107 MATH 285K notes

23. FUNCTIONS OF FINITE p-VARIATION

As an application of the Young integral, here we develop tools for proving existence of
solutions to differential equation driven by moderately rough force terms.

23.1 Spaces of finite p-variation.

Young's criterion of Stieltjes integrability opens up new avenues to prove existence of
solutions to ordinary differential equations of the form

dyt = h(t,yt)dXt + g(t, Xt)dt. (231)

which we take as a shorthand for the corresponding integral form

t t
Vi=Yo+ fo h(s,ys)dxs + L (s, x5)ds (23.2)

for yo denoting the initial value. The function x should be understood as a driving force
that, in general, has no reasons to be smooth. Note that both x and y are generally
normed vector space-valued, with the integral interpreted as in Remark 22.9. By stan-
dard tricks, this allows us to include also higher order differential equations and, quite
conveniently, absorb the second integral into the first.

It turns out that the regularity of the Stietljes integral is, whenever it exists, deter-
mined by the regularity of the driving term. Specifically, for driving force process x such
that V?(x,[0,t]) < oo, the best we can expect that V¥ (y, [0,f]) < co. Assuming & to be
Lipschitz, this translates into V¥ (h(-,y), [0,t]) < oo which means that the integral will
make sense as soon as % + % > 1,1ie., p < 2. The question is whether this is also the
condition under which a solution to above ODE exists. In order to answer that we need
to delve deeper into the theory of spaces of finite p-variation.

We start with some definitions: Given a closed interval I < R, let C(I) denote the
space of continuous functions f: I — R and let Cy(I) be the set of functions that vanish
at the left endpoint of I. Given p > 0, set

VP(I):={feC(I): VP(f,I) <o} (23.3)
and let

VI(I) == {f e Co(I): VP(f,I) < 0} (23.4)
Clearly, these are linear vector space with respect to pointwise addition and scalar mul-
tiplication. For a function f: I — R, denote

| fllp, := VP(f, D)VP (23.5)
and
|l ry = stu}o!f ()] + VP(f, DV? (23.6)

We now claim:

Lemma 23.1 Let p > 1. Then the map f — | f|,,1 is non-negative, homogeneous and subad-
ditive. Moreover, |fl|,,1 = 0 is equivalent to f being constant on 1. In particular, | - ||, is a
norm on Vy (I) and | - lye(ry is a norm on VP(I).
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Proof. The homogeneity and non-negativity is immediate from the definition. For sub-
additivity we note that, given any partition Il of I, the Minkowski inequality gives

VP(f+ ¢ LIDYP < VP(f, LIDY? + VP (g, I,IT)YP (23.7)

Bounding the right-hand side by the suprema with respect to I1 yields |f + g, <
Ifllpr + gllp1- The approximation using finite partitions also shows that |f],; = 0
implies that f is constant.

The first term on the right of (23.6) is the usual supremum norm which is also non-
negative, homogeneous and subadditive. The sum of the two vanishes only if the func-
tion vanishes and so | - [y is a norm on V¥(I). Noting that a constant function that

vanishes at an endpoint of I vanishes everywhere, || - |, itself isanorm on V{(I). O

Next we observe the following properties of the norm || - ||, :
Lemma 23.2 Let I < IR be a closed bounded interval and let f: I — R be a function. Then

W) Visp<q: [flpr=[flar
(2) p — log VP(f,I) is convex and continuous on the interior of {p = 1: VP (f,I) < oo}

(3) ¥p=1: osc(f,I) < |flp1
&) VL <p<q: [flg < ose(f, D717/}

Proof. To get (1), recall that 3 ; x; < (X0, x¥)V/* whenever n > 1, x1,...,x, > 0
and « € (0,1]. Then observe that, for any p < g and any partition IT of I, this gives
VA(f,III) < VP(f, 1,I1)9/P. Taking suprema then shows | f|o1 < | f/q,1-

For (2) we similarly observe that p — log V?(f, I, II) is finite whenever f is not con-
stant on the partition points and convex by Holder’s inequality. As the supremum of any
collection of continuous convex functions is continuous and upper-semicontinuous on
the set it is finite, so is p — log V¥ (f, I). Now recall that a convex function is necessarily
continuous on the interior of its domain.

