, ep, el Fllp2) v n).

Note that since F is totally bounded for ep [because of assumption (A3)], H,(¢)
is finite for every 0 < ¢ < 1. Moreover, write M = max|<;j<, F(X;) and F - F =
{fg:f € F, g e F}. The following is the main theorem of this paper. The proof
will be given in Section 6.

THEOREM 2.1 (Gaussian approximation to suprema of empirical processes).
Suppose that assumptions (Al), (A2) with q > 3, and (A3) are satisfied.
Let Z = supscr Gnf. Let k > 0 be any positive constant such that x> >
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IE[||E,,[|f(Xi)|3]||]:]. Then for every ¢ € (0, 1] and y € (0, 1), there exists a ran-
dom variable 7 £ sup rer Gp f such that

5 Cl
P{IZ — Z| > K (@) An(e, )} <y {1 +8u(e, )} + Zgn’

where K (q) > 0 is a constant that depends only on q, and
An(e,y) =u(e)+y Vel Fllpo+n~' Py VMl +n~ "2y 21 M|,
+n Ay TR EIG 7)) P HY () + 0oy T P HEB (6,
Sule,y) = s P{(F/x)’ L(F/k > cy ™' Pn' P H,(e)713)}.

At this point, Theorem 2.1 might seem abstract but in fact it has wide appli-
cability. We provide a general discussion of key features of the theorem in Re-
mark 2.3 below after we present bounds on the main terms in the theorem. See
also Corollary 2.2 where we apply Theorem 2.1 to VC type classes where many
simplifications of the abstract result are possible.

Recall that we have extended G p to the linear hull of F in such a way that G p
has linear sample paths. Hence,

GullF= sup Gyf, IGpllF= sup Gpf,
FEFU(=F) FeFU(=F)
where —F = {—f: f € F}, from which one can readily deduce the following
corollary. Henceforth, we only deal with sup ¢ » G, f.

COROLLARY 2.1. The conclusion of Theorem 2.1 continues to hold with Z

replaced by Z = |G, || F, 4 replaced by 4 4 |G pll 7, and with different constants
K (q), c, C where K (q) depends only on g, and c, C are universal.

Theorem 2.1 is useful only if there are suitable bounds on the following triple
of terms, appearing in its statement:

&) (&) E[|E[| £ (X)']| ] and E[IGyllF.F].

To bound these terms, the entropy method or the more general generic chaining
method [57] are useful. We will derive bounds on these terms using the entropy
method since typically it leads to readily computable bounds. However, we leave
the option of bounding the terms in (5) by other means, for example, the generic
chaining method (in some applications the latter is known to give sharper bounds
than the entropy approach).

Consider, as in [59], page 239, the (uniform) entropy integral

)
T =JG, F. F):/ sup /1 +log N(F, e, el Fllg.2) de,
)
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where the supremum is taken over all finitely discrete probability measures on
(S,S8); see [59], Sections 2.6 and 2.10.3, and [19], Chapter 4, for examples where
the uniform entropy integral can be suitably bounded. We assume the integral is
finite:

(A4) J(1,F, F) < oo.

REMARK 2.1. In applications F and F (and even §) may change with n,
that is, F = F, and F = F,. In that case, assumption (A4) is interpreted as
J(, F,, F,) < oo for each n, but it does allow for the case where J (1, F,,, F,,) —
00 as n — o0.

We first note the following (standard) fact.
LEMMA 2.1. Assumptions (A2) and (A4) imply assumption (A3).

For the sake of completeness, we verify this lemma in the supplemental mate-
rial [12]. The following lemma provides bounds on the quantities in (5). Its proof
is given in the supplemental material [12].

LEMMA 2.2 [Entropy-based bounds on the triple (5)]. Suppose that assump-
tions (A1), (A2) and (A4) are satisfied. Then for ¢ € (0, 1],

dn(e) ST @Fllpa+n12e721%(e) | M|

Moreover, suppose that assumption (A2) is satisfied with g > 4, and for k = 3, 4,
let 5i € (0, 1] be any positive constant such that S = sup pc |l fll Pk /I Fll Pk
Then

E[E[| fX)] ] = sup PIfP
feF
MY 7287, F, F>]
V183
IM|2J%(82, F, F)
J/ns}

REMARK 2.2 (On the usefulness of the above bounds). The bounds above are
designed to handle cases when the suprema of weak moments, P|f|> and Pf*, are
much smaller than the moments of the envelope function, which is the case for all
the examples studied in Section 3 where all the proofs for the results in that section
follow from application of Corollary 2.2 below, which is a direct consequence of
Theorem 2.1 and Lemma 2.2.

’

_ 3/2 3/2 3/2
<n V2 [J(63/ FUR)IFI +

E[IGullrr] S J(85. F, F)IF 54 +
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REMARK 2.3 (Key features of Theorem 2.1). Before going to the applica-
tions, we discuss the key features of Theorem 2.1. First, Theorem 2.1 does not re-
quire uniform boundedness of F, and requires only finite moments of the envelope
function. This should be contrasted with the fact that many papers working on the
Gaussian approximation of empirical processes in the sup-norm, such as [1, 34, 51,
53], required that classes of functions are uniformly bounded. There are, however,
many statistical applications where uniform boundedness of the class of functions
is too restrictive, and the generality of Theorem 2.1 in this direction will turn out to
be useful—a typical example of such an application is the problem of performing
inference on a nonparametric regression function with unbounded noise using ker-
nel and series estimation methods. One drawback is that y, which in applications
we take as y = y, — 0, is typically at most O (n~'/?), and hence Theorem 2.1 gen-
erally gives only “in probability bounds” rather than “almost sure bounds” (though
in some cases, it is possible to derive “almost sure bounds” from this theorem;
see, in particular, Appendix C of the supplemental material [12]). The second fea-
ture of Theorem 2.1 is that it is able to exploit the “local” properties of the class

of functions F. By Lemma 2.2, typically, we may take x> ~ sup rer PISf > and

E[||G, |l F.7] & sup rery P 4 (up to logarithmic in n factors). In some applica-
tions, for example, nonparametric kernel and series estimations considered in the
next section, the class /' = J, changes with n and sup sz || /1l &/l Full p,x With
k = 3, 4 decrease to 0 where F,, is an envelope function of F,,. The bound in The-
orem 2.1 (with the help of Lemma 2.2) effectively exploits this information and
leads to tight conditions on, say, the bandwidth and the number of series func-
tions for the Gaussian approximation; roughly the theorem gives bounds on the
approximation error of the form (nhff )~1/6 for kernel estimation and (K, / n)~1/6
for series estimation (up to logarithmic in n factors), where h,, — 0 is the band-
width and K,, — o¢ is the number of series functions. This feature will be clear
from the proofs for the applications in the following section.

REMARK 2.4 (An application to VC type classes). Although applications of
the general results in this section are not restricted to VC type classes, combination
of Theorem 2.1 and Lemma 2.2 will lead to a simple bound for these classes. Recall
the definition of VC type classes.

