INTERPOLATION RESULTS FOR PATHWISE HAMILTON-JACOBI EQUATIONS
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ABSTRACT. We study the interplay between the regularity of paths and Hamiltonians in the theory of
pathwise Hamilton-Jacobi equations with the use of interpolation methods. The regularity of the paths is
measured with respect to Sobolev, Besov, Holder, and variation norms, and criteria for the Hamiltonians
are presented in terms of both regularity and structure. We also explore various properties of functions
that are representable as the difference of convex functions, the largest space of Hamiltonians for which the
equation is well-posed for all continuous paths. Finally, we discuss some open problems and conjectures.

1. INTRODUCTION

The objective of this paper is to study the well-posedness of pathwise viscosity solutions for the initial value
problem

(1.1) du = ZHl(Du) ~dW?' inR?x (0,00) and u(-,0) =ug on RY

i=1
where H = (H',H?,...,H™) € CR*,R™), W = (WL, W2, ..., W™) € C([0,00), R™), and ug € UC(R?),
the space of uniformly continuous functions on R%. In particular, we aim to expand the understanding of
(1.1) by analyzing the interplay between the properties of the Hamiltonian H and the path W.

To date, the theory of solutions of (1.1) falls broadly into two categories, depending on the assumed regularity
of the path W.

In the first case, which is classical, the path W is continuously differentiable and the Hamiltonian H is
continuous, and (1.1) is understood using the Crandall-Lions theory of viscosity solutions (see [8]). In
this setting, dWW stands for the continuous function %W (t) = W (t), and “” denotes multiplication. As a

consequence of the evolution structure of the equation, the theory also extends to paths with W e L' or
paths of bounded variation; see Ishii [22] or Lions and Perthame [26].

The second class of problems was studied by Lions and Souganidis [30-33,41], who introduced the notion of
pathwise viscosity solutions of (1.1) for arbitrary continuous paths W. In these works, appropriately defined
sub- and super-solutions are shown to satisfy a comparison principle, and, hence, the uniqueness of solutions
is proved. Moreover, the equation is stable with respect to the driving paths in the topology of uniform
convergence. That is, the solution u of (1.1) can be identified as the unique function such that, if

(1.2) (Wn)nen C WHE([0, T],R™), li_}rn W, =W uniformly,
n o0
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and (u,)nen C UC(R? x [0, 7] are the classical viscosity solutions of

(1.3) Upp = ZHi(Dun) Wi inR?x (0,00) and wu(-,0) =uy onRY,

i=1

then, as n — o0, u,, converges uniformly on R¢ x [0, 7] to u.

In [30], the well-posedness of (1.1) is established for W € C([0, T, R™) under the condition that H € C?(R?).
This is extended to less regular Hamiltonians in [31], where it is proved that (1.1) is well-posed for all
continuous paths and all choices of initial data if and only if, for every i = 1,2,...,m,

H' ¢ DC(RY) := {H € C(R?) : H = H, — Hy for some convex functions H; and Hy}.

The condition that each H' be equal to a difference of convex functions is much weaker than H' € C?(R%),
and covers a variety of interesting examples. For instance, the results of [31] allow for the study of the
geometric equation

du = |Du| - dW,

which models interface motion with the prescribed normal velocity dW.

Nevertheless, DC-Hamiltonians satisfy a variety of restrictions not shared by generic continuous functions.
Indeed, they are locally Lipschitz, as well as twice-differentiable almost everywhere. Thus, for exam-
ple, if 0 < v < 1, the space C*7(R?) is not contained in DC(R?). Hence, according to [31], for any
H € CY7(R%)\ DC(RY), there exist continuous paths W and approximations as in (1.2) such that the
corresponding solutions of (1.3) can have multiple limits or exhibit blow-up.

On the other hand, the motivation for studying the equation (1.1) comes from applications in which W is, say,
the sample path of a stochastic process, such as a Brownian motion. Such paths are nowhere differentiable
and of unbounded variation on any time interval. However, they possess many properties not shared by
generic continuous paths, like, for example, Holder, Sobolev, or Besov regularity, or finite p-variation for
some p > 1. It is natural to expect that the well-posedness of (1.1) can be established for more regular paths
and Hamiltonians not belonging to DC, and, in particular, the solution of (1.1) can still be identified as the
limit of solutions of (1.3) for appropriate approximating sequences (W, )nen-

We accomplish this by interpolating between the two regimes described above. For various examples of spaces
A C C(R?) that contain functions not belonging to DC(R?), we identify spaces & > Wh1([0,T],R™)
with the property that, given ug € UC(R?), H € #, and W € 2, there exists a unique function u €
UC(R? x [0,T]) such that, if (W,,)nen € WHL([0,T]) is a sequence satisfying

lim sup [W,(t)—W(t)|=0 and sup|Wy,|, < oo,
n=00 ¢€[0,T] neN

then, as n — oo, the solution u,, of (1.3) converges uniformly in R? x [0, 7] to u.

The interplay between the regularity of H and W naturally imposes some restrictions on the possibilities for
S and &. Formal interpolation arguments indicate that, if the path space & measures regularity of the
paths of degree « € (0, 1), in some sense, then the space 5 should contain Hamiltonians with regularity of
order 2(1 — ), and the results we prove support this hypothesis.

Throughout the paper, we consider Hamiltonians that depend only on the gradient. Different methods are
required if H depends on u, as described in [33,41]. In fact, there is not a satisfactory theory for Hamiltonians
depending on both Du and u unless the dependence on one is linear.

When the Hamiltonian depends on the space variable z, the question of well-posedness becomes more
complicated. Indeed, more regularity and structural requirements are needed for the Hamiltonian, as is
described in more detail in [41]. Some particular and instructive examples are explored in the works of Friz,
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Gassiat, Lions, and Souganidis [11], Lions and Souganidis [28], and Seeger [40]. If H is linear in Du, more
general spatial dependence can be treated using either stochastic calculus or the theory of rough paths, as
in Caruana, Friz, and Oberhauser [6] and Diehl, Friz, and Oberhauser [10]. In any of these settings, the
question of using interpolation between existing regimes of well-posedness remains completely open.

