DISTRIBUTION OF THE SUPREMUM LOCATION OF
STATIONARY PROCESSES

GENNADY SAMORODNITSKY AND YI SHEN

ABSTRACT. The location of the unique supremum of a stationary pro-
cess on an interval does not need to be uniformly distributed over that
interval. We describe all possible distributions of the supremum loca-
tion for a broad class of such stationary processes. We show that, in
the strongly mixing case, this distribution does tend to the uniform in
a certain sense as the length of the interval increases to infinity.

1. INTRODUCTION

Let X = (X (¢), t € R) be a sample continuous stationary process. Even
if, on an event of probability 1, the supremum of the process over a compact
interval [0, 7] is attained at a unique point, this point does not have to be
uniformly distributed over that interval, as is known since Leadbetter et al.
(1983). However, its distribution still has to be absolutely continuous in the
interior of the interval, and the density has to satisfy very specific general
constraints, as was shown in a recent paper Samorodnitsky and Shen (2011).

In this paper we give a complete description of the family of possible
densities of the supremum location for a large class of sample continuous
stationary processes. The necessary conditions on these densities follow by
combining certain general results cited above, and for every function sat-
isfying these necessary conditions we construct a stationary process of the
required type for which this function is the density of the supremum loca-
tion. This is done in Section 3, which is preceded by Section 2 in which we
describe the class of stationary processes we are considering and quote the
results from Samorodnitsky and Shen (2011) we need in the present paper.
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Next, we show that for a large class of stationary processes, under a certain
strong mixing assumption, the distribution of the supremum location does
converge to the uniformity for very long intervals, and it does it in a strong

sense. This is shown in Section 4.

2. PRELIMINARIES

For most of this paper X = (X (¢), t € R) is a stationary process with
continuous sample paths, defined on a probability space (Q,]—" , P), but in
Section 4 we will allow upper semi-continuous sample paths. In most of the
paper (but not in Section 4) we will also impose two assumptions on the
process, which we now state.

For T' > 0 we denote by X.(T') = supg<;<r X (t), the largest value of the

process in the interval [0, 7).
Assumption Urg:
P(X(ti) = X.(T), i=1,2, for two different t1,t2 € [O,TD =0.

It is easy to check that the probability in Assumption Up is well de-
fined. Under the assumption, the supremum over interval [0, 7] is uniquely
achieved.

The second assumption on a stationary process deals with the fluctuations

of its sample paths.

Assumption L:

. P(X has a local maximum in (0, ¢))
K = hﬁ)l < 00,
€ 19

with the limit easily shown to exist. Under Assumption L the process X has
sample paths of locally bounded variation; see Lemma 2.2 in Samorodnitsky
and Shen (2011).
For a compact interval [a, b], we will denote by
X jab] = min{t € la,b]: X(t) = sup X(s)}
a<s<b
the leftmost location of the supremum in the interval; it is a well defined

random variable. If the supremum is unique, the adjective “leftmost” is,
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clearly, redundant. For a = 0, we will abbreviate 7x |94 to Tx », and use the
same abbreviation in similar situations in the sequel.

We denote by Fx |45 the law of 7x [, 3); it is a probability measure on the
interval [a, b]. It was proved in Samorodnitsky and Shen (2011) that for any
T > 0 the probability measure Fx 7 is absolutely continuous in the interior
of the interval [0, 7], and density can be chosen to be right continuous and
have left limits; we call this version of the density fx 4. This version of

the density satisfies a universal upper bound

1 1

We will also use the following result from the above reference.

Lemma 2.1. Let 0 < A < T. Then for every 0 < 6 < A, fxr-a(t) >
fx,r(t+90) almost everywhere in (0,7 — A). Furthermore, for every such §
and every e1,e9 > 0, such that e1 +e9 <T — A,

T—A—eo
(2.2) / (fxr-alt) = fxr(t+9))dt

1

e1+0 T—eo
S/ Jx7(t) dt+/ fx,r(t)dt.

1 T—A—eo+6

3. PROCESSES SATISFYING ASSUMPTION L

In this section we prove our main theorem, giving a full description of
possible cadlag densities fx 7 for continuous stationary processes satisfying

Assumption Up and Assumption L.

Theorem 3.1. Let X = (X (t), t € R) be a stationary sample continuous
process, satisfying Assumption Ur and Assumption L. Then the restriction of
the law Fx 7 of the unique location of the supremum of the process in [0,T]
to the interior (0,T) of the interval is absolutely continuous. The density
fx, 1 has a cadlag version with the following properties:

(a) The density has a bounded variation on (0,T), hence the limits

fX,T(O+) = lim fX,T(t) and fX,T(T_) = lim fX,T(t)
t—0 t—=T
exist and are finite. Furthermore,

(3.1) TV (fx,r) < fxr(0+) + fxr(T-).
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(b) The density is bounded away from zero. That is,

(3:2) Jnf fxr(t)>0.

