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This paper introduces a new class of time-varying vector moving average processes
of infinite order. These processes serve dual purposes: (1) they can be used to model
time-varying dependence structures, and (2) they can be used to establish asymptotic
theories for multivariate time series models. To illustrate these two points, we first
establish some fundamental asymptotic properties and use them to infer the trending
term of a vector moving average infinity process. We then investigate a class of
time-varying VARX models. Finally, we demonstrate the empirical relevance of the
theoretical results using extensive simulated and real data studies.

1. INTRODUCTION

In the literature of time series analysis, moving average processes of infinite order
(MA(00)) are possibly one of the most fundamental data generating mechanisms
(Beveridge and Nelson, 1981; Phillips and Solo, 1992; Hamilton, 1994, p. 48;
Liitkepohl, 2005, p. 18). Notably, MA(oo) representation does not only facilitate
the development of many asymptotic results (e.g., Xu and Phillips, 2008; Briigge-
mann, Jentsch, and Trenkler, 2016), but it is also widely used to model time series
autocorrelations (e.g., Biihlmann, 1998; Friedrich, Smeekes, and Urbain, 2020)
in different scenarios. To the best of our knowledge, most (if not all) studies
involving MA(oco) processes work with constant parameters. Therefore, modeling
heterogeneity along the time dimension is somewhat limited. However, as pointed
out by Hansen (2001), dynamic processes with time-invariant coefficients may be
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unnecessarily restrictive. Thus, our first goal is to marry MA(co) representation
and a nonparametric framework to accommodate dynamics better.

We now review some relevant literature. In recent years, nonparametric frame-
work has been extensively adopted to study deterministically unknown time-
varying parameters of autoregressive models (e.g., Dahlhaus and Rao, 2006;
Dahlhaus, 2012; Zhang and Wu, 2012; Richter and Dahlhaus, 2019; Sun et al.,
2021). Many models are often referred to as “locally stationary processes,’
because their data generating processes change smoothly over time. This line of
research mainly deals with univariate time series and requires locally stationary
mixing (e.g., Sun et al., 2021; Casini, 2023). However, stationary linear processes
(including some simple AR(1) processes) are not necessarily mixing (Doukhan,
2012, Sect. 2.3.1), unless imposing some restrictive conditions on the densities of
error terms (Withers, 1981). Another equally important strand of literature assumes
that the coefficients of interest evolve in a random way (e.g., Primiceri, 2005;
Petrova, 2019), which relies on Bayesian algorithms to produce estimation results.
Despite its great popularity, asymptotic properties of these methods are barely
explored (Giraitis, Kapetanios, and Yates, 2014).

This paper takes another route, showing the versatility of vector moving average
(VMA(00)) processes with nonparametrically unknown time-varying coefficients.
Specifically, we start with deriving a time-varying version of Beveridge—Nelson
(BN) decomposition (Beveridge and Nelson, 1981; Phillips and Solo, 1992),
which yields the time-varying counterparts of long-run and transitory elements.
As a sequence, time-varying versions of the (functional) central limit theorem
considered in Phillips and Solo (1992) remain true. In addition, we provide
several new asymptotic properties for time-varying linear processes, including the
uniform consistency, the bootstrap consistency, and the long-run covariance matrix
estimation.

The newly proposed framework can be used to model time-varying dependence
structure, and can also serve as a device to establish asymptotic theories for
many multivariate time series models. For the purpose of illustration, we consider
inferring the trending term of a VMA(00) process and investigate a class of time-
varying VARX models. We then examine the aforementioned theoretical findings
using extensive simulations. In an empirical study, we study the long-run level
of inflation and the natural rate of unemployment using U.S. data, and find that
(1) the long-run level of inflation is more anchored now and is close to the Federal
Reserve’s target of 2% after the Great Moderation period began, and (2) the natural
rate of unemployment is less persistent and increases rapidly during the “Second
Oil Crisis” and “Global Financial Crisis.”

The paper is organized as follows: Section 2 introduces a class of time-varying
VMA(o0) processes, develops a time-varying counterpart of the conventional BN
decomposition, and establishes a set of asymptotic properties. Sections 3 and 4
apply the results of Section 2 to infer the trend of a time-varying VMA(oco0) model,
and study a class of time-varying VARX models. Section 5 provides extensive
simulations and a real data example. Section 6 gives a short conclusion. The
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preliminary lemmas and the proofs of some selected proofs of the main results
are given in Appendix. In Appendix B of the Supplementary Material, we first
discuss some impulse response analyses, and then include the omitted proofs of
the main results.

Before proceeding, it is convenient to introduce some notation: || - || denotes
the Euclidean norm of a vector or the Frobenius norm of a matrix; ® denotes the
Kronecker product; I, stands for an a x a identity matrix; 0, stands for an a x b
matrix of zeros, and we write 0, for short notation when a = b; for a function
g(w), let g (w) be the jth derivative of g(w), where j > 0 and g (w) = g(w);
Ky, (-) =K(-/h)/h, where K (-) and h stand for a nonparametric kernel function and a
bandwidth, respectively; let & = [ _11 u*K (u)du and v = [ _11 u*K? (u)du for integer
k > 0; vec(-) stacks the elements of an m x n matrix as an mn x 1 vector; tr(A)
denotes the trace of A; finally, let —p and — p denote convergence in probability
and convergence in distribution, respectively.

2. THE SETUP AND ASYMPTOTICS
Consider the following time-varying VMA (co) model:

oo
xi=p+Y Biej=m+BLe, t=1,...T @.1)
j=0

where x, is a vector of d-dimensional observable variables, u, is a vector of
d-dimensional unknown deterministic trending functions, all B;; are d x d
unknown matrices, €, is a vector of d-dimensional random innovations, and d
is fixed. Obviously, B,(L) = > B; L/, where L is the lag operator.

We require the following conditions to hold throughout.

Assumption 1. Let B,(1) be of full rank for each given ¢, limy_, o ZZT: oy —
1l < 00, sup,.; 3 jlIB || < o0 and limy—s oo Y 3252 1By 41 — Byl < oo

Assumption 2. Suppose that {€,}2°__ is a martingale difference sequence
(m.d.s.) adapted to the filtration {5}, where F; = o (€,,€,_1, ...) is the o-field gen-
erated by (€,,€,_1,...), E[e,etTl]-',,l] =1, almost surely (a.s.) and sup,..| E e <
oo for some § > 4. -

Assumption 1 regulates the matrices B;,’s, and ensures the validity of the BN
decomposition under a time-varying framework. It covers many cases, including
(i) the parametric setting of Phillips and Solo (1992), and (ii) B; , := B;(t/T), where
B;(-) satisfies Lipschitz continuity on [0, 1] for all j with the Lipschitz constant of
order O(j~?™) for some v > 0. These conditions can easily be verified as they
are directly related to some commonly used data generating mechanisms (see, for
example, Proposition 2.1). Assumption 2 is rather standard (e.g., Dahlhaus and
Polonik, 2009).
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For (2.1), an application of the BN decomposition immediately yields
x =+ Bi(De + B (Derr —Bi(Dey, 2.2)

where B,(L) = B,(1) — (1 - L)B,(L), B.L) = Y% B, L/, and B, = Y7, B..
Consequently, the following lemma holds.

LEMMA 2.1. Let Assumptions I and 2 hold. Suppose that there exists a function
B(u) on [0,1], and is continuous except for a finite number of discontinuities such
that

limsup max ||B,(1) —B(z/T)|| = 0.
T—oo 1=t<T

As T — oo, for Vr € [0, 1],

LTr]

% X ) = [ Bwawa,

where W () is a standard multivariate Brownian motion.

By Lemma 2.1, it is easy to see that (2.1) extends similar treatments by Phillips
and Solo (1992) for the conventional univariate linear process, and allows one
to relax many 7(0) and /(1) related results of the literature using a time-varying
VMA(oo) framework. Below, we list two examples, of which the parametric
counterparts can be found in, for example, Liitkepohl (2005, pp. 387, 419).

Example 1. Suppose that x; is a d-dimensional time-varying VARMA (p, q)
process as follows:

X =A1 X1+ +Ap,txtfp +€+0O €1+ -+ ®q,t€t7qs 2.3)

where the roots of I; — A ;—---—A,; = 04 all lie outside the unit circle. Simple
algebra shows that (2.3) can be expressed as x;, = Z;ion,sz—b with Dy, , =

3 x5 B ®bjsj, in which B;, = JTP_g @, ", J = (L4, 0uxaip-1)). @

is the companion matrix, and ¢, = I for all 7.
Example 2. Suppose that x; is a d-dimensional time-varying VARX process of
the form:
o0
X=ALX i+ A X, + Ozt and 7= Cyi, 2.4)
j=0

where z; is an m-dimensional vector and ®; is a d x m matrix. Under the
invertibility condition as in Example 1, model (2.4) can be further written as

X =i BjJ Dj,t et—j
2t 0 Cj,t Vi—j ’

J=0
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where Dj ; = ZJ,;ZO By, :©;_C;_i — and B;; is defined similarly to that in Exam-
ple 1.