1.1. Some representative results. In order to give a flavor of the results to follow later in the paper, we
discuss several examples of spaces of Hamiltonians and paths for which the above program can be carried
out. These are consequences of the main theorems, which involve real interpolation spaces (see Theorem
1.5, Theorem 1.6, and Section 3).

Throughout the rest of the introduction, to simplify the presentation, we take m = 1, that is, H and W are
both scalar valued. There is no loss of generality in doing so, as all the results continue to hold for m > 1.

Below, for a € (0,1), C%* is the space of a-Holder continuous paths; for p € [1,00), V,, denotes the space
of paths of finite p-variation (see subsection 2.5); and B, is the Besov space of parameters s > 0 and
1 < p,q < oo (see subsection 2.4). Recall that, if R > 0 and f € B}, (Bg), then f € LP(Bg) and

l / <supygt LG )+ 1~ ) — 2f||Lp(BR>>q dt] B
— < oQ.
0

s t

For more definitions and notation, see subsection 1.5 and Section 2 below.

Theorem 1.1. Fiz o € (0,1) and assume that, for all R >0, H € B2(17°‘)(BR).

oo,1
(a) If W € C%*([0,T),R), then there evists a unique u € UC(R? x [0,T]) such that, if (Wp)nen C
Wl’l([()?TLR% limn_>oo Wn = W uniformly, and
(1.4) sup [|[Wy || o, < 00,
neN
then, as n — 0o, the solution u, of (1.3) converges uniformly in R x [0,T] to u.
(b) The same result is true if W € V3 o ([0, T],R™) and, instead of (1.4), the approvimating sequence satisfies

iggl\Wnllvo,l/a < 00,

or if W€ By ([0,T]) for some p > 1/a and the approzimating sequence satisfies

sup [|[Wh || go < 0.
neN P

We note the condition that H € Bigll_ ) is satisfied if, for example,
HeC%RY for 21 —a)< B <1 or HeCYYRY) for1<2(1—a)<p.

We discuss now what Theorem 1.1 says when W is a Brownian motion. It is well known (see Stroock and
Varadhan [43] and Friz and Victoir [13]) that, with probability one, Brownian paths belong to C%“ and V; /,,
for @ < 1/2, and fail to belong to the same spaces for o > 1/2. It is also true (see Ciesielski, Kerkyacharian,
and Roynette [7] and Roynette [38]) that Brownian paths belong to By, for any a < 1/2, or if a = 1/2
and ¢ = oo, and fail to belong to Besov spaces of any other parameters. Theorem 1.1 thus allows for an
extension of the equation to Brownian paths as long as H belongs to the Besov space Bfo,l for g > 1, with
the approximating paths being, say, a standard mollification or a piecewise linear interpolant of the sample
path.

The next result explains that Brownian paths have properties that allow this to be pushed further, that is,
we may take H € Béo’l for particular approximating families.
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Theorem 1.2. Let W : [0,T] x Q@ — R be a standard Brownian motion defined on a probability space
(Q,F,P), and assume that, for all R > 0, H € Bl |(Bgr). Then there exists a unique random variable

u: Q= UC(R? x [0,T]) such that, if (6,)nen and (Wy)nen satisfy 6, —— 0 and either

W, is piecewise affine on a partition P, = {0 =ty <t{ <--- <ty =T} of [0,T] such that
W (t:) = Wy(ti—1)| = 6n for allm e N and i =1,2,..., Ny,

or

Wi(t) = 0nC (;2) for a linearly-interpolated simple random walk (,

then, as n — oo, the solution u, of (1.3) converges uniformly in RY x [0,T] to u, almost surely in the first
case and in distribution in the second case.

We next present some further refinements of the above results.

When d = 1, then DC(R) can be exactly characterized as the space of functions with first derivative of
bounded variation. This is used to prove the next theorem:

Theorem 1.3. If « € (0,1) and d = 1, then the conclusions of Theorem 1.1 remain true if, for some

r > ﬁ and for all R > 0, H € Bi(ll_a)(BR). If d = 1, then the conclusions of Theorem 1.2 remain true

if, for some r > 2 and for all R >0, H € B}, (Bg).

Theorem 1.3 implies that, in one dimension and for the path spaces specified in Theorem 1.1, it is possible

to take H belonging to the Sobolev-Slobodeckij space W27 for 3 > 2(1 — a) and r > ﬁ In fact, the

Hamiltonian H may even belong to the Besov-Lorentz space Bf(l_a)(Lﬁ’l)lOC (see Proposition 4.2, and
see subsection 2.4 for definitions).

Note that Theorem 1.2, and Theorem 1.1 when o = 1/2, give the criterion H € Béo;l, which is strictly
contained in C'. However, if d = 1, then, by Theorem 1.3, H may belong to H € B} for r > 2, or even

r,1;loc
B1(L?1)15¢, and such functions are, in general, not even Lipschitz continuous.

The final result gives further examples of Hamiltonians for which Theorem 1.1 still holds. These are obtained
by taking advantage of properties of DC-functions having to do with structure rather than regularity.

Theorem 1.4. Let o € (0,1). Then the conclusions of Theorem 1.1, and Theorem 1.2 with o = 1/2, hold if

and all R >0, H € BX'|"(Bg),

H is radial and, for some r > 1

or

2(1—a)
00,1;loc

for some (d — 1)-dimensional hyperplane T', there exist Hy, Hy € B such that
H = Hy, or H = Hs on either side of T,

or

H(p)=a (f;) Ip| for some a € Bié,lfa)(Sd_l).

The third example in Theorem 1.4 is important in the theory of front propagation. Indeed, when H takes
such a form, then the level sets of the solution u of (1.1) evolve according to the normal velocity a(n)dW.
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1.2. The main result: interpolation spaces. The previous theorems follow from the main results of the
paper, which are described next.

For a € [0,1] and p € [1, o0], we define
Hop = (DCRY), CRY) NLERY))aproc and  Payp = (Co([0,T],R™), Wy (10, T],R™))ap.

Here, for two compatible normed spaces X and Y, that is, both X and Y belong to a common Hausdorff
topological space, (X,Y ), denotes the real interpolation space of Lions and Peetre [26] of parameters
a € [0,1] and p € [1,00]; see Bergh and Lofstrom [3] for more details. The notation Cy and W,*" indicates
the appropriate space of paths that satisfy W (0) = 0.