(c) Either fx r(t) =1/T for all0 <t <T, or fOT fxr(t)dt < 1.

Moreover, if f is a nonnegative cadlag function satisfying (a)-(c) above,
then there is a stationary sample continuous process X, satisfying Assump-
tion Up and Assumption L, such that f is the density in the interior (0,T)

of the unique location of the supremum of the process in [0,T].

Proof. The existence of a cadlag density with properties (a)-(c) in the state-
ment of the theorem is an immediate consequence of the statements of The-
orems 3.1 and 3.3 in Samorodnitsky and Shen (2011). We proceed to show
the converse part of the theorem. If fx 7(t) =1/T for all 0 < ¢t < T, then a
required example is provided by a single wave periodic stationary Gaussian
process with period T, so we need only to consider the second possibility
in property (c). We start with the case where the candidate density f is a
piecewise constant function of a special form.

We call a finite collection (u;,v;), i = 1,...,m of nonempty open subin-
tervals of (0,7") a proper collection of blocks if for any i,5 = 1,...,m there
are only 3 possibilities: either (u;,v;) C (uj,v;), or (uj,v;) € (u4,v;), or
[wi, v N [uj,v5] = 0. If u; = 0, v; =T, we call (u;,v;) a base block. If
u; =0, v; < T, we call (u;,v;) aleft block. If u; >0, v; =T, we call (u;,v;)
a right block. If u; > 0, v; < T, we call (u;,v;) a central block. We start
with constructing a stationary process as required in the theorem when the
candidate density f satisfies requirements (a)-(c) of the theorem and has the

form
1 m

(3.3) FO) === 1), 0<t<T

HT po
for some proper collection of blocks, with the obvious convention at the
endpoints 0 and 7', for some H > 1. Observe that for functions of the type
(3.3), requirement (b) of the theorem is equivalent to requiring that there is
at least one base block, and requirement (a) is equivalent to requiring that

the number of the central blocks does not exceed the number of the base
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blocks. Finally, (the second case of) property (c) is equivalent to requiring

that

(3.4) d= % (HT—i(’Ui—ui)) > 0.
=1

We will construct a stationary process by a uniform shift of a periodic
deterministic function over its period. Now, however, the period will be
equal to HT > T. We start, therefore, by defining a deterministic continuous
function (z(t), 0 <t < HT) with x(0) = z(HT), which we then extend by
periodicity to the entire R. Let B > 1 be the number of the base blocks in the
collection. We partition the entire collection of blocks into B subcollection
which we call components by assigning each base block to one component,
assigning to each component at most one central block, and assigning the
left and right blocks to components in an arbitrary way. For j =1,..., B

we denote by
(3.5) Lj = d(the number of blocks in the jth component)

+ the total length of the blocks in the jth component .

We set x(0) = 2. Using the blocks of the first component we will define
the function = on the interval (0, L;] in such a way that x(L;) = 2. Next,
using the blocks of the second component we will define the function x on

the interval (L, Ly + Lo| in such a way that x(L; + L2) = 2, etc. Since

B m
ZL]' =dm + Z(UZ —ui) =HT,
=1 i—1

this construction will terminate with a function x constructed on the entire
interval [0, HT| with x(HT') = 2 = z(0), as desired.

We proceed, therefore, with defining the function x on an interval of length
L; using the blocks of the jth component. For notational simplicity we will
take j = 1 and define = on the interval [0, L1] using the blocks of the first
component. The construction is slightly different depending on whether or
not the component has a central block, whether or not it has any left blocks,
and whether or not it has any right blocks. If the component has [ > 1
left blocks, we will denote them by (0,v;), 7 = 1,...,{. If the component
has r > 1 right blocks, we will denote them by (u;,T), j = 1,...,r. If the



6 G. SAMORODNITSKY AND Y. SHEN

component has a central block, we will denote it by (u,v). We will construct
the function x by defining it first on a finite number of special points and
then filling in the gaps in a piecewise linear manner.

Suppose first that the component has a central block, some left blocks and
some right blocks. In this case we proceed as follows.

Step 1 Recall that (0) = 2 and set

j-1 j
;x@d+§:w>:qnGd+§:w>:2—2fﬁj:1,“J.

i=1 i=1
Note that the last point obtained in this step is x(ld + Zi’:l vi) =1.
Step 2 Set

l l
$<(l+1)d+2vi> ::U<(l+1)d—|—2vi—|—v>

i=1 =1

l
1
:x<(l+1)d+2vi+U+T—u> =3

i=1
Step 3 Set

! j—1
x((l+j-f—l)d—i—Zvi—Fv—FT—u—f—Z(T—uj))

i=1 =1

! J
:x((l+j+1)d+Zvi+v+T—u+Z(T—uj)>

=1 =1
=2-27U"1 =1 r.