DEFINITION 2.1 (VC type class). Let F be a class of measurable functions
on a measurable space (S,S), to which a measurable envelope F is attached.
We say that F is VC type with envelope F if there are constants A, v > 0 such
that supo N(F,eg,ellFllg,2) <(A/e)? forall 0 < e < 1, where the supremum is
taken over all finitely discrete probability measures on (S, S).

Note that the definition of VC type classes allows for unbounded envelops F.
The VC type class is a wider concept than VC subgraph class ([59], Chapter 2.6).
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The VC type property is “stable” under summation, product, or more generally
Lipschitz-type transformations, making it much easier to check whether a function
class is VC type; see Lemma A.6 in the supplemental material [12].

We have the following corollary of Theorem 2.1, whose proof is given in the
supplemental material [12].

COROLLARY 2.2 (Gaussian approximation to suprema of empirical processes
indexed by VC type classes). Suppose that assumption (Al) is satisfied. In ad-
dition, suppose that the class F is VC type with an envelope F and constants
A > e and v > 1. Suppose also that for some b > o > 0, and g € [4, 0], we
have sup ;¢ r PIfI¥ <o?b* 2 fork =2,3 and |Fllpg <b.LetZ=suprcrGyf.

Then for every y € (0, 1), there exist a random variable 74 sup rer Gp f such
that

pliz—7 bK, (bo)' 2K (bo2KD)\/3
1Z - |>),1/2n1/2—1/q y1/2p1/4 y1/3,1/6

1
< C(y n ogn>’
n

where K, = cv(logn V log(Ab/o)), and c, C > 0 are constants that depend only
ongq (“1/q” is interpreted as “0” when g = 00).

REMARK 2.5 (Gaussian approximation in the Kolmogorov distance). Theo-
rem 2.1 combined with Lemma 2.2 can be used to show that the result (1) holds
for some sequence of constants r, — 0 (subject to some conditions; possible rates
of r, are problem-specific). In statistical applications, however, one is typically
interested in the result of the form (here we follow the notation used in Section 1)
(6) sup|P(Z, <t) —P(Z, <t)| =o(1), n— occ.

teR
That is, the approximation of the distribution of Z, by that of Z, in the Kol-
mogorov distance is required. To derive (6) from (1), we invoke the following
lemma.

LEMMA 2.3 (Gaussian approximation in Kolmogorov distance: Nonasymp-
totic result). Consider the setting described in the beginning of this section.
Suppose that assumptions (A1)—(A3) are satisfied, and that there exist constants
o,0 > 0 such that g2 < sz <52 for all f € F. Moreover, suppose that there
exist constants r1,ry > 0 and a random variable 4 4 Sup pe Gpf such that
P{|Z — Z| > r1} < r». Then

sup|P(Z <t) —P(Z <1)| < Cor{E[Z]+ /1 Vlog(a/r1)} + 12,

teR

where Cy is a constant depending only on o and o .
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It is now not difficult to give conditions to deduce (6) from (1). Formally, we
state the following lemma.

LEMMA 2.4 (Gaussian approximation in Kolmogorov distance: Asymptotic re-
sult). Suppose that there exists a sequence of (P-centered) classes F, of mea-
surable functions S — R satisfying assumptions (A1)—(A3) with F = F, for
each n, and that there exist constants o,0 > 0 (independent of n) such that
0?> < Pf?<é&%forall f e F,. Let Z, = sup rez, Gn f, and denote by B, a tight
Gaussian random variable in £ (F,) with mean zero and covariance function
E[B,(f)By(g)] = P(fg) for all f, g € F,,. Moreover, suppose that there exist a

sequence of random variables Zn 4 SUp rex, Buf and a sequence of constants
rn — 0 such that |Z,, — an = Op(ry) and rnE[Zn] =o0(1) as n — o0. Then as
n— 00, sup,cg [P(Z, <1) —P(Z, <1)| =o(1).

Note here that we allow the case where E[Zn] — 00. In the examples handled
in the following section, typically, we have E[Z,] = O (/logn). We note that the
companion work [13] provides multiplier bootstrap methods for uniformly con-
sistent estimation of the map ¢ — P(Z, <1)in applications (see also Remark 3.3
below).

3. Applications. This section studies applications of Theorem 2.1 and its sup-
porting Lemma 2.2 (via Corollary 2.2) to local and series empirical processes aris-
ing in nonparametric estimation via kernel and series methods. In both examples,
the classes of functions change with the sample size n and the corresponding pro-
cesses (G, do not have tight limits. Hence, regularity conditions for the Gaussian
approximation for the suprema will be of interest. All the proofs in this section,
and motivating examples for series empirical processes treated in Section 3.2, are
gathered in the supplemental material [12].

3.1. Local empirical processes. This section applies Theorem 2.1 to the supre-
mum deviation of kernel type statistics. Let (Y1, X1), ..., (¥, X;) bei.i.d. random
variables taking values in the product space ) x RY, where (), Ay) is an arbitrary
measurable space. Suppose that there is a class G of measurable functions )) — R.
Let k(-) be a kernel function on R<. By “kernel function,” we simply mean that k()
is integrable with respect to the Lebesgue measure on R? and its integral on R is
normalized to be 1, but we do not assume k(-) to be nonnegative, that is, higher
order kernels are allowed. Let &, be a sequence of positive constants such that
h, — 0 as n — oo, and let Z be an arbitrary Borel subset of R?. Consider the
kernel-type statistics

1 n
D S =—g > gk (Xi—x).  (x.g) eI xG.

ni=1
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Typically, under suitable regularity conditions, S, (x, g) will be a consistent es-
timator of E[g(Y1)|X1 = x]p(x), where p(-) denotes a Lebesgue density of the
distribution of X (assuming its existence). For example, when g = 1, S, (x, g)
will be a consistent estimator of p(x); when YV =R and g(y) =y, Sy(x, g) will
be a consistent estimator of E[Y|X| = x]p(x); and when Y =R and g(-) = 1(- <
y),y € R, S,(x, g) will be a consistent estimator of P(¥Y; < y|X; = x)p(x). In
statistical applications, it is often of interest to approximate the distribution of the
following quantity:

3 Wo= sup cu(x,g)/nhid(S,(x, g) —E[S.(x,2)]),
(x,8)€IxG

where ¢, (x, g) is a suitable normalizing constant. A typical choice of c,(x, g)

would be such that Var(m Sn(x,8)) = cnlx, g)_2 + o(1). Limit theorems
for W, are developed in [2, 17, 21, 36, 40, 51], among others.

[21] called the process g +— M (Sn(x, g) — E[S,(x, g)]) a “local” empirical
process at x (the original definition of the local empirical process in [21] is slightly
more general in that &, is replaced by a sequence of bi-measurable functions). With
a slight abuse of terminology, we also call the process (x, g) nhg(Sn (x,g) —
E[S, (x, g)]) alocal empirical process.

We consider the problem of approximating W, by a sequence of suprema of
Gaussian processes. For each n > 1, let B, be a centered Gaussian process indexed
by Z x G with covariance function

E[Ba(x, g) B (¥, §)]
©) = Iy, en(x, g)en (X, 8)
x Cov[g(YDk(h, ' (X1 —x)), g(YDk(h, (X1 — )]
It is expected that under suitable regularity conditions, there is a sequence W, of

random variables such that Wn 4 SUP(x, ¢)eZxG B,(x,g) and as n — oo, |W, —

W,| £ 0. We shall argue the validity of this approximation with explicit rates.
We make the following assumptions.