To formulate the results, it is convenient to introduce the solution map
(1.5) (H,W) = u:=S(H,W) € UC(R? x [0,T]),

where, for a fixed initial datum uy € UC(RY), u is the solution of (1.1). The classical and pathwise
viscosity solution theories then give that S is a well-defined and continuous map on, respectively, C(R?) x
W, ' ([0, 7], R™) and DCioc(R?) x Co([0,T],R™).

The main results of the paper are that, for a € (0,1) and p € [1, 0], the meaning of S can be extended,
in an appropriate way, to a well-defined map on 4%, , X &, , where p’ denotes the conjugate exponent of
p € [1,00], that is, % + 1% = 1. The first theorem deals with the case where 1 < p < oo, which, in particular,

implies that DCjoc(R?) is dense in ., , and Wy ([0,T],R™) is dense in P, .
Theorem 1.5. Let a € (0,1) and p € (1,00). Then the map (1.5) extends continuously to 2, X P -

If Xy and X; are two normed spaces such that X, embeds continuously into X7, then, for a € (0,1), Xp
is not dense in (Xo, X1)a,00 OF (X1, X0)a,00- In the present context, Xg = DCjoc or X = Wol’1 are spaces
of sufficiently “smooth” Hamiltonians or paths that are not dense in, respectively, %, o 0r Y4 oo for any
a € (0,1). Thus, in order to make sense of S(H,W) for arbitrary H or W belonging to either .5,  or
P00, it 1s necessary to allow for approximating sequences that do not converge in the full topology of these
spaces. This is achieved with the next result.

Theorem 1.6. Let o € (0,1), p € [1,00|, and (H,W) € 5, , X Pop. Then there exists a unique
S(H,W) € UC(R? x [0,T]) such that:

(a) If p < 00, (Wp,)22 C Poyp, and

(16) [Wa = Wil or) =0 and  sup [Wallp,_, < oo,

lim
n— oo
then
lim ||S(H,W,) = S(H,W)| o gaxjor = 0-

n—oo

(b) If p’ < o0, (H™)?L, C Hop, and
(1.7) lim H,, = H locally uniformly and sup |[Hy| 4, =< oo,
N :

n—oo ne

then
nlglgo |S(Hn, W) — S(H, W)”oo,]Rdx[o,T] =0.

The next result demonstrates that, in general, the assumptions of Theorem 1.6 cannot be relaxed.

Theorem 1.7. For 3 € (0,1) and p € R, define Hs(p) := |p|®. Then Hg € H#, 1 if and only if a + 8 > 1.
Moreover, if a € (0,1) and ug(z) = |z| for x € R?, then the following hold:
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(a) If a + B < 1, then there exists a sequence of paths (W )nen C W&’l([O,T],R) such that

lim W, =0 uniformly, sup||Wyp|ls, <oo, and lim S(Hg,W,) = +oc.
n—oo neN «@,00

n—oo

(b) For any co > 0, there erists a sequence of paths (W, )neny C WH([0,T]) such that

n—oo

lim W, = 0 uniformly, sup ||[Wy| 5, _ < oo,
neN e

and

lim sup |S(H17Q7Wn)<x’t) - (|$|\/C0ta)| = 0.
N0 (1 t)eRE % [0,T]

The classical viscosity solution theory says that, for any uy € UC(R?), we have S(H,0) = ug, that is, the
solution u of (1.1) with W = 0 must satisfy u(z,t) = ug(z) for (z,t) € R? x [0,7]. Theorem 1.7(b) then
implies that the map W +— S(Hj_o, W) cannot be extended uniquely to &, o by taking approximating
sequences that are bounded in & .

1.3. Some open questions. Although Theorems 1.5 and 1.6 give an extensive description of the initial
value problem (1.1), a number of questions still remain, some of which we outline next.

Unless d = 1, there is no analytic characterization of the space DC(R?). We do have, however, the continuous
inclusions (see Propositions B.1 and B.2)

W2*(RY) c DC(RY) and W?*(R) c DC(R).

This shows that some form of second-order regularity can be used as a criterion for belonging to DC, and,
hence, leads us to formulate the following question:

Question 1. Does there exist ¢ = qq € [1,00) such that W24 (R?) ¢ DC(R?) for all ¢ > qq?

A partial result (see Proposition B.4) is that
(1.8) if f € W>4(RY) with ¢ > d and f is radial, then f € DC(R).
Indeed, this is what allows for a proof of the first statement of Theorem 1.4.

On the other hand, while finishing the preparation of this work, a counterexample was communicated to
us by Terence Tao [44], which shows that the answer to Question 1 is negative in general if d > 1; see
Proposition B.3 for more details.

The next question, which is about certain interpolation spaces, is motivated by the definition of &, p, and,
when d = 1, the definition of J7, ;.

Question 2. What is the characterization of the interpolation space (W™ (R),C(R))a, for a € (0,1),
p € [l,00], and m=1,2,...7

The space (W11(R), C(R)) is related to 2, ,, which, as we prove in Section 5, contains examples of Hélder,
variation, and Besov-Lorentz spaces. The case m = 2 is treated in Propositions 4.2, which shows that
Besov-Lorentz regularity is a sufficient criterion for belonging to (W#!(R), C(R))a,p. Similar questions were
studied by Kruglyak [23] using Calderén-Zygmund decomposition methods, but for ranges of exponents that
fall out of the scope of Question 2.

The last question is motivated by the example given in Theorem 1.7, and by analogous observations from
the theory of rough differential equations.
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Let 7 denote the map
(1.9) CY[0,T),R™) Y — TY := X € C([0,T],R"),

where, for some smooth function f : R" — R"*™ and x € R", X = TY is given by the solution of the initial
value problem

(1.10) X(t)=f(X®)Y(t) forte[0,T] and X(0)=0.

When « > 3, it turns out that the solution operator 7 for (1.10) extends continuously to Y € C%*([0,T],R™),
which is the so-called Young regime. However, if « < 1/2, and if Y € C%%([0,T],R™) and (Y, )nen C
C1([0,T],R™) are such that

(1.11) lim Y;, = Y uniformly and sup 1Yol co.e < 00,

n—oo

then the sequence of solutions (X, ),en of (1.10) corresponding to (Y, )nen can fail to converge, or can have
different limits for different approximating sequences.