The bounds (3) and (4) follow from the corresponding bounds for Vi(f,I,I1) and
VP(f,1,11) whose details we leave to the reader. O

Note that (3) above can be supplemented by the limit statement
osc(f,I) = 1ir£1O Ifll,,r  whenever r.h.s. finite (23.8)
p—)
which permits us to think of Cy(I) as the space Vy°(I) with the corresponding norm

played by f +— osc(f, I) which is equivalent to the supremum norm. As a consequence
of the above lemma, we get:

Corollary 23.3  For all bounded closed intervals I € Rand all1 < p < q < o,
BV(I) = V{(I) < VI(I) < VI(I) < Co(I) (23.9)
with the embeddings continuous with respect to the corresponding norms.

We refer to VP(I) and V(1) as the spaces of finite p-variation. In order to understand
their metric structure better, we note:
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Lemma 23.4 (Lower semicontinuity of | - |,,1) Let f and {f,}nen be functions I — R such
that f, — f pointwise. Then

| fllpr < dimin | o[, (23.10)

Proof. Suppose first that | f||,;. Given € > 0 there is a partition IT such that V(f, I, IT) >
If HZ/ ; — €. The pointwise convergence then gives

li’?lglfﬂfnﬂzll > liminf VP (f,, LIT) = VP(f, [, 1T) > A1 —e€ (23.11)

proving the statement in this case by taking € | 0. If instead |f|,; = oo, then given
any M > 0 there exists a partition IT such that VP(f,1,II) > M. The same inequality
then shows liminf, . || fu[p,r = M proving the claim by taking M — oo. U

Hereby we get:

Lemma 23.5 For each bounded closed interval I < R and each p > 1, the normed spaces
VP, - Ive(ry) and vy, - |p,r) are Banach spaces.

Proof. Fix p > 1 and let {f,}sen be a Cauchy sequence from V) (I). This means that
sup,, y=n Ifn = fmlpr — 0as N — oo which by the oscillation bound in Lemma 23.2(3)
implies existence of f(t) := lim, . f,(t) that, by Lemma 23.4 and sup,,_p | fullp,r < 0,
obeys f € V{(I). Invoking Lemma 23.4 one more time, the fact that f, — fu — fu — f
pointwise as m — oo shows

1fo = flpr < Uminf | fu = fullpr —> 0, (23.12)

where the limit on the right follows from the Cauchy property of {f,}sen. It follows
that (V) (I), | - [ ,,r) is complete and so is a Banach space. The proof for (V¥ (I), | - lye(ry) is
analogous except that the presence of the supremum norm gives pointwise convergence
fn — f without the need to call on the oscillation bound in Lemma 23.2(3). g

23.2 Examples.

The reader may wonder at this point whether simple examples of functions exist that
are members of V¥ (I) for some p > 1 but not of VI(I) for any q < p. A simple criterion
for containment in V¥ (I) is given in:

Lemma 23.6 Suppose that f: I — R is a-Holder continuous for some a € (0,1] in the sense
that IK = 0Vt,s € I: |f(t) — f(s)| < K|t —s|*. Then f € VV/*(I) with ||f |1 /0,1 < K|I|*/®.

Proof. For p := 1/« the Holder continuity translates to [f(t) — f(s)|? < K|t — s| which
shows that V?(f, I,11) < KP|I| for any partition IT of I. Hence | f|/.; < K|I|*/*. O

A deterministic example of a function with non-trivial p-variation is the Weierstrass
function that we write in the form