Formally, we summarize the main results regarding Examples 1 and 2 in the
following proposition.

PRrROPOSITION 2.1. Consider Examples | and 2, and suppose that:

« the roots of I — Ay, — --- —Ap,; = 04 all lie outside the unit circle uniformly
overt;

Jdimro, o Z[T:_ll ”Am,ﬂr] —Am,,” <ooform=1,...,p,andA,,;=A,  fort <0
andm=1,...,p;

. limTﬁooZ,T;ll ||®m,,+1 - G)m,,” <ooform=1,...,q.

1. For Example 1, (2.3) admits a time-varying VMA(oo) process, of which the
coefficients satisfy Assumption 1.

2. For Example 2, suppose also that limy_, ., Z,T;]l Z;’ileCL 11— Cjll < o0 and
sup,-y Yy jlICj.ill < 0o. Then, (2.4) admits a time-varying VMA(00), of which
the coefficients satisfy Assumption 1.

Notably, the assumptions of Proposition 2.1 are rather minor. For example, we
may allow for structural breaks and smooth structural changes simultaneously as
follows:

Ko

A=) Ci(t)I(riy <7 < 1),

i=1

where I(-) denotes the indicator function, each Cj;(7) is defined similarly to A;(7),
Ky is an unknown finite integer representing the number of breaks, and 0 = ry <
ry <--- <rg, <1 are the time stamps of the change points.

By allowing for discontinuities across some regimes, we can deal with relevant
features such as the Great Moderation with the gradual decline in variance for
many macroeconomic variables (Stock and Watson, 2016b) or the dramatic effects
of the COVID-19 pandemic (Lenza and Primiceri, 2022). The conditions on B;,
of Assumption 1 are flexible enough to accommodate such structural breaks.

2.1. Asymptotic Properties for Sample Moments

In this subsection, we present some useful asymptotic properties associated with
(2.1). First, we establish the law of large numbers for two weighted sample
moments of x;.

LEMMA 2.2. Let Assumptions I and 2 hold. Suppose that {WTJ};Tzl is a sequence
of m x d deterministic weighting matrices with m being fixed satisfying:
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Y IWr ) = 0Q1);
S W — Wr || = Odr) with dr = sup,.; [Wr, || — 0.

As T — oo, for any fixed integer p (> 0),
L W (= E() = Op(Vd7);
2.3 Wry (ki — E (xx],,)) = Op(Vdp).

Lemma 2.2 establishes convergence rates for some weighted sample moments,
and covers both the parametric rate dr = % (e.g., Wr, = %) and nonparametric
rate dr = ﬁ (e.g.,Wr,= %Kh(r, —1) for VT € [0, 1]).

We then strengthen the results of Lemma 2.2 with rates of uniform convergence.

LEMMA 2.3. Let Assumptions 1 and 2 hold. Suppose that {WT,,(~)}tT:l is a
sequence of m x d matrices of deterministic weighting functions with m being fixed
satisfying:

. each functional component of Wr ,(-) is Lipschitz continuous and defined on a
compact set [a,b];

e SUP; i) 2yt IWra(D)] = O1);

e SUPca ) 2y IWrst (1) = Wri(0) | = Odr) with dr = sup,cfqpy, i1 [Wr.s
()| = 0.

As T — oo, for any fixed integer p (> 0),
o2
1 SUP, ey | 50 W o(0) (6 — EGe) | = Op(/drTogT) if Tidrlog T — 0;

. 4
2. sup,cigp |l Zszl Wr (1) (x,x;ip —E(x,x;;p)) | = Op(JdrlogT) if Tsdrlog
T — 0 and sup,, E(|l€|1*| Fzy) < 00 a.s.

Lemma 2.3 corresponds to some existing uniform convergence results for
nonparametric estimation of time series models without strict stationarity (e.g.,
Hansen, 2008; Gao et al., 2015; Li, Phillips, and Gao, 2016; Phillips, Li, and Gao,
2017). In Section 4, we apply this result to study a class of time-varying VARX
models.

2.2. Inferences

To obtain valid inferences in practice, we establish a central limit theorem in
Lemma 2.4, and then propose two methods: (1) the dependent wild bootstrap
(DWB) approach and (2) the heteroscedasticity and autocorrelation consistent
(HAC) covariance matrix estimation approach, to estimate the asymptotic covari-
ance matrix involved in Lemma 2.4.

LEMMA 2.4. Let Assumptions I and 2 hold. Suppose that {WT,,}tT:l is a sequence
of m x d deterministic weighting matrices with m being fixed satisfying:

« XL W) = 0Q1), where sup,., [|Wr.,|l = O(dr) with dr — 0;
S Wi — W | = OGdr).
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AsT — 00, = S Wr. (k6 — E(x,)) —p N0, Zy), where
Yw =limr_ o % ZzT:I Wr, ,Bt(l)IB,T(l)W;, is a positive definite matrix.

With Lemma 2.4 derived, the only missing piece in order to infer the population
mean of x; is the information of X, which is a type of long-run covariance matrix
arising from the infinity memory of x,. To recover Xy, we consider the DWB
approach, and the HAC covariance matrix estimation below. These two approaches
date back to Shao (2010) and Newey and West (1987), respectively.

We start with the DWB method, and suppose that {£}"_, is a sequence of /-
dependent time series satisfying E[£] =0, E[Et*z] =1, E|§}|* < oo for some « >
2, and E[§/5)] = a((t—s)/I) for a kernel function a(-) and a tuning parameter /.
The DWB procedure requires a tuning parameter /, which is the “block length”
(Shao, 2010) that ensures the variables more than / units apart are independent.

LEMMA 2.5. Let | — 0o and 1\/dr — 0. Additionally, let a(-) be a symmetric
and bounded function with bounded support [—1,1], a(-) is continuous on [—1, 1],
a(0) =1 and K,(x) = ffooo a(wye ™du > 0 for x € R. Under the conditions of
Lemma 2.4, as T — o0,

e g

where X, = W, (x, — E(x,)), and Pr* denotes the probability measure induced by
the DWB procedure.

sup |P = op(1),

weRd

The condition on K, (x) ensures the semi-positive definiteness of the covariance
matrix of {&}7 ,—1» and is necessary to generate dependent wild bootstrap samples
in practice. The restrictions on a(-) are satisfied by a few commonly used kernels,
such as the Bartlett and Parzen kernels (i.e., a(x) = (1 — |xDI(|x| < 1) and a(x) =
(1 —6x% + 6[x[I(|x] < 1/2) +2(1 — |x[)*1(1/2 < |x| < 1) in Andrews, 1991,
p. 821). In practice, one may generate &* = (&}, ... é;)T ~ N(0, X¢+), where
Yex = {a( )}TxT The normal distribution is not really necessary, but it fulfills
the aforementloned conditions and is easy to implement.

We now consider the HAC approach to deal with inferential issues. Specifically,

we define
o .

Tw=Eo+) v (i/t")(Ei+E,), (2.5)
i=1

where £ 2= 1 Z; ) WT ,e,e,+lWT i for i >0, e, =x; — E(x;), ¥ (-) is a kernel

function, and E* is the bandwidth diverging at a relatively slow rate, in which E(x;)
is assumed to be computable at this stage. Otherwise, it will be replaced by an
estimated version as in (3.2). Under some mild conditions, we establish asymptotic
properties for (2.5) in the following lemma.
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LEMMA 2.6. Suppose that (-) is a symmetric and bounded function with
bounded support on [—1,1], ¥ (-) is continuous on [—1,1], and ¥ (0) = 1.
Additionally, let £* — 0o and 0*y/dy — 0. Under the conditions of Lemma 2.4,
Yw=Xw+op(l).

The conditions on £* and ¥ (-) are standard, and are similar to those for the
DWB method, except that we do not require the Fourier transform of ¥ (-) to be
nonnegative. It is worth mentioning that Casini (2023) considers HAC estimation
of time-varying long-run covariance matrix for univariate locally stationary pro-
cesses based on some cumulant conditions, and the author argues that the cumulant
conditions can be verified using some mixing conditions. In this article, we utilize
the MA structure, and do not impose any additional mixing conditions or cumulant
conditions on the error process.

