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Abstract

In this paper some general theory is presented for locally stationary processes based on
the stationary approximation and the stationary derivative. Laws of large numbers, central
limit theorems as well as deterministic and stochastic bias expansions are proved for processes
obeying an expansion in terms of the stationary approximation and derivative. In addition it is
shown that this applies to some general nonlinear non-stationary Markov-models. In addition
the results are applied to derive the asymptotic properties of maximum likelihood estimates of
parameter curves in such models.
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1. Introduction

One of the challenges in statistics for stochastic processes is always to develop a gen-
eral theory that goes beyond the investigation of specific models. An elegant example
are stationary Gaussian time series or linear time series which are identifiable from the
covariance structure or the spectral density of the process. This leads to such powerful
tools as the Whittle-likelihood and quite general asymptotic results on statistical infer-
ence. This linear theory has been extended to locally stationary processes (cf. [2], [3],[6],
for an overview see [4], Chapter 5) leading again to a general framework in which prob-
lems such as bootstrap methods for locally stationary processes (cf. [21],[12]), testing
problems (cf. [22],[17]) long memory models (cf. [16], [19]) or dynamic non-stationary
factor models (cf. [15],[9]) can be considered.

In the nonlinear case the situation is more challenging since there is no natural framework
similar to the linear Gaussian case. A general theory, however, has been introduced in
[28] for Bernoulli shift processes in combination with the functional dependence measure
- an important example being Markov processes (and also linear processes). By using
this calculus it is possible to transfer a large number of results from the iid case to such
processes (for instance M-estimation [29], empirical process theory [30], high-dimensional
covariance matrix estimation [1] - see also the overview in [31]).
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The functional dependence measure for Bernoulli shift processes can also be extended to
locally stationary processes (cf. [32]) leading to a general framework for non-linear locally
stationary processes. Within this framework for example [36] and [33] discuss quantile
regression, [34] inference for weighted V-statistics and [35] nonparametric regression for
locally stationary processes.

Another general concept for locally stationary processes is the use of stationary ap-
proximations and derivative processes introduced in the context of time varying ARCH-
processes in [8]. The concept has been investigated further in [24] in the context of ran-
dom coeflicient models. [27] uses the stationary approximation for a definition of local
stationarity. The concept has also been used for diffusion processes in [11].

In this paper the general theory for nonlinear locally stationary processes will be devel-
oped further. Our contribution is twofold: First we consider in Sections 2 and 3 processes
which admit an expansion in terms of the stationary approximation and the derivative
process, and prove several asymptotic results for such processes. We then consider in
Section 4 a general Markov-structured locally stationary process and show that it fulfills
such an expansion. As a consequence all results of Sections 2 and 3 immediately can be
applied for such processes. In addition we use in Section 5 the stationary approxima-
tion and the derivative process to derive the asymptotic theory for maximum likelihood
estimates.

More precisely we use in Section 2 the stationary approximation to prove global and local
laws of large numbers and a central limit theorem which hold under minimal moment
assumptions on the process. The proofs make use of the asymptotic theory for sums of
stationary sequences. In Section 3 we use the differential calculus connected to deriva-
tive processes to derive deterministic and stochastic bias expansions of localized sums.
In addition we show accurate error estimations of the Wigner-Ville spectrum and the
distribution function of the process.

In Section 4, we consider a class of Markov processes and prove that they satisfy the
expansion from Section 3 in terms of the stationary approximation and the derivative
process. A difficult part of the proof is the existence of a continuous modification of
the stationary approximation and the proof that the derivative process can be obtained
as the solution of a functional equation. These results are the prerequisite to apply the
functional calculus used in sections 2 and 3 and in section 5 thereafter. We also prove
that the functional dependence measure of such processes decays exponentially. Locally
stationary Markov processes have recently also been investigated with different type of
results in [25].

In Section 5, we use these results to investigate nonparametric maximum likelihood esti-
mation of parameter curves in locally stationary processes. Concluding remarks are given
in Section 6. Some proofs are postponed to the Supplementary Material [7], Supplement
A.



2. General asymptotic results for locally stationary
processes

In this and the next section we restrict ourselves to the basic idea of local stationarity,
namely that the nonstationary process X; , can be approximated locally by a stationary
process X;(u) in some neighborhood of wu, that is for those ¢t where |t/n — u| is small.

An even better approximation can usually be achieved by using the derivative process
08X (u)

5. leading heuristically to

X, (u)

o e + remainder (1)

~ .t - t
Xin = Xi (=) = Xi(uo) + (f - uo)

n n
(or higher order approximations by using higher order derivative processes). An example
are the processes defined below in (3) and (4) which are investigated in detail in Section 4.
In this and the next section we explore what kind of results can be obtained just based
on this framework where in this section we just use the stochastic approximation X;(u)
(to derive law of large numbers and central limit theorems) while in the next section
we use in addition the derivative process 8%15") (to derive deterministic and stochastic
bias approximations among other results). For a better understanding we make some

comments about the situation in advance:

1) In Assumption 2.1(S2) and (S3) we assume that X;(u) is almost surely continuous or
continuously differentiable in u respectively. This is a strong assumption since Xt(u) is
initially defined in most cases pointwise in u as in (4). The existence of continuous or
continuously differentiable versions of X;(u) will be proved for (4) in Section 4.

We mention that almost sure differentiability could be replaced by the weaker assumption
of differentiability in L (see Remark 4.3 and Proposition 3.3(b)). The stronger assump-
tion of almost sure differentiability leads to some weaker assumptions in applications
(see Remark 3.5) and has the advantage that several results can be obtained in a more
straightforward way and that the presentation is simpler.

2) It is obvious that for asymptotic results some form of mixing is needed in addition
which we require in Assumption 2.3. We distinguish between mixing conditions on X; ,
and the stationary approximation Xt(u) since our aim is to show that most of the results
can be obtained by only posing mixing assumptions on Xt(u) which on the other side
leads to an additional approximation error in the results and subsequently in come cases
to stronger assumptions.

3) One of the nice features of Assumptions 2.1 and 2.3 is that, provided they hold
for the process X ,, they then automatically also hold for a large class of functionals
9(Xt s -y Xi—ry1,n) (under modified moment assumptions). Thus all results for the pro-
cess X, ,, immediately transfer to g(X ,, ..., Xi—r41,n). This is stated in Proposition 2.5
below.

As usual we are working in the infill asymptotic framework with rescaled time ¢/n € [0, 1]
where n denotes the number of observations. We now assume:
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Assumption 2.1 (Stationary approximation). Let ¢ > 0 and |W|, = (E[W|9)/4.
Let X, ,, t =1,...,n be a triangular array of stochastic processes. For each u € [0, 1], let
Xi(u) be a stationary and ergodic process such that the following holds.

(51) sup,epo,1] | X (u)|ly < oo. There exists 1 > a > 0,Cp > 0 such that uniformly in
t=1,..,n and u,v € [0,1],

|Xiw) - Ko@), < Cplu—vl*, [ Xen— Xt(%)Hq <Cpn. (@)

(52) u s Xy(u) is as. continuous for allt € Z and || sup,cpo 1 | X (u)] |lq < oo
(83) a =1 and u > Xi(u) is a.s. continuously differentiable for all t € Z and
| SUPye(0,1] 100X (u)] [lg < oo0.

(S1) allows us to replace X, ,, by the stationary approximation X,(u) with rate |t/n —
u|*4+n~%. In many models and statistical applications, « = 1. In Section 4 (cf. Corollary
4.9) we will show that Assumption 2.1 is fulfilled for example for processes X, ,, defined
by the recursion

t
th - GE{, (Xt—l,nw'th—p,TmE \/0)7 t S n, (3)

s

where (g¢)1cz are i.i.d. random variables, G : R x R x [0,1] — R and a Vb := max{a, b}.
Here, &; take the role of i.i.d. innovations which enter the process in the ¢-th step. For
u € [0, 1], the stationary approximation Xi(u), t € Z, in this case is given by the recursion

Xi(u) = Gy (Xim1 (1), ooy Xy—p(u),u), tE€Z, (4)

(or an a.s. continuous modification). We first give some examples which are covered by
our results. These include in particular several classical parametric time series models
where the constant parameters have been replaced by time-dependent parameter curves.

