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PERFORMANCE OF EMPIRICAL RISK
MINIMIZATION FOR LINEAR
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This paper establishes bounds on the performance of empirical risk minimization
for large-dimensional linear regression. We generalize existing results by allowing
the data to be dependent and heavy-tailed. The analysis covers both the cases of
identically and heterogeneously distributed observations. Our analysis is nonpara-
metric in the sense that the relationship between the regressand and the regressors is
not specified. The main results of this paper show that the empirical risk minimizer
achieves the optimal performance (up to a logarithmic factor) in a dependent data
setting.

1. INTRODUCTION

LetD ={(Y,X ;)/}f: | be a sequence of dependent random vectors taking values in
Y x X with ) C R and X C R”. The p-dimensional vector X; = (X1, ...,X,,)" is
used to predict the variable Y, through the class of linear forecasts given by

felzelxlt+~~~+9pota (1)

where (91,...,91,)/ = 60 € R”. As is customary in learning theory, the relation
between the regressand Y; and the regressors X, ..., X, is not specified, and (1)
should be interpreted as a class of prediction rules indexed by 6 € R”.
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A prediction rule is to be chosen from the data. The precision of a prediction
rule is measured by its average risk defined as

s )
R(6) =FE [? > i) }

t=1

Thus, a natural strategy for choosing a prediction rule from the data consists in
minimizing the empirical risk. The empirical risk minimizer (ERM) is defined as

T
N . 1
0 c arg;relﬁg]l)RT(O), where R7(0) = T Z(Y, —fg,«)z. 2)

If more than one prediction rule achieves the minimum, we may pick one arbitrar-
ily. Clearly, the ERM in (2) corresponds to the classic least squares estimator. We
sometimes denote 6 as O(D) to emphasize that the ERM is a function of the data
D. The problem we have described so far is known as linear regression in statistics
and econometrics, whereas in learning theory, it is known as linear aggregation
(Emery, Nemirovski, and Voiculescu, 2000).

The accuracy of the ERM is measured by its conditional average risk defined as

. 1 <& .
R<0>=E{;Z<Y, —?

t=1

6= D/):| 3

where ﬁ 0 X1+ -+ 9 »+ and D’ denotes an independent copy of the data D.
The performance measure in (?) can be interpreted as the risk of the ERM obtained
from the “training data” D’ over the “validation data” D. This performance
measure allows us to keep our analysis close to the bulk of contributions in the
learning theory literature (which typically focus on the analysis of i.i.d. data) and
facilitates comparisons. We also consider as an alternative accuracy measure the
conditional out-of-sample average risk of the ERM, which is more attractive for
time series applications. The alternative measure leads a to similar result at the
expense of introducing additional notation.

The main objective of this paper is to obtain a bound on the performance of
the ERM relative to the optimal risk that can be achieved within the given class
of prediction rules. We aim to establish a bound Br(p) such that Br(p) — 0 as
T — oo for which

R@) < Jnf R(6)+Br(p) )

holds, with high probability, for all (sufficiently large) 7. The inequality in (4)
is commonly referred to as an oracle inequality. Oracle inequalities such as (4)
provide non-asymptotic guarantees on the performance of the ERM. The inequality
in (4) implies that empirical risk minimization achieves asymptotically the best
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performance that is possible to attain in the class. We emphasize that in this paper,
we study the performance of the ERM for large-dimensional linear regression,
meaning that in our analysis, we assume that the number of predictors p is not
negligible relative to T (in a sense to be spelled out precisely below). Establishing
bounds on the performance of the ERM is a classic problem in learning theory.
There is a fairly extensive literature that has studied this problem in the i.i.d. setting
(Audibert and Catoni, 2011). The literature conveys that the best possible rate
for Br(p) is of the order p/T, which is referred to as the optimal rate of linear
aggregation (Tsybakov, 2003).

The main contribution of this paper consists in establishing oracle inequalities
for the ERM when the data are dependent and heavy-tailed. Our analysis covers
both the cases of identically and heterogeneously distributed observations (using
the jargon of White, 2001). In particular, our main results establish that the
ERM achieves the optimal rate of linear aggregation (up to a log(7) factor) in a
dependent data setting. Our analysis highlights a trade-off between the dependence
and moment properties of the data on the one hand, and the number of predictors on
the other. In particular, we show that the higher the dependence and the lower the
number of moments of the data, the lower the maximum rate of growth allowed for
the number of predictors. We emphasize that our analysis is nonparametric, in the
sense, that the relationship between the regressand and the regressors is assumed
to be unknown. Lastly, we remark that the performance bound we recover depends
transparently on constants that are straightforward to interpret.

Four remarks are in order before we proceed. First, this work establishes
prediction performance guarantees for empirical risk minimization/least squares
estimation with dependent data in a large-dimensional setting. These results
allow us to determine under which conditions least squares estimation is a
reliable estimation strategy in a large-dimensional setup and to appraise more
precisely the gains of estimation methodologies specifically designed for such
a setup. It is important to acknowledge that estimation methodologies designed
for large-dimensional settings (for instance, LASSO) typically achieve substan-
tially better performance guarantees than the ones obtained here. However, these
gains come at the expense of additional assumptions. In fact, the performance
guarantees obtained here are optimal (up to a logarithmic factor; Tsybakov,
2003).

Second, this paper has a number of connections with the nonparametric litera-
ture and, in particular, with nonparametric series methods (Stone, 1985; Andrews,
1991; Newey, 1997; Chen and Shen, 1998; Chen, 2006; Tsybakov, 2014; Belloni
etal.,2015). Among these papers, we remark that Chen and Shen (1998) is the only
one that considers a non i.i.d. data setup. Let {(Y, W;)’}tr=1 be a strictly stationary
sequence of random vectors in ) x W C R x R<. Then our framework subsumes
the problem of estimating the conditional mean of Y, given W, on the basis of the
approximation given by

EXi W) ~ 01fi (W) +-- -+ 6pfp, (W),
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where {f;} with f; : YW — R is a collection of functions (e.g., B-splines) called a
dictionary. We emphasize that, in some sense, our framework is more general since
our focus lies on the estimation of the optimal linear prediction rule rather than the
conditional mean.

Third, the literature on empirical risk minimization and oracle inequalities for
dependent data has been rapidly developing in recent years. Notable contributions
in this area include the works of Jiang and Tanner (2010), Fan, Liao, and Mincheva
(2011), Caner and Knight (2013), Liao and Phillips (2015), and Miao, Phillips,
and Su (2023). We remark that one of the challenges of this literature is that it
is not straightforward to apply the theoretical machinery used in learning theory
in a dependent data setting. In fact, as forcefully argued in Mendelson (2015),
several of the standard results on empirical risk minimization used in learning
theory assume i.i.d. bounded data and cannot be extended beyond this setup. In
this work, we rely on a proof strategy based on the so-called small-ball method
developed by Shahar Mendelson and Guillaume Lecué (Mendelson, 2015; Lecué
and Mendelson, 2016). The small-ball method allows us to establish sharp bounds
on the performance of the ERM under fairly weak moment and dependence
assumptions.

Fourth, our analysis aims to provide large-dimensional analogs of some of
the classic results of White (2001) for fixed-dimensional linear regression with
dependent data. We shall point out the differences between those results and the
ones established here.

This paper is related to various strands of the literature. First, it is related to the
literature on empirical risk minimization for linear aggregation, which includes
Birge and Massart (1998), Bunea, Tsybakov, and Wegkamp (2007), Audibert and
Catoni (2011), and Lecué and Mendelson (2016). Second, it is related to the
literature on empirical risk minimization for heavy-tailed data, which includes
Audibert and Catoni (2011) and Brownlees, Joly, and Lugosi (2015). Third, it
is related to the literature on empirical risk minimization for dependent data. In
particular, this contribution is close to Jiang and Tanner (2010). Fourth, this paper is
related to the vast literature on nonparametric estimation and nonparametric series
methods, which includes Chen (2006) and Belloni et al. (2015). Li and Racine
(2006) contains a number of important results and references to this literature.
Fifth, it is related to the literature on the small-ball method, which includes
Mendelson (2018), Lecué and Mendelson (2017), and Lecué and Mendelson
(2018). Sixth, it is related to the vast literature on machine learning and large-
dimensional modeling, which includes (in econometrics) Kock and Callot (2015),
Medeiros and Mendes (2016), Garcia, Medeiros, and Vasconcelos (2017) and
Babii, Ghysels, and Striaukas (2023). Hastie, Tibshirani, and Friedman (2001),
and Wainwright (2019) contain a number of important results and references to
this literature.