Up to this point, we have established a set of asymptotic properties for the
VMA(o0) process (2.1). In the next section, we will apply these results to infer
the trend of (2.1).

To close this section, we comment on another relevant literature—the fixed-b
framework in which b denotes the ratio between the bandwidth and the sample
size. The DWB and HAC approaches are concerned with the consistency of long-
run covariance estimation, and a necessary condition is that the bandwidth goes
to infinity but at a slower rate than the sample size. However, these first-order
asymptotic results do not reflect the influence of bandwidth on the hypothesis
testing. To account for the influence of the bandwidth on the hypothesis testing,
the fixed-b framework is proposed in the heteroscedasticity autocorrelation robust
testing context. For example, Sun, Phillips, and Jin (2008) point out that .. .the
optimal bandwidth that minimizes a weighted average of type I and type Il errors is
larger by an order of magnitude than the bandwidth that minimizes the asymptotic
mean squared error of the corresponding long-run variance estimator.’

However, extending the fixed-b framework to the time-varying framework may
not be feasible. Consider a special case of the fix-b approach whend =1, u, = u
and Wy, =1/T. By Lemma 2.1,

T 1
Ty -0 b [ Baaw,

=1 0

We take the Bartlett kernel and let b = 1, so the long-run covariance estimator is
27! Zszl (T~128))? with S, = Z}t‘:l (x; — w) (see Kiefer and Vogelsang 2002 for
details). Using Lemma 2.1 again, we have

%sw 0 /0 "BdW(w),

and thus by the continuous mapping theorem, we can derive

» L 1y pr 2
?Z(T”/ZS,)2 —p2 fo ( /0 IB(u)dW(u)) dr.
=1
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Hence, T-'2 Y7 (x,— pc,)/\/2T—1 S (T-1/28,)? does not converge to a pivotal
distribution as in the time-invariant case since the nuisance parameter B(ux) does
not get canceled out.

3. ON DETERMINISTIC TREND

To facilitate the development, it is useful to impose more structure: g, = u(t;) and
B;; = Bj(t;), where 7, = t/T. Thus, (2.1) can be rewritten as

x; = u(t,) + e, a.1)

where e; = Zfiij(r,)e,__,-. Below, we focus on the estimation of p(t) in the rest
of this section before we make some comments at the end of this section.
The following assumptions are necessary.

Assumption 3. Each component of u(-) and B;(-)’s is second order contin-
uously differentiable on [0, 1], and Zjoiij(‘L') is of full rank uniformly over
7 € [0, 1]. Moreover, sup, .o 1 >_ro1jlB{” (r)|| < oo for € = 0,1, where B{” ()
denotes the £th derivative of B;(t) and B;O)(t) = B;(1).

Assumption 4. Let K(-) be a symmetric and positive kernel function with
bounded support on [—1, 1] and fllK(u)du = 1. Moreover, K(-) is Lipschitz
continuous on [—1,1]. As T — 00, h — 0 and Th — oo.

Assumption 3 imposes smoothness conditions on the functional coefficients,
which are easily verifiable and can be regarded as a special case of Assumption 1.
Assumption 4 is standard in the literature of nonparametric kernel estimation (Li
and Racine, 2007, p. 9). In the same requirements as for a(-) in Lemma 2.5, the
choice of [—1, 1] is for simplicity only.

We estimate u(t) by

T
() = [ZKh(r, - r)} > xKi(m - 1) 3.2)
=1 t=1

following the literature of trend function estimation (e.g., Biihlmann, 1998;
Friedrich et al., 2020).

THEOREM 3.1. Let Assumptions 2—4 hold. If; in addition, W — «a € [0,00),
then, forVt € (0,1) and as T — 00,

VTh(E(T) — 1(7)) = N (1,(1), 7T, (7)),

where p,(t) = 3/atpu@ (1), Tyu(r) = Z;OBj(r) Z;iOBJT(t), and ¢, and ¥
have been defined in Section 1.
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If o = 0, there is no bias term involved in the asymptotic distribution of Theorem
3.1, which then falls in the usual undersmoothing scenario (Li and Racine, 2007,
p. 15). In general, in order to establish valid inferences, both p,(7) and ¥y X, (1)
have to be accounted for.

The DWB Procedure:

1. For VYt € (0,1), let jt(zr) be defined in the same way as in (3.2) using an
oversmoothing bandwidth ﬁ, and obtain the estimated residuals: ¢, = x, — i (7;)
fort>1.

2. Generate x = i(1,) + € with ef = £¢,, where §’s form an /-dependent time
series satisfying E[£;] = 0, E[£?] = 1, E[|§]"] < oo for some v > 2, and
E[&}EF] = a((t — s)/I) with a kernel function a (-) and a tuning parameter /.

3. Use x}’s to construct an estimator £*(t) as in (3.2).

4. Repeat Steps 2 and 3 J times. Let ¢, (t) be the o-quantile of the J statistics
¥ (7) — (1), and denote the (1 —«) - 100% confidence interval of z(t) as

[B(T) = q1 a2 (T), Bo(T) — G ()]

Here, 7 is an oversmoothing bandwidth, as we shall require & /Z — 0. An asymp-
totic property for the DWB procedure is given in Theorem 3.2.

THEOREM 3.2. Let | — oo, max{h,h/h} — 0 and - max{1/~/Th,i*} — 0.
Additionally, let a(-) be a symmetric and bounded function with bounded support
[—1,1], a(-) is continuous on [—1,1], K(0) =1, and K,(x) = ffooo a(w)e ™duy >0
for x € R. Under the conditions of Theorem 3.1, for VT € (0, 1),

sup
weRd

P [ VTR (R (1) — (D) = w | = Pr [ VTR (B() — 1)) = w]| = 0r(D),

where Pr* denotes the probability measure induced by the DWB procedure.

Theorem 3.2 shows that the confidence interval of p(7) can be recovered by the
empirical quantile of £* () — g (7). It implies that there is no need to deal with the
bias in the DWB procedure, as the bootstrap draws generate a bias term identical
to that in Theorem 3.1. We stress that we only consider point-wise inference for
the time-varying coefficients functions, while simultaneous inference for the entire
time-varying curves relies on deep Gaussian approximation theory (cf. Zhou and
Wu, 2010), and is beyond the scope of this paper.

Note that the proposed kernel method can asymptotically recover p(r) even
when the true form of w(7) is linear. Note that the proposed kernel method
can also be applied to estimate a semiparametric version of the form: u(r) =
a1 +g(t), where o is a vector of unknown parameters. In this case, under the
orthogonality condition: fol ug(u)du = 0, « is identifiable and can be estimated by

a=(SL) (SLiwn).
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—1

We then estimate g(t) by g(t) = (Zthl Kin(t,— r)) Zthl (x; —ot) Kp(t; —
1), and the corresponding asymptotic properties of g(z) follow similarly from
those of ft(t). So we omit details for the corresponding theorems.

4. ON TIME-VARYING VARX

As a further application, we study a class of time-varying VARX(p, g) models of
the form:

p q
Y= @)+ > Ay, i+ Y Biwxe i+, :=Z] Bw)+, @.1)
J=1 J=0
where Z, =z, 1, z, = (l,yll,...,ylp,xll,...,x;[q,x;r)-'—, and 7, = w(1,)€,.
Here,y, = vi.s,---,Ya, )7 is a d-dimensional vector of endogenous variables, x; =
(xX1,6 - ,xm,t)T is an m-dimensional vector of exogenous variables, and both d and
m are finite positive integers. We further allow x;, to follow a VMA(00) process, see
Assumption 5.3. Consequently, y, itself also admits a VMA(oco) representation and
thus we are able to establish a new estimation theory for the time-varying VARX
models. Here, {A;(7)} and {B;(7)} are the d x d and d x m coefficient matrices.
Also, w(7) is an unknown deterministic function that has full row rank uniformly

in 7 € [0, 1], and captures the heteroscedasticity over time. Obviously, we have

B(t) = vec(n(),A(1), B(7), Bo (7)), 4.2)

where A(t) = (A1(7),...,A,(7)) and B(zr) = (Bl(r),...,Bq(t)).] In what fol-
lows, we focus on (7).