(B1) G is apointwise measurable class of functions ) — R uniformly bounded
by a constant b > 0, and is VC type with envelope = b.

(B2) k(-) is a bounded and continuous kernel function on R¢, and such that
the class of functions IC = {t > k(ht + x):h > 0,x € R?} is VC type with
envelope = | k|| o-

(B3) The distribution of X has a bounded Lebesgue density p(-) on R4,

(B4) h, — 0and log(1/h,) = O(logn) as n — oc.

(B5) Czxg :=8Up,=1SUP(y g)ezxg ICn (X, )| < 00. Moreover, for every fixed
n > 1 and for every (X, gm) € Z X G with x,, - x € Z and g,, — g € G pointwise,
Cn(Xms &m) = cn(x, g).
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We note that [46] and especially [27, 28] give general sufficient conditions under
which K is VC type.
We first assume that G is uniformly bounded, which will be relaxed later.

PROPOSITION 3.1 (Gaussian approximation to suprema of local empirical pro-
cesses: Bounded case). Suppose that assumptions (B1)—(BS5) are satisfied. Then
for every n > 1, there is a tight Gaussian random variable By, in £°°(Z x G) with
mean zero and covariance function (9), and there is a sequence W, of random

variables such that W, 2 SUP(x,g)ezxg Bn(x, g) and as n — oo,
(W, — W,| = O]p{(nhﬁ)_l/6 logn + (nhﬁ)_l/4 log>*n + (nhﬁ)_l/2 10g3/2n}.

Even when @G is not uniformly bounded, a version of Proposition 3.1 continues
to hold provided that suitable restrictions on the moments of the envelope of G are
assumed. Instead of assumption (B1), we make the following assumption.

(B1)" G is a pointwise measurable class of functions )) — R with measurable
envelope G such that E[GY(Y})] < oo for some ¢ > 4 and sup .« E[G*(Y)|X, =
x] < co. Moreover, G is VC type with envelope G.

Then we have the following proposition.

PROPOSITION 3.2 (Gaussian approximation to suprema of local empirical pro-
cesses: Unbounded case). Suppose that assumptions (B1) and (B2)—(B5) are
satisfied. Then the conclusion of Proposition 3.1 continues to hold, except for that
the speed of approximation is

Op{(nh) ™ 1ogn + (uh) ™ 10g™4 n + (n /1) 7! 10g¥2 ).

REMARK 3.1 (Discussion and comparison to other results). It is instructive to
compare Propositions 3.1 and 3.2 with implications of Theorem 1.1 of Rio [51],
which is a very sharp result on the Gaussian approximation (in the sup-norm) of
general empirical processes indexed by uniformly bounded VC type classes of
functions having locally uniformly bounded variation.

(1) Rio’s [51], Theorem 1.1 is not applicable to the case where the envelope
function G is not bounded. Hence, Proposition 3.2 is not covered by [51]. Indeed,
we are not aware of any previous result that leads to the conclusion of Propo-
sition 3.2, at least in this generality. For example, [36] considered the Gaussian
approximation of W, in the case where )V = R and g(y) = y, but also assumed
that the support of Y7 is bounded. [21] proved in their Theorem 1.1 a weak con-
vergence result for local empirical processes, which, combined with the Skorohod
representation and Lemma 4.1 ahead, implies a Gaussian approximation result for
W, even when G is not uniformly bounded (but without explicit rates); however,
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their Theorem 1.1 (and also Theorem 1.2) is tied with the single value of x, that
is, x is fixed, since both theorems assume that the “localized” probability measure,
localized at a given x, converges (in a suitable sense) to a fixed probability mea-
sure (see assumption (F.ii) in [21]). The same comment applies to [22]. In contrast,
our results apply to the case where the supremum is taken over an uncountable set
of values of x, which is relevant to statistical applications such as construction of
uniform confidence bands.

(ii) In the special case of kernel density estimation (i.e., g = 1), Rio’s The-
orem 1.1 implies (subject to some regularity conditions) that |W, — W, =
Ous A (nhHVCD [flogn + (nh?)~1/21ogn} for d > 2 (the d = 1 case is formally
excluded from [51]) but Giné and Nickl showed that the same bound can be ob-
tained for d = 1 case (the proof of Proposition 5 in [29]). Hence, Rio—Giné—Nickl’s
error rates are better than ours when d = 1, 2, 3, but ours are better when d > 4
(aside from the difference between “in probability” and almost sure bounds). An-
other approach to couplings of kernel density estimators is proposed in Neumann
[44] where the distribution of W,, is coupled to the distribution of the smoothed
bootstrap, which is then coupled to the distribution of the empirical bootstrap.
Neumann’s Theorem 3.2 implies that one can construct a sequence Xy, ..., Xj, its
copy Xi,...,X,, and empirical bootstrap sample X7, ..., X from X1, ..., Xn
so that if we define W, by (7) and (8) with X1, ..., X,, replaced by X7, ..., X},
then |W, — W¥| = Op((nhg)~"/?+D (logn)“+4/2C+d)) Thus, Neumann’s er-
ror rates of (empirical bootstrap) approximation are better than our error rates of
(Gaussian) approximation when d < 4 but ours are better when d > 5. Also we
note that Neumann’s approach requires similar side conditions as those of Rio’s
approach, is tied with kernel density estimation and not as general as ours.

(iii) Consider, as a second example, kernel regression estimation [i.e., J =R
and g(y) = y]. In order to formally apply Rio’s Theorem 1.1 to this exam-
ple, we need to assume that, for example, (Y1, X1) is generated in such a way
that (Y1, X1) = (h(U, X1), X1) where the joint distribution of (U, X1) has sup-
port [0, 119! with continuous and positive Lebesgue density on [0, 1]19F!, and
h is a function [0, 1]9t! — R which is bounded and of bounded variation (e.g.,
let F, Y_l |1X1 (-]x) denote the quantile function of the conditional distribution of Y|
given X1 = x and take U uniformly distributed on (0, 1) independent of X; then

(Y1, X1) 4 (FY_”]X1 (U|X1), X1), but for the above condition to be met, we need

to assume that FY_1 |1X1 (u|x) is (bounded and) of bounded variation as a function
of u and x, which is not a typical assumption in estimation of the conditional
mean). Subject to such side conditions, Rio’s Theorem 1.1 leads to the following
error rate: | W, — W, | = Oy {(n¥ @D pd)y=1/CD Jlogn + (nh?)~1/2logn}. See,
for example, [14], Theorem 8. In contrast, Propositions 3.1 and 3.2 do not require
such side conditions. Moreover, aside from the difference between “in probabil-
ity” and almost sure bounds, as long as h, = O(n~%) for some a > 0, our error
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rates are always better when d > 2. When d = 1, our rate is better as long as
nhﬁ /log®n — 0 (and vice versa) where ¢ > 0 is some constant.