This lack of convergence and uniqueness is tied directly to certain iterated integrals of Y. For example, if
1/3 < a<1/2,Y € C%([0,T],R™), (Yp)nen and (Yy,)nen are two sequences of smooth paths satisfying
(1.11), and if as n — oo, the antisymmetric matrix-valued paths Y,, and Y., defined, for 7,5 = 1,2,...,m
and ¢ € [0, 77,

Y” /Yl ds—/ Y] and Y” /Y1 ds—/ Y]

converge uniformly to, respectively, Y and Y, then, as n — oo, the corresponding solutions X, and X, of
(1.10) have different uniform limits unless Y = Y.

The theory of rough paths put forward by Lyons [34] (see also Friz and Hairer [12] and Friz and Victoir [13]
for many more details and extensions) makes this connection systematic by introducing suitably augmented
versions of the Holder spaces that “record” the information about the iterated integrals. The modified
solution map (1.9) is then continuous with respect to the appropriate topology, and this allows for the
equation (1.10) to have an analytic solution theory for paths with regularity below the Young regime.

In view of the analogous phenomena demonstrated by Theorem 1.7, we are led to the following question.

Question 3. Suppose that o, € (0,1) satisfy o+ 5 < 1. Can the topology on the space 741 X P3.00
be “augmented” with certain quantities in such a way that the solution operator (1.5) can be extended with
respect to the new topology?

The question of borrowing ideas and techniques from the theory of rough paths to make sense of singular
partial differential equations is not new. In the seminal work of Hairer [17, 18], the theory of regularity
structures is introduced in order to provide an analytic framework for several nonlinear, singular partial
differential equations. A different but related approach is that of paracontrolled distributions, as in the work
of Gubinelli, Imkeller, and Perkowski [16]. A more direct analogy with rough paths is seen in the work of
Otto and Weber [35].

1.4. Organization of the paper. Section 2 contains an overview of several of the spaces that are referred to
throughout the paper, especially those that are not often used in the theory of Hamilton-Jacobi equations,
that is, Lorentz, Sobolev, Besov, and real interpolation spaces. In Section 3, we prove the main results,
that is, Theorems 1.5 and 1.6. Section 4 and Section 5 then analyze several examples of spaces belonging
to respectively %, , and 2, ,, thus giving proofs of the results described above in subsection 1.1. The
sharpness result, Theorem 1.7, is discussed in Section 6. In Appendix A, we give an overview of the fact
that the solution operator (1.5) extends to continuous paths and DC-Hamiltonians. Finally, in Appendix B,
we present many examples of functions that are representable as a difference of convex functions.
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1.5. Notation. Given a space of paths X ([0, T],R™),
Xo = Xo([0,T],R™) := {W € X([0,T],R™) : W(0) = 0}.

This notation will be used with C%, W#» , Bpy, and others in place of X, in which case the usual norms

can be replaced with equivalent semi- norms, which will be explained in the various contexts.

For a space of functions on R? denoted by Y, we say that f € Yj,.(R?) if, for every open and bounded set
U C RY, there exists f € Y(RY) such that f = f on U. In most situations, it will hold that, if f € Yi,c(R%)
and € C™(R%) has compact support, then n- f € Y(R%). We also write

Yrad(Rd) = {f : f is radial on Rd} and Yodd(Rd) = {f : f is odd on Rd}.

We write | f||,, for the supremum norm of a function f. At times, we also use the notation | f|l, ; =
sup,cp | f(x)| to distinguish the domain. We denote by (B)UC(U) the space of (bounded and) uniformly
continuous functions on U. If U is bounded, this space is equipped with the supremum-norm ||-|| and,
otherwise, f € UC(U) is equivalent to

oo
I loeq = D max {27 | fll 0} < o0
n=1

oo,U?

We denote by .# = .#(R%) the space of Schwartz functions on R?, that is,

FRY) = {feC“(Rd% sup [o]" D" (x ><oo},

zeR

and .'(R%) = . its dual, the space of tempered distributions.

If (X, p) is a measure space and p € [1, 00|, then

1/p
LP(X, p) = {f : X =R, ”f”Lp(X,N) = {/X f(x)pu(dx)} < OO}

At times, we suppress the dependence on X or p when this does not cause confusion. For p € [1, o0],

pi=—— €[, 0.

For an open set U C R? and f : U — R, supp f is the closure of the set on which f =0. If k =0,1,2,...,
Ck(U) is the set of functions with up to k continuous derivatives and such that supp f is compact. BV (U)
denotes the space of functions of bounded variation on U.

For a probability space (Q, F,P) and a F-measurable random variable X : Q — R, we write

/X P(dw) and Var[X]:=E|X —-EX*

When f: R? — R, we write the Legendre transform of f as f*, that is,
f*(p) == sup {p-x — f(x)} for peR"
TERC

If z € R and R > 0, Bg(z) :== {y € R?: |y — x| < R} and By := Bg(0). For d = 1,2,3,..., S9! denotes
the (d — 1)-dimensional unit sphere in R?. For a € R, || € Z and [a] € Z denote respectively the floor
and ceiling of «, and, for § € R,

aV f:=max(a, ), aAf=min(a,f), ay:=aV0, and a_:=-—(aA0).
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2. FUNCTION SPACES

This section contains a brief overview of various function spaces used throughout the paper. Many more
details can be found in the appropriate references, listed below.

2.1. The space DC. Functions that are representable as a difference of convex functions made an appearance
in the context of pathwise viscosity solutions in [31]. In order to use the space of such functions in the
interpolation theory, it is necessary to equip it with an appropriate norm.

Definition 2.1. Let U C R? be an open domain and let f : U — R. Then f € DC(U) if there exist convex
functions f1 and fo on U such that

f=hn-re
If U is bounded, DC(U) 1is equipped with the norm
£l = 0 {11l + [ follar 2 £ = fi = for fusfo convea).