4.1. Nonparametric Estimation

Suppose that each component of B(-) has continuous derivatives of up to the second
order. When 7, is close to 7, we have the following approximation:

Y =2 B +2[ BV @) (5~ 1)+, 43)
We estimate {(7), BV (1)} using the kernel weighted least-square criterion:
T
> - . 2
BB () =argminy_ |y, —Z[ B+ (@ —)B) | Ki(x: — 1. “.4)
8.8 =i

o~

Consequently, B(t) admits a closed-form expression as follows:

B(r)=,.0)(Z K. Z.) 'Z] K.y, 4.5)

IThe specific form that By(-) is singled out in equation (4.2) allows us to rewrite the VARX(p,g) model in a
VARX(1,0) form, which helps us to derive the asymptotic distributions of dynamic multipliers by using the Delta
method (see Liitkepohl (2005, p. 403) for more details).
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where s = d+dp+ (q+ Omd, y = (y/,....y;)", K, = diag{Ky(t; —

T)’ LR aKh(TT - T)} ®Id’ and

Z] ZjE

Z.=|: :
Z; 17

The following assumptions are necessary for the theoretical development.

Assumption 5.

1. The roots of I; —A{(t)L—--- —A,(t)L” = 0, all lie outside the unit circle
uniformly in 7 € [0, 1].

2. Each element of 8(7) is second order continuously differentiable on [0, 1] and
B(t) =p(0) fort <O.

3. Suppose that x, = g(r,) + Zj?’ioDj(rt)v,,j for t > 1, and x;, = g(0) +
Z;ioDj (0)v,_; fort <0, where g(-) and D;(-) are m x 1 and m x m, respectively.

Each component of g(-) and D;(-) is second order continuously differentiable

on [0, 1]. For £ = 0,1, sup, 0,1 2, jIID{” (1) | < oo, where D (r) denotes
the £th derivative of D;(7) and D;O)(‘L') =D;(7).

4. Each component of @(7) is second order continuously differentiable on [0, 1].
Moreover, (1) = o(t)w(t) " is positive definite for Yz € [0,1], and &(t) =
»(0) for T < 0.

5. Lete, = (¢/,v. )" and {e,}_ form a sequence of martingale differences

such that E(e;|F;—1) = 0, where F; = o{e;,e,—1,...}. Also, suppose that

E(e,eﬂ]—',,]) = ;fir ’;“’) almost surely (a.s.), and supt21E||e,||‘S < oo for
€y m

some § > 4.

Assumption 5.2 is standard in the literature (Li and Racine, 2007, p. 9), so the
discussions are omitted. Assumption 5.5 is also standard and assumes that the
innovation errors follow a martingale difference structure, which is identical to
those used in Phillips and Lee (2013) for example.

We now comment on the rest of the conditions of Assumption 5. Assumption 5.1
ensures thaty, in model (4.1) is neither a unit-root process nor an explosive process,
and can be regarded as an extension of those used for the classical multivariate
dynamic models (e.g., Hamilton, 1994, p. 259). Note that Sun et al. (2021) assume
that a time-varying univariate ARX process is §-mixing. We employ an alternative
approach by utilizing the MA structure of ARX processes without imposing any
mixing condition. Assumption 5.3 formulates a time-varying VMA(oco) process
that nests many different processes as special cases as shown in Examples 1 and 2.
Assumption 5.4 imposes certain heteroscedasticity.

The following theorem establishes asymptotic properties associated with the
estimation procedure of (4.5).
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THEOREM 4.1. Let Assumptions 4 and 5 hold. If T — oo, then:
1. ForVt € (0,1) we have

VTh(B(x) - B(x) — %h%ﬂ@(r) +op(h?)) —p N (0,%V(1)),

where V() = ;1 (1) ® Q(t) and () = limy_0o + 31 E@iz, ) Ky (7, — 7).

. .. 4 T1—4/5h
2. If, in addition, suptzlE[Ile,H |.7-",,1] < 00 a.s. and ToaT

VT €[0,1]

— 00, then for

V(t) =» V(1),

-~ A71 o~ o~
where V() =X, (1)Q@L(1), X,(1) = (% Z,Tzl Ky(t,—1))7! % ZrT=1 2z Ky(t —
0, 1) =G K =) L Ga, Ki(t — 1), and G, =y, — Z] B(%).

The first result of Theorem 4.1 establishes the asymptotic distribution of ﬁ(r),
while the second result ensures that the confidence interval can be constructed
practically. Furthermore, using Theorem 4.1 and the Delta method, we can infer
impulse responses (which are also known as dynamic multipliers) of y, to x,. We
present this result in Appendix B.1 of the Supplementary Material.

4.2. Semiparametric Estimation

In this subsection, we consider a semiparametric version of model (4.1) by
allowing that some of z; can be time-invariant. Let z;, be a subset of z;, and let z,; be
a vector collecting the elements of z; left out by zy,. Thus, (4.1) can be rewritten as

. =Zlc+Z,0(t)+n, 4.6)

where Z|, =z, ® 1y, Zy; = 20, ® 14, ¢ and O(t) are the corresponding subsets
of B(r) and are of dimensions s; and s, respectively. Equation (4.6) is a
semiparametric model.

After profiling out the nonparametric part (7), we obtain

~ ~T
Y=Zc+n,

where ¥, =y, — Z55(0)y, Z1i = Zu— Z s (@) 22 5(2) = (U5, 00)(Z3 K:Zo, )"
Z; Ly
Z) K., Zy=(Zy.....Z17)" and Z ; = :
Zyr Lyl
Since 5, has time-varying unconditional variance, we use the weighted least
squares (WLS) method to estimate ¢ in order to improve efficiency. The WLS
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estimator of ¢ is then given by

T -7
_ N N 5 Aol
Cwrs = <Zzlr9 (Tz)Z1,) Zzltﬂ Ty, 4.7
=1 t=1
where ﬁ(r,) = (% Zstl Ky(t,—1))7 ! % Zle’ﬁ;ﬁ:Kh(q —1)fort=1,...,T,and
ﬁt =J): _Z;rﬂ(rt)-
Finally, () of (4.6) can be estimated by’
0(r) = (Isz,052)(Z2T,fKrzz,r)_lzzT_fKr O —ZCws). 4.8

We require the following assumption to facilitate the development.

2
Assumption 6. Let sup,., E[[le,|*|F—1] < o0 as., Th® — 0, a‘,TgLTﬂ — 00,

1_4
T 8h

logT

— 00, and § > 4, where § is the same as that of Assumption 5.5.

Assumption 6 imposes more restrictive conditions on the bandwidth, and the
conditional moments of the error terms. These assumptions are commonly used in
the semiparametric kernel estimation literature (e.g., Fan and Huang, 2005).

With Assumptions 5 and 6 in hand, the next theorem establishes the asymptotic
distributions associated with the estimation procedure of (4.7) and (4.8).

THEOREM 4.2. Let Assumptions 4—6 hold.
1. For (4.7), we have as T — o0,

ﬁ(c\WLS_C) —)DN(O, A;l),
where A = [}/ (2, (1) — 2, (DT, (O], () ® @7 (1)dr, in which for

Jri2 €412}, Ty (1) =limroo 2 YT B2 )Ki(T — 7).
2. For (4.8), we also have for any given T € (0,1) and as T — 00,

~ 1
VTh (0<r> —0() = SHE0% () +0p<h2)> —p N(0.7A¢ (),
where Ag(t) = X! (1) @ (7).
Similar to Theorem 4.1, both A, and Ay (7) can be easily estimated by replacing
the unknown quantities with their estimators.

In the following section, we conduct numerical studies to evaluate the proposed
estimation methods and their theoretical properties.

2The kernel-weighted method uses local observations around time 7 to estimate @(t), so the variance of », is
automatically approximated by a constant due to the nature of the nonparametric kernel method. As a sequence,
there is no need to correct the unconditional heteroscedasticity when estimating 6 ().
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5. NUMERICAL STUDIES

We present a computational implementation procedure in Section 5.1, and then
conduct extensive numerical studies in Sections 5.2 and 5.3.

5.1. Computational Implementation

Throughout the numerical studies, the Epanechnikov kernel K(u) = 0.75(1 —
u?)I(|u| < 1) is adopted. When studying the trending term of the VMA (c0) model,
we use the “leave-(2k+1)-out” version of cross-validation method of Chu and
Marron (1991), as the error components are serially correlated. Specifically,

Boper = argmmz — T (@) | (5= En (), (5.1

—1
where 1, (1) = [Zt - TTka(“hr)] Zt:|t71T|>kx,K(%) and k = 5. For the
DWB method, we follow the suggestions of Biihlmann (1998), Shao (2010), and
jil w(w)w(u+|x|)du

fl w2 (u)du
with w(u) = 5751 (1 € [0,0.43)) + 1 (u € [0.43,0.57]) + OMI(M € (0.57,1]), and
[=1.75- (Thmw)l/3.