REMARK 3.2 (Converting coupling to convergence in Kolmogorov distance).
By Remark 2.5, we can convert the results in Propositions 3.1 and 3.2 into conver-
gence of the Kolmogorov distance between the distributions of W,, and its Gaus-
sian analogue W,,. In fact, under either the assumptions of Proposition 3.1 or 3.2,
by Dudley’s inequality for Gaussian processes [59], Corollary 2.2.8, it is not dif-
ficult to deduce that E[Wn] = O(4/logn). Hence, if moreover there exists a con-

stant ¢ > 0 (independent of »n) such that Var(c, (x, g), /nthn (x,8) > o2 for all
(x, g) € T x G [giving primitive regularity conditions for this assumption is a stan-
dard task; note also that under either the assumptions of Proposition 3.1 or 3.2,
Var(c, (x, g),/nh,”fS,1 (x, g)) is bounded from above uniformly in (x, g) € Z x G],
we have
|W,, — W, | =op(log™"/?n) == sup|P(W, <1) —P(W, <1)| =o(l).
teR

Note that |W,, — Wnl = 0]}»(log_1/2 n) (i) if nhﬂ/logcn — oo under the assump-
tions of Proposition 3.1, and (ii) if n(1=2/4 )hﬁ /log€n — oo under the assumptions
of Proposition 3.2, where ¢ > 0 is some constant. These conditions on the band-
width £, are mild, and interestingly they essentially coincide with the conditions

on the bandwidth used in establishing exact rates of uniform strong consistency of
kernel type estimators in [23, 24].

REMARK 3.3 (Constructing under-smoothed uniform bands). The results in
Propositions 3.1 and 3.2 are useful for constructing one- and two-sided uniform
confidence bands for various nonparametric functions, such as density and con-
ditional mean, estimated via kernel methods. For concreteness, consider a ker-
nel density estimator Sy, (x) = S,(x, g) defined in (7) with g = 1. Let 0,,(x) =
,/Var(§n(x)), and define W,, as in (8) with ¢, (x, g) = 1/(an(x),/nh,‘f). Also de-
fine C,,(x) = [§n (x) — c(@)oy, (x), 00) where c() is a constant specified later with
o € (0, 1) a confidence level. Assume that the bandwidth #,, is chosen in such a
way that

ELS, (0] = p(o)] _
x€Z on(x)

Conditions like (10) are typically referred to as under-smoothing (see [29],
page 1130 for related discussion). Then

P(p(x) € Ca(x),¥x € T) < P(W, < c(a) +o(log™"/*n))
(v =P(W, < c(@) +o(log™"/*n)) + o(1)
= P(W, < c(@)) + o(1),

(10) o(log='/% ).
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and likewise P(p(x) € Cy(x), Vx € T) > IF’(W,, < c¢(a)) — o(1), under the condi-
tions specified in Remark 3.2 where W,, is defined in Proposition 3.1. Here, the last
equality in (11) follows from the anticoncentration inequality for Gaussian pro-
cesses (see Lemma A.1 in the supplemental material [12]) together with the fact
that E[Wn] = O(+/logn). Hence, C,(-) is a one-sided uniform confidence band of
level o if we set c(«) to be the (1 — «)-quantile of the distribution of Wn, which
in turn can be estimated via a bootstrap procedure; see our companion paper [13].
Another way is to use a bound on the (1 — «)-quantile of W, using sharp deviation
inequalities available to Gaussian processes, which leads to analytic construction
of confidence bands; see, for example, [14] for this approach. In some applica-
tions, the distribution of the approximating Gaussian process is completely known,
and in that case the distribution of Wn can be simulated via a direct Monte Carlo
method; see [52] for such examples. Finally, we mention that there are alternative,
yet more conservative, approaches on construction of confidence bands based on
nonasymptotic concentration inequalities (and not on Gaussian approximation);
see [39] and [32].

3.2. Series empirical processes. Here, we consider the following problem. Let
1, X1), ..., (nn, X)) beii.d. random variables taking values in the product space
E x R?, where (£, Ag) is an arbitrary measurable space. Suppose that the support
of X is normalized to be [0, l]d , and for each K > 1, there are K basis functions
VK1,..., VK .k defined on [0, 117, Let X (x) = (k.1 (%), ..., vk .k (x)T. Ex-
amples of such basis functions are Fourier series, splines, Cohen—Daubechies—Vial
(CDV) wavelet bases [15], Hermite polynomials and so on. Let K,, be a sequence
of positive constants such that K,, — oo as n — 00. Let G be a class of measurable
functions £ — R such that E[g2(51)] < oo and E[g(571)|X1] =0 a.s. forall g € G,
and let Z be an arbitrary Borel measurable subset of [0, 1]¢. Suppose that there are
sequences of K, x K, matrices A1,(g) and Ay, (g) indexed by g € G. We assume
that smin(A2,(g)) > 0 for all g € G. In what follows, we let spin(A) and spax(A)
denote the minimum and maximum singular values of a matrix A, respectively.
Consider the following empirical process:

Ki)T AT [ 1 ¢
ITAzn()(Z)IﬂII("Ei; {ﬁ ;g(ni)WK"(Xi)}, xeZl, geg,

which we shall call the “series empirical process” (we shall formally follow the
convention 0/0 = 0). The problem here is the Gaussian approximation of the
supremum of this series empirical process:

Su(x, 8) =

Wyp:i= sup Sy(x,g).
(x,8)€IxG

We address this problem in what follows. The study of distributional approxima-
tion of this statistic is motivated by inference problems for functions using series
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(or sieve) estimation. See Examples B.1 and B.2 in the supplemental material [12]
for concrete examples, coming from nonparametric conditional mean and quantile
estimation using the series method. These examples explain and motivate various
forms of S, arising in mathematical statistics.

Returning to the general setting, let B, be a centered Gaussian process indexed
by Z x G with covariance function

= o, (x, ) E[gn) g )y K (X D)y K (X )T e (£, £),

where o, (x, g) = Aln(g)wK" (x)/|A2n (g)wK” (x)|. It is expected that under suit-
able regularity conditions, there is a sequence W, of random variables such that

(12)

~ ~

W, 4 SUD (¢, g)eTxG B, (x, g) and as n — oo, |W,, — W,,| LP; 0. We shall establish

the validity of this approximation with explicit rates.
We make the following assumptions.

(C1) G is a pointwise measurable VC type class of functions £ — R with mea-
surable envelope G such that E[gz(m)] < oo and E[g(n1)|X(] =0 a.s. for all
geq.

(C2) There exist some constants ¢y, C1 > 0 such that syax(A2,(g)) < C; and
Smin(A2,(g)) >cy forallge Gandn > 1.

(C3) & 1= supycio. 1) | K7 (x)| vV 1 < 0o and there exists a constant C5 > 0

such that smax B[y X (X)X (X1)T]) < C5 for all n > 1. The map (x, g) —
AL ()UK (x) /| A2 ()Y K (x)| =: au(x, g) is Lipschitz continuous with Lips-
chitz constant < L, (> 1) in the following sense:

| (x, 8) — an (%, 8)| < La{lx — X1 + (E[(g(m) — 2(n)*]) /),

(13)
Vx,X €[0,11¢, Vg, 8 €G.