Note that the last point obtained in this step is

l r
x<(l+7‘+1)d+Zvi+v+T—u+Z(T—uj)> =292 (1)

i=1 i=1
Step 4 We add just one more point at distance d from the last point of
the previous step by setting

l r
ac((l+7"+2)d—|—2vi—l—v—|—T—u—|—Z(T—uj)> =2.

=1 i=1

Note that this point coincides with L; as defined in (3.5).
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If the component has no left blocks, then Step 1 above is skipped, and
Step 2 becomes the initial step with

:c(d):x(d—i—v):x(d—f—v—i—T—u):%.

If the component has no right blocks, then Step 3 above is skipped, and
at Step 4 we add the distance d to the final point of Step 2, that is we set

l
x<(1+2)d+zw+v+T—u> =2.

i=1
If the component has no central block, then Step 2 is skipped, but we
do add the distance T to the last point of Step 1. That is, the first point

obtained at Step 3 becomes

!
x((l%—l)d—i—Zw—i—T) =1,

i=1
if there are any left blocks, with the obvious change if [ = 0. Finally, if there
is neither central block, nor any right blocks, then both Step 2 and Step 3
are skipped, and Step 4 just adds d + T to the last point of Step 1, i.e. it
becomes

!
x <(z+1)d+2w+:ﬁ> =2,

i=1
once again with the obvious change if [ = 0. It is easy to check that in
any case Step 4 sets x(L;) = 2, with L; as defined in (3.5). In particular,
Ly >T.

Finally, we specify the piecewise linear rule by which we complete the
construction of the function x on the interval [0, L1]. The function has been
defined on a finite set of points and we proceed from left to right, starting
with 2(0) = 2, to fill the gap between one point in the finite set and the
adjacent point from the right, until we reach (L) = 2. By the construction,
there are pairs of adjacent points in which the values of x coincide, and pairs
of adjacent points in which the values of x are different. In most cases only
adjacent points at the distance d have equal values of z, but if, e.g. a central
block is missing, then at a pair of adjacent points at a distance T', or d + T,

the values of z coincide as well.
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In any case, if the values of x at two adjacent points are different, we
define the values of x between these two points by linear interpolation. If
the values of x at two adjacent points, say, a and b with a < b, are equal to,

say, y we define the function x between these two points by

z(t) =max(y — (t —a)/d, y — (b—1t)/d)

provided the value at the midpoint, y—(b—a)/2d > —1. If this lower bounds
fails, we define the values of x between the points a + dy and b — dy by

x(t) = max(—T(t —(a+dy)), —7((b—dy) — t)) ,

for an arbitrary 7 > 0 such that both 7 < 1/d and the value at the midpoint,
—7((b—a)/2—dy) > —1. The reason for this slightly cumbersome definition
is the need to ensure that x is nowhere constant, while keeping the lower
bound of x and its Lipschitz constant under control. We note, at this point,
that, since in all cases b —a < T 4+ d, we can choose, for a fixed T, the value
of 7 so that 7 > 74 > 0, where the constant 7; stays bounded away from
zero for d in a compact interval.

Now that we have defined a periodic function (z(t), t € R) with period
HT, we define a stationary process X by X (¢t) = z(t — U), t € R, where U
is uniformly distributed between 0 and HT'. The process is, clearly, sample
continuous and satisfies Assumption L. We observe, further, that, if the
supremum in the interval [0,7] is achieved in the interior of the interval,
then it is achieved at a local maximum of the function x. If the value at the
local maximum is equal to 2, then it is due to an endpoint of a component,
and, since the contribution of any component has length exceeding T, this
supremum is unique. If the value at the local maximum is smaller than
2, then that local maximum is separated from the nearest local maximum
with the same value of z by at least the distance induced by Step 2, which
T. Consequently, in this case the supremum over [0,7] is unique as well.
Similarly, if the supremum is achieved at one of the endpoints of the interval,
it has to be unique as well, on a set of probability 1. Therefore, the process

X satisfies Assumption Urp.
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We now show that for the process X constructed above, the density fx 7
coincides with the function f given in (3.3), with which the construction
was performed. According to the above analysis, we need to account for the
contribution of each local maximum of the function z over its period to the
density fx 7. The local maxima may appear in Step 1 of the construction,
and then they are due to left blocks. They may apear in Step 3 of the
construction, and then they are due to right blocks. They may appear Step
2 of the construction, and then they are due to central blocks. Finally, the
points where x has value 2 are always local maxima. We will see that they
are due to base blocks. We start with the latter local maxima. Clearly,
each such local maximum is, by periodicity, equal to one of the B values,
23‘:1 L;j — HT,i = 1,...,B. The ith of these points becomes the global
maximum of X over [0,7] if and only if

i

)
Ue |HT =Y Lj, (H+1)T -> L;j |,
j=1 j=1

and the global maximum is then located at the point 23":1 L; — HT +
U. Therefore, the contribution of each such local maximum to the density
is 1/HT at each 0 < t < T, and overall the points where = has value 2

contribute to fx 1

B
3.6 we(t) = —, 0<t<T.
(36) fonsalt) = 17 0 <t <

Next, we consider the contribution to fx r of the local maxima due to
left blocks. For simplicity of notation we consider only the left blocks in the
first component. Then the local maximum due to the jth left block is at
the point jd + Zgzl v;. As before, we need to check over what interval of
the values of U this local maximum becomes the global maximum of X over
[0,T]. The relevant values of U must be such that the time interval (jd +

g;ll v;, jd+ Zgzl vi) is shifted to cover the origin, and this corresponds to
an interval of length v; of the values of U. The shifted local maximum itself

will then be located within the interval (0,v;), which contributes 1/HT at

each 0 <t < wj;. Overall, the local maxima due to left blocks contribute to
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fxr