When studying the time-varying VARX model, we use the leave-one-out
method, since the error terms of VARX model are mutually uncorrelated:

Friedrich et al. (2020) by choosing 1 = co - iy with co = 2, a(x) =

T
ey = argmin Yy (v, = Zi@h— — 2300 —(1) (0 = Z €~ ~ Z3 01 —1(1).
=1
(5.2)

where ¢, _, and /0\;1,,,(-) are obtained using (4.7) and (4.8) but leaving the rth
observation out. For the above minimization, we set a predetermined sequence
of I’s from a wide range, say from 0.1 to 0.6 with an increment 0.02.

5.2. Simulation Results

We first evaluate the finite sample performance of the DWB procedure presented
in Section 3. Consider a multivariate time series data generating process (DGP):

x;=pn(r)+e, e =A(r)e 1+e, t=1,...,T, (5.3)
where all the €, are i.i.d. draws from N(0,15), u(t) = [sin(z 7), cos(w 7)]" and

_ 0.1dexp(—=0.5+71) (t —0.5)3
A = [ (t—0.5) 0.1d+0.3 sin(m)]
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F1GURE 1. Point-wise coverage probabilities for p(-).

with d € {1, 3}, which corresponds to low and moderate persistence in the dynamics
of innovations, respectively. In addition, let the sample size be T € {200,400, 800}
and conduct 1,000 replications for each choice of 7.

In order to evaluate the finite sample performance, we calculate the point-wise
coverage rate associated with u(-) based on the DWB procedure with J = 1,000
bootstrap replications. Specifically, we consider the coverage at T = 0.1,...,0.9,
and use the nominal coverage 95%. For each given t, the coverage probability is
first calculated for each component of p(-). We then take the average across these
elements.

The coverage rates are plotted in Figure 1. A few facts emerge. First, for the
small positive correlation case, the coverage probabilities are close to the nominal
level even when the sample size is relatively small (i.e., T = 200). Second, the finite
sample coverage probabilities decrease with the increase of d (which measures
the extent of serial correlations in error innovations) for all the sample sizes
considered. Intuitively, the data may deviate from the trend functions in clusters
in the case of strong positive correlation, which causes the nonparametric estimate
to go through these clusters and thus, to deviate significantly from the true trend.
Interestingly, all time points are similarly affected. Third, for the strong positive
correlation case, the finite sample coverage probabilities are smaller than their
nominal level (95%) for small 7, but are fairly close to 95% as T increases.

We next evaluate the performance of the semiparametric profile likelihood
method for the following two DGPs:

DGP 1:y, = u(r) +Ary,_; + B1(v)x—1 + 1,
DGP2:y, =Ay,_ + B (t)x—1 +1,,

N, = &(T)€;,
N, = &(T,)€;, 5.4

where €,’s are i.i.d. draws from N(0,4;,15), p(t) = [sin(7w 1), cos(m7)]T, x; =
0.4x;_; +v; with v, ~ N(0, 1), and

A _[01+03d  —0.1
=1 —01 0.14+0.3d |’

Bi(r) = [2exp(r — 1) = 1,2exp(r — 1) — 1],
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TABLE 1. Empirical coverage probabilities for u(t), A and By (-).

T n(t) A By (") n(t) Al B ()
200 0.893 0.903 0.911 0.853 0.873 0.908

DGP 1 400 0911 0.929 0.931 0.893 0.914 0.930
800 0.924 0.937 0.939 0.907 0.925 0.936

200 — 0.932 0.922 — 0.924 0.921
DGP 2 400 — 0.945 0.936 — 0.942 0.936
800 — 0.949 0.939 — 0.945 0.938

TABLE 2. The ratios of the RMSEs of OLS estimator
relative to that of WLS (the levels of RMSE are reported
for WLS in brackets).

200 1.061 [0.144] 1.061 [0.142]
DGP 1 400 1.077 [0.097] 1.079 [0.091]
800 1.082 [0.067] 1.083 [0.062]

200 1.062 [0.135] 1.062 [0.124]
DGP 2 400 1.078 [0.093] 1.080 [0.083]
800 1.082 [0.065] 1.081 [0.058]

o(t) = 1.5+0.2exp(0.5—1) 0
- 0.lexp(0.5—1) 1.54+0.5(t —0.5)% |

Similarly, we set d € {1, 3}, which corresponds to low and moderate persistence in
the VAR dynamics. The coverage rates are calculated in a similar manner as above,
so we omit the details.

As shown in Table 1, the coverage rates move toward 95% as the sample size
goes up. In addition, similar to the trending estimation case, the rates are worse
with a larger value of d, which is not surprising.

Finally, we compare the performance of WLS and OLS estimators of A ;. Here,
the WLS estimator is given in (4.7), while the OLS estimator is defined as

T -1 7

- ~ =T ~

COLS:(E thzlt> E 21y,
=1 =1

Table 2 reports the ratios of the root mean squared errors (RMSEs) of the OLS
estimator relative to those of the WLS estimator. The levels (rather than the
ratios) of RMSE:s are reported for WLS in brackets. Clearly, OLS is inefficient. In
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FIGURE 2. Plots of the inflation (left), the unemployment rate (middle), and the interest rate (right).

addition, the performance of WLS relative to OLS is improved with the increased
sample size. Moreover, our simulation results also show that the improvement
of the WLS procedure relative to OLS is insensitive to the persistence of VAR
dynamics, as well as the presence of time-varying intercepts.

5.3. A Real Data Example

In the empirical study, we infer the trend value of inflation (i.e., trend inflation, see
Stock and Watson, 2016a for more details) and the trend value of unemployment
rate (i.e., the natural rate of unemployment, NAIRU, see Staiger, Stock, and
Watson, 1997 for more details). The trend inflation and NAIRU are centrally
positioned in setting monetary policy since the Federal Reserve Bank aims to
mitigate deviations of inflation and unemployment from their long-run targets
(Primiceri, 2006; Stock and Watson, 2016a). The estimation is conducted in
exactly the same way as in Section 5.1, so we will not repeat the details unless
necessary.

Specifically, we estimate the time-varying VMA (co) model (3.1) using three
commonly adopted macroeconomic variables of the literature (Primiceri, 2005;
Cogley, Primiceri, and Sargent, 2010); the inflation rate (measured by the 100
times the year-over-year log change in the GDP deflator), the unemployment rate,
and the interest rate (measured by the average value for the Federal funds rates
over the quarter). Although we are not interested in the trend of interest rates, we
include this variable within the system in order to capture more dynamics and be
consistent with the literature. The data are quarterly observations measured at an
annual rate from 1954:Q3 to 2020:Q1, and are collected from the Federal Reserve
Bank of St. Louis economic database. Figure 2 plots the three variables.

We investigate the trend inflation and the NAIRU. Petrova (2019) considers a
Bayesian time-varying VAR(2) model, and induces the long-run mean of x; by

M= pl_igloEz(xz-t-p) = —-Ay —A2,)71a,, (5.5)
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F1GURE 3. The estimated trends (i.e., u(-)) of inflation and unemployment as well as the associated
95% bootstrap confidence intervals.

where a; is the intercept term, and A, and A, are the coefficient matrices. The
main difference between our method and the Petrova’s method is that we explicitly
estimate the underlying trends of inflation and unemployment using model (3.1).

Figure 3 plots the estimates of the trend inflation and the NAIRU (i.e., (7)),
as well as the 95% bootstrap confidence intervals. Here, we use the bootstrap
method to construct confidence intervals, which remains robust whether the VMA
coefficients are time-varying or not. First, we can see that the length of confidence
intervals change over time. For example, the estimation uncertainty was high in
the 1980s, but this uncertainty decreases dramatically after this period. This fact
implies that our time varying VMA model is much better than the constant VMA
model. Note that constant VMA coefficients correspond to a constant asymptotic
variance over T € [0, 1] according to Theorem 3.1. In addition, it is obvious that the
underlying trend of inflation was high in the 1970s, but decreased in the subsequent
period. After the Great Moderation, the long-run level of inflation was below, but
quite close to the Federal Reserve’s target of 2%, indicating that inflation is more
anchored now than it was in the 1970s. However, the NAIRU is less persistent
and fluctuates over time. In particular, the NAIRU increased rapidly during the
“Second Oil Crisis” and “Global Financial Crisis.”

To provide more empirical evidence on the time-varying VMA coefficients, we
also estimate the time-varying volatility of x;, that is, the square root of diagonal
elements of

E(ee)) =) Bi(t)B/ (7).