A function f is said to belong to DCoc(U) if f € DC(V) for all bounded V- C U, or equivalently,

o0
1£llbe,. = Y max(2™" [flpas,)) < oo
n=1
When U = R?, we write DC = DC(R?) and DCjyc = DCjoc(R?).
We note that the quantity |||, is not a true norm, but the Fréchet space DCjo is a complete metric
space with the metric (f,g) = [ f — gllpc,,.-

In terms of regularity, DC-functions share essentially the same properties as convex functions; namely, they
are locally Lipschitz, but not C! in general, and they are almost everywhere twice-differentiable. Examples
include C''!-functions and, when d = 1, functions whose first derivative belongs to BV. For more details
and examples, see Appendix B.

2.2. Lebesgue and Lorentz spaces. Let 1 < p < oo. Recall that, given a measure space (X, p) and
f € LP(X,u), we have
B = [ o tulle € X 1) > oo

Denote by f : [0,00) — [0,00) the nonincreasing rearrangement of |f|, that is,
ft) :==inf{o: p({z € X : |f(x)| > o}) < t},
which satisfies

/0 FO Pt = 112 x -

Now let ¢ € [1,00]. The Lorentz space LP4(X, 11) is defined as those functions with finite ||-||;,.q(x ,,-norm,

1Al Loax oy = {Am (tl/p?(t)>q Cit] 1/q’

with the corresponding analogue when ¢ = oo. Observe that LPP (X, pu) = LP(X, pu) for all 1 < p < 0.

where

The LP9(X, u)-norm is equivalent to the quantity,

1/q
Npq(f) = lZ@ku({x €X:|f(x)]> 2]“})1/”)"] )

keZ
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which is not itself a norm, since it fails to satisfy the triangle inequality property.

If u(X) < oo, then N, 4 is equivalent to

oo 1/q

Noo(f) = D@ ul{z € X : |f(2)] > 2"})!/7)e

k=1
and therefore, in this case, for all » > p, L™ (X, u) C LP9(X, p).

Additional difficulties arise when p = 1 or p = co. For instance, L'? is not a Banach space for any ¢ > 1. In
this paper, we only consider the cases 1 < p < oo or p = ¢q. For more details on Lorentz spaces, see [3,21].

2.3. Spaces of vector-value sequences. Given p € [1,00] and a normed spaced X, ¢?(X) is the space of
sequences (a,)nen C X such that

1/p
[(@n)ller(x) = <Z ||an|p> < oo,

and, for s € R, £57(X) is the space of sequences (a,)nen that satisfy

1/p
(@)l gsn(x) = lz (2" [lanl x) ] < 00,

with the correct analogue when p = oo in both cases.

2.4. Spaces of Besov type. We now list various equivalent definitions of Besov spaces that are used
throughout the paper. For more details, characterizations, and properties, see [3,45].

We first give the standard definition in terms of Fourier analysis. We denote by % : . — .% the Fourier
transform

FHO = [©):= [ @) dn or g R

and its inverse . ! is
1

F 1 f(x) = f(a) = (QT)d

/ eTEf(€) de for x € RY,
Rd
Both .# and .# ! extend by duality to .7”.

It is a standard fact [3,45] that there exists a function ¢ € C5°(R?) such that

(2.1) ¢ >0, supp¢:{§ ;<|§|§2}, and Z 27k = 1.

k=—o0

We then define (¢x)rez C & and ¥ € .7 by

Fp€) =1-Y 627" and F¢(§) = ¢(27F¢) for £ € RY.
k=1

< d . .
For s € R and 1 < p,q < oo, the Besov space B, (R?) is given by

B;q<Rd) =By = {f e ||f||B;q < OO}’
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where
1/q

(2.2) Hf”B;q = | = f”LP(Rd) + Z(zsk [k * fHLP(]Rd))q
k=1

The linear maps defined, for f € .¥’, by
(2.3) Lof :=v¢xf and Lpf:=¢pxf fork=1,2,...
are known as the Littlewood-Paley projections, and it is clear that f € B, if and only if
(Lif)izo € €79(LP(RY)).
At times, is convenient to use the notation
B}, = B(7)
to emphasize the role of the underlying LP-metric. These spaces can also be generalized to allow for choices

other than LP. As a particular example, we consider spaces of Besov-Lorentz type (see [39] for more details),
that is, the spaces defined, for s € R and 1 < p,¢q,r < oo, by

By(LP") = {f € &+ (Lif)iZy € £9(LP"(R))}

with the norm

/]

Bg(Lp:) = H(ka)iozo £s:a(Lpr(R)) *

In some cases, the Besov norm of a function can be equivalently defined in terms of its modulus of continuity.
For h € R? and f : R? — R, define

Al f(x):= f(x+h)+ f(x —h) —2f(x) for x € R
Then, for 0 < s < 2 and 1 < p, g < oo, we define a norm equivalent to (2.2) by

[ (e 188 "
O I t]

with the L%-norm replaced with the correct analogue when ¢ = co. This definition can be extended to the
case s > 2 in various ways, but we do not pursue this here, since the range 0 < s < 2 is the one relevant to
this paper.

(2.4) £ o5 1l ey +

It f € By, o then, for any n € C®(RY), fo=r- n € By, and for any open set U containing support of 7,
the norm (2.4) for f is also equivalent to
AQf 1/q
s (e 82, 0 )
2.5 — H H / o |4
(25) f / Lr(U) * 0 ts t

Both (2.4) and (2.5) have extensions to the Besov-Lorentz spaces; that is, the norm |||

Bs(Lrr) CAL be

replaced with the correct analogues of (2.4) or (2.5) with the LP-norm replaced with the L”"-norm. In
particular, for all p > p, we have the continuous embedding

 sitoe C BL(LP 1o

D,q;loc

When s > 0 is not an integer and 1 < p = ¢ < oo, then B, is equal to the Sobolev-Slobodeckij space
WeP = WP(R?), where, if s =n + «a withn =0,1,2,... and a € (0,1), equipped with the norm

S @) = fw)P 1
”fHWSJ’ : kz::l HD fHLP + |://Rd><Rd \x —y|04p+d ray
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When p = ¢ = oo and s > 0, BS___ is also called the Zygmund space ¢*(R?). For s not equal to an integer,
€*(R9) is equal to the space C™(R?), where s = n+a withn =0,1,2,... and a € (0,1). In general, for a
nonnegative integer n, we have the strict inclusions

C™(RY) c ¢ H(RY) € EM(RY).

The Besov spaces used throughout this paper have indices in the range s > d/p, and therefore are subspaces
of continuous functions, in view of the continuous embeddings B, C ¢4 C C.