Here, &, and L,, are allowed to diverge as n — oo.
(C4) logé&, = O(logn) and log L,, = O(logn) as n — oo.

For many commonly used basis functions such as Fourier series, splines and
CDV wavelet bases, &, = O(y/K,) as n — oo; see, for example, [30] and [45].
The Lipschitz condition (13) is satisfied if inf, o ¢ %57 (x)| = c2 > 0, [y % (x) —
YR @) < Liglx — %], and [A1,(8) — At llop V 1A24(8) — A2u(D)lop <
Lo, (E[(g(n1) — g(m))z])l/z, where ¢, > 0 is a fixed constant and Ly, Ly, are
sequences of constants possibly divergent as n — oo (|| Al|p denotes the operator
norm of a matrix A). Then (13) is satisfied with L, = O(L1, V L2,). Assump-
tion (C4) states mild growth restrictions on K,, and L,,, and is usually satisfied.

PROPOSITION 3.3 (Gaussian approximation to suprema of series empirical
processes). Suppose that assumptions (C1)—(C4) are satisfied. Moreover, sup-
pose either (1) G is bounded (i.e., |Gl < 00), or (ii) E[G?(n1)] < oo for some
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q >4 and SUP, (0,17 E[G4(n1)|X1 = x] < 00. Then for every n > 1, there is a
tight Gaussian random variable B, in £°°(Z x G) with mean zero and covari-
ance function (12), and there exists a sequence W, of random variables such that

~

d
W, = SUD(x,g)eTxG B, (x,g)and asn — oo,

Op{n~"/%, * logn

L~ l4gl? log™*n +n=12g,10g’/% n}, (1),
O]Ip{n_]/éé,:/3 logn

+n~VAE) 2 1og3 /4 n + n=1/2+1/ag, 10g3/2 n}, (ii).

| Wy, — W, | =

REMARK 3.4 (Discussion and comparisons with other approximations). Pro-
position 3.3 is a new result, and its principal attractive feature is the weak require-
ment on the number of series functions K, [recall that, e.g., for Fourier series,
splines, and CDV wavelet bases, we have &, = O(+/K,)]. Another approach to
deduce a result similar to Proposition 3.3 is to apply Yurinskii’s coupling (see
Theorem 4.2 ahead) to random vectors g(n;)¥ X7 (X;), which, however, requires a

rather stringent restriction on K, namely K ,? /n — 0, for ensuring |W,, — Wl £o
even in the simplest case where £ =R and g(n) = . See, for example, [14], The-
orem 7. Moreover, the use of Rio’s [51], Theorem 1.1 here is not effective since
the total variation bound is large or difficult to control well in this example, which
results in restrictive conditions on K, (also Rio’s [51], Theorem 1.1 does not cover
case (ii) where G may not be bounded).

REMARK 3.5 (Converting coupling to convergence in Kolmogorov distance).
As before, we can convert the results in Proposition 3.3 into convergence of
the Kolmogorov distance between the distributions of W, and its Gaussian ana-
logue W,. Suppose that &, = O(+/K,). By Dudley’s inequality for Gaussian pro-
cesses ([59], Corollary 2.2.8), it is not difficult to deduce that E[Wn] = O (y/logn)
under the assumptions of Proposition 3.3. Hence, if moreover there exists a con-
stant o > O (independent of n) such that Var(S, (x, g)) > o2 for all (x, g)elxg,
by Lemma 2.4, we have

\W,, — Wo| =op(log™"?n) = sup|P(W, <t) —P(W, <1)|=o(l).
teR
Note that |W, — W,| = op(log~"/?n) if K,(logn)‘/n — 0 in case (i) and if
K, (logn)¢/ n'=2/4 — 0 in case (ii), where ¢ > 0 is some constant. These require-

ments on K, are mild, in view of the fact that at least K,,/n — 0 is needed for
consistency (in the L?-norm) of the series estimator (see [31]).

REMARK 3.6 (Constructing under-smoothed uniform confidence bands). Re-
sults in Proposition 3.3 can be used for constructing one- and two-sided uniform
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confidence bands for various nonparametric functions, such as density, conditional
mean and conditional quantile, estimated via series methods following the same
arguments as those described in Remark 3.3 above.

4. A coupling inequality for maxima of sums of random vectors. The main
ingredient in the proof of Theorem 2.1 is a new coupling inequality for maxima of

sums of random vectors, which is stated below.

THEOREM 4.1 (A coupling inequality for maxima of sums of random vectors).

Let X1, ..., Xy be independent random vectors in RP with mean zero and finite
absolute third moments, that is, E[X;;] =0 and ]E[lXij|3] <ooforalll <i<n
and 1 < j < p. Consider the statistic Z = maxi<j<p Z?zl Xij. LetYy,...,Y, be

independent random vectors in RP with Y; ~ N (0, E[X; XiT]), 1 <i <n. Then for

every B > 0and § > 1/, there exists a random variable 74 maxi<j<p > i1 Yij
such that

e+ CBS~YBi + B(By + 33)}
1—¢

P(1Z — Z| > 28" log p + 35) <

where € = gg 5 is given by

(14) e=,Je?(l+a)<l, a=p%2-1>0,

and

n

B = E|:1§n},?<)ép ;(X,-J-X,-k — E[X;;j Xix])

By = [max Z|X,,| }

1<j<p:

ZE[ max [X;;]? - (ma§p|x,-j| >,3—1/2)].

1<j<
i=1 =J=p

A different, though related, Gaussian approximation inequality was obtained in
Theorem 2.1 of [10] with different techniques. We have chosen to present a new
theorem here because (1) it is based on the Stein’s exchangeable pairs technique,
which is well understood in the literature, and our theorem might be helpful for
deriving further results in the future; (2) applying Theorem 2.1 of [10] here would
require solving a complicated optimization problem to find the best bound for the
coupling problem; and (3) our new theorem does not require truncating normal
random vectors, allowing us to avoid an additional layer of complication in the
final application to empirical processes.

The following corollary is useful for many applications. Recall n > 3.
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COROLLARY 4.1 (An applied coupling inequality for maxima of sums of ran-
dom vectors). Consider the same setup as in Theorem 4.1. Then for every § > 0,

there exists a random variable 7 maxi<j<p > iy Yij such that
P(1Z — Z| > 165)
15)
2 —1 logn
S8 B +8 (B2+ By)log(p Vvn)llog(pVvn)+ —

where By and B> are as in Theorem 4.1, and

n
_ R !
B4—;E[lr£?§plx,,| 1(12?§p|xu| > 8/log(p v m)]

PROOF. In Theorem 4.1, take 8 = 287" log(p V n). Then a = B28% — 1 =
4log2(p vn)—1>2log(pVvn)(recalln >3 > e),sothat e <2log(pVvn)/(pV
n) < 2n~!'logn. This completes the proof. [

Theorem 4.1 is a coupling inequality similar in nature to Yurinskii’s [60] cou-
pling for sums of random vectors (as opposed to the maxima of such vectors as
in the current theorem). Before proving Theorem 4.1, let us first recall Yurinskii’s
coupling inequality.