J=0

Figure 4 plots the estimated volatilities of both the inflation and unemployment
rate, clearly showing that their volatilities change over time, which further under-
lines the empirical importance of the proposed time-varying VMA model. We can
also see that a decline in unconditional volatilities of exogenous shocks after 1980
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FIGURE 4. Estimates of the time-varying volatility of inflation (left panel) and unemployment rate
(right panel).

in every subplot of Figure 4. Thus, our results support the explanation of “bad
luck” (e.g., Primiceri, 2005; Sims and Zha, 2006).

6. CONCLUSION

In this paper, we introduce a class of time-varying VMA(oo) processes, and
derive a set of asymptotic properties accordingly. Our investigation starts with
decomposing the weighted sum of time-varying VMA(oco) processes into the
long-run and transitory elements, known as the BN decomposition (Beveridge
and Nelson, 1981; Phillips and Solo, 1992). As the long-run component of the
decomposition yields a martingale approximation, it ensures the feasibility of
achieving a variety of asymptotic properties for the multivariate case, for example,
the law of large numbers, the uniform convergence, the central limit theorem, the
bootstrap consistency, and the long-run covariance matrix estimation.

Furthermore, we show that these results can be readily applied when establishing
inferences for many other dynamic time-varying models. In the empirical study,
we apply the newly proposed framework to study the long-run level of inflation
and the natural rate of unemployment. We find that (1) the long-run level of
inflation is more anchored now and is close to the Federal Reserve’s target of
2% after the beginning of the Great Moderation period, and (2) the natural rate
of unemployment is less persistent and increases rapidly during the “Second Oil
Crisis” and “Global Financial Crisis.”

APPENDIX

In this Appendix, we provide some selected proofs of the main results. In what follows, M
and O(1) always stand for bounded constants, and may be different at each appearance.

Proof of Lemma 2.1. By the BN decomposition in Lemma B.3 in Appendix B of the
Supplementary Material, we have
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[Tr] [ Tr]

1 1 |
fZ(xt E(xt))_\FZBI(])GH_ﬁBl(L)GO_TBLTrJ(L)fLTrJ
| Tr]—1 _ N
+ﬁ Z (Bt+1(L)_Bl(L))él:=LT,1+LT,2+LT’3+LT’4,

=1

By using a functional central limit theorem for martingale difference sequences, for
example, Theorem 18.2 in Billingsley (2013), we have Lt | —p forIB(u)dW(u). Note
that the condition limsupy_, o, maxj <;<7 [|B;(1) —B(¢/T)|| = O (plus the continuity con-
dition on B(-)) is enough to ensure the convergence of conditional variance, that is,
Iy B (B (1) > 7 BGBT (wdu. In addition, we have Lz, » — p 0 uniformly over
r € [0, 1] because of E ||IB%1 (L)eg || < 0o by Lemma B.3 in Appendix B of the Supplementary
Material.

For L7 3, we need to show that

sup
rel0,1]

—p0,

1 ~
ﬁBLm (L)e| 17|

which holds if maxj<;<7 71 ||EI(L)5,||2 — p 0. This is equivalent to show for any v > 0

T
1 ~ ~
- S E[IBWelP1UB Wel? > Tv)] - 0

t=1

which is satisfied due to {E||B,(L)et|| }]/‘S < MZOOI || i, ¢l < oo.

Finally, for L 4,as E [thl || (Bz+1 L) — BZ(L)) €t ||] < oo by Lemma B.3 in Appendix
B of the Supplementary Material, we have

| Tr|—1

sup |l 4l < sup —= Z |(Brr () —Be ) |
rel0,1] relo, ]

T-1

1
fZH By (L) — Bu(D) e = 0p(1/VT).

The proof is now completed. (]

Proof of Lemma 2.2. By Lemma B.3 in Appendix B of the Supplementary Material,
we have x; = p; + B (1)e; +B;(L)e;—1 — By (L)€, which yields

T T
Y Wi —EGx)) =Y Wz, Bi(De+Wr 1 Bi(Leg — Wr, rBr(Lyer
=1 =1
T—1 - -
+ Y (Wr 1B (L) — Wr, Bi(D) € := Ip 1 + 170+ 3+ 174,
t=1
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For I7 |, by Assumption 2, we have

2 T

E|Y Wr,Bi(e | =tr| > Wy Bi(1)E(ee B! (HW],
t=1 t=1
T T
=My |wr|? = Mmax [Wr, | [ Wr.| = 0w@p).
= =1

Hence, |I7,1ll = Op(/dr). Also, |IT,2]l = Op(dy) and |IT ;3] = Op(dr), since
max;s | HWT (| = 0wdr), EIB1(Lyegll < oo and E|[Br(L)e/|| < oo by Lemma B.3 in
Appendix B of the Supplementary Material.

For I 4,

T—1
> (Wi 1B (0 — Wr, Bi(D) €
=1
T— T—1

=S (Wi —Wr) B e+ Y Wry (B ) —BiL)) er. (A1)
=1 =1

,_

Note that for the first term on the right-hand side of (A.1),

T-1

Z (WT t+1 —WT t) IB§z+l(L)€t
=1

T-1

<maxE |Ber1@Wer|- > W41 — Wri| = OGdr)
t=1

E

by Lemma B.3 in Appendix B of the Supplementary Material and the conditions on Wr ;.
For the second term on the right-hand side of (A.1), we write
T-1 T-1

E|Y> Wi (B -BD)e = maxEle|| max||WTf||Z||B,+1<1> B, (1)l
=1 =1

T—1 00 o0 T—1 oo
<Mmax||WTtHZZ > 1B — JtH—MmaX“WTt||ZZJ| 1 Bj 4|
t=1 j=0k=j+1 =1 j=1

=0(dr).

Thus, we have proved that || ZLI Wi, (xt — E(xp)) || = Op(/dr).

We now prove || Zthl Wr.; (x,x;:_p —E (x,x;';_I,)) | = Op(s/dr). Start from p = 0 and
write

o0
x| = iy +”ZZ‘ —j jz+Z 1 €1—jly +Z e B,
Jj=0 i

00 00
+ZZB]'J€’*]‘;|;]' r j+rt+ZZB j+r,t€t—j—ré€; ]B]Tt’

r=1j=0 r=1j=0

which yields
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vec [WT’[ (x,xlT —E (xtx;r))]

[o,0] o0
=(Id®WT,t) ( t®ﬂt)€t—]+ 1, W7, Z it ft—j
J=0 Jj=0

Mg

+({I4®@Wr,) ) (Bj®Bj,)vecle; ]eTJ 1]

Il
=}

J

+(I;@Wr,) Z Z(Bm,t ®Bj )vecle, je ;]
r=1;=0

[e.olNe o)
+a@Wr,)Y Z(Bj,,®Bj+,,,)vec[et_j_,elj].
r=1;=0

Consequently, we obtain
T T e8]
ZWT,I (xtsz —E<xtx;r>) =2 Z Ii@Wr, Z 1 ®Bj )€
=1 =1 j=0
o
+ Z(Id®WTt Z .t ®Bj ¢ VeC[‘t—/f —14]
- j=0

T oo 00
213 (Ia®Wr,) Y > (Bt ®B; z)VeC[ézij,T_j_r] =Irs5+Ire+Ir7.
=1 r=1j=0

By the development of Zszl Wr ; (xt — E(xt)), it is easy to know that I 5 is Op(/dT).
For I ¢, by Lemma B.3 in Appendix B of the Supplementary Material, write

T
Ire < |Y (L@ Wr,)BY(D) (vec(e,J) - vec(Id))
t=1

+ H (I @ Wy 1) BO(Lyvec(epe]) H + H (s ®Wr.7) IB%T(L)vec(eTeT)H
T—1 _
1 (@@ Wr ) B 0 — (La@ Wy ) B ) vee (ere]])
t=1
=1Ir61 11,62+ 11,63 +1T,64-

LetZ; = Vec(e,e, — 1) for notational simplicity. For I ¢, write

T 2

Z 1,@Wr,,)B) ()Z;

T

T
‘PB?ZIIBNII Z [Wrdl” BNz < Mmax [Wr | 3| Wr | = 0can),
=1 =1
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which implies that I, 61 = Op(+4/dr). Similar to the proofs of I » and It 3, we can prove
that It ¢ and I g3 are Op(dr). For IT ¢4, we have