The rest of the paper is structured as follows: Section 2 contains preliminaries,
additional notation, and assumptions. Section 3 contains an oracle inequality for
linear regression with heterogeneously distributed observations. Section 4 contains
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an analogous result for identically distributed observations. Section 5 contains
extensions of the baseline results. Concluding remarks follow in Section 6. All
proofs are in the Appendix.

2. NOTATION, PRELIMINARIES, AND ASSUMPTIONS

We introduce the notation used in the remainder of the paper. For a generic vector
r = oo. For a generic random variable X € R, we define || X||;, as [E(|X|")]"/" for
1 <r < oo and inf{a : P(|X| > a) = 0} for r = oo. For a positive semi-definite
matrix M, we use M to denote the positive semi-definite square root matrix of M
and M~2 to denote the generalized-inverse of M:.

In this section, we establish a preliminary result and introduce the main
assumptions required in our analysis. All results and assumptions are stated for
the case of heterogeneously distributed observations. Clearly, these simplify in a
straightforward manner if the observations are identically distributed.

We begin by establishing the existence of the optimal prediction rule, that is the
oracle. Lemma | states that there exists an optimal #* that satisfies a Pythagorean-
type identity. We remark that the assumptions of Lemma 1 are fairly weak and, in
particular, weaker than what we require for the analysis of the ERM.

T .
LEmMMA 1. Ler {Y,}_, satisfy sup,_,r||Yill,, < oo and sup,..,
SUP;<i<r ||Xit||L2 < .
Then:
(i) there exists a 0 € R? such that

0" e inR(0);
arg min )

(i1) 0% is such that for any 6 € R? it holds that

T T T

1 1 1

T 2 W= F W+ 2 W —fadl, = 2 D 1Yo —falZ,
=1 t=1 t=1

where [ = for,;
(iii) le;T:1 EX X, is positive definite then 0% is unique.

Next, we lay out the assumptions we require to establish the properties of the
ERM.

A.1  (Moments). The sequences {Y; ,T:p {X,},Tzl, {fl*}tT=1 satisfy
Suplgth”Yz”er < Kuw Sup1§,’§p5up]5zgr||Xit||L,m < K, and SUPj<i<p

sup <7 |(Y: =) XL, < Kin, for some Ky, > 1 and 1y, > 2.
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Assumption A.l states that the regressand, predictors, and the product of the
predictors and the forecast error of the optimal prediction rule have a number
of moments strictly larger than two. The assumption also states that the r,th
moments are bounded by a constant K,,, uniformly in . A few comments are in
order. First, this moment assumption is formulated as in White (2001, Chap. 3)
in the analysis of linear regression with heterogeneous data. Alternatively, we
may state this assumption for the forecast error of the optimal prediction rule
and the predictors separately and require at least four moments to exist and to
be uniformly bounded. Second, we assume K, > 1 to obtain simpler expressions
of some of the constants that appear in our analysis. Note that this is without loss
of generality. Lastly, we emphasize that this assumption is weaker than what is
assumed in a number of contributions on oracle inequalities for dependent data
for large-dimensional models such as Jiang and Tanner (2010), Fan et al. (2011),
and Kock and Callot (2015) which assume that all moments exist. We remark that
assuming that the moments are uniformly bounded is fairly standard in the analysis
of regression models with heterogeneous dependent data and that requiring more
than two moments to exist is also required to establish consistency of the least
squares estimator for fixed-dimensional linear regression (White, 2001, Chap. 3).

A.2 (Dependence). Let ¥ and f;’jl be the o -algebras generated by {(Y,,X;)’ :
—oo <t <s}and {(Y,X}) : s+1 <t <00}, respectively, and define the a-mixing
coefficients

a(l) =sup sup [P(ANB) —PA)P(B)|.
N Aefioo,Beff_"_’l

The a-mixing coefficients satisfy a(l) < exp(—K,I'®) for some K, > 0 and r, > 0.

Assumption A.2 states that the sequence {(Y,,X))'}_, is strongly mixing with
geometrically decaying mixing coefficients. The definition of the mixing coeffi-
cients is as in White (2001, Defn. 3.42) and does not hinge on the data generating
process being stationarity. See also Su and White (2010) for the analysis of «-
mixing processes that are not required to be stationary. Note that while this is a
stronger assumption than what is required by classical results for consistency and
asymptotic normality for the (finite-dimensional) linear regression model that rely
on polynomial e-mixing (White, 2001, Chap. 3), geometric o-mixing is commonly
used in the analysis of large-dimensional time series models (Jiang and Tanner,
2010; Fan et al., 2011; Kock and Callot, 2015). Moreover, geometric o-mixing is
satisfied by many commonly encountered processes such as ARMA and GARCH
(Meitz and Saikkonen, 2008).

A.3 (Number of Predictors). The number of predictors satisfies p = | K,T'? | for

—2
< Ta A ITm—2
somer>()and0 rp<ra+1/\ 5 -

Assumption A.3 states that the number of predictors is a function of 7. This
assumption allows the number of predictors to be constant or to grow sublinearly
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in 7. Importantly, the bound on the rate of growth of the number of predictors p
depends on the number of moments and the amount of dependence of the data. The
more moments and the less dependence, the higher the maximum rate of growth of
the number of predictors. If the data have at least four moments, then the number
of predictors is only constrained by the amount of dependence in the data.

A.4 (Eigenvalues). Define X, = E(X,X;) and let Apin (2;) and Amax (2;) be the
smallest and largest eigenvalue of %, respectively. Then the sequence {Z,},T:l
satisfies (i) A < infi<;<r Amin (3;) for some 0 < A and (ii) suPlfng)Lmax (X)) = x
for some 0 < & < 00.

Assumption A.4 states that the eigenvalues of the covariance matrix of the
predictors are bounded from above and bounded away from zero uniformly
in ¢. The assumption that the smallest eigenvalue is bounded away from zero is
fairly standard (Newey, 1997). Notice that #* is unique when A.4(i) holds, by
Lemma 1(iii). Assuming that the largest eigenvalue of the covariance matrix of
the predictors is bounded above uniformly in ¢ is more restrictive. We remark
that, as we shall see in detail below, under the additional assumption of identically
distributed observations these constraints can be relaxed. In what follows we shall
also use the constant Ky, = A /A, which is an upper bound on the condition number
of the matrices {£,}”_, and measures the maximum degree of collinearity between
the predictors.

A.5 (Distribution). Consider the sequence of random vectors {Z;}_, with

1
Z, =%, *X,.Then sup, <, P(Z, € E) < KzIP(S € E) holds for some p-dimensional
spherical random vector S, some positive constant Kz and any E € B(RP). The
density of S exists and the marginal densities of the components of S are bounded
from above.

Assumption A.5 is required to establish upper bounds on the probability of a
certain event associated with the vector of predictors X, in one of the intermediate
propositions of our analysis. The probability of this event boils down to a multiple
integral that can be expressed using n-spherical coordinates. The spherical distri-
bution bound in A.5 makes it easy to compute such an integral after the n-spherical
coordinates transformation. We conjecture that the assumption could be relaxed,
however, this would be at the expense of more tedious computations. That being
said, the family of spherical distributions is fairly large and includes the appro-
priately standardized versions of the multivariate Gaussian, Student ¢, Cauchy,
and uniform' distributions.> Moreover, finite mixtures of spherical distributions
are also spherical. Assumption A.5 may be interpreted as a generalization of the

ITo be precise, the multivariate uniform distribution over the sphere.