THEOREM 4.2 (Yurinskii’s coupling for sums of random vectors; [60]; see
also [38]). Consider the same setup as in Theorem 4.1. Let S,, = Z?:l X;. Then

for every § > 0, there exists a random vector T, 4 Y"1 Yi such that
log(1/B
(1S, — Tp| > 38) < 30(1 + M),
p
where By = p§~—3 pIy E[1X;3].

For the proof, see [49], Section 10.4. Because of the general fact that
maxj<;<y x| < |x| for x € R?, one has
| max (8,); = max (T,);| < max [(Sy = To);| < 1Sy — Tal.
I<j<p l<j<n 1<j<p

Hence, if we take Z = maxi<;<p(Ty);,

(16) P(IZ—Z|>38)§BO<1+M>.

4

Unfortunately, when p is large, the right-hand side needs not be small. This is
because B is proportional to }_7_; E[|X; 1] and this quantity may be larger than
what we want.
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To better understand the difference between (15) and (16), consider the situa-
tion where p is indexed by n and p = p, — oo as n — oco. Moreover, consider
the simple case where X;; = xij/ﬁ and |x;j| < b (x;; are random; b is a fixed
constant). Then By = O(n~'/2 logl/2 Pn), B> + By = O(n~'/?). The former es-
timate is deduced from the fact that, using the symmetrization and the maximal
inequality for Rademacher averages conditional on X1, ..., X,, (use [59], Lem-

mas 2.2.2 and 2.2.7), one has By < +/log(1 + p)E[max;<;<,(>"7_, X?j)l/z]. On

the other hand, p, >/, |X,~|3 = O(n_l/zpi/z). Therefore, to make |Z — Z| E) 0,
the former (15) allows p, to be of an exponential order [p, can be as large as
log p, = 0(n1/4); hence, for example, p, can be of order " for0 <o < 1/4],
while the latter (16) restricts p, to be p, = o(n'/?). Note that, under the expo-
nential moment condition, instead of Yurinskii’s coupling, we can use Zaitsev’s
coupling inequality ([61], Theorem 1.1) but it still requires p, = o(n'/?) to de-

duce that |Z — Z| £ 0 (although by using Zaitsev’s coupling, we indeed have an
exponential type inequality for |Z — Z]).

REMARK 4.1 (Connection to Theorem 2.1). The importance of Theorem 4.1
in the context of the proof of Theorem 2.1 is described as follows. In the proof
of Theorem 2.1, we make a finite approximation of F by a minimal €| F|| p 2-net
of (F, ep) and apply Theorem 4.1 to the “discretized” empirical process; hence
in this application, p = N(F, ep, €| F| p,2). The fact that Theorem 4.1 allows for
“large” p means that a “finer” discretization is possible, and as a result, the bound
in Theorem 2.1 depends on the covering number N (F, ep, || F| p 2) only through
its logarithm: log N (F, ep, el F||p.2).

We will use a version of Strassen’s theorem to prove Theorem 4.1. We state it for
the reader’s convenience. The proof of this result can be found in the supplemental
material [12].

LEMMA 4.1 (An implication of Strassen’s theorem). Let u and v be Borel
probability measures on R, and let V be a random variable defined on a prob-
ability space (2, A, P) with distribution w. Suppose that the probability space
(R, A, P) admits a uniform random variable on (0, 1) independent of V. Let & > 0
and § > 0 be two positive constants. Then there exists a random variable W, de-
fined on (2, A, P), with distribution v such that P(|V — W| > §) < ¢ if and only if
w(A) <v(A%) + & for every Borel subset A of R.

PROOF OF THEOREM 4.1.  For notational convenience, write eg = B~ 'log p.
Construct Y7, ..., Y, independent of X1, ..., X;,. By Lemma 4.1, the conclusion
follows if we can prove that for every Borel subset A of R,
e+ CBS~{B1 + B(By + B3)}

l—¢ ’

P(Z € A) <P(Z* e A%130) 4
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where Z* := maxj<j<p, Y, Y;;. Let S, = Y7_, X; and T, = Y7, ¥;. Fix any
Borel subset A of R. We divide the proof into several steps.

Step 1. We approximate the nonsmooth map x +— ls(maxi<j<,x;) by a
smooth function. The first step is to approximate the map x — maxj<;<px;
by a smooth function. Consider the function Fg:R?” — R defined by Fg(x) =
B! log(Zle eP¥i), which gives a smooth approximation of max< j<pXj; this
function arises in definition of free energy in spin glasses [48]. Indeed, an elemen-

tary calculation gives the following inequality: for every x = (x1,...,x ,,)T eR?,
(17) max x; < Fg(x) < max x; —|—,8_1 log p.
l<j=p l=j=<p

See [6]. Hence, we have
P(Z € A) <P(Fg(Sp) € A%) =E[1 45 (Fﬂ(Sn))].

Step 2. The next step is to approximate the indicator function ¢ > 14(¢) by a
smooth function. This step is rather standard.

LEMMA 4.2. Let B > 0 and 6 > 1/B. For every Borel subset A of R,
there exists a smooth function g:R — R such that |g'llcc < 871, 1g" lco <
CS~", 118" oo < CA?6", and

(1—e)la)<glt)<e+(1—e)l () vVt e R,
where € = gg 5 is given by (14).

PROOF. The proof is due to [49], Lemma 10.18 (page 248). Let p(-, -) denote
the Euclidean distance on R. Then consider the function i (¢) = (1 — p(z, A%) /6)+.
Note that & is Lipschitz continuous with Lipschitz constant < §~!. Construct a
smooth approximation of A (t) by

B / —(1/2)B(s—1)? ! —1 ) ,—~(1/2)2
t)=—— [ h(s)e s”ds:—/ht—k 2)e” 127 gz,
s == | 1) T Je AT
Then the map ¢ +— g(¢) is infinitely differentiable, and
I8 =07"  lg"l=CB7 . 8" = CB%.

The rest of the proof is the same as [49], Lemma 10.18 and is omitted. [

Apply Lemma 4.2 to A = A® to construct a suitable function g. Then

E[1 40 (Fp(Sp))] < (1 — &) 'E[g 0 F5(Sw)]-

Step 3. The next step uses Stein’s method to compare E[g o Fg(S,)] and E[g o
Fg(T,)]. The following argument is inspired by [7], Theorem 7. We first make
some complimentary computations. Here, for a smooth function f:R?” — R, we
use the notation d; f(x) = df (x)/9x;j, 0j Ok f (x) = 82f(x)/8x]~ dxy, and so on.
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LEMMA 4.3. Let B > 0. For every g € C3(R),

P
(18) Y 18j3k(g o Fp) )| =< ¢ +2[8 |08
jk=1

p
(19) > 100 ai(g o Fp))] < 18" [l + 68" [ B +6lg'[ o 8
k=1

Moreover, let Uy (x) := sup{|d; % d;(g o Fg)(x + y)|:y e RP, |y;| < p71, 1 <
Vj < p}. Then

P
(20) Y Um0 =C(lg" oo + l&" 1B + 1€’ 8-
k=1

PROOF. Letdjr =1 (j =k). A direct calculation gives

0jFp(x)=7;(),  0jFp(x) =Pwjx(x), ;0% yFp(x) =gt (x),
where
P
ﬂj(x)=€ﬁxf/ze’3x", Wk (x) = (8 — mwjme)(x),
k=1
qjki(x) = (7Tj3j15jk — 78k — 7 (81 + Skr) + anzrkm)(x).
By these expressions, we have
p p p
() =0, Y mix)=1, > wir(o)] <2, > lgju)] <6.
j=1 jk=1 jk =1

Inequalities (18) and (19) follow from these relations and the following computa-
tion:

dj(go Fp)(x) = (g o Fg)(x)m;(x),
dj 0k(g o Fg)(x) = (g" 0 Fp) (x)7; (x)mi(x) + (&' 0 Fg)(x)Bw,x (x),
j O 9(g 0 Fp)(x) = (8" o Fp)(x)7r; (x) g (x)717(x)
+ (g" 0 Fp)(x) B(wjx (x)m;(x) + w s (x) g (x)
+ wir (X)7 (%))
+ (g 0 Fp)(x)Bqjua (x).