Example 2.2. (i) the tvAR(p) process: Given parameter curves a;,o : [0,1] — R
(i=1,..,p),
Xt,n = al(z)Xt—l,n + ...+ ap(E)Xt_pm + O'(E)c‘?t.
n n n

(i) the tvARCH(p) process (cf. [8]): Given parameter curves a; : [0,1] — R (i =
07"'7p)7

t t t 1/2
Ko = (a0(=) + a1 (5) X210+ o+ ap(2) X2, 0) e
n n n
(i1i) the tvTAR(1) process (cf. [36]): Given parameter curves ay,as : [0,1] — R, define
t by o _
Xt = a1 (E)Xttl,n + a2(ﬁ)Xt—1,n + et

where T := max{z,0} and = := max{—x,0}.
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(iv) the time-varying random coefficient model (cf. [24]): With some parameter func-
tions a;(-), i =0,...,p,
Xin = aoley, E) + aq (&4, E)Xt_lm + .o Fap(ey, E)Xt_p,n.
n n n

We now prove laws of large numbers and a central limit theorem. To specify the necessary
mixing conditions we use the uniform functional dependence measure (cf. [13]). Let &,
t € Z be a sequence of i.i.d. random variables. For ¢t > 0, let F; := (&4,€4-1,...) and
f:(t_k) = (Ety ey Et—kt15 €y Et—k—1, Et—k—2, --.), Where €f_, is a random variable which
has the same distribution as £; and is independent of all 4, t € Z. For a process W; =
Hy(F;) € L? with deterministic H; : RY — R define Wt*(t_k) = Ht(}":(t_k)) and the
uniform functional dependence measure

W (k) := sup Wy — W (5)
teZ

If Y; is stationary, (5) reduces to the form 6} (k) = [|Yi — Y2,

Assumption 2.3 (Dependence measure). For some q > 0, assume that

(M1) (dependence measure of the stat. approzimation) for each u € [0,1], there ex-
ists a measurable function H(u,-) such that X,(u) = H(u,F;) and 65 (k) =

sup,eio.1) 0 (k) fulfills AL, = 3720 6 (k) < oo.
(M2) (dependence measure of the process) for each t,n € N, there exists a measurable
function Hy , such that X, = Hy n(F;) with Agfq = Z,?;O SUD,eN 55("”(19) < 0.

(M3) 8,X(u) = 0, H (u, F;) and 625( (k) := supyepo,1 6?“X(u)(k) is absolutely summable
in the sense that Agi{ = 0o 5?)2 (k) < o0.

In Section 4 we will show that these assumptions are also fulfilled for models which obey
(3) and (4). Note that (M1) is a mixing condition on X;(u) (which in most cases is
sufficient for asymptotic results) while (M2) is a mixing condition on X ,,. In our results,
(M1) or (M2) are assumed alternatively. In general our goal is to use mainly assumptions
on the stationary approximations, i.e. to use (M1) instead of (M2). This also allows X
to have a structure which is different from H;,(F;), for instance contamination with
some random noise which is decreasing in n and is not produced by the innovations ;.
Note that posing only (M1) forces us to replace X;, in the proofs by its stationary
approximation which naturally leads to an approximation error n~. In many practical
cases, we have a = 1. It can be seen in our results that this implies negligibility of this
error.

For the model X, (u) = H(u,-), Xt.n = Htn(F;) with (S1), then (M2) implies (M1) while
the reverse implication is false. This can be seen as follows: For arbitrary u € [0, 1] choose



t, € {1,...,n} with |u — t,/n| < n=*. Then

SX@W (k) = (1K) = Xe(uw) PNy = [ Xeltn/n) = Xeltn/n)* 0|, + O(n~*)
= | Xepn = X+ O < sup " (k) + O(n ™),
ne

which by n — oo implies (M1). If for instance for each fixed u € [0,1], X;(u) is a simple
AR(1) process X;(u) = S50, a(u)¥e;_s, with Lipschitz continuous a : [0,1] — (—1,1)
and |||, < oo, then it is easy to see that X; ,, = X;(t/n)+(e¢+...+e1_n)n "2 satisfies (S1)
with ¢ =1 and o« = 1, but 55{"" (k) = sup, |0(t/n)¥ + n~2| is not absolutely summable.
There are more counterexamples, see the Supplementary Material [7], Supplement B.
Invariance property of the assumptions with respect to transformations: For
some fixed r € N define Z; ,, := (X, - Xp—rt1,0) and Zt(u) = (Xt(u), ...JNQ,TH(u))’.
We prove that g(Z,,) also fulfills Assumptions 2.1 and 2.3 for the following class of
functions g.

Definition 2.4 (The class £,.(M,C)). We say that a function g : R™ — R is in the
class L.(M,C) if M >0 and

l9(y) — 9(y')]
sup <C, (6)
vty [y =y (L4 |y + ')

where |yl == >0 |yil.

Proposition 2.5 (Invariance property of the stationary approximation). Assume that
g€ L.(M,C) andq>0.

(i) If Assumption 2.1(S1),(S2) and Assumption 2.3(M1),(M2) are fulfilled for the pro-
cess Xy with § = q- (M +1) and 1 > o > 0, then the same assumptions are
fulfilled for the process g(Zy ) with ¢ and .

Now let g in addition be continuously differentiable where the partial derivatives 0;g,
J=1,..,r fulfill 0;g € L,(M —1,C") with some M > 1.
(i1) If Assumption 2.1(53) and 2.3(M1),(M3) are fulfilled for the process Xy, with
Gd=q-(M+1), then the same assumptions are fulfilled for the process g(Z; ) with
q.

The proof is immediate from Hoelder’s inequality and therefore omitted. Let us mention
that the condition d;g € L,(M —1,C") is only needed to prove the mixing condition
2.3(M3) since || sup,epo,1]10u9(Zo(u))l|lq < oo can be shown by using [0;9(2)| < C(1 +
[2|1).

With slight changes, the statements of Proposition 2.5 can be extended to Hoelder con-
tinuous functions which fulfill

lg(y) — g
vy [y — /17 (L+ [yl + [y |2)
6

<C, (7)



with some 1 > 8 > 0.

In view of the above proposition, all theorems formulated for X, in this and the next
section are, under appropriate moment conditions, also valid for transformations ¢g(Z; ,,)
of X; . An important example is the covariance operator g : R" — R, g(z1, ..., ;) = z12,
which leads to g(Z; ) = X¢nXi—rt1,, and fulfills g € £,(1,1).

Local and global laws of large numbers: The smoothness of X; ,, in time direction
can be used to obtain laws of large numbers by only assuming the existence of the first
moment of X; ,. The key step of the proof is to split the sum over X; , into sums over
smaller ranges of ¢ where X; ,, can be approximated by stationary processes. We will also
provide results for localized sums. Usually, we will need the following

Assumption 2.6 (Localizing kernel). K : R — R is a bounded function, i.e. with some
| K]0 >0 it holds that sup,cp | K (x)| < |K|oo, and of bounded variation Bk with compact
support [—3, 3] satisfying [ K dox =1. Let Ky(x) := 1 K(§).

The first part of the following theorem can be seen as a generalization of the ergodic
theorem to non-stationary processes, while the second part provides uniform convergence
rates if more than the first moment is available.

Theorem 2.7 (Law of large numbers). Let ¢ = 1 in (i), (i) and g > 1 in (iii). Suppose
that Assumption 2.1(S1) holds with some 1 > o > 0 and that Assumption 2.6 holds. Then
we obtain for the process X, (or alternatively for the process g(Zi ) if Assumption
2.1(51) is fulfilled for the process X, with ¢ = q- (M + 1) instead of q) the following
results:

(i)
1 n T
ﬁZXtv”_)/ EXo(u) du in L*
t=1 0

(i) For each u € (0,1)

n

niz (t/" )~Xt,n—>E)~(0(u) in L1

as n — 0o, nb — 0o and b=1"0, — 0.
(iii) Additionally, suppose that Assumption 2.3(M1) holds with q, . Then

5 SR () (= 2 |

u€0,1]

B
< ﬁAqo n'/9 11 4+ 2CE Bk - n b L, (8)



If ¢ > 2, then there exist constants C1,Cy not depending on n,b such that for all

x> 0:
P( sup |i§n:f<(t/"_”) (Xt~ EXp)| > )
u€[0,1] nb — b ’ ’
QCl(BKAg(q)qnliqbiq anl/sz (QBKCB)Q -1
< : +8G 4 (nob 1),
: /27 on(opag )t e )

(9)

with positive constants Cy, Cy not depending on n,b and G(y) := Z;il eIV g
Gaussian-like tail function. G (y) can be replaced by exp(—cy?) for some ¢ > 0.