1
(3.7) Jiets (1) = ﬁl ftzbl: ) 1(07Ui)(t), 0<t<T.

Similarly, the local maxima due to right blocks contribute to fx 7
(3.9) Frige(t) = % S (), 0<t<T.
right blocks

Finally, we consider the central blocks. If the first component has a central
block, then the local maximum due to the central block is at the point
(I+1)d+ Zi:l v; +v. Any value of U that makes this local maximum the
global maximum over [0,7] must be such that the time interval ((I + 1)d +
Zi:l vy, I+ 1)d+ Zlizl v; 4 v) is shifted to cover the origin. Furthermore,
that value of U must also be such that the time interval (({+1)d+ Zé:l v+
v, (I+1)d+ Zi-:l vitv+T — u) is shifted to cover the right endpoint T'. If
we think of shifting the origin instead of shifting x, the origin will have to be
located in the interval ((I+1)d + S v, (D) d+ S v +v— u). This
corresponds to a set of values of U of measure v — u, and the shifted local
maximum will then be located within the interval (u,v), which contributes
1/HT at each u < t < v to the density. Overall, the local maxima due to
central blocks contribute to fx 7

1
(3.9) Jeentral(t) = HT Z 1w (t), 0<t<T.

central blocks

Since

Ix17(t) = foase(t) + fiefe(t) + fright(t) + feentrat(t), 0 <t < T,

we conclude by (3.6) - (3.9) that fx 7 indeed coincides with the function f
given in (3.3). Therefore, we have proved the converse part of the theorem
in the case when the candidate density f is of the form (3.3).

We now prove the converse part of the theorem for a general f with
properties (a)-(c) in the statement of the theorem. Recall that we need
only to treat the second possibility in property (c). In order to construct a
stationary process X for which fx 7 = f, we will approximate the candidate
density f by functions of the form (3.3). Since we will need to deal with

convergence of a sequence of continuous stationary processes we have just
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constructed in the case when the candidate density is of the form (3.3), we
record, at this point, several properties of the stationary periodic process
X(t) =z(t —U), t € R constructed above.

Property 1 The process X is uniformly bounded: —1 < X(t) < 2 for all
teR.

Property 2 The process X is Lipschitz continuous, and its Lipschitz

constant does not exceed 3/2d.

Property 3 The process X is differentiable except at countably many
points, at which X has left and right derivatives. On the set Dy = {t :
X(t) > 0} the derivatives satisfy

1
| X'(t)| > g
(where the bound applies to both left and right derivatives if t is not a dif-
ferentiability point). Here N is the bigger of the largest number of left blocks
any component has, and the largest number of the right blocks any component

has. Similarly, on the set D1 = {t : X(t) < 0} the derivatives satisfy
|X,(t)} > Td,
where 74 > 0 stays bounded away from zero for d in a compact interval.

Property 4 The distance between any two local maxima of X cannot be
smaller than d. At its local mazxima, X takes values in a finite set of at most
N +3 elements. Moreover, the absolute difference in the values of the process
X in two local mazxima in the interval (0,T) is at least 2=V, where N is as
above.

All these properties follow from the corresponding properties of the func-
tion x by considering the possible configuration of the blocks in a component.

We will now construct a sequence of approximations to a candidate density
f as above. Let n = 1,2,.... It follows from the general properties of
cadlag functions (see e.g. Billingsley (1999)) that there is a finite partition
0=ty <t1 <...<ty =T of the interval [0, 7] such that

1
(3.10) lf(s)— f(t)] < T forall t; <s,t <tjp1,i=0,....k—1.
n
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We define a piecewise constant function f, on (0,T) by setting, for each

i=1,...,k, thevalueoffn for t;_1 <t <t; to be

" knT
By definition and (3.10) we see that

fn(t) 1max{j:0,1,...: f(s)zﬁfor all #;_1 §s<ti} )
(3.11) 1)~ 20 < Fal) < 1), 0 <1 < T

Next, we notice that for every i = 1,...,k — 1 there are points s; € (t;—1,1;)

and s;+1 € (t;,t;+1) such that

~ ~ 1
|f(si) = fsita)| = | fu(ti=) = fulti)| — T
Therefore,
~ 1
(3.12) TVio,r)(fn) <TViory(f) + T

We now define
fult) :fn(t)Jr% 0<t<T.