2For more details on the class of spherical distributions, we refer to Fang, Kotz, and Ng (1990).
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bounded density assumption typically encountered in the nonparametric literature
(Newey, 1997; Li and Racine, 2006; Hansen, 2008). Bounded density assumptions
are also formulated in Jiang and Tanner (2010) in the analysis of empirical risk
minimization for time series data with bounded support. Last, we remark that
this assumption allows for weaker moment conditions than what is imposed by
Assumption A.1.

A.6 (Identification/Small-ball). The sequence {X ,},T:l satisfies, for each
t=1,...,T and for each 0,0, € R?,

]P)(lfo] t _szt| =K ”fb] t _fozt”Lz) > K2,
for some k1 > 0 and k, > 0.

Assumption A.6 is the so-called small-ball assumption, and it is stated here as it
is formulated in Lecué and Mendelson (2016). This assumption can be interpreted
as an identification condition. If we define v = (#; — 6,), then the condition is
equivalent to P (|v/X | > Kk |V X Lz) > k,, which can be seen as requiring that the
random variable v'X does not have excessive mass in a neighborhood around zero.
We remark that the constants «; and «, measure the strength of the identification in
the sense that the larger the value of these constants the stronger the identification
condition is. In Section 5, we establish alternative identification assumptions that
in turn imply Assumption A.6.

3. DEPENDENT HETEROGENEOUSLY DISTRIBUTED
OBSERVATIONS

The ERM performance bound that we derive in this section depends on a constant
related to the variance of the gradient of the empirical risk evaluated at the optimal
prediction rule (after an appropriate rescaling), that is, Var (% ZzT:l Y —fHX [>.
As is well known, in the standard large sample analysis of linear regression the
asymptotic variance of the least squares estimator is typically expressed as a
function of the limit of this quantity (White, 2001, Chap. 5). In our analysis, the
ERM performance depends on an upper bound on the diagonal elements of this
quantity that is given by

o0
Kp =K (1412823 a)! = ).
rm—21:l

It is possible to make substantially smaller choices of this constant if we make
simplifying assumptions on the setup of our analysis. We explore this in more
detail in Section 4.

We can now state the main result of this section.
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THEOREM 1. Suppose Assumptions A.1-A.6 are satisfied. Then, for all T suffi-
ciently large, the ERM defined in (2) satisfies
K3 ( 48 >2p10g(T)

R() <R +K,» —=
0) <R(07) 2 P T

i )

1
with probability at least 1 — 3K, (2[(,11)"”/(1{;2 log(T)) — o(log(T)~").

The theorem establishes that the ERM for large-dimensional linear regression
with heterogeneous dependent data achieves the optimal rate of linear aggregation
(up to a log(T) factor). We remark that A.3 implies that (plog(T))/T — 0O as
T — oo, which makes the inequality in the theorem an oracle inequality. Note
that the bound on the performance of the ERM is proportional to quantities that
are associated with a larger asymptotic variability of the least squares estimator.
We remark that Theorem | may be seen as a non-asymptotic version of classic
asymptotic results in the series estimation literature, which establish optimality of
the nonparametric least squares estimator. In fact, the convergence rate of p/T (up
to a log(7) factor) is the same as the rate obtained (for instance) in Belloni et al.
(2015, Thm. 4.1).

It is interesting to compare Theorem 1 with an analogous result for i.i.d.
data. The following result in Lecué and Mendelson (2016, Cor. 1.2) is taken as
benchmark.

THEOREM. Consider the linear regression model
Yt:X;O*_’_G[, t=1,...,T,

where {X;} and {€,} are sequences of i.i.d. random variables with E(e;) = 0,
Var(¢;) = o2, and €, is independent of X,. Assume that there are constants k| and
Ky such that

]P)(lfolt_f‘ezf| > K |lf01f_f92t||L2) > K2,

for all @ € RP. Then, for all T > (400)2[)/K22 and x > 0 we have that the ERM
defined in (2) satisfies

~ 16 \?
R(®) < R(B*) +0> (2—> P
kika) T

with probability at least 1 —exp(—k,T/4) — (1/x).

As is immediate to see, we recover an analogous bound to what is established
in Lecué and Mendelson (2016). The constant that appears in our risk bound in
(5) is much larger than the one in this benchmark result. However, we remark that
below we obtain a more favorable bound by simplifying the setup of our analysis.
Also, we remark that the result above relies on assuming that the “true model”
exists. Lecué and Mendelson (2016) also have results that do not depend on such

https://doi.org/10.1017/50266466623000348 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466623000348

400 CHRISTIAN BROWNLEES AND GUPMUNDUR S. GUbPMUNDSSON

an assumption but rely on stronger assumptions on the prediction errors of the
optimal forecast.

We conclude this section with a sketch of the proof. This is an elegant argument
based on Lecué and Mendelson (2016). Define the empirical risk differential for
0 € R as

T

_ 1 < 2
Ly =Rr(8) —Rr(8") = ;;0‘ —fo? + 2 D =D = fo).

=1
The proof is based on showing that if the condition

1
T 2
1 48K ,Kx [plog(T)
72|m*—.fa,||Lz> o v = (6)

=1 =1

holds, then we have that

1 T
2 (=t > )
=1

2 T
=2 = o)
t=1

with high probability. This, in turn, implies that for any @ that satisfies (6) we have
L > 0. Since the ERM # must satisfy £,; < 0 then, conditional on the same events,
we must have that

1
T 2
1 . 48K ,Ks [plog(T)
T O =il = =5 ,
pu AKiK T

which, in turn, implies that

)

48 log(T
R®)—R(O*) = - Zuf, S <2 )’%()
tl

KiK2
by an application of Lemma 1.
The following two propositions are key in establishing that the inequality in (7)
holds with high probability; and thus, to determine the risk bound in Theorem 1.

PRrROPOSITION 1. Suppose Assumptions A.2-A.6 are satisfied. Then, for all T
sufficiently large and any 0 € R?,

1
—Z(f, ﬁ»té}f;Dm ~forl,

holds with probability at least 1 —8T~' —o(T ™).
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PROPOSITION 2. Suppose Assumptions A.1-A.4 are satisfied. Then, for all T
sufficiently large and any 0 € R” /{6*},

T
K, 1 plog(T)
<12 |-Z = " —
=12 T;juft folis ) =

1
holds with probability at least 1 — 3K, (21(,,1)””/(K{f2 log(T)) — o(log(T)™").

1 T
7 2 =IO o)

t=1

Both propositions exploit a Bernstein-type inequality for ¢-mixing sequences
from Liebscher (1996, Thm. 2.1); (based on the famous covariance inequality of
Rio 1995). Proposition | uses a covering argument similar to the one used in Jiang
and Tanner (2010) and Hansen (2008). Proposition 2 relies on the Bernstein-type
inequality and a classic truncation trick used in, for instance, Hansen (2008). See
also Dendramis, Giraitis, and Kapetanios (2021) and Babii et al. (2023) for recent
developments on concentration inequalities for dependent data with applications
to large-dimensional estimation problems.

4. DEPENDENT IDENTICALLY DISTRIBUTED OBSERVATIONS

The constant term in the bound of Theorem | can be improved by assuming
stationarity.

A.7 (Stationarity). The sequence of random vectors {(Y,,X;)’ }IT=1 is stationary.

We remark that Assumptions A.2 and A.7 imply that the data are ergodic.

In the stationary case, it is convenient to state the moment assumption differ-
ently.

A.1* (Moments). The sequences {Yt}thp {X,}szl, {rr thl and {Zt}tT:1 with

_1
Zt - Z:t th Satisfy ”Yt”L,m 5 Km; Suplgifp ”Xil”er E Km and Suplgigp ”(Yt -
S92, < Kn, for some K, > 1 and r,, > 2.

The difference between A.1 and A.1* is that the former assumption bounds
the r,,th moment of (Y; —f)X;, whereas the latter bounds the r,,th moment of
(Y~ 2.