Remark 2.8. (i) The additional O(n=2b=1) or O((n=*b=1)%) terms in (8) and (9),
respectz'vely, can be omitted under Assumption 2.3(M2). In this case, one has to

replace Agfq by Agfq.

(i) Forq>1,b= o(nl_%) and n = o(b*/®), the results of Theorem 2.7(ii) and Propo-
sition 3.3 (which is about bias expansion) can be used to obtain uniform convergence
of the mean estimator ju,(u) == =5 >, K(t/?;")Xt,n towards pu(u) := EXo(u) in
the sense that

sup | (u) — p(u)| 0.
ue[s,1-2]

A central limit theorem: We provide local and global central limit theorems under
minimal moment conditions which are useful in particular to find asymptotic distribu-
tions of (nonparametric) estimators of locally stationary processes, see Section 5. For the
proofs we need the dependence condition from Assumption 2.3(M1). Assumption 2.1(S2),
namely || sup,ep,1 | X¢(u)||l, < oo, is crucial to show a Lindeberg-type condition under
minimal moment conditions.

Theorem 2.9 (Central limit theorem - global version). Let Assumption 2.6 hold. Sup-

pose that Assumption 2.1(51), (52) and 2.3(M1) hold with some q¢ > 2 and o > 1.

Define S, == >}, (Xt,n — ]EXt)n) (if Xy, is replaced by g(Z, ) in the assertions below
the same assumptions must be fulfilled with ¢ = q - (M + 1) instead of q). Then we have
the following invariance principle:

(Spu V0 < u <1} % {/Oua(v) dB(v),0 <u <1},

where B(v) is a standard-Brownian motion and the long-run variance o2(v) is given by

o?(v) = Z Cov(Xo(v), X (v)). (10)

kEZ

The condition o > 1 can be omitted under Assumption 2.3(M2).
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Finally, we present a simple localized version of the central limit theorem for general
locally stationary processes.

Theorem 2.10 (Central limit theorem - local version). Let Assumption 2.6 hold. Sup-
pose that Assumption 2.1(51), (S2) and 2.3(M1) hold with some ¢ > 2 and 1 > a > 0 (if
Xt is replaced by g(Zy ) in the assertion below the same assumptions must be fulfilled
with § = q - (M + 1) instead of q). Then for all u € (0, 1), provided that v/nb-n~* — 0,
b— 0 and nb — oo:

t/n—u

\/thgK( - ) AXin —EX ) _d>N(0,/K(g;)2 dz - 0 (u))

with o (u) defined in (10).

3. Differential calculus for nonstationary processes

In this section we prove almost sure and uniform L? Taylor expansions of X; ,, and invent
a kind of differential calculus for locally stationary processes. Below we will use this
stronger kind of approximation for proving deterministic and stochastic bias expansions.
While deterministic bias expansions are used to bound the expectation of expressions
which include X, ,,, stochastic bias expansions can be used to replace the whole localized
sum by a localized sum of the stationary process X, (u) which is much easier to analyze
with known tools. We also prove results on the spectrum and the empirical distribution
function.

3.1. Taylor expansions and expansions of localized sums

Proposition 3.1 (Taylor expansion). Suppose that Assumption 2.6 holds. Suppose that
Assumption 2.1 holds for some g > 0. Then we have for allu € [0,1] and t =1, ..., n:

%) = Xt(“) + (% - U) 'auXt(u) + Ry a.s., (11)

If |% —u| = o(1), then it holds that Ry, = 04.5.(|t — u|). Furthermore,

EILACEMEAE
y t . 1 & t ¢ ;
= - ZKZ’(E — u)Xt(u) + - ZKb(ﬁ — u) (5 — u)@uXt(u) + R, as. (12)
t=1 t=1

holds and |Rp| < [K|eo = b~ Supj,_y<p [0uXt(v) — OuXi(u)] = 04.5.().
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If one is interested in the approximation of moments of localized sums (as it may be
the case in bias expansions in nonparametric frameworks), the following theorem is ap-
propriate. It also closes the gap between the locally stationary process X:, and its
approximation X, (t/n).

Corollary 3.2 (Almost sure and L? expansion of localized sums). Suppose that As-

sumption 2.6 holds. Suppose that Assumption 2.1 holds for some ¢ > 1. Then for each
fized u € (0,1),

I ZKb Xm—fZKb W) X(h)

and the expansion (12) is valid with ||Ry|lq = o(b).

It is also possible to use expansions similar to above if the sum is not localized by a
kernel. An example can be found in the proof of Theorem 2.7.

3.2. Bias Expansions

In nonparametric statistics, bias expansions play an important role to control the mean
squared error (MSE) of estimators. Here we give an approach to estimate the determin-
istic bias term involving locally stationary processes. In recent years (for instance due
to model selection via contrast minimization) a more careful analysis of the stochastic
part in the calculation of the MSE became important. We make a contribution to this
topic via a stochastic bias expansion which allows us to remove the bias from a localized
sum 3" Ky (L — u) X, such that only a localized sum over a stationary process
LS Ki(L —u)Xy(u) remains for which much more theoretical work was done. To ob-
tain bias expansions of smaller order than O(b) we have to assume differentiability of the
upcoming expectations which is ensured by assuming Assumption 2.1(S3). To emphasize
some differences that occur when Assumption 2.1(S3) is changed to differentiability in
L4, we state the deterministic bias expansion for both settings and comment in Remark
3.5.

Proposition 3.3 (Deterministic bias expansion). Suppose that Assumption 2.6 holds.

Let ¢ > 1. Suppose that Assumption 2.1(S1) is fulfilled with some 1 > « > 0, then we
have uniformly in u € [0, 1]:

fZKb W) {EX;n —EX,(t/n)} = O(n™*), (13)

and

fZKb u){EX;(t/n) —EXo(u)} = O(b%) + O(n™). (14)

Now assume addztzonally that K is symmetric.
10



(a) If Assumption 2.1(S3) holds, then (13) is valid with o =1 and we have uniformly
inuels1-2

% 3 Kb(% — W) {EX,(t/n) — EXo(u)} = o(b) + O(n™"). (15)

(b) Suppose that [0,1] — L%, u — Xo(u) is Fréchet differentiable with derivative Dy (u),
i.e. for allu € [0,1],

HXO (u+h) — Xo(u) =

; = 0. (16)

h%O

Then the statement of (a) holds.

The proof of (13) and (14) follows from the Hoelder inequality and the fact that K has
bounded variation and thus is bounded. To prove (15), note that

- _ . t/n _ -
Xi(t/n)) = X¢(u) + (% —u) - 0, X4 (u) +/ {0.X:(s) — 0, X1 (u)} ds.

As long as |£ —u| < b, we have
t/n B B _ B
|E {0uX4(s) — 0uXi(u)} ds| <b- | suII) 10w Xt (s) — 0uXi(u)||1 = o(b),
u u—s|<b
since u — 9, X;(u) is continuous and || sup,, |9, X;(u)|||1 < co. Finally, because K has
bounded variation and is symmetric,

- ZK,, u){EX,(t/n) — EX;(u)}

- ZKb(E — ) (L) E0.Ki(w)] + o(b) = O(n ) + ofb).

n

The proof of (b) follows by using

|f ZKb {IEXt t/n) — EX,(u }‘
S e = S
%ZKZ,(%_u)(E—u)]EDt() (b) +O(n™)



Remark 3.4. Note that in the situation of Proposition 3.3, derivative processes were
used to get o(b) instead of O(b) in (14). Even smaller rates can be obtained by using
higher order derivative processes together with higher order kernels. If we assume that
u— X, (u) has a twice continuously differentiable modification and K is symmetric, we
obtain a bias decomposition whose structure is well-known:

nbz (t/n ){Eth—EXO } / 2K dl‘ E[aQXt( )]'b2+0(b2)—|—0(n_1),

Remark 3.5 (Almost sure v.s. L9 differentiability). Let us briefly comment on the
different conditions in Proposition 3.3(a), (b). In (a) we ask for a.s. differentiability of
u— Xo(u) while (b) asks for differentiability in LY which is weaker. If we want to apply
Proposition 3.3 to g(Zy,) with some function g € L,.(M,C) which is continuously differ-
entiable, then there occur some differences due to the different natures of the conditions:

o If Assumption 2.1(58) is fulfilled for ¢ = q(M + 1), then Assumption 2.1(S3) is
fulfilled for the process g(Zi,) with q (cf. Proposition 2.5(ii) and the comment
afterwards) and we obtain (15) by Proposition 3.3(a).

o If (16) holds, we have to assume additionally that all the derivatives d;g (j =
1,...,7) are Hoelder continuous with polynomially growing Hoelder constant, i.e.
with some v > 0,

19,9(y) — 959(¥)]

sup — 1 <0,
vry [y =17 A+l + Y

to obtain (16) for X¢(u) = g(Z;(u)) with derivative DS (u) = 8.9(Z;(u)) - Dy(u).
Note that we have to ask g to be slightly more smooth when using differentiability in L.