2.5. Variation spaces. For p € [1,00), define
n 1/p
Voo =qWeC: W], = Sl;p <Z |[W(t;) — W(ti_1)|p> <00y,
i=1

where the supremum is taken over all partitions P := {0 =tg < t; < --- <ty =T} of [0,T]. The space V,
becomes a Banach space under the norm H”vp Observe that Vo is the space of continuous paths W of
bounded variation that satisfy W(0) = 0.

We have the (strict) continuous embedding

08,1/17 C Vpo forall pel[l,o0).

2.6. Real interpolation spaces. We now list several facts about real interpolation spaces, the proofs of
which, along with many more details, can be found in [3].

Let Xy and X; be compatible normed spaces, that is, both Xy and X; are subspaces of some Hausdorff
topological space Y. For x € Xy + X7 and ¢ > 0, define the K-functional

K(t,l’,Xo,Xl) = inf{HIOHXO +t||131||X1 rx=1x9+ a1, xg € Xg, 1 € Xl} .
Lemma 2.1. (a) For any t > 0, the map
x— K(t,z, Xo, X1)

defines a norm on Xo+ X;.
(b) For anyt >0 and x € Xy + X1,

1
K(t,z, X0, X1) = tK (t,%Xl,X0> .

(¢) For any x € Xo + X1,
t— K(t,z, X0, X1)
is conver and nondecreasing, and, for all s,t > 0,
K(s+t,z,Xo,X1) <2(K(s,z, X0, X1) + K(t, 2, X0, X1)) .
(d) For any x € Xo+ X1, the map

t
[0700)2 > (S7t) = tK (;wanOle) =sK (vaaXhXO)

is nondecreasing in both s and t.
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For a € [0,1] and ¢ € [1, 00|, we define the norm

o q 1/q
[/ <K<”X0Xl)) dt] if 1 < ¢ < oo, and
0

p— ta t
||x||(Xo7X1)a,q T K(t X XO Xl)
sup 20 21) if ¢ = oo.
tOé
te(0,00)

The real interpolation space between X and X; of parameters a € [0,1] and ¢ € [1, 00] is given by
(Xo: Xi)ag = {o € Xo o+ X1 ol ., < 0

Lemma 2.2. Let Xy and X, be two compatible normed spaces, and fix o € (0,1) and p € [1,00].

(a) The equality (Xo, X1)a,p = (X1,X0)1-a,p holds.
(b) The norm ”'H(XO,Xl)a,p is equivalent, with the proportionality constants depending only on o and p, to

1/q
T (Z K(2”,3:,X0,X1)q2"‘10‘> }

neZ
If X1 embeds continuously into X, the following norm is also equivalent:

[e'e) 1/q
o <Z K2, XOaXl)q2nqa>

n=0

Ul (K(t,:c,Xo,Xl))q dt} l/a
T — ) =
; o ¢

(¢c) If 1 <p; <py < oo and a € (0,1), then
(X0, X1)aps C (X0, X1)a,p, continuously.

and

If X1 embeds continuously into Xg, p1,p2 € [1,00], and oy < g, then
(X0, X1)as,pr C (X0, X1)ay,p1  continuously.

(d) Assume that X1 C Xo continuously. Then, for all cw € (0,1) and 1 < p < 00, X5 is dense in (Xo, X1)a,p
in the topology of (Xo,X1)a,p- The closure of Xi in the topology of (Xo, X1)a,co are those x € Xy + X1
for which

lim K(?in, xZ, Xo, X1)2na =0.

n—oo

We will also need the following stability property.

Lemma 2.3. Let o € (0,1) and assume that X1 C Xy continuously. Suppose that (Zy)nen C (Xo, X1)a 005
and, for some R >0,

< i — =0.
igg“x””(Xo,Xl)a,oo—R and nh_)ngoﬂxn Ty, =0

<R.

Then x € (Xo, X1)a,c0 and [|lzf| x, x,

Jor,00

Proof. Fix € > 0. Then, for every ¢t > 0 and n € N, there exists y,(t) € X; such that

[2n = yn (@)l x, + tllun @)y, < (B+e)t?,
and therefore
2 = yn(®llx, Tty Ol x, < (B4t + [ —2allx, -
Choose n(t) € N such that
2 = zng [, < et
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Then
||l‘ - yn(t)(t)HXO +t ||yn(t)(t)||X1 < (R + 2€)taa

whence @ € (Xo, X1)a,00 and [[z([ x, x,). . < R+ 2e. The result follows from the fact that ¢ was arbitrary.
O

3. THE MAIN RESULTS

For a € [0,1] and p € [1, o0], we set
Hop = (DORY), CRY) NL®(R)apioc and Py = (Co([0, T],R™), Wy ([0, T, R™))ap,
where the former is more precisely defined as
Hest,, < He(DC(BL),C(BL))a, forevery L >0,

and is a metric space with the metric

H, H) — 2—"AHH—HH .
(8, H) nz::l (DC(B),C(Ba)) e
In view of Lemma 2.2(a) and (c), we have the continuous inclusions

Iy py, C Hoyp, a0d Py, C Py if o €(0,1) and 1 < p; < ps <00, and
Hovypy C Hogpp a0 Py ) C Poyp, 0 <a; <ag <1andpy,pe €[1,00].

Throughout the statements and proofs below, for ease of notation, we occasionally omit the domains in the
notation of the various function spaces when this does not cause confusion.

For H € C(R?), W € Cy([0,T],R™), and ug € UC(R?),
(3.1) (H, W, up) — S(H,W,ug) € UC(R? x [0,T])

denotes the solution map for the equation (1.1); that is, u = S(H, W, ug) is the viscosity solution of (1.1)
whenever this makes sense. We point out the abuse of notation between here and the introduction, where
the operator S does not depend on the initial datum wug.