Clearly, the function f, is cadlag, has bounded variation on (0,7 and is
bounded away from zero. By (3.12), f, also satisfies (3.1) since f does. Fi-
nally, since f(;[ fx,r(t)dt <1, we see by (3.11) that, for all n large enough,
fOT fx r(t)dt <1 as well. Therefore, for such n the function f, has proper-
ties (a)-(c) in the statement of the theorem, and in the sequel we will only
consider n large as above. We finally notice that f,, takes finitely many dif-
ferent values, all of which are in the set {j/knT, j = 1,2,...}. Therefore, f,
can be written in the form (3.3), with H = kn. Indeed, the blocks can be
built by combining into a block all neighboring intervals where the value of
fn is the smallest, subtracting 1/knT from the value of f,, in the constructed
block and iterating the procedure.

We have already proved that for any function of the type (3.3) there is
a stationary process required in the statement of the theorem. Recall that
a construction of this stationary process depends on assignment of blocks
in a proper collection to components, and we would like to make sure that
no component has “too many” left or right blocks. To achieve this, we need

to distribute the left and right blocks as evenly as possible between the
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components. Two observations are useful here. First of all, it follows from

the definition of f,, and (3.3) that

1
W(Ln + Bn) = fn(0+) < f(0+) +

< 1
konT — FO0+) +

for n large enough (we are writing k,, instead of k to emphasize the depen-
dence of k on n), where L,, and B, are the numbers of the the left and base
blocks in the nth collection. On the other hand, similar considerations tell
us that

1 2 1

B, = inf > inf — — > — inf
oo = f a0 2 b f(8) - om 2 g Ik £,

once again for n large enough, where we have used property (b) of f. There-
fore, for such n,

L 0 1
@19 B hvror 7

and the right hand side is a finite quantity depending on f, but not on
n. Performing a similar analysis for the right blocks, and recalling that we
are distributing the left and right blocks as evenly as possible between the
components, we see that there is a number Ay € (0,00) such that for all
n large enough, no component in the nth collection has more than Ay left
blocks or Ay right blocks.

We will also need bounds on the important parameter d = d,, appearing
in the construction of a stationary process corresponding to functions of the
type (3.3); these bounds do not depend on a particular way we assigns blocks
to different components. Recall that

(3.14) d, = T (1 - /OT ) dt> ,

mn

where m,, = By, + L, + R, +C,, (in the obvious notation) is the total number

of blocks in the nth collection. Since

1
7Bn Lny ny Ln = n ; Bn: inf n 5
p (Bt max(Lo Fon, C)) = sup fu(), B = il fal?)
we see that
(3.15) inf fo(t) < my, <3 sup fo(t).

o<t<T’" konT 0<t<T
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We also know by the uniform convergence that fOT frn — fOT f. Therefore,
by (3.14) and (3.15) we obtain that, for all n large enough,

1— [T f(t)dt 2

— ST g <2

dsupgier f(1) infoci<r f(1)

(3.16) S ap <

An immediate conclusion is the following fact. By construction, the distri-
bution of X,,(0) is absolutely continuous; let g,, denote the right continuous
version of its density. Since X,, is obtained by uniform shifting of a piecewise
linear periodic function with period H, T, the value of the density g,(v) at
each point v times the length of the period does not exceed the total number
of the linear pieces in a period divided by the smallest absolute slope of any
linear piece. The former does not exceed 2m,,, and by Property 3 and the

above, the latter cannot be smaller than

. 1
min <2Afdn’ Tdn> .

Since, by (3.16), d,, is uniformly bounded from above, we conclude, for some
finite positive constant ¢ = ¢(f), gn(v) < e(f)m,/H,. Further, by the
definition of d,,,

Mpdy = HnTP(TXmT S {O,T}) < H,T.

Once again, since by (3.16), d,, is uniformly bounded from below, we conclude

that
(3.17) gn(v) is uniformly bounded in v and n.

Let X,, be the stationary process corresponding to f,, constructed above.
We view X, as a random element of the space C'(R) of continuous functions
on R which we endow with the metric

oo
p(x,y) =Y 27" (sup |z(t) — y(t)]).
m=1 [t|<m
Let py, be the law of X, on C(R), n = 1,2,... (but large enough, as needed).
By Property 1 and Property 2 of the processes X,, and the lower bound
in (3.16), these processes are uniformly bounded and equicontinuous. There-
fore, by Theorem 7.3 in Billingsley (1999), for every fixed m = 1,2, ... the
restrictions of the measures p,, to the interval [—m, m] form a tight family of