We now prove the stochastic bias expansion. It turns out that we have to bound moments
of sums of the upcoming derivative processes 6uXt(u) which means that we have to pose
dependence conditions on 8, X;(u). This is done via Assumption 2.3(M3). Using the
projection operator P;- := E[|F;] —E[-|Fj_1], we can bound moments of sums of 9, X (u)
by moments of martingales which can then be bounded with results from [18]. It can be
shown (similar to [28], Theorem 1(i) and (ii)) that for some shift process Wy = Hy(F;)
with measurable H; it holds for ¢ > 1:

1P Wellq < 637 (k). (17)

Proposition 3.6 (Stochastic bias expansion). Suppose that Assumption 2.1 and 2.3
(M3) are fulfilled for some q > 2. Assume that K is symmetric. Then we have

=o(b) +O(n™1). (18)

q

sup
uelg,1-

ZKb u){ Xt — Xe(u)}

12



Proof of Proposition 3.6:. To prove (18), we can show similarly as in (13) that
*Z\Kb [ X = Xalt/m) g = O(n ™).

To deal with || Y1 | Ky (L —u) (X (t/n) — X, (u)) Hq, we use the expansion (12) together
with the result || R, ||, = o(b) from Corollary 3.2. It therefore remains to analyze

SIS E(E =) (5 =) {0, () ED K}, D Ko=) (-~ ) ED, Koo

While the second term is O(n~!) by stationarity, the first term is bounded by

SRR t t .
- kZ:O I ; Ko (= = u) (= u) g0 Xo(w)|
/2 =2 2 t - 1/2
< L (X (ol —u) - (=) Aot Kew) )
k=0  t=1
1/2|K| / N q1/2|K|oob1/2 -
: 5 sy - £
by Theorem 2.1 in [18] and (17). O

The main advantage of a stochastic bias expansion is that we can reduce a sum over locally
stationary processes to a sum over stationary processes by keeping the terms stochastic.
This allows for instance to apply large deviation results for stochastic processes which
usually have a simpler and more closed form.

Remark 3.7 (An application of the stochastic bias expansion: Deviation inequalities).

Suppose that the assumptions of Proposition 3.6 are fulfilled with ¢ = 2. Assume that
EX;(u) = 0. Then we have for v > 0,

) = R sl

P(‘%Xn:Kb(u—t/n)Xtm
t=1
7/2 H ZKb —t/n)( th—Xt(U))Hz-

By Proposition 3.6, the second term on the right hand side is o(b) +O(n™1), i.e. has bias
order. For the first term, one can use deviation results for stationary processes.
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3.3. Differentiability of functionals

The existence of derivative processes allows an expansion of the corresponding mean
Eg(Z; ) into the mean of the corresponding stationary version Eg(Z;(u)). This can
be applied to various functionals such as expectations, covariances, the Wigner-Ville
spectrum and the distribution function. The following result is an immediate Corollary
from Lemma 2.5 applied to some g € £,.(M,C). Recall Z; ,, = (X¢n, ..., Xt—r41,,)" and

Zo(u) = (Xp(u), ooy Xp—pir (1))

Proposition 3.8. Assume that g € L.(M,C). Suppose that Assumption 2.1(51) is
fulfilled for some 1 > a >0 and ¢ = M + 1. Then we have uniformly fort=1,....,n:

5 (1 —a ~ —a l @
Eg(Z;n) = Eg(Zt(ﬁ)) +0(n~*) =Eg(Zi(u)) + O(n™* + |E —ul”). (19)
If additionally Assumption 2.1(53) is fulfilled and g is continuously differentiable with
partial derivatives 0;9 € L,.(M —1,C"), j=1,...,r, then u s Eg(Z;(u)) is continuously
differentiable with derivative

OuBg(Zi(u)) =Y E0;9(Xi(w), o, Xy py1(w)) - 0uXs— i1 (w)]. (20)
j=1

The result of Proposition 3.8 enables us to get expansions of the mean, the covariance
and the distribution function of X ,,. Suppose in the following that Assumption 2.1 holds
for some ¢ > M + 1.

Corollary 3.9 (Mean expansion, M = 0). Choosing g : R — R, g(y) = y yields
EX;, =EXi(t/n) +O(n™"),
where p(u) := EXo(u) is continuously differentiable with derivative Oy u(u) = Edy Xo(u).

Corollary 3.10 (Covariance expansion, M = 1). Fiz r > 0. Define the covariances
Y(u,r) = Cov(Xy(u), X;—r(u)). Choosing g : R™ — R, g(y) = y1yr+1, we obtain uni-
formly fort=1,...,n:

t
'Yt,n(r) = COU(Xt,na Xt—r,n) = 7(%7 T) + O(n_l) (21)

and ~y(u,r) is continuously differentiable with derivative
Dy (u, ) = Cov(d,Xo(u), X, (1)) + Cov(Xo(u), DX, (u)).

Similar expansions can be derived for higher-order cumulants and also for the Wigner-
Ville spectrum (cf. [14]).

As a last application of Proposition 3.8, we present an expansion of the distribution
function of X;, which may also be used to approximate quantiles of locally stationary
processes.
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Example 3.11 (Expansion of the distribution function). Suppose that Assumption 2.1
holds with ¢ = 1. Assume that the i.i.d. random variables e;, t € Z have a Lipschitz con-
tinuous and continuously differentiable distribution function F. with Lipschitz constant
L. and derivative f.. Let the processes X, and )N(t(u) obey the recursion equations (3)
and (4).

Assume that (e,y,u) — Gc(y,u) is continuously differentiable and that the derivative
0:G:(y,u) > 6g > 0 is uniformly bounded from below by some positive constant oG > 0.
By the inverse function theorem we know that there exists a continuously differentiable
inverse x — H(x,y,u) of € = Ge(y,u). Finally, assume that for all x € R, the expres-
S10MS I u ,

C(z) := sup sup [H(@,y,u) — H(z,y',u)
uel0,1] y#y’ |y - y/|1

are finite. ~ } }
PutYi 1 pn = (Xecim, s Xeepn)s Yic1(u) = (Xy—1(w), ..., Xe—p(w))'. In this situation it
holds that the distribution function of Xy,

Fx, , (z) = ]E[IP’(GQ (Yicin,t/n) < ﬂc|]-'t,1)] = ]E[FE(H(J:,Yt,Ln,t/n))}

can be approzimated by the distribution function Fg, ) (z) == P(Xi(u) < z) by

|FXt,n ((E) - Fj(f(t/n) (.T)I
< Le||H (2, Yo, t/n) — H(z, Vi1 (t/n), t/n)|1

p
<LC@)Y 1 Xi—jim — Xeja(t/n)llh <pCpLe - C(z)-n~"

j=1

Furthermore u— Fg (x) is differentiable with derivative

B[ (H o, Yo (), ) - ((0aH (i, Vor (0), 0), Do n(w) + 05 H iz, Vi1 (u), )]

4. Nonlinear locally stationary processes

In this section we show in a sequence of theorems that the Markov processes given
by (3) and (4) fulfill Assumption 2.1 and the mixing conditions of Assumption 2.3.
Furthermore we prove that the derivative process can be obtained as the solution of a
functional equation. The existence of these processes and their properties have previously
been derived for tvAR models (cf. [4]), tvARCH models (cf. [8]) and random coefficient
models (cf. [24]). The situation in the present case is however different since the process
(3) is only defined by a recursion and the explicit solution is usually not available for
the calculations. To prove the results, we state the following elementary assumptions on
the recursion function G¢(y,u). Let 01G, 02G denote the derivatives of G w.r.t. y and w,
respectively.
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Assumption 4.1. In the model (3), (4) we assume with Yi_1 ., = (X¢—1ny o0, Xi—pn)’
and Yi_1(u) = (X;—1(w), ..., Xs_p(u))’ that there exists ¢ > 0, x = (X1, Xp) € R%,
with |x|1 = >.0_, xi <1 and yo € R? such that with ¢’ :== min{q, 1}:

. ’ 1/q' .
(L1) supyeio,1) |Geo (yo, u)llq < 00, and (with |z]y,q = (3 127 - xi) ' the weighted
q'-norm)
G -G, (Y
sup sup || 50(y7u) - Eo(y 7U’)||q S 1. (22)
u€[0,1] y#y’ v =¥l

(L2) (y,u) — Ge(y,u) is continuous for all e, || SUPyc0,1] |Geo (Yo, u)] |lg < 00, and

G -G, (v
sup sup | €0 (y7u) - €0 (y , U
u€l0,1] y#y’ ly —y ‘x,q’

) Hq <1. (23)

(L3) (y,u) — Ge(y,u) is continuously differentiable for all e,
Isup,efo,1] [02Geq (yo, w)| [lg < 00, and

. J— . /
sup  sup |81G80 (y7 u) azGao (y s u)|1

C; =
' w€[0,1] y#y’ v —Y|1e

H <oo, i=1,2. (24)
q

Furthermore, assume that either (a) (23) holds for q/2 instead of q¢ or (b) y —
G (y,u) is constant for all e, u.
(L4) For some 0 < a <1, it holds that

_ /
Co= swp [|CTi)lq < oo, where C(y) = sup |Gl = Ceoly: g
u€l0,1] uFtu’ |u —u I

(25)
Let us briefly discuss the conditions in Assumption 4.1.

Remark 4.2. (i) Note that (L1)-(L3) impose increasingly strong smoothness as-
sumptions on the recursion function Ge(y,u). While (L1)-(L3) are directly veri-
fiable, (L4) includes conditions on the stationary approzimation X,(u). Note that
the upcoming theorems also state properties of Xt(u) Their results can be used to
verify (L4).

(i) The condition (L2) means that the mapping y — Ge(y,u) can be viewed as a
contraction in the space of continuous functions C[0,1] which in turn implies the
a.s. continuity of the limit. (L3) is necessary to ensure that y — G:(y,u) is a
contraction in C1[0,1].

(iii) Condition (L3)(a) or (b) is necessary due to the product in (28). Note that by
Hoelder’s inequality, (L3)(a) follows from (23) if ¢ > 2. The inequality |z|, < |2|q

for0 < ¢ <gq, z € RP implies that (L3)(a) is fulfilled if (23) holds with Y% _, X3/2 <
1.
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(iv) For p > 1, the conditions stated in Assumption 4.1 may lead to non-optimal re-
strictions on G which is due to the gemeral formulation. One way to circumuvent
this is by posing conditions on the m-th iteration of G instead of G itself. Some
models like tvAR(p) or tvARCH(p) also allow a reformulation to a p-dimensional
recursion with only one lag. Since our aim is to cover a wide range of models with
simple conditions, we will not discuss these approaches in detail.

Remark 4.3 (Almost sure calculus v.s. L? calculus). As mentioned in the beginning of
this paper, many of the statistical applications in Section 8 can be proved by only assuming
differentiability of v — X,(u) in L9, an example was given in Proposition 3.3(b). As
pointed out by a referee, to obtain LY differentiability, Assumptions 4.1(L2), (L3) can
be weakened. Technically, proving differentiability of u — Xt(u) then corresponds to
analyzing smoothness properties of a fized point of the iteration (4). As analytic results
in [20] suggest, the main difference is a decrease in smoothness assumptions that have to
be posed on G, namely G is no longer needed to be continuously differentiable but only
differentiable a.e. and the suprema in (23) and (24) can be taken outside. This theory
would also include tvT AR processes (cf. Example 2.2).

There are some drawbacks when using only LY calculus and no a.s. statements. As already
mentioned in Remark 3.5, one has to pose slightly more smoothness conditions on g if one
wants to apply the theory to processes g(Zy ). Moreover, it seems that a Lindeberg-type
condition which is used in the proof of the global CLT Theorem 2.9 can only be shown
under Assumption 2.1(S2) when only second moments are available. To ensure 2.1(52),
we have to ask for 4.1(L2) in view of Theorem 4.6.

Existence and uniqueness of X, ,, and X;(u). We now establish existence and unique-
ness under mild contraction conditions.

Proposition 4.4. (i) Ezxistence of a stationary approzimation: Suppose that Assump-
tion 4.1(L1) holds. Then for all uw € [0,1], the recursion (4) has an a.s. unique Fy-
measurable, stationary and ergodic solution X,(u) = H(u, F;) and we have with some
C>0and0<p<l1:

sup 55(”)(/{) < Cp", sup | Xo(u)|lq < o
ue[ovl] uE[O,l]

(i1) Existence of the nonstationary process: Under the above conditions, there exists an
a.s. unique Fy-measurable solution of (3) with Xy, = Hy n(F;), where Hy,, are measur-
able functions. Furthermore, sup,,cysup;—1 [ Xtnllq < 00 and with some C > 0 and
O0<p<l:

sup (5;;('*" (k) < Cp*.
neN

The proof of (i) for fixed u € [0,1] is similar to the proof in [23], Theorem 5.1. Since
we state the results uniformly in u € [0, 1], we will give the proof in the appendix for
completeness. Since the definition of X;, and X;(0) coincide for ¢ < 0, existence and
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uniqueness of X, follow from the existence and uniqueness of X't(O). Therefore, the
existence statement in (ii) is an immediate corollary of (i).

A uniform L? approximation: We now prove that X, ,, can be approximated by the
stationary process X;(u) uniformly in a L?-sense.

Lemma 4.5. Suppose that Assumption 4.1(L1),(L4) hold. Then

Xi(u) — Xo(u' C
up 1K) = i)y _ . 26)
uFu’ |u_u/‘oz (1_ ‘X|1)1/q
Furthermore, we have:
sup || Xo = Xe(t/m)ly < Cp° (x|)/ . (27)
t=1,..,n ’ (1—x1)?

Note that the approximation error in (27) cannot be avoided - cf. [4], (49), for the tvAR(1)
case (with a different error due to different assumptions).

Existence of continuous modifications and derivative processes: Proposition 4.4
gives the almost sure uniqueness of X,(u) for each u € [0,1], but not continuity of
u — X;(u) since this involves uncountably many points u € [0, 1]. In order to guarantee
the existence of a continuous or even differentiable modification X, (u) of X;(u) we have
to impose stronger conditions on the recursion function G in (3) (X, (u) is a modification
of Xy (u) if for all u € [0,1], X;(u) = X;(u) a.s.). A natural way would be to apply exten-
sions of the Kolmogorov-Chentzov theorem, but they usually contain tradeoffs in their
conditions between moment assumptions and smoothness of the process which usually
leads to either strong moment or smoothness assumptions which may not be useful in
practice. Furthermore it does not use the specific structure of the process which is known
and we could not give a bound for moments of sup,¢o |Xt(u)| We therefore use a
different approach.

Theorem 4.6 (Existence of a continuous modification). Suppose that Assumption
4.1(L2) holds. Then for each t € Z, there exists a continuous modification (X¢(u))ueo,1]

of (Xt(u))ue[o,l] from Proposition 4.4 with sup,c 1 | X, (u)| € L9,

Remark 4.7. In the case G.(y,u) = Ge(y,00(u)) with some parameter curve 6 :
[0,1] — © (c¢f. Section 5), the supremum taken over u € [0,1] in (23) restricts the
parameter space ©. If additionally 4.1(L3) is fulfilled, Theorem 4.6 also holds under
|Geq (y,u)=Geq (v 1)
[y=y"ly,q’
admissible parameter spaces ©. For details see Proposition A.3 in Supplement A.

the weaker condition sup,¢(g 1) ‘ SUPy £y H < 1 which leads to larger
q

In the following we assume that (y,u) — Ge(y,u) is differentiable in both components.
For the moment, assume that there exists a modification (X;(u)),e[0,1] of the process
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(Xt(u))ue[o,l] with differentiable paths and denote the derivative by 9,X;(u). Then

the following recursion equation for Dy(u) = 8,X;(u), obtained by differentiating (4)
should hold a.s.:

Dy(u) = (9 Ge, (YVemr (u),0), (De—r (u), .., Di—p(w))) + 02Ge, (Yi1(u), ), (28)

This is shown in the next theorem. The first part is devoted to the existence of a solution
Dy(u) of the recursion (28) given the existence of the process X;(u) from Theorem 4.4;
in the second part we prove that Xt(u) has a differentiable modification with respect
to u and that the derivative coincides with Dy(u). Both X,(u) and Dy(u) are uniquely
determined by (4) and (28).