We(t) := > b~ cos(27tb"t) (23.13)

n=0
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where b > 1 and a > 0. As it turns out that, for a € (0,1), the function W, is uniformly
a-Holder continuous. To see this, note that | cos(t) — cos(s)| < min{2, |t — s|}. Denoting
ng = no(t,s) := |log,(1/|t —s|)|, a calculation shows

no
[Wa(t)—Wa(s)] < DI b0t —s]+2 > b
n=0 n>ny (23.14)
1 2
R A ¢ S L Y P % p—a(ng+l) AT
< 1_b—(1—4x)b |t S|+1—b*“b < K|t —s|
for K := 3(1 — b~ min{e1=ah)=1 Tt follows that W, € V/%(I) for any bounded closed
interval I < R. (The situation for # = 1 is already more complicated.)
To find the optimal p for which W, € V?(I) we note the following partial reversal of

the above criterion:

Lemma 23.7 Suppose that f: I — R, a € (0,1], and ¢ > 0 are such that the set J of non-
degenrate intervals [s, t| < I for which there exists [s',t'] < [s, t] with |f(t') — f(s')| = c|t —s|*
has the Cousin property: namely, for each x € I there exists 6 > 0 such that all subintervals of I
of length at most & containing x belong to J. Then f ¢ VP(I) for p < 1/a.

Proof. As is well known from the theory of Henstock-Kurzweil integral, the Cousin prop-
erty ensures existence of a sequence of partitions {I1,},en of I with |IL,| — 0 such that
the intervals of I, belong to J. Writing I, = {t;}™, foreachi = 1,...,m, let [s,t]] =
ti_1,t;] be such that |f(t}) — f(s})| = c|t; — t;_1|*. Adding the points s},t},...,s}, t, toII,
defines a partition I'T), such that

n
VP(F,LTT,) = o Y [t — P = o |TT, [P 1), (23.15)

i=1
where we used that |t; — t; 1|P*~! > |IT,|P*~! thanks to pa < 1. The right-hand side
diverges as n — oo. U

Building on the argument from (23.14), the difference W, (t) — W,(s) equals
b=*"2sin (30" (t —s)) sin(30™ (¢ +5)) (23.16)

plus a quantity bounded by Kb~ ™™M®1-a}t — 5% Varying t,s through [x — &, x + &] sub-
ject to |t —s| = &/ then shows

inf lim inf 05C(Wa, [x = 4, x +9])
xR 50 o

>0 (23.17)

once b > by for some constant by depending on «. This now readily implies that W,
satisfies the premise of Lemma 23.7 which is enough to conclude that W, ¢ V¥ ([0,27))
for p < 1/a. We leave the details to the reader.

The above deterministic example is nice because it allows for explicit calculations, but
as probabilists, we are interested in random examples as well. The standard Brownian
motion {B;: t > 0} is a simplest example because, as discussed earlier in this course, it is
not of of finite p-variation on any interval for p > 2 but not for p < 2. This can in fact be
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iterated to generate more singular examples: Let {B}': t > 0} be samples of independent
(n).

two-sided standard Brownian motions and define {W,": t > 0} recursively by

Wi =B A vn =1 W = W (23.18)

Then, by a similar reasoning as for the Weierstrass function above, we have W) € V(1)
for p > 2" but not for p < 2"

Perhaps more natural is the following generalization of the standard Brownian mo-
tion called the Fractional Brownian Motion: Consider a stochastic process {X;: t > 0} that
is multivariate Gaussian with mean zero and covariance given by

1
Cov(Xi, Xs) = 5 (sZH P - s\2H> (23.19)

where H € (0,1) is a parameter called the Hurst index. (The function on the right
is positive definite and so the process exists by the Kolmogorov Extension Theorem.
For H = 1/2 the right-hand side equals min{s, t} and so X is a standard Brownian mo-
tion in this case.) A calculation shows that

Var(X; — X,) = |t —s[*! (23.20)

and so the process has stationary increments. The same argument as for the standard
Brownian motion shows that X admits a version that is a-Holder continuous for each a <
H, and so the process is of finite p-variation for all p > 1/H. A more subtle argument
then shows that it is not of finite p-variation for p < 1/H.