T-1

IT 64 < Z (g ® (Wr 141 —WT,z))IE?H(L)VeC (ftftT>
=1

T-1

+ Z(Id®WT,t)( z+1(L) B (L))Vec etet
=1

Similar to the proof of I7 4, by Lemma B.3 in Appendix B of the Supplementary Material,
we can prove that I7 ¢4 is Op(dr). Then we can conclude that I ¢ = Op(+/dr).
For I7 7, using Lemma B.3 in Appendix B of the Supplementary Material, we have

T 00

Ity < | UaoWr )Y Bi(vee (e, )| +

=1 r=1

o0
Ta@Wr,) Y B @yvee (eoeL)

r=1

o0
+|@a@Wr )Y Br@vec (eTeL,)

r=1

1 o0

> (Ua@Wr B (L) — Wa @ Wr 0B (W) vee (e, )

t=1r=1

=1Ir,71 + 1,72 + 7,73 + 171,74
For I, 71, by Lemma B.3 in Appendix B of the Supplementary Material, we further write

T 2

oo
ENY (1a@Wr) Y B (hvec(erel,)

t=1 r=1

g

o0
Ta®Wr,) 3 Bj(Hvee (e,e,[,) veeT (exe;r_k> BET (U @ W)
rk=1

|\M~1

T 2 T
=My |wr|’ Z”IB%’(I)” <M<maxZB’(1)) max |[Wr,| 3} |Wr.|| = 0wr).
=1 r=1 -

=1

In addition, similar to the proofs of I7 5 to I 4, we can show that I 7 to I7 74 are
Op(dr). Combining the above results, we have proved the case of p = 0. Similarly to the
development of p = 0, we can complete the proof for the case of p > 1 given p is a fixed
number. The details are omitted due to similarity. The proof is now completed. ]

Proof of Lemma 2.3.
(1). By Lemma B.3 in Appendix B of the Supplementary Material, we have x; = u, +
Bi(e; +Bi(Lye,—1 —Bi(L)er.
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We are then able to write

T
sup | Y W, (v)(xr — E(xr)
t€la,b] =1
T
< sup | D Wi (OB(De |+ sup. HWm(r)IBl(L)eolH sup HWTT<r>IBT(L)eT||
tela,bl |, = t€la, T€la,
T—1 - -
+ sup > (Wit OB (L) = Wr (OBi(L) €| =781 +I7,80 + 7,83 + 7 84
T€la,bl | 1 —1
where the definitions of I7g; for j=1,...,4 are obvious.

By Lemma B.4 in Appendix B of the Supplementary Material, we have It g; =

(./drlog 7). It is also easy to see that I7,87 = Op(dr) and Ir,83 = Op(dr), because
E||IB] (L)eg|| < oo and E||IBT(L)ET|| < o0 in view of the fact that

o o
IBi(DI <) IBj 1l <oo and [Br()| <) IIBjrll <oo

J=0 J=0
by Lemma B.3 in Appendix B of the Supplementary Material. Thus, we need only to
consider I g4 below. Note that:

(D). ZZT:_II ||I§t+1 @))] —ﬁ,(l)” = O(1) by Lemma B.3 in Appendix B of the Supplemen-
tary Material;

). T2drlogT — 0 and sup,cipy Sy |Wr.1() = Wr,(1)| = O(dr) by the
conditions in tge body of this lemma; ~

(3). maxj<<r—1 [Bi1 (L)€ ]| = Op(T'/?) by E[|B;11 (e ||° < oo and

1-1 175
max | |B,+1(L)e,||s(Z||B,+1(L)ez||5) =0p(T').

1<
t=1

Hence, write

T—1

sup | Y (W41 (DB (L) — Wr (0B (D)) €
t€la,b] =1
T—1

up > W11 () = W (O) By (L €r + Wr, o (0) By (L) — Br(L))e
T€la, =1

T-1
< max (B @ells sup 3 IWr 1 (D) = Wr @]
l<r<T— rela, b]t 1

+  sup [Wr@- Z 1 Brs1 (L) — B L)
tela,b], 1<t<T P

= 0p(T'"/° - dr) + Op(dr) = op(\/drlogT).

The first result then follows.
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(2). Below, we consider p = 0 only. The general case of p > 1 can be verified in a similar
manner, so omitted.

T
> vee (Wr (@) (eox]” — EG )

=1

T

o0
D Ua@Wr,i(1) Y (Bji @ ke
=1 j=0

sup
1€la,b]

<2 sup
t€la,b]

T

Z(Id ®Wr,,(1) Z(B, (@B;) (vee (€€ ;) —veedy))
Jj=0

+ sup
t€la,b]

+2 sup

[a.6] Z(’d®WTt(T)>ZZ( 41,0 ®Bj )vec (€1j€r—j)
TE|a,

=1 r=1;=0

= 2I7,91 +11,92 + 217,93,

wherein I 91 = Op(y/drlogT) by a proof similar to the first result of this lemma.
Consider I, 97. Using Lemma B.3 in Appendix B of the Supplementary Material, write

Z(Id ®Wr, (B (vee (ere] ) —vee () )
=1

It 92 < sup
t€la,b]

|

+ sup | dg@Wr (0B Wvee (eoe] )| + s H Ua@Wr () B} (Lyvee (ere] )
t€la,b]

+ sup
t€la,b]

T-1
Z ((Id QWr 141 (T))B?H L) -Ug® Wr,f(r))@?(L)) -vec (e,e,—r) H
t=1

== Ir 101 + 11,102 + 11,103 +IT, 104-

By Lemma B.5 in Appendix B of the Supplementary Material, we have I7 101 =

of (/drlogT). Also, I, 102 = Op(dy) and It 103 = Op(dy), because ||E?(1)|| < 0o and
||IB%(%(1) || < oo by Lemma B.3 in Appendix B of the Supplementary Material. Similar to the
proof of the first result, for I 24, we write

T-1

sup |3 (@a @ Wr 1 (0B (1) — Uy ® Wr () EID) ) vee (ere] )
t€la,bl | ;=4

<vVd s |Wram]- ZH( 00 =) vee (ere] ) |

t€la,b), 1<t<T

+ «/Zimtax H@?(L)Vec (e,e;r) ) .

sup Z [Wr.i01() = Wr ()| = op (VarlogT).

t€la,b]

where we have used the following facts:

(). T3 dplog T — 0; (2). max HﬁBT?(L)vec (e,ej) H _ 0p(12/);
>1

T-1
@) s 3 [Wrn ()= Wr ()] =0r): (&), ZHB,H(I)—IE?@)H:O(I).
TE|Q t= 1

Then we can conclude that I7 104 = Op (v/drTogT).
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We now consider I 93. Using Lemma B.3 in Appendix B of the Supplementary Material,

we have
Z(Id®WTt(T))ZZ( +r.1 ®Bj )vec (€,—j€;—j )
re[a r=1j=0
T 00
< sup |SUa@Wrenge|+ sup |dg@Wr i)Y B @vee (eoe )
t€la, bl |, t€la,b] =1
o
+ sup ||[(Tg@Wr, T(t))ZIB (L)Vec(ere—lr— r)
t€la,b] =1
T—-1 oo - -
+ 5w 1373 (Ua®Wr it B[ 0= Ty @ Wr (B[ (D) vee (erels)
telabl|| =1 r=1

It i +Ir 2+ 113 +11, 114,

where ¢, is defined in Lemma B.5 in Appendix B of the Supplementary Material.
By Lemma B.5 in Appendix B of the Supplementary Material, I 11] = Op («/dT log )
Moreover, It 112 = Op(dy) and It 113 = Op(dT), because Z —1 ||IEB’(1) || < oo and

r=1 ||]B%’T(1)|| < oo by Lemma B.3 in Appendix B of the Supplementary Material. For
IT, 114, we write

T-1 o0
up |32 3 (Aa®Wr 1 DFL 0 = Ty Wr ()B[0) vee (ere )
elabl| =1 r=1

o0

T—1
<Vd sup , H Wr (1) ” . Z Z (@Lrl(L) —]E{(L)) vec (ete;r_,)
t

T€la,b], 1<t<

=1 llr=1

+\/Em;<1x

[o¢]
> Bl wvee (e )| sup ZHWTt+](T)—WTz(T)”—OP(\/dT]Og 7),
r=1

T€la,b] =1

where we have used the following results:

o0
(). T drlog T — 0; (2). max ZIIE;(L)veC(e,etT_,) — 0p(T2/%);
T—1 oo T-1
3. Y IBL () =Bl = 0); 4. st]ZHWTtH(r)—Wm(r)H—O(dT>
=1 r=1 tela.bl

Based on the above development, the proof of the case with p = 0 is done. The proof is now
completed. |