Theorem 4.8 (Existence of derivative processes). Suppose that Assumptions 4.1(L2),
(L3) hold. Then the following statements are true.

(i) Existence of the first derivative process: For all u € [0,1], the recursion (28) has a
unique stationary and ergodic solution Dy(u) = H(u, F) with some measurable H
and it holds that

SPW (k) < Cpt, sup | D¢ (w)llq < oo

with some C' >0, 0 < p < 1.
(ii) Differentiability:
(a) There exists a continuously differentiable modification (Xt(u))ue[m] of the
process (Xt(u))uelo,1] from Proposition 4.4 such that for all u € [0,1] it holds
that 0, X¢(u) = Dy(u) a.s.
(b) supycpo1) [0uXi(u)| € L1,

Finally, let us summarize the results from this section in the following Corollary.

Corollary 4.9. Let Assumption 4.1 be fulfilled. Then modifications of the a.s. unique
solutions of (3) and (4) fulfill Assumption 2.1 and 2.3.

For some models it is possible to obtain explicit expressions for the corresponding deriva-
tive processes.

Example 4.10 (Explicit representations for derivative processes).

(i) The tvAR(p) process Xyn =35, a; (L) Xy_jn+e: has the corresponding station-
ary approzimation X, (u) = 5’:1 a;(u) X;—j(u)+¢&; which has an explicit represen-
tation X;(u) = doieo ¥i(u) - e—j with differentiable ¢; : [0,1] = R (7 =0,1,2,...).
It is easy to see that 0, X (u) = Z;io Outhj(u) -€4—; is the a.s. uniquely determined
derivative process.
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(i) Similarly to (i), it is easy to see that general linear processes Xy (u) = Z;’io Pji(u) -
er—j with differentiable ¥; : [0,1] — R (j = 0,1,2,...) have derivative process
DXy (u) = Z;’il Ou)j(u) - e4—; under appropriate summability conditions.

(i1i) For tvARCH(p) processes, explicit expressions for the derivative processes were
obtained in [8].

In the following we will write X;(u) even if we mean the differentiable modification to
keep notation simple. Since all our results only involve countably many observations, this
will not cause any problems.

Higher order derivative processes: Under additional assumptions, one can show
uniform LY Hoelder properties of the first derivative process:

Proposition 4.11 (Hoelder property of the first derivative process). Suppose that As-
sumption 4.1(L2),(L3) hold. Additionally assume that for some 1 > as > 0 and i = 1,2
it holds component-wise:

10iGe, (5, u) = 0iGey (y,w) g

Di = sup [ Di(Fi(u))ly < oo, Dily) i= sup e (29)
Then - -
OuX — 0, X (v
sup I +(u) / +(u )Hq/z <C.
utu’ lu — w2

with some constant C' > 0.

If X, (u) has a twice continuously differentiable modification and (y, ) = Ge(y, u) is twice
continuously differentiable, then the following recursion equation for 92 X (u) should hold:

2Xi(u) = <31Gst(57t—1(~u)7u)’3Zﬁ—£(u)> ~
+(O7Ge, (Vo1 (u), )0y Yi—1 (u), 0,Y; -1 (u))
+2(0102Ge, (Vo1 (1), 1), 0, Yi—1(u)) + 053G, (Y1 (u),u).  (30)

Using the same techniques as in Theorem 4.8, one can find similar conditions as in As-
sumption 4.1 such that a second (or even higher) order derivative process 83Xt(u) exists.
Let us point out an interesting anomaly in the case of second order derivatives that is also
existent for higher order derivatives: Due to the additional products in (30) it turns out
that, in general, one has to assume 2¢-th moments of Xt(u) to guarantee the existence of
the ¢g-th moment of BﬁXt(u) The formalization of this is beyond the scope of this paper,
but in Proposition 4.11 one already can see the imbalance of moments in the assumption
and the obtained result.

A simulation study: To quantify the quality of the approximations given in Lemma
4.5 and Proposition 3.1, we consider the tvARCH(1) model

t 1/2
Xt,n = (aO + al(ﬁ)XtQ—l,n) €t
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with ag := 0.2, a;(u) = 0.95u% and g9 ~ N(0,1). Note that if t/n tends to 1, the values
of X, , are more dependent to each other than for smaller values of t/n. We generated
realizations of X ,,, Xt(%) with n = 500 (see Figure 1(a),(b) for a realization of X,
and X, — )Z't(%)) In Figure 1(c) we have the plotted empirical 5%- and 95%-quantile
curves of the difference X, ,, — )N(t(%) for N = 1000 replications. It can be seen that with
stronger dependence, the quality of the approximation X, ~ X’t(%) gets worse as it is
suggested by the bound in Lemma 4.5.

Secondly we consider the approximation quality of X, (t/n) by Xt(u) and Xt(u) + (% —
1), X, (u), respectively. Since these approximations are only working locally (for |t/n —
u| < 1), we compare them by dividing the whole time line ¢ = 1,...,n into subsets
(u; — b, u; +b], where b = 25 and w; = (2¢ — 1)b for ¢ = 1,...,10. In Figure 1(d) empirical
5%- and 95%-quantile curves obtained from N = 1000 replications for the differences
Xt(%) — Xt(ul) and Xt(%) — Xt(ui) — (% — ui)auf(t(ui) (where t € (u; — b, u; + b)) are
depicted, respectively. We emphasize that the improvement of the (pointwise) approxi-
mation f(t(%) by taking into account the derivative process is remarkable. However, both
approximations again get worse if the dependence of X, ,, to earlier values increases.

5. Application to Maximum Likelihood estimation

In this section we investigate the asymptotic properties of maximum likelihood estimates
for parameter curves of locally stationary models which can be written in the form (3).
The results are in particular derived by using the asymptotic results and the differential
calculus of Section 2 and 3. More precisely we investigate the recursively defined model

Xt,n :Gat (Xt,1’7“...,Xt,pyn,e()(%)), t= 1,...,’[’L. (31)
where now the function G.(y,u) from (3) has been replaced by G.(y,600(u)) with the
unknown parameter curve g : [0,1] — © C R? which is to be estimated. Our goal is to
obtain estimators for 6y(-) based on X, t = 1,...,n with a quasi maximum likelihood
approach.

Suppose for the moment that ¢ — G.(y,0) is continuously differentiable for all ¢, y,u
and that the derivative 0.G.(y,0) > dg > 0 is bounded uniformly from below with
some constant dg > 0. This ensures that the new innovation e; has an impact on the
value of X;,, which is not too small. Under these conditions, there exists a continuously
differentiable inverse x — H(x,y,0) of ¢ — G.(y,0) (see also Example 3.11).

Suppose that €y has a continuous density f.. The negative conditional log likelihood of
Xin =z given (Xy—1,p, ..., Xi—pn) =y and Oy(-) = 6 is then

Z(,’E,y,@) = —long(H(x,y,G)) - IOgaa:H(x’y79)' (32>

In the following derivations, we do not make use of the specific structure of £. This means
especially that we allow for model misspecifications due to a false density f.. Many
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Figure 1. Top: (a) Realization of one X¢ n, t = 1,...,n. (b) Difference Xy — Xt(%) for one realization.
Bottom: (c) empirical 5%- and 95%-quantile curves of X, — Xt(%) for N = 1000 replications. (d)
Solid and Dashed: empirical 5%- and 95%-quantile curves of Xt(%) — X¢(u;) and )Zt(%) — Xi(ug) —
(% — u;)8u Xt (u;) for t € (uj — b,u; + b] (grey thin vertical dotted lines) and N = 1000 replications,
respectively. Here, b = 25 and u; = (2¢ — 1)b (black thick vertical dotted lines), i =1, ..., 10.
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authors prefer the case of a Gaussian density f.(z) = (27)~ /2 exp(—x?/2) because then
a minimizer 6 of £ can be interpreted as a minimum (quadratic) distance estimator (see
[5] in the tvAR case, [8] in the tvARCH case).