If (H,W) € C(RY) x W' ([0, T],R™) or (H, W) € DCoc(R%) x Co([0,T],R™), then it follows from respec-
tively the classical [8] or pathwise [30,31,41] viscosity solution theory that, with respect to the initial datum,
S(H, W, ) preserves boundedness and Lipschitz continuity, commutes with constants, and is contractive and
monotone, that is,

if up € BUC(R?), then S(H,W,uo) € BUC(R? x [0,T)),

if [|Duollo < L, then || DyS(H, W, uo)l| o paxjo,r) < L

(3.2) if up € UC(R?) and k € R, then S(H, W, ug + k) = S(H, W,ug) + k,
if ug, uf € UC(RY), then ||S(H,W,ug) — S(H, W, u)|
if uy <wul, then S(H,W,u}) < S(H, W,u?).

oo, RIX[0,T] = ‘“(1) _USHOO’ and

We now present and prove the main results from the introduction, that is, we show that the solution operator
extends in an appropriate sense to J%, , X P, for a € (0,1) and p € [1, 00], and continues to satisfy (3.2).

Theorem 3.1. Let o € (0,1) and p € (1,00). Then (3.1) extends to a continuous map on o, X Pop X
UC(RY) that satisfies (3.2) for every fized (H,W) € Hyp X P -
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The next result treats the cases p = 1 and p = co. Note that, in view of Lemma 2.2(d), DCjo.(R?) is not
dense in %, o and Wol’l([O,T],]Rm) is not dense in Py .

Theorem 3.2. Let a € (0,1), p € [1,00], and (H,W,uq) € o p X Py x UC(RY). Then there exists a
unique S(H, W, ug) € UC(RY x [0,T)) such that the following hold:
(a) The properties of (3.2) are satisfied.
(b) If p < oo, Wy)sLy C Py, and
(3.3) lim Wy, =W/ 0m=0 and sup|Wy|gs  <oo,
n—o00 e neEN a,p
then
nh~>ngo HS(H7 an“O) - S(Ha VV7”O)||<><3,]R¢><[O,T] = 0
(c) Ifp’ < o0, (Hn)pZy C Hap,
(3.4) lim H, = H locally uniformly, and bup ||H,L||% < 00,

n— oo

then
nh_{rolo HS(HTH VV’UO> - S(H7 VVvuO)Hoo,]Rdx[O,T] =0.

The proofs of the above two theorems rely on Proposition A.1 and some other stability estimates that are
proved next.

Lemma 3.1. Assume that H € DCioe, W € Cy, ¢ € Wy, and ug € CO'(R?) with | Duol| o, < L. Then

ISCH, W+ ) = S(H W) o ooy < s 1 D) / )\dt.

Proof. Assume first that W € WO1 'L Then the result follows easily from the comparison principle for classical
viscosity solutions. The above estimate then holds for arbitrary W € Cy by density, since the left-hand side
is continuous with respect to W € Cp, and the right-hand side does not depend on W. |

In the next result, the stability of the solution operator S is measured with respect to the K-functional
defined in subsection 2.6.

Lemma 3.2. There exists a constant C = Cp, > 0 such that, if ug € C%1(R?) with |Duyl|,, < L, then the
following hold:
(a) If Hi, Hy € DCjoc and W € Cy, then

sup [S(Hy, W ug) — S(Hz, W, ug)|
Réx [0,T]

| Hy — Hol

OO,BL 171
W, Co, Wy ) .

<€ (1Mllncqs,) + 1Melloce,)) K
DC(B1) DC(BL) [H:llpecs,) + 1Hz2llpes,)

(b) If He C and Wy, Wy € Wy'', then
sup |S(H, Wy, up) — S(H, Wa,up)|

R4 x[0,T]
g P LK
L([0,T]) L([o,1])
OOBL ”Wl*WQHoo[OT

SCHWl WQH 7H7DCIOC7C



16 P.-L. LIONS, B. SEEGER, P. SOUGANIDIS

Proof. Throughout the proofs of both parts, the constant C' > 0 depends only on L, and may change from
line to line.

(a) We write u; = S(Hy, W,ug) and ug = S(Ha, W, ug). Using arguments as in [41], we have, for all z,y € R?
and t > 0,
Ul(I,t) - U2(y7t) < ¢($ - y7t)a

where

d¢ = (Hy (D) — Ha(D@)) -dW in R x [0,7] and ¢(2,0) = L|z| for z € R%
Let Y € Wol’l([O,T],Rm), write W = X + Y, and let ¥ solve

dip = (Hy (D) — Hy(D)) -dX in RYx [0,7] and (2,0) = L|z| for z € R%
Then Proposition A.1 gives

Y(z,t) < Llz[+C (HHlnDC(BL) + HH2||DC(BL)) 1 X M| oo, 10,77 >

while Lemma 3.1 yields
) —(z,t) < ||Hy — H Y‘
6(.8) = w(t) < B = Halle s, [V, 0
Combining all terms and using a symmetric argument for us — u1, we find that

lur = wzllog gaxpo;z < € (1Hllpoqsn) + 1Hzllnos,) ) 1X o) + 1Hy = Hall g,

We conclude by taking the infimum over all such X and Y.

Li([0,T7)

7]

(b) We write u; = S(H, W1, up) and us = S(H, Wa,up). A similar argument as in part (a) gives that, for
all z,y € R¢ and t > 0,

Ul(.’I},t) - u2(y7t) < (b(l‘ - yvt)a
where
¢r = H(Dg) <W1 - W2> in RY x [0,7] and ¢(2,0) = L|z| for z € RY.

Let G € DCyq¢, set F = H — G, and let ¢ solve
P = G(Dv) (W1 - Wg) in R x [0,7] and ¥(z,0) = L|z| for z € R%
Then Proposition A.1 gives
¥(z,t) < Llz| + Cl|Gllpep,y W1 = Wall o 0,177
while an application of standard stability estimates from the viscosity theory yields

88) = 6(:.0) < Pl (W] o)

+ [
L'([0,T])
Combining all terms and using a symmetric argument for us — u1, we find that

l[ur = vl o paxo,r) < C <|F|OO,BL (le‘ ) +Glpes,) W1 = W2||oo,[O,T]> :

We conclude by taking the infimum over all such F and G. O

+[
£ ([0,7) 11 (0,7))

Proof of Theorem 3.1. The properties in (3.2) are stable under uniform convergence, and therefore continue
to hold upon extending the solution operator to the appropriate spaces of Hamiltonians or paths. Moreover,
in view of the contraction property, by a density argument, it suffices to consider a fixed initial datum
ug € COHRY) with ||Dug|,, < L for some L > 0, and, hence, by (3.2), it suffices to consider the relevant
norms of Hamiltonians over the ball By,.