probability measures. Let n1; — 0o be a sequence positive integers such that
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the restrictions of py,,; to [~1,1] converge weakly to a probability measure
v1 on C([—1,1]). Inductively define for m = 2,3,... n,; — oo to be a sub-
sequence of the sequence n,,—1; — oo such that the restrictions of pp,,; to
[—m, m] converge weakly to a probability measure v, on C([—m, m]). Then
the “diagonal” sequence of measures (Mnj]., j=12,.. ) is such that the re-
strictions of these measures to each interval [—m, m] converge weakly to v,
on C([-m,m]). By the Kolmogorov existence theorem, there is a (cylin-
drical) probability measure v on functions on R whose restrictions to each
interval [—m, m] coincide with v, (considered now as a cylindrical measure).
Since each probability measure v, is supported by C'([—m,m]), the measure
v itself is supported by functions in C'(R). By construction, the measure v is
shift invariant. If X is the canonical stochastic process defined on (C (R), l/),
then X is a sample continuous stationary process. In the remainder of the
proof we will show that X satisfies Assumption L and Assumption Up, and
that fx 1 = f.

We start with proving that Assumption L holds for X. It is, clearly,
enough to prove that, on a set of probability 1,
1— [T f(t)dt
5supg<per f(t)
Suppose that (3.18) fails. Then there is m sucht that, on an event of positive

(3.18) any two local maxima of X are at least 6 := apart.

probability, two local maxima of X closer than 6 exist in the time interval
[-m,m]. Recall that a subsequence of the sequence of the (laws of) X,
converges weakly in the uniform topology on C([—m,m]) to the (law of) X.
For notational simplicity we will identify that subsequence with the entire
sequence (X,,). By the Skorohod representation theorem (Theorem 6.7 in
Billingsley (1999)), we may define the processes (X,) on some probability
space so that X,, — X a.s. in C([—m, m]). Fix w for which this convergence
holds, and for which X has two local maxima closer than € exist in the time
interval [—m,m]. It straightforward to check that the uniform convergence
and Property 3 above imply that for all n large enough, the processes X,,
will have two local maxima closer than 50/4. This is, of course, impossible,
due to Property 4 and (3.16). The resulting contradiction proves that X

satisfies Assumption L.
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Next, we prove that Assumption U holds for X. Since the process X
satisfies Assumption L, by Lemma 2.2 in Samorodnitsky and Shen (2011),
it has finitely many local maxima in the interval (0,7") (in fact, by (3.18),
it cannot have more than [7/6] local maxima). Clearly, the values of X at
the largest local maximum and the second largest local maximum (if any)
are well defined random variables. We denote by (M, M>) the largest and
the second largest among X (0), X (7') and the values of X at the largest
local maximum and the second largest local maximum (if any). The fact

that Assumption U holds for X will follow once we prove that
(3.19) P(My=M;)=0.

We proceed similarly to the argument in the proof of Assumption L. We may
assume that X, — X a.s. in C[0, 7. Fix w for which this convergence holds.
The uniform convergence and Property 3 of the processes (X,,), together
with the uniform upper bound on d,, in (3.16), show that, for every local
maximum f,, of X in the interval (0,7") and any ¢ > 0, there is n(w, J) such
that for all n > n(w, ), the process X,, has a local maximum in the interval
(ty, — d,tw + 0). This immediately implies that
My — My > limsup (M — M{™)

n—oo

a.s., where the random vector (Ml("), MQ(n)) is defined for the process X,, in

the same way as the random vector (M7, Ms) is defined for the process X,

n=1,2,.... In particular, for any € > 0,
(3.20) P(Mi = M, <€) < limsup p(M™ — MM <€),

As a first step, notice that, by Property 4 of the processes (X,,), for any
e< A fs

(3.21) P(M{" - MV <,

both Ml(n) and Mz(n) achieved at local maxima) =0

for each n. Next, since by Property 4, at its local maxima the process X,

can take at most Ay 4 3 possible values, we conclude by (3.17) that for all
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e >0,

(3.22) P(M{" = M < &, one of M{"

and MZ(n) is achieved at a local maximum, and one at an endpoint) < cye,

for some ¢y € (0, 00). Finally, we consider the case when both Ml(n) and MQ(n)
are achieved at the endpoints of the interval [0, 7. In that case, it is impos-
sible that X, has a local maximum in (0, T’), since that would force time 0 to
belong to one of the decreasing linear pieces of the process due to left blocks,
and time T to belong one of the increasing linear pieces of the process due to
right blocks. By construction, the distance between any two points belong-
ing to such intervals is larger than T'. That forces X,,(¢),0 <t < T to consist
of at most two linear pieces. By Property 3 of the process X,,, in order to
achieve | X,,(0) — X,,(T)| < ¢, each block of the proper collection generating
X,, contributes at most an interval of length ¢/ min(1/(2%d,),74,) to the
set of possible shifts U. Recall that there are m,, blocks in the collection.
By the uniform bounds (3.16) we conclude that for all € > 0,

(3.23) P(Ml(”) ~ M <,

Ml(n) and Mz(n) achieved at the endpoints)
<e in ! <e !
~ H,Tmin(1/(22d,),14,) = dnmin(1/(22d,), 74, )
for some ¢; € (0, 00).
Combining (3.20), (3.21), (3.22) and (3.23) we see that for all € > 0 small

enough,

< 6f€7

P(M; — My <€) < (cf + ép)e.