Based on this we define ¢; ,,(0) := {(X;n,Yi—1,0,0). Let b € (0,1) be a bandwidth K
a kernel function as considered in Assumption 2.6. We define the local negative log
conditional likelihood

L 0) : Ly K f b (0
nolu0) = = 37 Ky~ = u) -l (0).

t=p+1

For u € [0, 1], the estimator of f(u) is defined via

Op(u) := arg min L, »(u,6). (33)

Asymptotic results: We will now discuss conditions such that 6,(-) is consistent
and asymptotically normal. A convenient way to formulate these results is to make a
structural assumption on ¢: We suppose that ¢ is Lipschitz continuous in its components
with at most polynomially increasing Lipschitz constant. To make this more precise,
we introduce the class £,,1(M,C) of functions using the definition of £,.(M,C) from
Definition 2.4.

Definition 5.1 (The class £, 1(M,C)). We say that a function g : RP*' x© — R is in
the class Lpy1(M,C) with C = (C,,Cy) and constants C,,Cy > 0 and M > 0 if for all
z € RPYL 0 € © it holds that g(-,0) € Lp+1(M,C.) and g(2,-) € L4(0,Co(1 + |2[}1)).

As in Section 2, a generalization to Hoelder-type conditions (7) in the first component of
g is possible. It turns out in Theorem 5.2 that the (pointwise) consistency of 6}, can be
obtained by posing conditions on the likelihood of the corresponding stationary process
which is defined via L(u,8) := E[l;(u, 8)] with £, (u,0) := £(X;(u), Yi_1(u), ). Especially
if ¢ is taken to be of the form (32) with f. the standard Gaussian density, the properties
of L(u,0) are usually well-known from the maximum likelihood theory of the stationary
process X;(0) and therefore are easy to verify (see also Example 5.5).

To prove consistency, we have to inspect Ly, »(u, ) which consists of summands of the
form (X, Yi—1.5,60). Since ¢ € EPH(M, (), these terms behave like polynomials of
degree M + 1 in X;,. We mainly need the law of large numbers Proposition 2.7(ii)
and the statements about deterministic bias expansions Proposition 3.3. The conditions
therein require Assumption 2.1(S1) with ¢ = M + 1. Translated to the Markov process
setting in this section, we have to assume 4.1(L1), (L4) with ¢ = M + 1 by the results
from Section 4.

Theorem 5.2 (Pointwise and uniform consistency of 6,). Let Assumption 2.6 hold.
Assume that £ € L,1(M,C) for some M > 0. Suppose that Assumption 4.1(L1), (L4)
holds with some 1 > a >0 and qg=M + 1.

Furthermore suppose that for all u € [0,1], Op(u) € int(©) is the unique minimizer of
L(u,0) over § € ©, where © C R? is a compact set. Then:
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(i) For allw € (0,1) with b — 0 and bn — co:

(i) If additionally ¢ > M + 1 and b = o(n'~ ;1) and 8o(+) is continuous, we have

sup  |6y(u) — O (u)| 2 0.

u€[3,1-3]

Remark 5.3. Note that in nearly all cases, the conditions of Assumption 4.1(L4) as-
sumed in Theorem 5.2 implicitly impose a Hoelder continuity condition on 6y(-); see also
Ezample 5.5.

Proof of Theorem 5.2. (i) For fixed u € [0,1] and 6 € O, it holds that ¢(-,-,0) €
Ly11(M,C.). Application of Theorem 2.7(ii) (see also Remark 2.8(ii)) leads to

Luy(u,0) ZKb(f - u) A X, Vi1, 0) B EU X (u), Vi1 (u), 0) = L(u, 0).

The function 6§ — L(u, ) is continuous since

1L(w,0) — L(w, )| < [[e(Xe(w), Yio1(u), 0) — 6(Xi(u), Vi1 (w), 0)|1
p M+1

Co-10—0-( (ZIIXt HM+1) )-

IN

It remains to show stochastic equicontinuity of L,, ,(u,): Define h : RP*! — R, h(z) =
Co(1 4 2|1, Fix 7 > 0. We have

Lo (1, 0) — Lop(u,8)] < 001 — ‘Kb(——u)‘ h( Xt Yee1)-
t

Obviously, h € L,11(M,C) with some constant C' > 0. Application of Proposition 2.7(ii)
to K/ [ K dz and h (see also Remark 2.8(ii)) yields for all u € (0,1):

;i ’Kb(% fu)‘ (X, Yoo 1) &/m da - Bh(X,(u), Vi1 (w)) =: c(u).  (34)

Choosing 6 = % yields

< IP’(’% g: ‘Kb(% )| Ao Yiean) = ()] > @) 50 (0 00).
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This gives supgeg |Lnp(u,0) — L(u,0)| % 0. By standard arguments (cf. [26], Theorem
5.7), the proof is complete.
To prove (ii), we apply Theorem 2.7(iii) on (Xt n, Yi—1,,,0) with ¢ = 55 > 1 (see also
Remark 2.8(ii)) to obtain for each § € © that

sup |Ln,b(u,9) —EL, (u, 9)‘ = Op(n%*lb_1
u€0,1]

).

By Proposition 3.3 and the bounded variation of K, we have sup,¢(z ;s [ELn p(u,0) —
L(u,0)] = O(b%) + O((nb)~1), which yields SUDy (b 18] | Lnp(u,0) — L(u, )| % 0. Simi-
larly we can strengthen (34) to

1

=D ’Kb<% — )| A, Yican) = ()] S 0.
t=1

sup
ue[%,l—%]

Now define ¢ := inf, c(u) > 0 (by continuity of ¢(-)). Choosing § = L yields

]P’( sup sup  |Lyp(u,0) — Ly p(u,0")| > 77)
welb1-10-6']: <5

< IP’( sup
ue[%,l—g]

S At ) 0 00
t=1

So we have seen that sup,¢(s 1 _18upgee | L. (u,0) — L(u, 8)] 2 0. Standard arguments
give the result (see also the appendix). O

We now provide a central limit theorem for 6, including a bias decomposition. Let V
denote the derivative with respect to 6. To use a standard Taylor expansion from M-
estimation theory, we need the existence of V¢ € L,(M',C") and V¢ € L,(M",C").
To apply the local central limit theorem 2.10 to VL, (u, ), we additionally need As-
sumption (S2) with ¢ = 2(M’ + 1) which is fulfilled if Assumption 4.1(L2) is valid for
qg=2(M"+1).

Theorem 5.4 (A central limit theorem for éb). Additionally to Theorem 5.2(i), suppose
that € is twice continuously differentiable w.r.t. 6 and

o Vle Ly, (M,C") for some M' >0, V2l € L1 (M",C") for some M" >0,
o Assumption 4.1(L1), (L4) is fulfilled with ¢ = max{2(M' + 1), M"” + 1} and some
1> o >0, Assumption 4.1(L2) is fulfilled with ¢ = 2(M' +1).
Assume that the model is correct in the weak sense that E[VL(u,80(u)|Fi_1] = 0, i.e.
Vi (u,0p(w)) is a martingale difference sequence with respect to (F;). Let b — 0, nb — o0

and bn'=2* = o(1).
(i) Then we have for nb't2®" = o(1):
\/%(éb(u) - 00(u)) S N(O, / K(z)? dx - V(u)_lf(u)V(u)_l), (35)
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where I(u) := B[V (u, 00(u)) Vi (u, 0o(u))] and V(u) :== V2L(u,0y(u)) is assumed to be
positive definite.
(i) If additionally V¢ is continuously differentiable and Assumption 4.1(L3) is fulfilled
for ¢ = M' + 1, then we have for nb3> = O(1):

Vb(By() — Go(u) — bV (W)ED, VA(Xy (), iy (u) /K ) de)

N, [ K do V) V) ),
so the result (35) remains true if K is symmetric.

Proof of Theorem 5.4:. The conditions on V¢ imply that the function u — VZL(u, 0)
= E[V?¢;(u, 0)] is continuous. Note that by Theorem 2.10, we have

WVLnbw Bo(w))

_ Z (t/” D) (VX Ve 10, 60(0) = EVE(X 0, Vi 1.0, B0(w)) )

N(O,/K(x)2 dz - o (u)),

where o =|>5, Pyl (u, 0o (u ||2 = I(u) by the martingale difference property.
Furthermore
\/% tzj; K(t/”b_ D) EVEXn, Vi1 0 b0(w)
_ \/% tz: K(t/ ”b_ “) (EVE(Xt 0, Vio1.m, 00(u)) — EVE(X, (1), Vi1 (), 0))
- = S 8 (LY (VU (1) Fims 00). D) — EVE(Eof0) Frs (). 0)

+0(Vnlt—2ap).