In the stationary case, the assumption on the eigenvalues of X, Assumption A.4,
can be dropped. In fact, as we show in the proof of Theorem 2, A.1* implies that
Amax (Z) < Kfnp. This allows the set of predictors to be generated by a factor model
(Forni et al., 2000; Bai and Ng, 2002; Stock and Watson, 2002; Onatski, 2012).
Additionally, Ay, (X) is allowed to be zero. This allows the set of predictors to
contain some predictors that are perfectly correlated.
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Before stating the main result of this section, we introduce a new constant

o0
K,=K (1 43 > Za(l)l_n2n> .
=1

F'm

This constant plays the same role as K> and can be interpreted as an upper bound
on the diagonal elements of Var (# Zsz1 (Y, —f,*)Zt)- Note that K/, < K.
We can now state the main result of this section.

THEOREM 2. Suppose Assumptions A.1%, A.2, A.3, A.5-A.7 are satisfied. Then,
for all T sufficiently large, the ERM defined in (2) satisfies

. 48 \* plog(T
R®) <R(6")+K, (z—) ploe()
Kik2 T

with probability at least 1 — 3KPK,’,{”/((K;2)% log(T)) —o(log(T)~").

Note that the bound in Theorem 2 does not depend on the eigenvalues of X.
Inspection of the proof shows that if {(¥;,X})’'} is an i.i.d. sequence, ¥, —f* is
independent of X; and Var(Y; —f*) = o2 the bound in Theorem 2 becomes

2
R(®") + 02 (‘;_8) Ploi(T)

K{K2

which is close to the bound established in Lecué and Mendelson (2016, Cor. 1.2).

3

5. ADDITIONAL RESULTS
5.1. Alternative Risk Definition

It is important to emphasize that the performance measure defined in (3) is the
average risk of the prediction rule over the data D when 0 is estimated using
an independent copy of the data D’. This measure may have limited appeal for
time series applications since a forecaster typically does not have access to an
independent copy of the data. Alternative more appropriate risk measures may
be introduced to evaluate the performance of the risk minimizer in a time series
context.

Assume that we are interested in predicting the out-of-sample observations
{(Y,,X;)/},T:ﬁ , on the basis of the prediction rule estimated from the in-sample
observations {(Y,,X;)’}ZTZI. For simplicity, here we focus only on the case of
identically distributed observations. We define the average out-of-sample risk

of 0 as
1 T+H
Roos(0) = [ﬁ > —fmZ} :
t=T+1
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and we measure the accuracy of the ERM ] using the conditional out-of-sample
average risk defined as

T+H

A 1
Roos (9) =E[§ > i—£)?

t=T+1

(YT,X,T),a--~»(Yl,X/1)/:| .

For the following result, a slightly stronger version of Assumption A.1 is needed.

A.1*%  (Moments). The sequences {Y,}ITZI, {f thl and {X,},T=1 satisfy
Suplfifpsuplgth”Yt _f;*”er = Kmsup1§t§T||Yt”L,m =< Km and Sup]gifp

sup <7 1Xitllz,,, < K for some Ky, > 1 and r,, > 4.

If we define Ky = 24(K31 /A) Zf:l a(l)%, we can establish the following theo-
rem.

THEOREM 3. Suppose Assumptions A.1%* A.2, A.3, A.4(i), A.5-A.7 are satisfied.
Then, for all T sufficiently large, the ERM defined in (2) satisfies

~ 48 \? plog(T) log(T)
Roos(o)sRoosw*HK;z( . )p SR R
KK T H

with probability at least 1 — (6K,K]" + l)/((K(’Tz)% log(T)) — o(log(T) ™).

A key ingredient in the proof of Theorem 3 is Ibragimov’s inequality (Ibragimov,
1962), which bounds the expected value of the difference between the conditional
and unconditional expectation as a function of the «-mixing coefficients. It is
important to remark that the theorem requires (plog(7))/H — 0 in order to have
that Roos(é) — Roos(0*) — 0. In other words, there exists a “wedge” between
Roos(é) and Roos(0%) that only vanishes as the forecast horizon H grows large.
This may be intuitively explained as follows. The ERM 0 is consistent for 6%,
the minimizer of R(#). However, the minimizers of R(#) and R,,;(f) are not
guaranteed to be same for finite H and the difference between the two only vanishes
as the forecast horizon H grows large.

5.2. Small-Ball Assumption

It is possible to introduce alternative assumptions that imply the small-ball condi-
tion stated in A.6. For example, as Lecué and Mendelson (2016) remark, the small-
ball condition holds when the L, and L, norms of fy, are equivalent. More precisely,
if foreach @ e R” (and all =1, ..., T) it holds that ||[fg,|lz, < Cllfe:ll,, for some
constant C (that does not depend on 6 or 7). We remark that norm equivalence
conditions are commonly used in the literature to establish the properties of
empirical risk minimization (see, for instance, Audibert and Catoni, 2011).
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To give a concrete example, below we show that if the distribution of the
standardized predictors Z;, = Z_%X, is spherical then the small-ball assumption
is satisfied.

T
1 =1
Z, =%, *X,. Then for each t = 1,...,T it holds that Z, ~ S where S is a p-
dimensional spherical random vector that satisfies SUp;<i< ISillz, < oo.

A.6* (Spherical Density). Consider the sequence of random vectors {Z,},_, with

LEMMA 2. Suppose Assumption A.6* holds. Then, for eacht =1,...,T and for
each 01,02 € R?, P(lfo,s —fo, il = 1llfo,c —fo,:ll,) = k2 holds for some ky > 0
and kp > 0.

The proof uses the Paley—Zygmund inequality. A.6* can replace A.6 in Theo-
rems 1 and 2.

6. CONCLUSION

This paper establishes oracle inequalities for the prediction risk of the ERM for
large-dimensional linear regression. We generalize existing results by allowing
the data to be dependent and heavy-tailed. Our main results show that the ERM
achieves optimal performance (up to a logarithmic factor). The results have been
established using the small-ball method, which is a powerful technique to obtain
oracle inequalities. Future research includes extending these results to regular-
ized empirical risk minimization, analogously to Lecué and Mendelson (2017,
2018).

APPENDICES

A. Proofs

Proof of Lemma 1. (i) The existence of 8* follows from the fact that R() is quadratic.
(i) It is equivalent to show that 8™ satisfies

T T
1 1
7 2B = —fpo) = (T > RN —ﬁ*)X;]) 0*—6)=0, (A1)

=1 t=1

for any @ € RP. We then have that (A.1) is implied by the first-order condition for a minimum
for R(), as 6* is such that 2 3" | E[(Y; —£;*)X;] = 0. (iii) This follows from the strict
convexity of R(@). O

Proof of Theorem 1. Define the empirical risk differential for an arbitrary # € R” as

T T
—~ 1 2
Lo=Rr®)—Rr®") = 3 (" ~fo* + 5 > Vi~ ~foo)-

t=1 t=1
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Assume that it holds that

T

1 " K,» Ky [plog(T)

7 2 W —adllzy > 48/T = - (A2)
=1 162

Conditioning on the events of Propositions 1 and 2, for all T sufficiently large, at least with
1

probability 1 — 3[(,,(21(,,,)”"/(1(52 log(T)) — o(log(T)_l), we have that

T
1 " z(a)l(ll(zl 2()KK2]
};(fz —fo)* = Ky TZ”fr —fo:llz, = Ky TZIU‘, f”’”LZTZWt —forlLy

© K2 plog(T) <d>
> 24 lef, ~foilliay

- Z(Yt LA DI

=1

where (a) follows from Proposition 1, (b) follows from Jensen’s inequality, (c) follows
from condition (A.2), and (d) follows from Proposition 2. Thus, conditional on the events
of Propositions 1 and 2 and assuming (A.2) holds we have with high probability that

Ly > 0. Since the ERM 6 satisfies L < 0 then conditional on the same events we have
1

LT gk 7 48K %Kz plog(T)
7 2= W = fillL, < 72 . The claim follows from:

A2KkiK2

3/ 48\ plog(n)
) (A3)

T

. 1 20 T K

R®)=RO%) = 2 Y I =Filf, <716 —0%13 < Ko == <K2x2 T
=1 B

where the first equality follows from Lemma 1 where the Ly norm is conditional on