Examples of functions of finite p-variation naturally arise from the Young integral
involving such functions. This is shown in:
Lemma 23.8 Let f € VP([a,b]) and g € Vi([a,b]) for p,q = 1 with1/p +1/q > 1. Define

t) = S; gdf fort € [a,b]. Then h € VP(I) and

1Plp < Cpglglvacy Ifllp1 (23.21)

holds with Cpy =1+ C(1/p +1/q).

Proof. It is well known that the Stieltjes integral of ¢ with respect to f is continuous in
the limits whenever f is continuous. The inequality in Corollary 22.7 shows that, for all
s,te Iwiths <,

() = h(s)| < sup |g(u)| |[F(£) = F(s)| + CpaV(g, [5,8]) /" VP (£, [s,4]) """
uels ] (23.22)

1/
Coallghmn VP (f[s:41) "
where we used that C,; > 1. For any partition IT = {t;}]' , of I, we thus get

VP, 1T1) < (Cpalghvniy zvp i, t]) (23.23)

The sum on the right is bounded by V?(f, I) which then gives the claim. U
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23.3 Invariance under reparametrization.
Unlike Holder continuity, the concept of p-variation has the following property:

Lemma 23.9 (Invariance under reparametrization) Let ¢: I — I be continuous, strictly
increasing and bijective. Then forall p > 1and all f: I — R,

VP(fop1)=V(f,1) (23.24)
In particular, f € VP (I) is equivalent to f o ¢ € VP (I) and | f o ¢[p1 = | fp,1-

Proof. The properties of ¢ ensure that ¢ maps the endpoints of I onto themselves.
Let IT = {t;}!' , be a partition of I. Then IT" := {¢(t;)}, is a partition as well and
VP(fog,I,IT) = VP(f,I,IT'). This readily implies V?(f,o@,I) = VP(f,I). The opposite
inequality follows from the fact that ¢ is invertible. H

The above allows us to make the link with Holder continuity even more tight. First
observe that the p-variation of a continuous function is continuous:

Lemma23.10 Leta < band p > 1be reals. Given f: [a,b] — R such that VP(f,[a,b]) < o,
letvs: [a,b] — Ry be defined by vs(t) := VP ([a,t]) for t > aand vs(a) := 0. Then vy obeys

Va<s<t<b: VP(f,[st]) <ovp(t) —vg(s) (23.25)
and, in particular, v 7 is non-decreasing. Moreover,
feClab] < vfeCla,b] (23.26)

We leave the proof of this to homework. The quantity vy can actually be used to
control the regularity of f. Indeed, the definition implies that, for all ¢,s € I with s <'t,

op(t) —vs(s) = VP (£, [5,8]) = |f(£) — (5)]" (23.27)
Using that we now get:
Lemma 23.11 Let p = 1and f € VP(I) be such that f is not constant on any non-degenerate

closed subinterval of 1. Then there exists a continuous bijection ¢: I — I such that f o ¢ is
1/ p-Holder continuous. In fact,

VP(f, I)\V/p
Vt,sel: ‘foq)(t)—foq)(s)’g( |({|, )) |t —s|1/P (23.28)
Proof. Write I = [a,b] and let ¢: [a,b] — [a,b] be the inverse of the continuous, strictly
increasing bijection t — a + %vf(t) of [a,b] onto itself. Then foralla <s <t <b,

VP(f,|a,b
[fop(t)— foo(s)] <vpop(t) —vfop(s) = (g_[a])(t —s) (23.29)
which now implies the claim. U

Note that the resulting constant in the Holder estimate (23.28) depends only on the
norm | f|,,. In particular, the constant is uniform over bounded subsets of V7 (I).

The invariance under reparametrization has one negative consequence: Unlike C(I),
the spaces V¥ (I) for p € [1, 0) are not separable. This is easiest to see for p = 1 where for
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each finite Borel measure y on [a, b], the function f,(t) := u([a, t]) belongs to V'([a, b]).
Given two such measures y and v, we have | f, — fu|1,j.5) = |# — v|([a,b]) which, if p
and v are mutually singular, equals u([a,b]) + v([a,b]). Now we just need to find an
uncountable family of mutually singular Borel probability supported in [4, b], a task that
we will leave to the reader.
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