Proposition 3.3 gives that the first term is O(vVnb+22") in the case of (i). In case of (ii),
the first term has the form

n

1< t/n—u\ ,t - ~ _
7\/% ; K( B >.(7—u)~E [&LVf(Xt(u), Yi—1(uw), 9)] ‘0=ao(u)+0((”b) 1/2)+0( nb?)
and is o(v/nb3) + O((nb)~'/2) if K is symmetric. Since V2 fulfills the same assumptions
as £ in Theorem 5.2, we can mimic its proof and obtain

sup |V2 Ly, y(u,0) — VZL(u,0)| % 0.
6O
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By continuity of § — V2L(u, #), we obtain for each sequence 6,, 2 y(u) that
V2 L (1, 00) =V ()| < V2L (u, 0,) = V2L(u, 0,) |+ | V2 L(u, 6,,) — V2 L(u, 6o (u))| 2 0.
Standard arguments now give the result. O

The results of Theorem 5.4(ii) show that under the existence of derivative processes, one
can choose the MSE-optimal rate b ~ n~1/3 for the bandwidth, keeping éb(u) still asymp-
totically unbiased. This result can be used in several applications, for instance for boot-
strapping X ,, via the recursion (31) with estimated errors €, = H (X, Yi—1,n, éb(t/n)),
t=p+1,..,n

An important special case is the case of Gaussian conditional likelihoods combined with
nonlinear autoregressive models. Specific examples for these are given in Example 2.2.

Example 5.5 (Nonlinear autoregressive models). In this ezample we discuss the model

G:(y,0) = p(y,0) + o(y,0)e, where p, o : RP x © — R satisfy

0) — !0 0) — ' 0
sup sup l(y, 0) /M(y, ) + sup sup lo(y,0) /ff(y, )
0 yty [y —v'[x.1 0 yty' [y —v'[x1

leolo <1 36)

with some x € R with |x|1 < 1. Assume that Eeg = 0 and Ee = 1 and that 6, is
Hoelder-continuous with exponent . Then Assumption 4.1(L2) is fulfilled with q¢ = 2.
If we choose f. to be the standard Gaussian density, we obtain from (82):

_ 1/x— :U‘(y,e)) 2 1 2
Uz, y,0) = 3 (W) -5 log o(y, 6) + const. (37)
Furthermore assume that
|y, 6) — pu(y, 0')] |lo(y,0) —o(y,0")|
sup su < 00, sup su < 0. 38
W S8 10— 01y (1 + lyl) W o 10— 07y (1 + lyh) 38)

Let o(-) > 8, be uniformly bounded from below with some 6, > 0. Then £ € L,41(1,C)
with some C > 0, and Assumption 4.1(L1),(L4) is fulfilled with g = 2 and « from above.
Fiz uw € [0,1]. Suppose that

p(Yio1(w),0) = p(Ve-1(u), 6o(w)  and  o(Vio1(u),0) = o(Yi-1(u),bo(u)) a.s.

implies 0 = Oy(u). Then 0 — L(u,0) has a unique minimum in 6 = Oy(u) since log(z) <
r — 1 if and only if v =1 and 22 > 0 if and only if x = 0 and, omitting the argument
}/t—l(u)7

Q(L(u,e) _ L(U,HQ(U))) :E(W)z +E[logg((;(§?i))2 -1+ W
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If additionally © is compact and Op(u) € int(O), the assumptions of Theorem 5.2 are
fulfilled and we obtain for 0, defined by (33):

05 (1) 5 o (u).

We now will show asymptotic normality of 0y. To keep the presentation simple, we will
assume o(-,-) = 1, Ee} < oo and replace Ee2 = 1 by Ec2 = 02 > 0. Note that Assumption
4.1(L2) is fulfilled with ¢ = 4. Then, omitting the arguments (y,0) of u, we have

Vi(z,y,0) = —(z — p)Vp, V2U(z,y,0) = Vu Vi — (x —p)V3p.
This shows E[VA(X;(u), Yi_1(u),00(u))|Fi_1] = 0 and I(u) = E[VL- V] = 63E[Vy -
V'] = 03V (u) with V(u) :== V2L(u, 0y(v)). If additionally

A\ 0)—Vuly,0 \% 0) -V 0
sup sup| ,u(ya ) :u(y7 )|1 < 00, Supsup| /U’(y7 ) :U’(ya )‘1 < 00 (39)

0 yty ly —v'l1 y oz00 |0 —0'[1(1+]yl1)

and similar assumptions are fulfilled for V2p, then we have V£, V2L € L,11(1,C") with
some C' > 0. This shows that all conditions of the first part of Theorem 5.4 are fulfilled
and we obtain for b — 0, nb — co and nb® = o(1):

Vb (0 (u) — 0o (w)) % N (0,02 - V(u)™h). (40)
If additionally, 1, Vi and 8y are continuously differentiable and
. _ X /
sup sup [24©.0) 5ju(y Ol o i=19), (41)
0 yty v =yl

then V¢ is continuously differentiable and Assumption 4.1(L3) is fulfilled with ¢ = 2. If
K is symmetric, all conditions of the second part of Theorem 5.4 are fulfilled and we
obtain (40) even if nb®> = O(1).

We close this section by using the results of Example 5.5 in a more specific example of
the tvExpAR(1) process which is a locally stationary version of the ExpAR(1) process
discussed in [10]. Up to now, there is no asymptotic theory available for parameter
estimators in this model; we show that our theory immediately provides consistency
and asymptotic normality of the corresponding maximum likelihood estimator.

Example 5.6 (Maximum likelihood estimation in the tvExpAR(1) process). Assume
that there exists Oy : [0,1] — O (where the image of Oy is in the interior of ©) with
©:={0eR:0<0<p} and some fired p > 0, 0 < |ag| < 1 such that

t
Xt n = agexp ( — QO(E)XE_Ln)Xt—Ln +e, t=1,...,n.
Assume that Eeg = 1, Ee2 = 02 > 0 and Ee§ < co. It is easily seen that this model fulfills

the smoothness assumptions (36), (38), (39) and (41) with u(y,0) = agexp(—0y?)y
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and o(-,-) = 1. Let X’t(u) denote the corresponding stationary approzimation of Xy .
Identifiability of 0 is obtained due to

E[(u(X¢(w), 0) — p(Xe(u),0)%] > agElexp(—2pXo(w)*) Xo(u)®] - |0 — 0",

since Elexp(—2pX, (u)?) X;(1)%] = 0 would imply X,(u) = 0 a.s. which is a contradiction
to E[X¢(u)?] > o2 which follows from the recursion of X;(u). Let 0,(u) be defined by (33)
based on the likelihood (37) and let Assumption 2.6 hold. We obtain for b — 0, bn — oco:

0y (u) B 0y (u),
and for nb3 = O(1):
Vnb(By(u) — Bo(w)) % N(0,03V (u) 1),

where V (u) = a2E[exp(—26o (1) Xo(u)?) Xo ().

6. Concluding Remarks

In this paper, we have made some steps towards a general asymptotic theory for nonlinear
locally stationary processes. A key role in our derivations is played by the local station-
ary approximation, the derivative process, the corresponding Taylor-expansion and the
resulting differential calculus.

Just based on this local approximation we were able to prove laws of large numbers,
a central limit theorem, and stochastic and deterministic bias approximations - results
which have not been proved so far for general locally stationary processes. For example
for the global strong law of large numbers we need only the existence of the first order
moment of the process. It should be noted that for these results we concluded from local
assumptions to global results such as the strong law of large numbers and the central limit
theorem. A simulation displayed in Figure 1 shows that the pointwise approximation of
Xin by Xt(u) and GuXt(u) works quite well.

We also showed that these results can be applied to a general nonlinear time series
model with a nonstationary Markov structure which includes several nonlinear models.
As another application we derived the asymptotic properties of the maximum likelihood
estimator for such processes. The result is proved by applying the differential calculus of
the derivative process.
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Supplementary Material

Supplement A: Proofs of Section 2, 4 and 5
(). This supplement contains the remaining proofs for Section 2, 4 and 5.

Supplement B: Discussion of the Assumptions 2.3(M1),(M2)
(). This supplement contains another counterexample where Assumption 2.3(M1) is sat-
isfied but not (M2).
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