{6 = 0(D')}, the first inequality follows from lTZ,TZI I —frll%2 < All6— 0*||%, and the
[ X

second inequality follows from A2 |6 —0*||, < % ZIT=1 I —felie,- a

Proof of Proposition 1. For any 8 € R”\ {#*} (notice that A.4 implies that 0* is unique),
define the standardized parameter vector v = (0 —0)/ \/ ]T ZzT:1 W — fg,ll%2 and note

T 1 T * 2 T
1 2 TZ[:l(ft _fOZ) 1 % 2
720";“ —fo)* = = Y i —faullf
r 1= %2;11 “ft* —fotlliz T =1 g

T

—Z(x’ ) = Zuf, fatan_"L 1]1[|X;v|zK1K§1/2}TZM —fadll3,-

_ - p . 271 _
Let gyr = ]l{\X;V|ZK1K£1/2}’ define V={veR Zl l(X v)“] = 1} and note that
1 T T T T
;Zg ZEgszrgw—]ng = fZ]Egvz—vsgg fngz—Egvz ,
=1 z 1 =1 =1
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since the standardized parameter vector v belongs to V. Let V; = {v e R? : |[v —v;|l» < 6}
withv; € Vfori=1,...,N; denote a §-covering of V. Then, we have that

Ns T

T
1
P sup|— gvi—Egyr| >¢e | < P sup gvi—Egyi| > ¢

Ns T
1 £
+ZP sup ngt—Egvt— *Zgit—Egit Ak
=1 \V€Vi 'S

where g;; = gy;+. Proposition B.1 establishes that (i) for each v € V;, we have |gy; — gi;| <
git» where g;; is defined in that proposition and (if) there exists a positive constant K (that

1/2/(211/2) we have that Eg;; <
1/2 =1/2
/ Kip'/?/x 2,

does not depend on i, ¢, and p) such that for all § < Kg
K1p'/25.Set § = /(8K p'/?) and note that for all & < 4Ky,

| ™

T
1 1
oup *ngz—ng— 7 28— Egir || >

T

T
e 1 €
=P — E —(E E — | <P| = E gir+Eg; -
VS;‘I/’ Tt l(gvt gir) — (Egyr —Egip)| > = Tt_](glt+ 8it) > 5

Il e 2 o (1& . e
?Z(git_Egit) > 5—?21&% =P TZ(git—Egiz) 7]
t=1 t=1 t=1
where (a) follows from the fact that Eg;; < ¢/8. Finally, we have that
T

P sup *ngt—Egvt > &€
veV |+

Ns T
£ 1 _ _ £
< P Zgn Egis| > 5 +ZJP’ ;Zgn—Egn >7
i=1 =1
1 T e 1 T e
/ /!
<Ns max P ZZU >§ +N51£rll_i)1(vs]P ?ZZI-I >Z R

where Z], = g;; —Egj; and Z, = g;; —Eg;;. We have that

T 1/2\? T

€ (a) 16Kp 1 g
Ns max P| |= Z — l+ ——7— max P |= Z -1,
515:’5)1(\75 Tz: it 2 - < + A2 > 15[5)1(\’,5 TZ i) = 2
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where (a) follows from the fact that the §-covering number Ng of an euclidean sphere of
radius C in RP satisfies Ng < (1 + (2C)/8)P (Vershynin, 2018, Cor. 4.2.13), and that the
covering number of V is smaller than the covering number of {v € R? : ||v||; < A‘l/ 2} since
VC{eRl: vl <A 1/2}. Note that Z;, inherits the mixing properties of (Y7, X7)" and
satisfies ||Zlf MLy =< 1.1t follows from Proposition B.3 that for all T sufficiently large and

for the choice of &/. spelled out in that proposition that &7, < 4K£]/2K1p1/2/xl/2 Akp/2
and
14 T /
16K, p'/? 1 A 4 1
| L PlI-5Z|>T)<Z40(=). Ad
( e ) 5, T; i > | =7 to\r (A4)

Using analogous arguments, we have that for all T sufficiently large and for the choice of
7 spelled out in Proposition B.3 that &7/, < 4K51/2K1p1/2/xl/2 A ko /2 and

T Vi
1 &
N, PlI=Yz/|>ZL
5, 0% 7% > 3
p T "
16K p'/2 1 - 4 1
<1+ —— Pl=Y"Z'|> L)<= —). A5
—( + PUCE e T; |y | =7T\7 (A-5)

The inequalities in (A.4) and (A.5) imply that for all T sufficiently large we can pick e7 =
&7 A €7, to obtain

1 %)
sup | — gvi—Egyi| < —
veV T; 2

with probability at least 1 — 8T~ —o(T~1). The claim of the proposition follows after
noting that with probability at least 1 — 87! —o(T~1), we have

2
KT

T
Ky TZ 1XpziK5 %) TZM oz,

T

2 T
1
K—l Z]P’(|X v > KKy /)_sup —ngt—JEgvt 7 2 ol

tl veVi it =1 =1

v

2
(i) K1

_Kz(z——) Zlm fotuLz_ZK TZM ~foil?,,

where (a) follows from the fact that P(|X}v| > /qK_l/z) > P(Xp| = k1 1XplL,) = k2
—-1/2
since [|Xpvl, = I X;(8* — 0)||L2/\/T DO D AR 9)||12‘2 > Ky 2, |
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Proof of Proposition 2. Define v; = E[(Y; —f;*)X;] and note that Lemma 1 implies

T T
D v —0)=E[ Y (i =) —fo) | =0 forany 6 € R,
=1

t=1
For any 6 € R” \ {#*}, we have that (notice that A.4 implies that #* is unique)

S =6 o) S =G o)
P T >e| <P sup T " >
2= I —forllz, 0cRN(0) >y I —forllL,

&

Define v = (8% —8)/(+ > [_, Ifi —follL,) for any 8 € R”\ {§*} and note that

0*—0
vllp = 107~ 612 <312,

YL, 6 -0 EXX)®0* —0)

Then we have that

T T T
Y — 5 — Y —fHXL 0% —6 1
Z ‘( tT I )*(fr fo;)‘ _ ‘( tTft )*t( )’ _ *Z(Yt—f;*)X;V
=1 Zz:l W —forllL, =1 thl " —forllL, Tt=1

T T
1 1
= ?E [(Y: =X, —vjlv| = ?ZUQV,
t=1

=1

where U; = (Y; — f)X; — vz Next, we have

S =6 o) 1
P s T ” >e| <P sup = ZUW > ¢
oerr\(0*} D1 I —foillLy I R K
1< 1 &
<P sup U Wlase | <P | U] >a12%
) “12|| T T
v”vHZSA =1 2 =1 2

Note that {U;} is mean zero, satisfies ||Uj;||;, < K, and

WUillL,,, < 1Yt =fOXirlL,, +vielr, = 10 =Xz, + 10 —f)XillL, < 2Km

m

because of A.l, and inherits the mixing properties of {(Y;,X;)'} spelled out in A.2.
Proposition B.4 then implies that, for all T sufficiently large, we have

Y =G~

K log(T
sup - * < 12\/7 plog(T)
oerr\(0*} D1 Wfgr —fillLy A T

1
with probability at least 1 — 31{1,,(21(,,,)"”/(1{(32 log(T)) — o(log(T)_l), where K > is the

constant o2 defined in that proposition. The claim of the proposition then follows. (]
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Proof of Theorem 2. We begin by showing that when A.l is satisfied, we have
Amax(X) < K,%p. Let ¥ = IE(XIX;), and let X;, denote the ith row of X. Then,

Amax(X) = sup 1Zx]l2 = sup

xeRP:||x|l2=1 xeRP:||x|l2=1

p P p
- J D ISl < J Y IK21,13 = K@J Y p=K2p,
i=1 i=1 i=1

where 1), is p-dimensional vector with entries equal to one.
The proof is similar to the one of Theorem 1 and we only highlight the main differences.
1 1
In the proof of Proposition 1, define Z; = 72X, and v = 20+« — 0)/If;" — fo:llL,-
Then A.6 and A.7 imply P(|Z{v| > «1 | Z}v|1,) > k7. Thus, in that proposition the function
gy can be defined as 1 12|21 12w, ) Proposition B.1 can then be modified and it is

p
D (Tix)?<  sup
i=1

xeRP:|x|2=1

P
2 2
> Iz l30x13
i=1

v”Lz
straightforward to see that there exists a g;; function such that for all 6 < 1/2 we have

| | 1
Eg;; < K1p2 4 for some positive constant K. If we set § = ¢/(8Kp2) for all ¢ < 4Kp?2
we get, following the same steps as in Proposition 1 and noting that ||v||» = 1, that

T

1
P| sup|— gvi—Egyr| > ¢
veV T;

T T
16K1p\* 1 e 1 g€
<\|1 ma P 72 Z; = P 72 Z; —
—< T ) =T Ny T "2 T 74

.....