For the last inequality (20), it is standard to see that whenever |y;| < /3_1, 1<
Vj<p,wehaver;(x +y) < e’m j(x), from which the desired inequality follows.
O
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Fori=1,...,n, let Xl’- be an independent copy of X;. Let I be a uniform

random variable on {1, ..., n} independent of all the other variables. Define S, :=
Sp — X1+ X).For A e R,

T ¢’ T T v/
[J_AS ZEJ_A(S;zX)][J_AX]

1

= S [T xRl
i i
n
= [T E[eY~™ %]
i=1
= E[e*/__MTS”].
Hence, S, £ S,,. Also with X" = {X . ..., X,},
(21) E[S, — S| X!]=E[X) — X;|X}]=—n"'S,,
and

E[(S, — $2)(Sy, — 8a)" IX{] = E[(X] — X1)(X] = X1)" 1X{]
=§imu&wmw—nﬂw1
(22) = —Z T+ x:xT)
:—ZEXX + - Z (x;xI —E[x;x7))

2
== ZE[XiX,.T] +n7ly,
n j —

where V is the p x p matrix defined by V = (Vj)i<jr<p = >r (XiXT —
E[X; X]]).
For notational convenience, write f = g o Fg. Consider

11
ho = [ S ELFWix +VT=1T,) - £(T,) ) dr

Then Lemma 1 of [43] implies

p p n
D xj0ih(x) = > Y EIXij Xl 0j dkh(x) = f(x) —E[f(Tw)],

j=1 jk=li=1
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and especially

p

E[f(S)] —E[f(T)] = E[Z > X ajh(sn)]
j=li=1
(23)

14 n
—IE[ > Y EIXijXil0; akh(sn)].

jok=1i=1

Denote by Vi(x) and Hess h(x) the gradient vector and the Hessian matrix of
h(x), respectively. Let

R=h(S.) —h(Sp) — (S, — Sp) V(S
— 278! — 8,)" (Hess h(S,)) (S, — Su).-
Then one has
0=nE[h(S]) —h(S)] (asS,<S,)
=nE[(S, — $,) Vh(S,) +271(S, — S,)" (Hess h(S,)) (S, — Sp) + R]
= nE[E[(S, — S,)" |XT]VA(S,)
+ 27" Tr((Hess h(S))E[(S, — Sp) (S, — Su)"1X7]) + R]

=IE[— Xp: ; X, 0h(Sy) + Xp: anﬂ-z[x,jxik] 9; akh(sn)]

j=1i=I jk=1li=1

1 14
+E[§ > Vikd; akh(Sn)+nR:| (by (21) and (22))
k=1

=-E[fS)]+E[f(T)] + EB jél Vik 0 0xh(S,) + nR] (by (23))
that is, |

E[£(Sn)] = E[£(T,)] :EB él Vit d; 0h(S) —l—nR:|.
Using Lemma 4.3, one has |

p
< max |V; 0 oph(S,
_1§j,k);p| .1k|j§::1’ j Ok (n)’

p
> Vikd; 0kh(Sp)
jk=1

<Cps™ max [Viel,
I<j.k=p
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and with A; := (A1, ..., A,'p)T = Xz{ — X,
1 n
[E[nR]| —‘ [EZ AijAirAir(1 = 0) 3 0 dh(S, —i—@Ai)”
i=1j,k,I=1
(24) (6 ~ U (0, 1) independent of all the other variables)

n p
[Z > |Ai,~AikAil|-|a,~akazh<sn+em)l}.
i=1j,k,l=1

Let x; = 1(maxj<j<, |Ajj| < B ~1) and x{ :=1— xi. Then

[Zx, }+ E[le } —[(A) + B)].

(24) =

\S) |

Observe that

n
(A) < E[} ]; 1 llgaf i ]9 0k h(Sy +0A)|) x 151},1/3’1‘51;; |AiinkAil|}

< CﬁZS_IE l<rjn]?)l(<pZ|A,jA,kA,l|:| (by (20))

B n
< CB*'E| max Z|A,~,~|3]

<CB*'E| max Z|X,J|] CB%57 ' By,
P
and

(B) < CB28~ IZE[X, max |A,j|] (by (19))
i=1

20—1 c 3
<Cp~$ ;E[Xi 1rSnjanp|X,J| ] (by symmetry).
1=

As xf < l(maxi<j<p | X;j| > B1/2)+ I(maxi<j<p |lej| > B~1/2), we have

E[X, max |Xj;] ] < E[ max |X;;]3 - 1( max |X;j| > ﬁ‘1/2>]
25) I<j<p l<j=<p l<j=p
3 -1
+E|:1I<nja<xp|Xl]| ] <1r;a;(p|xtj| > B /2)
We here recall Chebyshev’s association inequalities stated in the following lemma.
For a proof, see, for example, Theorem 2.14 in [4].
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LEMMA 4.4 (Chebyshev’s association inequalities). Let ¢ and ¥ be functions
defined on an interval T in R, and let £ be a random variable such that P(§ €

7) = 1. Suppose that E[|¢(§)]] < oo, E[|¥(§)[] < 0o and E[|e(§)y(§)]] < oo.
Then Cov(p(§), v (€)) > 0 if ¢ and v are monotone in the same direction, and
Cov(p(&), v (§)) <0 if ¢ and  are monotone in the opposite direction.

Since the maps t — Pandr— 1(r > ,3_1 /2) are nondecreasing on [0, 00), the
second term on the right-hand side of (25) is not larger than the first term. Hence,

n
2¢—1 3. . -1
(B) < CB2% ;E[lgjagp X451 1(lr§n]a§xp 1Xij1 > 57'/2)]

= CB%*s ' Bs.
Therefore, we conclude that
[ELf(S0)] = E[f(T)]| < CBS™'{B1 + (B2 + B3)}.
Step 4. Combining steps 1-3, one has

CBS~ (B + (B> + B3)}
1—¢

P(Z € A) < (1 — &) 'E[g o Fg(T,)] +

e+ CBS~'{B1 + B(B2 + B3))

< P(Fg(T,) € A%+3) 4 .
— &

(by construction of g)

e+ CBS~{B) + B(By + B3)}
1—¢

<P(Z* € A%rT3) 4 (by (17)).