Proof of Lemma 2.4. Similar to the proof of Lemma 2.2, we have

T T
1 3 1
\/dth:1 T,t(xt (xr)) \/d—Tt:1 Tt (e +op(1)

as dr = o(1).
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Since

T T
1 T
— > Wr.Bi(De; | = ZWTABr(l)IB (W], — Ty,
dr t=1 t 1

we then use the Cramér—Wold device to prove its asymptotic normality. That is to show that
for any conformable vector /,

T

1
= S 1T Wy Bi(e —p N (0,IT):WI> .
=1

LetZ; = ﬁlT Wr B¢ (1)€;. By the law of large numbers for martingale differences and

the assumption E (ete;r |]-',,1> =1, a.s., we have ZIT=1 Z,2(1') —p ITZWI.
Furthermore, for any v > 0, by both Holder’s and Markov’s inequalities, we have

T
Y E(Z®112)] > v))
=1

T

(6-2)/8
| 5 5\2/% ( EIBi(Der|®
=D Bm LERT (EIB:(Del’) ((G,T)W

:(ld(é 2)/2) o(1)

since Y7, [Wr.,,| = O(1) and max,> |Wr.,| = O(dr). By Lemma B.1 in Appendix B
of the Supplementary Material, the proof is now completed. (]

Proof of Lemma 2.5. By dj /> Y"1, W ,(x; — E(x1)) —p N(0,Zy) and using a
multivariate version of Polya’s theorem (p. 23, Bhattacharya and Rao, 1986), we have

T
sup |Pr[ a2y W e —EGe) <w | — 0w Zyp)| = 0(D),
d r ’
weR =1

where @ (-; Xyy) denotes the CDF function of multivariate normal variables with zero mean
and variance Xy. Hence, it is enough to obtain d;l/z Zszl Wr,(xr — E(x)&" —p*
N(0,Xw) in order to show

T
1
su Pr*—gf*<w—Pr Ex<w =op(1l
p \/d—TIZI & < \/— t p(1).

weRd

Let ¢ = x; — E(x;) and Z% = \/% ZIT:] dr’ WT,zerS,* for any conformable unit vector d.
T

Then, it suffices to show that

Zh—>pe N (O,dTZWd) .

In the following step, we first show that
Var* (Z5(1)> =d " Twd +op(1),

and then prove its normality by blocking techniques.
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Conditioning on the original sample, we have

T T
1
EXZ5)? = = D> dTWr ee] Wi dE*(£1ED)
t=1s=1
T | T=1T—i
Zd Wr e/ W] d+ - SN dTWr el W], da(i/l)
t 1 i=1t=1
| T-1T—i
+- SN dTWr pieie] Wi da(ifl). (A2)
T iz1 =1
For the first term on the right-hand side of (A.2), similar to the proof of Lemma 2.2, it is
straightforward to obtain that

T

1

d—TZdTWT,e;eZ Wi A= Zd Wr, E(ee W7, d+op(l).
= t 1

For the second and third terms on the right-hand side of (A.2), as a(i/l) =0 for i > I, we
have

T—1 T—i
1 .
E Z - Z Wr, <ete;:_i - E(eteIH)> W—Tr, i@/
i=1 ‘T =1
T—-1 1 T—i
= Z a(i/DE d Z W (efet-H E(etet+z)) W—Tr t+i
i=1 t=1

=1-\/dr =o(1)

as we have E H é ZtT:_l’ Wr, (e,etJrl E(e;etﬂ)) W—Tr i
arguments to those used in the proof of Lemma 2.2.
We now need only to focus on d Z ZtT 1’ Wr. ,E(e;eH_l)WT H_la(z/l) Note that

= O(4/dT) by using similar

1 T—-1T—i

D > WriE e pW] ali/D), (A3)
i=1 =1

T—1T—i T—1T—i

Z Wr Eeie JW], i+ TZZWT (Eere, YWT, 1 i(ali/D) -
i=1 t=1 i=1 t=1

It is then sufficient to show that the second term of the above equation is o(1) since

T T T
1 T T 1
— E E Wr E(ereg YWy = Var| —— E Wrer | - Zw
K g o vdr 15

by the proof of Lemma 2.2.
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2
Let s7 satisfy % + YTT — 0. The second term of (A.3) is then bounded by

T—-1T—i

Z > Wr Eee W], (ali/D—1)

llt—

<MZmax E(e,eH_[ la(i/l) —1|+M Z max E(e,et_H) la(i/l) —1]
i=s7+
<MZ(1—a(z/Z))+M Z max |EGee/, )| = o(D,

i=sT+1

since | Y37 (1 —a(i/)| <M YT i/l < Ms%./1 = o(1) by Lipschitz continuity of a(-) and

=o(l) as sy — 0.

o0
Z max HE(e,e[Jﬂ)
i=st+1

Conditioning on the original sample, we now employ standard arguments for using a
block technique to show the asymptotic normality. Now, let Z;(r) = Z;F:lX; j(r) +
k . 1 Bj+r1
Zj:l Y;i’j(r), where X;j(r) = & Zt:B_,-+1

Bj+ri+r, . . .

ZziB,-iniA dTWr, e&f, in which B = (j— 1)(ry +r2) and k = [T/(ry +12)].
Letri=ri(T)and rp, = rz(T) satistying k-ro -dr — 0, r1 -dr+1/(r1) > O0and rp /r| +

I/ry — 0. We first show that Z/ 1 T](r) = op(1). Since r; > [ for large enough 7 and

the blocks Y>'< T, e mutually independent conditionally on the original data, then we have

T _ 1
d WT’tetEt* and Y;,J(T) = \/77

2

k k
Y vim| =E ZE*(Y;’j(‘[))Z
=t =
1 =l k Bjtri+r—i
< ar Z a(i/l)mlax‘E(ete,TJri) Z Z IWr - W il
i=—r+1 j=1 t=B;+r1+1
k Bjtrit+r—i
- di max Z Z ”WT,t“ . ”WT,H—i” < Mkrsz =o(1).
T 0<i<ry— 1
=1 t= B/+r1+1

We employ Lindeberg CLT to establish the asymptotic normality of Zjlle X;j(r) as the
blocks X;j(r) are independent when r, > [ for large enough 7. As discussed before, we
have already shown that the asymptotic variance equals to Xyy. We then need to verify that
for every v > 0,

k xX* .(.L,)Z X* ( )2
3 e L.j 51 1t s>v | | =opD).
=\ E (2l x,0) B (T x,0)
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Conditioning on the original sample, {e;£;"} is an Lg-mixingale sequence. By Holder’s
inequality, Chebyshev’s inequality and Lemma 2 in Hansen (1991), we have

k * 2 * 2
Y 1 [ E Y .
2 2
=\ (Slxg,m) B (S x,m)

52
=52 Bitri (T 2
PP E*(X?j(f))a s &9 M[ZI=B/'+1 (d WT”e’)]

S )

5
Jj=1 (E (Z]k | ’7“,!/(1—))2>2 j=1 (E*(Z]]';]X;j(r))z)z

_ _ B; 8
s & MdTa/zr(E/z D (dTWT,tez)
TZ

t=Bj+1

3
(st xg o)

—6/2 §/2—1 5—1 T
s Ma7 AP BT W e
3

(B Chi X 02)°

= 0p((drr)**~ )y = op(1).

Combining the above results, Z; —p+ N (0, dTEWd> . The proof is now completed. [

Proof of Lemma 2.6. Define E; = - Y1 Wr £ (e, ) W]\, with e =
Zfio Bj se;. Write

* o*
Sw=S0+Y v (i/t (Ei+ ET)+§0— Zo+ Y v (i/e¥) (Ei— E,+8] - ET).
i=1 l oo =l l
It I3

We next prove EW — p Zw by showing that IT | — XZw, IT,2 =op(1) and IT 3 = 0op(1)
one by one.

Consider Zl 1 ¥ (i/€*) E;. By the fact that max; Z \J||Bj.¢| < oc. Lipschitz conti-
nuity of ¥ (-), and ¥ (0) = 1, we have

Z(l— (i/CNE| < M-max [ Wr,,]- —ZHWTznZn ,||Z—|| i, i

t 1 j=0
=0(1/¢*) =o(1).

Hence, we have IT | — Zw.

For I and I 3, since Y0 | [ (i/€%)] = O(¢*), bv/€* — 0and E|| E; — E/|| = O(V/T¥)
(using similar arguments to those used in the proofs of Lemma 2.2), we have

[*
E|lr3ll < 21r<l}fi>;*Ell Ei—&ill- ZIW(W*)I =0(*ydr) = o(1).
== i=1

The proof is now completed. (]
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