Finally, Proposition B.3 implies that for all T sufficiently large and any 6 € R?,
T 2 T
1 Kiky 1
= O —for = = 2 YW Tl
=1 =1

holds with probability at least 1 — 8T~ —o(T~1). In the proof of Proposition 2, define

|
v=X20"-0)/If; —fo:llr, and Uy = (Y; — f{")Z;. Following the steps of the proof of
Proposition 2, we have that for any 8 € RP \ {§*}

S Y= =) I
P sup T ” > | <P||= ZU, >e|,
0crR\(0%) Dy I —forllLy =,

where we have used the fact that ||v||, = 1. Note that {U,} is mean zero, satisfies || U,~,||er <
Ky, for each i = 1,...,p because of A.1* and inherits the mixing properties of {(Yy,X;)’}
spelled out in A.2. Applying Proposition B.4, we have that for all T sufficiently large and

any 6 € RP\ {0*},

1 | o [plog(T)
7 V=G —fo0) 12K = I ol | =
=1 t=1
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holds with probability at least 1 — BKPK:,,’”/((K;Z)% log(T)) — o(log(T)~ 1) with K(’72 =

2
condition (A.2) with

1
48(K’ )2 [plog(T)
T =
Kik2

Following the same steps as in the proof there, we obtain the claim. ]

2
K2, (1 +32rr”j > a(l)l_W) Finally, in the proof of Theorem 1, we can replace

Proof of Theorem 3. We begin by introducing the out-of-sample risk for the “ghost”

out-of-sample observations. Let { (YG, (XIG)’ ) }Z:r]{‘_[’_l denote a sequence of observations

from the {(¥;,X})'} process that is independent of {(¥;,X})’ }szl- Then define

T+H
RS o) =E Z YF—f5)?
t T+1
1 T+H R
Roos@) =E| = > (7 =[O (0rr.Xp) ... X' |
t=T+1

where 18 =0'X8 andfC = 6'XC with® = 0((Y1.X})', ..., (Y7, X/)')). Notice that clearly
OOS (0) = Roos(#). We may then note that
Roos(#) — Roos (8%) < [Roos (8) — RS, (8)| + IRS,5(8) — Roos (8%))
IROOS(O) Roos (0)| + IRoos(o) Roos (0*)|

The claim of the theorem follows from the fact that if for some ) > 0, &5 > 0, §; € (0,1)
and §; € (0,1) we have that

P(IRSys(8) — RS (0%)] > £1) < 6y (A.6)

P (1Roos(®) = Rs ()] = £2|IRGo8) ~ RSos6%) < 1) = . (A7)

then it follows from the union bound and the total probability theorem that Roos(é) —
Roos(07) < &1 + &7 with probability at least 1 — 28] — §,. Theorem 2 implies that for all T
sufficiently large (A.6) holds for the choice of ¢1 and §; implied by the theorem. Thus, this
proof focuses on establishing that (A.7) holds. Denote by E= {ROOS(B) — 005(9 ) <1}

and note that conditional on £ we have that 1 > Roos(ﬂ) RS (0%) = |[f0* fG||L2
Al6* — 0 ||2. Let E7(-) = E(:|Z7) be the expectation conditional on information up to time

|
T, with Z the information set at time 7. This implies that for r = (1/1)2 we have

2|

< sup  Er(Yryn—foran)® —Br(Yf , —fop )’
0cBy(0*,r)

2 G
Er(YTin =Sy ryp)” —Er(Yryy, f9T+h

= suwp  [Er(Yrn—forsn) —EXrsn—forsn)’|
0eBy (0%, 1)
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< Er(Yrn —for ran)* —Ersn —fr )|

+ sup VI[ErX7pnX7y) —EX 70 X7, )
veB>(0,7)

+2 sup B ((Yran —for 7o) X14+1) — B 710 —for 7o) X741 V1.
veB,(0,r)

It follows from Ibragimov’s inequality that

IEr(Yrsn —for 7o) =BT —for 7o)y
1 1
< 6a(W) 2 | (Y7 —fgr 74n) 1, < 62 (h)2K2,
I sup VIErX74n X7y ) —EX 70 X7 )WL,
veB,(0,r)
/ 2 lKn21
< llmax |[Er X741 X7) ~ EXran Xy )]y, sup  WIT < 6oc(i)2 =",
y veBy(0,r) A

12 sup  Er((Yrsn —for 7o) X14n) — E(Y148 — for 7o) XTI I,
veB>(0,r)

[

1
< RaM2|(Yr4h —Sfor 74w Xi,T4nllL,  sup vl =< 120!(11)2

veBy (0, ) VA

Thus, conditional on £ and for T sufficiently large we have

VBT (Yrh—fy ) — BT O =15 )P
1 K2
<6a(h)IK (1+i +2\/§) < 2da()? "p.

The conditional version of Markov’s inequality implies that
P(|Roos (0 0 £ < Er(Y —E(r 2
(IRoos () — RSy ()| = &3] )<5—Zn rOrsn =Ly p o)’ =BT 00, )7Ly

24K Z (li

)

E\U

which implies the claim of the theorem. (|

Proof of Lemma 2. Letv =6 — 6, and note that the Paley—Zygmund inequality implies
that for any ¢ € [0, 1], we have

L E(vX1%)?

1
P(VX:| > 92V X¢llL,) = (1—9) .
g E(v'X/]%)

(A.8)

Note that A.6* implies that X; is elliptical. Then v'X; = o;U holds where o7 =v'£,v and U
is an elliptical random variable with zero mean and unit variance (whose distribution does
not depend on v nor X;). Thus, we have that the probability in (A.8) is lower bounded by
[(1—»ZE(U?)21/E(U|*), which implies the claim of the lemma. O
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B. Auxiliary Results

PrOPOSITION B.1. Consider the same setup as in Proposition 1. Let Vi = {v € RP :
v —villa <8} withv; € V for i = 1,...,Ns denote a §-covering of the set V for some

—1/2, =12
d<Ks '7/(2h ]l{\X;vlzqugl/z}

Then (i) for all v € V; we have that |gyt — git| < 8ir = 1(x,es;), where S; = UveVi{x €

). Define the function gy; = and let g;; = gy, 1-

RP : |x'v| = KIK;/Z} and (ii) there exists a positive constant K| that depends on Kz, A, k
and k1 (and it does not depend on t, i or p) such that Eg;; < Klpl/zé.

Proof. (i) We show that S; = Uvev,» xeRP: |x'v| = KIK;/Z} is the set containing

all the vectors x such that the indicator functions 1, ~12, and 1 —1/2, are
(evzi K52 vz K52

different. We do so by showing that the complement of S; is a set of vectors x where the

indicator functions are equal. We establish this by contradiction. Assume x is not in S; and

that the indicator functions 1 (v =4, Kgl 2 and 1 (il >k K; 2 are different. Since V; is

convex there must be an intermediate v € V; such that |x'v| = KIKE 172 implying that x is
in S;, which leads to a contradiction. (if) Note that

S; = U (xeRP:xy =K1K£1/2}U U xeR:x'v= —/qul/z} =S+ US;_.
veV; veV;

In what follows, we bound the probability of the event {X; € S;} only as the event {X; €
S;_} can be treated analogously. We divide the proof into four steps. 1. We work with an

appropriately rotated version of X; denote by Z. Let ¢ be the angle between the vector
E,l/zv,- and (1,0,...,0)’, and let R € RP*? be the rotation matrix associated with . Recall
that: ()R'R = Ly; (i)RE, 2 = |12} 2vill2(1,0,...,0; (i) if we define W; = {w € RP :
lwll2 < 1} and W) = {w € R” : w = Rw* for some w* € W}, then we have that W| = W.