This completes the proof. [J

5. Inequalities for empirical processes. In this section, we shall present
some inequalities for empirical processes that will be used in the proofs of The-
orem 2.1 and Lemma 2.2. These inequalities are of interest in their own rights.
Consider the same setup as in Section 2, that is, let X, ..., X,, be i.i.d. random
variables taking values in a measurable space (S, §) with common distribution P.
Let F be a pointwise measurable class of functions § — R, to which a measur-
able envelope F is attached. In this section, however, we do not assume that F
is P-centered. Consider the empirical process G, f =n~!/? (X)) — Pf).
Let 02 > 0 be any positive constant such that SUp e r sz <o?< ||F||%3,2. Let
M = maxi<j<pn F(X,‘).

THEOREM 5.1 (A useful deviation inequality for suprema of empirical pro-
cesses). Suppose that F € L1(P) for some q > 2. Then for every t > 1, with
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probability > 1 —t=4/2,
1Gullx < (1 + )E[| Gyl 7]
+ K@ +n P IMI)VE+a T P M ] Ya >0,

where K (q) > 0 is a constant depending only on q.

PROOF. The theorem essentially follows from [3], Theorem 12, which states
that

[(IGal 7 = E[IGl 7)) ], S VE(E +0) +gn ' 2(IM]ly +0),
where =2 =E[||n~! LX) - Pf)2||f]. By Lemma 7 of the same paper,
2% <o? +64n" 2| M|2E[||G, | 7] 4+ 3207 [ M5
Hence, using the simple inequality 2+/ab < Ba + B~ 'b, VB > 0, one has
[(IGal 7 = BlIGa 7)) ], S VaBEIGAlIF] + va(1+ B~ )n™ 2 1M
+ V4o +qn” 2 (IMllg + o).
Therefore, by Markov’s inequality, for every ¢ > 1, with probability > 1 —¢79,
IGull7 < E[IGullz] + (I1Gallr — E[IGall])
< (14 CygBOE[IGull 7] + C/q(1+ B~ )n~ 2 M]|at
+Cyqot+Cqn 2(|M|, +0)t  VB>O.
The final conclusion follows from taking 8 = C "¢~/ la. O
The proof of Lemma 2.2 relies on the following moment inequality for suprema
of empirical processes, which is an extension of [58], Theorem 2.1, to possibly
unbounded classes of functions (Theorem 3.1 of [58] derives a moment inequality
applicable to the case where the envelope F has ¢ > 4 moments, but the form of
the inequality in Theorem 5.2 is more convenient in our applications; note that
Theorem 5.2 only requires F € £>(P), as opposed to F € £4(P) with ¢ > 4 in

Theorem 3.1 of [58], and Theorem 5.2 is not covered by [58]). Recall the uniform
entropy integral J (8, F, F).

THEOREM 5.2 (A useful maximal inequality). Suppose that F € L>(P). Let
d=0/||F|lp2- Then

|M2J?(, F, F)

E(G, <JGS,F,F|F
1G] S 6. F PFlp2+ 55
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In the supplemental material [12], we give a full proof of Theorem 5.2 for the
sake of completeness, although the proof is essentially similar to the proof of The-
orem 2.1 in [58].

The bound in Theorem 5.2 will be explicit as soon as a suitable bound on the
covering number is available. For example, the following corollary is an exten-
sion of [26], Proposition 2.1. For its proof, see Appendix A.5 (supplemental mate-
rial [12]).

COROLLARY 5.1 (Maximal inequality specialized to VC type classes). Con-
sider the same setup as in Theorem 5.2. Suppose that there exist constants A > e
and v > 1 such that sup N(F,eg,ellFllo2) <(A/e)",0 < Ve <1.Then

E[HGnHI]SJ\/vozlog( 1Plrz) P02 g (A Ir2),
o NG o

6. Proof of Theorem 2.1. We make use of Lemma 4.1 to prove the the-
orem. Construct a tight Gaussian random variable G p in £°°(F) given in as-
sumption (A3), independent of X1,..., X,,. We note that one can extend G p to
the linear hull of F in such a way that G p has linear sample paths (see [19],
Theorem 3.1.1). Let {f1,..., fx} be a minimal €| F| p2-net of (F,ep) with
N = N(F,ep,¢||F|p2). Then for every f € F, there exists a function f;,1 <
J <N suchthatep(f, fj) <e||F|lp2. Recall /e ={f —g:f, g€ F,ep(f. 8 <
¢||F|lp,2} and define

Zf = max G, f;, Z*=sup Gpf, 7*¢ — max Gpf:.
T Cn supGrt X, Gl

Observe that |Z — Z%| < |G, ||, and |Z*¢ — Z*| < |G p| £..
We shall apply Corollary 4.1 to Z¢. Recall that log(N Vv n) = H,(¢). Then for
every Borel subset A of R and § > 0,

P(Zf € A) —P(Z* € A'®)
<87HB1+ 8 (B2 + By)Hu(e)} Hu(e) +n~ ' logn,

|

where

n

> (5 (X0 fe(Xi) — P(f; fo))

B = n_lE[ max
i=1

1<j.k=N

n
_ ,—3/2 (v Al3
By=n E[lgﬁxN;{mxln }

By =n~'2E[ max | £ 1 max | 10| > 3 (e) ") |
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Clearly, By < n~V2E[|G,|l77], Bo < n~"2k3, and B4y < n™'2P[F31(F >
S /nH, (¢)~1)]. Hence, choosing § > 0 in such a way that

Cs~2n™ E[IGalrr]Hale) < T

Cs=3n~ VA3 H2 (o) < %,
that is,
8> Cmax{y ™20 VHE[IGullFF]) P HY 2 e). y T P O B (o)),
we have
P(Z¢ € A) <P(Z* € A'%)
Clogn

+ g + %K*3P[F31(F > 83/nH,(e)"Y)] + ng .

Note that § > cy_1/3n_1/6/<H,%/3(8), so that
P[FP1(F > 8/nH,(e) )] < P[FP1(F/x > cy~V3n P H,(e)713)].

Hence,

P(Z° € A) < P(Z* € A'5) + g

(26) + %P[(F/K)31(F/K o ey VBB, () 1/3)] 4 S1087

= P(Z* e A'9) 4 g + error.
By Theorem 5.1, with probability > 1 — y /4,
IGull7, < K@) |pn(e) + (el Fllpo+n""2 M| )y~ "1
(27)
+n 2 M|y =) = a,

where K(g) is a constant that depends only on g. Moreover, by the Borell-
Sudakov-Tsirel’son inequality ([59], Proposition A.1), with probability > 1 —y /4,
we have

(28) IGPIF, < dn(e) + el Fllp2y/2log(/y) =:b.

Therefore, for every Borel subset A of R,

P(Z € A) <P(Z° € A%) + % (by 27))

~ 3
<P(Z* € A9T10) 4 LV Hemor  (by (26))

< IP’(Z* € A“+b+165) + y + error (by (28)).

The conclusion follows from Lemma 4.1.
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Supplement to ‘“Gaussian approximation of suprema of empirical pro-
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the additional technical proofs omitted in the main text, and some technical tools
used in the proofs.
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