Letting € | 0 we obtain (3.19), so that the process X satisfies Assumption
Ur.

It is now a simple manner to finish the proof of the theorem. Assume,
once again, that X,, — X a.s. in C[0,7]. Fix w for which this convergence
holds, and both X and each X,, have a unique supremum in the interval
[0,T]. It follows from the uniform convergence that mx, 7 — <7 as n —

0o. Therefore, we also have that 7, = 7x 1 (weakly). However, by
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construction, f,(t) — f(t) for every 0 < ¢ < T. This implies that f is the

density of 7x 7, and the proof of the theorem is complete. O

4. LONG INTERVALS

In spite of the broad range of possibilities for the distribution of the supre-
mum location shown in the previous section, it turns out that, when the
length of an interval becomes large, and the process satisfies a certain strong
mixing assumption, uniformity of the distribution of the supremum location
becomes visible at certain scales. We make this statement precise in this
section.

In this section we allow a stationary process X to have upper semi-
continuous, not necessarily continuous, sample paths. Moreover, we will
not generally impose either Assumption Up, or Assumption L. Without As-
sumption U, the supremum may not be reached at a unique point, so we
will work with the leftmost supremum location defined in Section 2.

Recall that a stationary stochastic process X = (X (¢), t € R) is called

strongly mixing (or a-mixing, or uniformly mixing) if
sup{|P(Aﬁ B) — P(A)P(B)|: Aco(X(s),s<0), Beo(X(s),s> t)}

—0ast— oo;

see e.g. Rosenblatt (1962), p. 195. Sufficient conditions on the spectral
density of a stationary Gaussian process that guarantee strong mixing were
established in Kolmogorov and Rozanov (1960).
Let X be an upper semi-continuous stationary process. We introduce a
“tail version” of the strong mixing assumption, defined as follows.
Assumption TailSM: there is a function ¢ : (0,00) — R such that
Jim P (OS;I;X (s) > (1)) =1

and

sup{‘P(A NB) — P(A)P(B)‘ t A€ a(X(s)1(X(s) > ¢(t),

5<0), Beoa(X(s)L(X(s) > ¢(t)), s Zt)} — 0 ast— oo.
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It is clear that if a process is strongly mixing, then it also satisfies As-
sumption TailSM. The point of the latter assumption is that we are only
interested in mixing properties of the part of the process “responsible” for its
large values. For example, the process

Y(t) ifY(t)>1

X(t):{ z(t) ity <1 'R

where Y is a strongly mixing process such that P(Y(0) > 1) > 0, and Z an
arbitrary stationary process such that P(Z(0) < 1) = 1, does not have to be
strongly mixing, but it clearly satisfies Assumption TailSM with ¢ = 1.

We will impose one more assumption on the stationary processes we con-
sider in this section. It deals with the size of the largest atom the distribution
of the supremum of the process may have.

Assumption A:

lim sup P( sup X(¢f) =z)=0.
T—oogzeR  te[0,T)

In Theorem 4.1 below Assumption A could be replaced by requiring As-
sumption Uy for all T large enough. We have chosen Assumption A instead
since for many important stationary stochastic processes the supremum dis-
tribution is known to be atomless anyway; see e.g. Ylvisaker (1965) for
continuous Gaussian processes and Byczkowski and Samotij (1986) for cer-
tain stable processes. The following sufficient condition for Assumption A is
also elementary: suppose that the process X is ergodic. If for some a € R,
P(supte[o’l} X(t) = x) =0 for all z > a and P(X(0) > a) > 0, then As-

sumption A is satisfied.

Theorem 4.1. Let X = (X(t), t € R) be a stationary sample upper semi-
continous process, satisfying Assumption TailSM and Assumption A. The
density fx T of the supremum location satisfies

(4.1) lim sup |Tfxr(tT)—1]=0
T—00 g<t<l—e

for every 0 < e < 1/2. In particular, the law of Tx 7/T converges weakly to

the uniform distribution on (0,1).
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Proof. 1t is obvious that (4.1) implies weak convergence of the law of 7x 7/T
to the uniform distribution. We will, however, prove the weak convergence
first, and then use it to derive (4.1).

We start with a useful claim that, while having nothing to do with any
mixing by itself, will be useful for us in a subsequent application of Assump-
tion TailSM. Let T}, d,, 1 oo, d,,/T,, — 0 as n — oo. We claim that for any
Je(0,1),

(4.2) P((STn —dp < %1, < 6T + dn> ~0.

To see this, simply note that by (2.1), the probability in (4.2) is bounded

from above by

1 1
0Ty — (1—6)Tn—dn> 0

2d,, sup fx.m,(t) < 2d, max <
0T —dn<t<dTn+dn

as n — 00.