Define Z = RE;I/ZXI and note that

P(X,eSih=P|{Xie |J xeR :vx+swx=xK;"?

weRP:||w|2<1

=P(1Ze |J (zeR:v5 " Rz+swx/’Rz=x K"

weRP:wl2<1
Define cj; = || Etl / 2v,'||2 and note that the set in the last equation is such that

1/2 1/2 —1/2
U zeR 05 vilha +5RE*wz = ki ky ')
weRP:[wl2<1
C U (zeRP: iz +Xl/28w’z=/qK;/2}
weRP:[wl2<1
= U zeR i+ xPowpz +7 oWz =Ky ) =S,
weRP:[wl2<1
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Lastly, we note that foranyi=1,...,Ns andt=1,...,T, we have

_IEer -0l \/ OO —0)  _ 1p
\/TZI:I IX;0* 017, r Y 1(0* 0,1 (6* )

and c;; 32 K£1/2/2 > 0. 2. We construct two sets S;tl and S;t2+ such that S}, . C
/1 /2
Sn+ SlH_ Define
—1/2 —1/2
K1 K A6
S =1zeRP iz < — St At g (B.1)
Cl't_)\, ) C,’t—)\, )
that is the set of points “underneath” a hyper-cone. Let z be in S”+, define z =
||z_1||2_1(zZ,.A.,zp)/ and note that ||z|| = 1. Then for some w such that ||[w|, < 1 we
have that
_ =1/2 _ =1/2
KIKE‘/Z 2ew 2 KKy 7 sw 3
1= —1/2 - —1/2 = - —1/2 ”171”2
citr+ A Tdw cir—}-)\ Sw c,-,—l—)» 8W1 citr+ AT dw
-1/2 12 =1 2
_aks"? T Psw e _ ks W
= —12 + 123172 lz—1ll2 = Y Vet oty
Cil_)“ 1) KZ —A Cif_)\. 1) Cit_)\‘ 1)
which implies that z is also in S;IJF Define
—1/2 —1/2
k1Ks A6
S;t2+ zeRP:z; > 1 1/2 7 /Z%+"'+2127}, (B.2)
Cir+A c,-,—)» )

that is the set of points “above” a hyper-cone. Let z in S;t . and define z as above. Then for
some w such that ||[w|l» < 1 we have that

_ —1/2 — —1/2 .
. /qKEI/2 2/ sw_ 2y /qKEl/2 /(Sw’_lz 2
1= — - — = — —1112
cit+kl/28w1 ci,+kl/28w1 cit+kl/28 c,+Al/28
—1/2 —1/2 . —1/2 —1/2
aks? T Pslw izl 1Ky 7

)
lz—1ll2= 71/25‘/Z%+...+Z[277

— =) —1/2.
k373 cir+ 2% o7

Cit + Xl /28
which implies that z is also in S+ 2
3. We establish an upper bound on the probability of the event {Z € S:

Sl NS =A;UB;UC; where

Note that S’

tt+} it+ C

-1/
k1K
Ai,=S;}+ﬂ{zeszzlzl>:}

Cit—X_l/Z(S
K]K 172 K]Kgl/z
B = zeRP: 1/2 <71 = =y
C”“l—)\. 'it—)\. 1)
i =Sit4 N o< —Zp
' C”+)\./
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Then we have that P(X; € S; ) <P(Z € A;y) +P(Z € B;;) +IP(Z € C;;). Using Proposition
B.2 and A.5, we have that

P(Z € Ay) < KzKY 7' /%pl/Z(S

KlKg K1K§1/2
P(ZeBy) =P =y <Z1 < =y
cir+A '8 cir—MA '8

2%

—1/2 —1/2
(ciu—2"28)(cu+2"%8)
P(Z e Cy) < KzK %3 /%plﬁﬁ.

4. It follows from the inequalities above, and by using analogous steps to bound the
probability of the event P(X; € S;_), that there exists a positive constant K that depends on
Kz, S, A, A, and k1, but does not depend on i and ¢ or p, such that P(X; € S;) < K1p1/28. O

—1/2 1/2 . —1/2
< Kz supfs, (k1 K5/ < 8Kzi K supfs, ()% /78
N N

PrROPOSITION B.2. Let Z be a p-dimensional random vector. Suppose P(Z € E) <
KzP(S € E) holds for some p-dimensional spherical random vector S whose density is
assumed to exist, some positive constant Kz and any E € B(RP). Define the set S = {z €

RP:a<zi<a+b z%+-~-+z,2,}fors0mea,b>0.

|
Then, there is a positive constant C such that P(Z € S) < Cp2b.

Proof. For convenience, we show this result for p > 2 and for a = 0. We have

IF’(ZeS):]P<0521 gb,/Z§+...+Z,%> =P(0=2 <’ B+-+7))

72 712 -72
=Plo< 12§b2” I3 —L)=p Osig b .
1Z]5 1Z115 1Z1l> 1452

Consider the p-spherical transformation of Z (Fang and Zhang, 1990, Exam. 1.6.8)

i1 !

p—2

(Zl,...,Zi,...,Zp)/ =r| cosby,..., Hsinekcosei,..., l_[ sin@ksinep_l ,
k=1 k=1

where r € [0,00), 0; € [0,r] for 1 <i<p—2and Gp_l € [0,2s]. We remark that r denotes

IZ||7 and that the angles 0, ...,0, | are set according to the following scheme: 6 is the

angle between the z; axis and the vector Z; 6, is the angle between the projection of the
Z vector on the span generated by zp, ...,zp, which we denote by ZW and the 7 axis; 63
is the angle between the projection of ZM on the span generated by z3, ...,zp, which we
denote by Z@  and the z3 axis; ...; 6,1 is the angle between the projection of Z?P=2 on
the span generated by Z, 1,7, and the z,_| axis. If we let ¢ denote the angle such that

cos(9) = b/y/1 + b2, then we have

VA b b T
P{0<——<——]=P(0<cosb; < =Pl <6, <—). (BJI
( 1ZIl2 Fﬂ,z) ( ! /Trbz) ( ! 2)
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We use Kz and the distribution of S to bound the probability in (B.3). Fang et al. (1990, Thm.
2.11) establish that the density of 6; implied by S is given fp, (t) = (F() sin?—2

r()r()

Then we have that (B.3) is upper bounded by

r(%) T2 ) Ky b4 () Kz, | b
K ldt<—72/ ldr < —==p'* (= —-v) < = | =p'*——,
z/ fn ) : P (F-0)==/5» —

r(%)
where (a) follows from the fact that for any 6 it holds that sin” 20 <1, (b) follows from
the fact that for x > O and s € (0, 1) itholds that ' (x+ 1)/ T (x +5) < (x+ l)l_X (Gautschi’s
inequality), and (c) follows from the fact that 7 — ¢ = 7 —arccos(cos(i#)) < 7 cos(#).

The claim then follows since, for any b > 0, we have that b/y/1+b2 < b. O

ProrosiTION B.3. Let {Z,}IT:1 be a sequence of centered Bernoulli random variables.
Suppose that the a-mixing coefficients of the sequence satisfy a(l) < exp(—Kyl'®) for some
Ky > 0andry > 0.

Define p = |KpT'? | for some K, > 0 and 1, € [0,7/(rq 4 1)) and define

\/ K1Kpplog(T) \/ Kplog(T)
e =

o Ta
Trat+l Trat+l

)

where Ky = 3/2 and Ky = 6402 with 6> = (3 +8 Y7, a ().
Then, for any K3 > 0 and all T sufficiently large, it holds that

L\P T
K3p2 1 4 1
<1+ ) P ?ZZ[ >Eer S?+O<?>

&
T =1

Proof. We begin by noting that Z; is zero mean and that supy <;<7 [1Z¢l|L,, < 1, thus it
satisfies the mixing and moment conditions of Theorem 2.1 of Liebscher (1996). Define

1
M7 = |Tre+1] and note that for all 7 > 2 we have that M7 € [1,T] and 4M7 < Ter, as
required by the theorem. Then, we have

T 2
Te T T
ZZ, >Ter | <4exp|— L 3 +4— ¢ KoMy
p 64D(T,M7)/Mr + SMrer Mr

. MrAT 2
with D(T, M) =sup0§,§T_l1E[(zJij s ,) } Define y (1) = sup; <7 | Cov(Z,

Zi | forl=0,...,T—1.Note that y (0) < 1/4 and, by Billingsley’s inequality (Bosq, 1998,
Cor. 1.1), that y(I) <4a(l) forl=1,...,T — 1. Thus, it holds that D(T,M1) < M1y (0) +
My YW () < My 485 a(D) = Mo, We have

kpr\ (|1 &
<1+ 3P ) P ?;z,»T

T

A Te2 ki \ T
<4l 14220 ) exp( - L a1+ 2 ) KM
er 6402+ SMrer er Mr
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kapt\ T7atT 62 Kkt \ K,
o I Ta
54(1+ 3L ) exp| ———— +8<1+ 3P > Tra“eXp(—zT“T'a“)

er 6402+ Ser er
@ kapr\ Tt kapr\ K,
a 3D et 9o 3P Ty o e
<41+ - 814+ =220 ) TR — L T
< ( + e ) exp( PP ST>+ ( + er ) exP( e )
=Ar+Br,

where (a) follows from the fact that x2/(64s% + 8/3x) > x2/(64s% +8/3) for any x in (0, 1]
and 02 > 1 /4. Note that for all T sufficiently large, we have

i\ P
K3p2 1
log| 1+—"—| =plog <8T+K3P2) —plog(er)
T

1 T
= Eplog(p) +plog <1 +K3) —plog(er)
p?

1 7,
= Splog(Kp) + fplog(T) +plog (1+K3) —plog(er)

<(Lyygy log(T) < Kyplog(T)
-4+ = — | plo, < 0 ,
=l315 20ra +1) plog 1plog
where the last inequality follows from the fact that r, < 1 and rq /(2(rq + 1)) < 1. Finally,
the claim follows after noting that for all T sufficiently large, we have

TraT 5
At <4dexp| Kiplog(T) — % &r
2

(a) 4
% 4exp (K plog(T) — Kiplog(T) —log(T)) < 4exp(—log(T)) = T

where (a) follows from the fact that (x + y)2 > *2+ y2 for x,y > 0, and that

p
K3[71/2 ra K ra
BT§8<1+ TTa+T exp —Z%TTH

T
To r Ky e\ 1
< Sexp<ra+ ] log(T) + K1 KpT'? log(T) — ZTaT a+l) _0<?> . |

PROPOSITION B.4. Let {Zf}thl be a sequence of p-dimensional zero-mean random vec-
tors. Suppose that (i) sup| <;j<p SUP1 <s<7 | Zitll L, < Km and supy <;<,, supi<,<r 1Zi¢ll1,, <
2Ky, for some Ky, > 1 and ry, > 2; (ii) the a-mixing coefficients of the sequence satisfy
a(l) < exp(—Kyl") for some Ky > 0 and ro > 0; and (iii) p = LKpTrI’J for some Kp > 0
and rp € [0,(rm —2)/2 A 1).

Then, for all T sufficiently large, it holds that

T
1 log(T 3K, (2K;)'™ 1
Pl z - 120 P1ED) ) 3KpCRw™ ,
Tt 1 T o log(T) log(T)
= 2

1—2
T 500 o) ),

m

where 2 = K2 (1+128
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Proof. For any positive constant K, we have that

T T
1 plog(T) 1 1og(T)
P TZZ’ >K T <P lr;]?fxp TZZ,, >K
=1 2 =1
T

<p max P ZZ” > K./Tlog(T)
t=1

l<t<p

LEtZt 1Zzt—2; 1Z +Zt V\Z WhereZ’ =Z;;1(1Z;js| < b1) —E(Z;;1(1Z;| < bT))

it

andZ . =Zit1(1Zi4] > bT) E(Z;;1(1Z;;| > bT)) For any X € (0,1), we have

T
p lrgfg&p[?’( ;Zit >K Tlog(T))
T T
<p max IP’( > 7|k Tlog(T)) +p max ]P’( >z > - A)K‘/Tlog(T)).
<i<p =<I<p
=1 =1

The sequence {Z”}t | has the same mixing properties as {Z,}tT1 and sup1<,<p

SUP|<<T ||th||oo < 2bt. Define ST = AKTZ,/log(T br = (T ,/1og(T )r,,, I and

My = LbT T2 /+/log(T)]. For all T sufficiently large, the conditions of Theorem 2.1 of
Liebscher (1996) are satisfied, since for all T sufficiently large, we have that M7 € [1,T]
and 4(2by)Mr < &/, and we have

p max P ZZ;I >8/T
—

1<i<p

(ef)? .
<d4pexp| — +4—exp KoM©
( 641 D(T.My) + LbrMyes, ) My (—KaMr)

. +M7r AT
with D(T,M7) = supg<j<7_1 E [(Zj—j+T1 lt) ] Define y () = SUp| <;<, SUP| <;<7—;

|Cov(Z,.Z},, )| for I=0,....T— 1 and note that D(T.Mr) < M7 ¥ " ';.. | y (D). Next,
we note that y (0) < K,zn since

Var(Z},) = 1Zis1(Zis| < br)lIF, — [B(Zig1(1Zis) < bp)I* < 1Zifllg, < K-
Davydov’s inequality (Bosq, 1998, Cor. 1.1) implies that

m

y() <

2
i 1Z; Nz, 1 Z 4, 64K’"r

Tm — —
m

! 1—-2
m

2Ot( ) ,

forl=1,...,T — 1, where we have used the fact that

1Zi Iz, <1Zi:1(1Zisl < bp)llL,, +IEZi 1(1Zis) < br)liL

<1210 Zi| < bp)IL,, +1Zis1(1Zis| < bp) 2,
<20Z1(Zif| < b, <20 Zillr,, < 4Knm.

Tm
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2
These together imply that D(T, My) < M7Kp,(1+ 128725 300 a(l)! ") = Myo?. For
any K that satisfies

K> 28 fo24 148 (B.4)
> - — 4= .
AV T3

we have 1 — A2K?2 / (64(72 + I?’—GAK ) < 0. Notice that the condition is satisfied, for instance,
by K = 27 18v/202 since o2 > 1. Thus, for any K that satisfies this, we have

T
2 %
=1

22K2Tlog(T)
6402T + L2 AKT

p max P ( ) +4K,,T1+’/’ exp (—KoM7")

1<i<p

> e}) <4K,exp (r,, log(T) —

)LZKZ 147, T
<4Kpexp| | rp— ———— |log(T) | +4K,T "7 exp (—KaMT“)

6402+ 00K
1
o .
= \log(T)

Let e} = (1 — A)KTZ V/log(T) and note that

T T T
% AR 1 p
p max P Zi |\ >er | = 1max E Zi| < = 1max E|Z}|
1<i< <i< <j<
=P =1 eri==r [\ th 1
T
2p
< — max ]EIthIl(lle| > bT)I
ST | 1<

(b) 27pi max| <j<p E|Z;|™ - 2pT (2K,,)"™ _ 2K, (2K;,)"™
Pt T et (—MKlog(T)’

where (a) follows from Markov’s inequality and (b) from the inequality E(|Z1(|Z| > b)|) <
E(Z|")/b" ~1 for a random variable Z with finite rth moment and positive constant b. The
claim follows after picking A = 8+/2/12 and noticing that K = 120 satisfies (B.4). (]
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