The weak convergence stated in the theorem will follow once we prove that
for any rational number r € (0,1), we have P(Tva < TT) —ras T — oo.
Let r = m/k, m,k € N, m < k be such a rational number. Consider T large
enough so that T > k2, and partition the interval [0, 7] into subintervals

- [(T+ﬁ);, (T+\/T)“];1—\/T], i=01,... k-1,

D; = [(T+\/T)]i -

and observe that by (4.2),

VT, (T+\/T)]j, iz, ko1,

k—1
P(TX,T € UDz) —0asT — oo.
=1

Therefore,

(4.3) P(TX’T < rT) = P( max M;r > max Mi,T) + o(1)

0<i<m—1 m<i<k—1
as T' — oo, where M; 1 = sup;ec, X(t), 1 =0,1,....k — 1.
Let ¢ be the function given in Assumption TailSM. Then

(4.4) P( max M;7 > max Mi,T)
0<i<m—1 m<i<k—1

= P( max V7 > max 1%3) +o(1),

0<i<m—1 m<i<k—

where V; 7 = sup;cc, X ()1(X(t) > ¢(VT)),i=0,1,....k — 1.
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Denote by Gt the distribution function of each one of the random variables

Vir, and let W = Gr(Vir), 1 =0,1,...,k — 1. It is clear that

(4.5) P( max V;r > max V;;r)
0<i<m—1 m<i<k—1

= P( max W;r > max W,;’T) .
0<i<m—1 m<i<k—1
Notice, further, that by Assumption TailSM, for every 0 < w; < 1,7 =

0,1,....k—1,

(4.6) lim ‘P(Wi,Tgwi,1:0,1,...,k—1> —]ﬁp<ngwi) —0.
1=0

T—o0

Let

D(T) = sggP(sellCE) X(t)=z)+ P(tseuc}? X(t) < go(\/f)) .

By Assumption A, D(T) — 0 as T'— oo. Since for every 0 < w < 1,
w—D(T) < P(WoyT < w) <w,

we conclude by (4.6) that the law of the random vector (WO’T, el Wk—l,T)
converges weakly, as T — oo, to the law of a random vector (Uy,...,Uk_1)
with independent standard uniform components. Since this limiting law does
not charge the boundary of the set {(wo,wr, ..., wk_1) : Maxp<i<m—1 W; <

max,<i<kg—1 Wi}, we conclude by (4.3), (4.4) and (4.5) that

P(rxr <rT) = P( max U;> max Up)=m/k=r,

and so we have established the weak convergence claim of the theorem.

We now prove the uniform convergence of the densities in (4.1). Suppose
that the latter fails for some 0 < ¢ < 1/2. There are two possibilities.
Suppose first that there is 6 > 0, a sequence T;, — oo and a sequence
tn € [e,1 —¢] such that for every n, T}, fx 1, (tnT5,) > 14 6. By compactness
we may assume that ¢, — t, € [¢,1 — €] as n — co. By Lemma 2.1 and the
regularity properties of the density, for every n and every 0 < 7, < 1 such
that

(4.7 (1-(1- 7')/2571)Jr < 6 < min(7/tn, 1)
we have

Tan,(I—T)Tn (tn(l - 6)Tn) > Tan,Tn (tnTn) >1+0.
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Since t,, — t,, there is a choice of 0 < 7 < 1 such that
1

4. 1+6
(4.8) 0>

and, moreover, the range in (4.7) is nonempty for all n large enough. Fur-

thermore, we can find 0 < a < b < 1 such that
(1-(1=7)/ty) <a<b<min(r/tn, 1)

for all n large enough. Therefore, for such n

b
(1+6)(b—a) < / Tofx. 1oz, (tn(1 — 8)T,) d6

1 1
= 7P(TX7(1—T)T71 S ((1 — b)tnTn, (1 — a)tnTn)) —

tn 1—7
as n — oo by the already established weak convergence. This contradicts
the choice (4.8) of 7.

The second way (4.1) can fail is that there is 0 < 6 < 1, a sequence T,, —

(b—a)

oo and a sequence t,, € [¢,1—¢] such that for every n, T, fx 1, (tnTn) < 1-6.
We can show that this option is impossible as well by appealing, once again,
to Lemma 2.1 and using an argument nearly identical to the one described

above. Therefore, (4.1) holds, and the proof of the theorem is complete. [

The following corollary is an immediate conclusion of Theorem 4.1. It
shows the uniformity of the limiting conditional distribution of the location

of the supremum given that it belongs to a suitable subinterval of [0, T7].

Corollary 4.2. Let X = (X(t), t € R) be a stationary sample upper semi-
continous process, satisfying Assumption TailSM and Assumption A. Let

0<ar <ap <ty <bp <T be such that

.. ear . br . b —al,
liminf — >0, limsup—= <1, lim — =4.

T—oo 1 T—00 T—oo bT —ar
Then

Tlgr;o p(TX’T € (a/T,bép)’TX,T € (aT,bT)> =0.
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