Throughout, since ug is fixed, we suppress its dependence and write

S(H, W,ug) = S(H,W).
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In order to prove the result, it suffices to show that, for any (H,W) € 4, , X Pop and € > 0 fixed, there
exists § € (0,1] such that, if (Hy, W), (Ha, W2) € DCjoe ><T/V01’1 satisfy, for j = 1,2,

VH; — Hll e +W; W, <5,
then
1S(H1, W1) = S(Hz, W2) || o gaxjo,7) < -

Indeed, this means that S(H, W) can be uniquely identified as the uniform limit of S(H, W) as (H,W) €
DCloc xWy'' converges to (H, W) in the ., , X P, -norm, and the extended map S is then continuous.

In what follows, we write uy = S(Hy, Wh), us = S(Ha, Wa), and v = S(Ha, Wh).

Step 1. We first estimate u; —v. By the definition of the K-functional, there exist (H1 ,,, H2 ,)nen C DC(ByL)
such that

IHinllpoep,y +2" 1H1 — Hinlly 5, < 2K(2", H1,DC,C)
and

[Henllpep, ) +2" 1H2 = Hamll o 5, < 2K(2", H2,DC,C).
For n € N, set uy ,, := S(H1,n, W') and v, = S(Hs ,, W'). We have, by Lemma 2.1(c),

1H 1 nllnes,) + 1 Himilpos,) < 2 (K27, Hi,DC,C) + K(2**', H,DC, C)) < 6K (2", Hy,DC, C)
and

[Hin = Hing1lloo 5, < [Hin — Hill g, + [[H1 — Hipgall 5,

<2(27"K(2",H,,DC,C)+2 " 'K(2"*', H,,DC,C))
< 227K (2", H,,DC,C).

Then Lemmas 2.1(d) and 3.2(a) give, for some C' = Cp, > 0,
1, = vt ntll oo gaxo,r]
<C (HHLVL”DC(BL) + ”Hlv"ﬂ“DC(BL)) K <||H1

< 6CK(2",H,,DC,C)K (2—", W1, Co, ngl) :

||H17n - Hl,n-&-l”oo,BL

) Wl7 CO) I/I/()171
IDC(BL) + ||H1,n+1||DC(BL)

and so, in view of Hélder’s inequality and Lemma 2.2(b), for some C,; q,

||U1,n — U ||00,Rd><[0,T]

oo 1/p oo
<C (Z K(2m,H1,Dc,C)P2—mm> (Z K(27™, Wy, Co, W&’l)p’zm”'a>

1/p’

IN

[e's) l/p oo l/p/
C (Z K(2™, H,DC, C)pzmm> (Z K(27™ W, Cy, W&*UP'QW’“)

m=n

+C (I, + Wl , +1) 6.
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A similar argument gives

lon = vl

0 Up s oo
<C (Z K(Qm,Hg,DQC)”TmW) (Z K2 ™, Wi, Cy, W0171)p/2mp'a>
oo /r / 1/p'
c (Z K(2™, H,DC, C)pz—mm> (Z K(27™,W,C,, WJ’I)P’WP/@)

m=n m=n

1/p’

(3.6)

IN

+C (IHl o, + Wi, +1)8

We next estimate uj , — v,,. First, Lemma 2.2(b) yields, for some C' = Cp o > 0 and for all n € N and
Jj=12,

K(2",H;,DC,C) < C|Hyll 5, 2" < C (I, , +1)2°",
and, hence,

IIH; < 2K(2",H;,DC,C) < C (HHH‘%W n 1) gan

n ”DC(BL)

and

[ H1n — Hap| <2'""[K(2",H,;,DC,C) + K (2", H,DC, C)] + C§

co,Br,
<C (||H|\% o+ 1) 9-(-)n 4 oy,
Lemmas 2.1(c)-(d), 2.2(b), and 3.2(a) then give, for some C' = Cf  q,
w1, — UnHoo,]Rdx[o,T]

(||H||%p + 1) 9-(1-an 4 §

< C(IHl,, +1) 2K Wi, Co, Wyt
(1], +1) 207
<C(IHl,., + )QC’"K(Q_”,Wl,CO,WOl’l)
(3.7)
5
+ )2‘*”}( W, Co, W

(1], , +1) 207

(
(
C(I1Hl,, +
<0 (1, +1) (2775 (277, W.Co. W) +0)
(I, +1) " (IWl,, +1) 2005,

Combining (3.5), (3.6), and (3.7), we find that, for any n € N,

00 1/p 00
||U1 — vHoo,]RdX[O,T] S <Z K(2m7H7DC,C)p2mPQ> (Z K( W 007 1 1)17 omp a)

1/p’

(3.8) 15| e, , + 1) 20n K (2— W, Co, W 1)

+ o+

c(
C (IHle,, + Wi, , +1)8
+c

[, +1) W, 27050,
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In view of Lemma 2.2(b), the first two terms converge to 0 as n — oco. Therefore, choosing first n large and
then § small, depending only on H and W, we achieve

lur — vl < 7

Step 2. We now estimate v — ug, using similar arguments as in Step 1, but this time invoking Lemma 3.2(b).

Let (Wi, Wan)nen C Wy'' be such that

W1 — Wi,
L([o,T])

< 2K(2_n, Wi, Co, Wol’l)

oo,y T2

1,n

and

Wa = Wanll g oy + 27" Hv’vg,n < 2K (27", Wa, Co, Wy'h).

Li([o,1]) —

For n € N, set ug,, := S(Ha, Wa ) and 0,, = S(Hz, W1 ,). Then Lemma 3.2(b) gives, for some C' = C, > 0,

[ Y
K 7[ ? ]

1,[0,T
[tz — vz sl gaxor) < ClWaim = Wanall o o, Wan — Wanotl 0T Hy,DCloe, C
;1 )T o]

[0,T7]

< CK (2—“, Wa, Co, W§71) K(2", H,,DC, 0),
and so, in view of Holder’s inequality and Lemma 2.2(b), for all n € N, we have

||U2,n — U2 ”oo,Rdx[O,T]

oo

oo 1/p 1/p
<C ( Z K(Q_m7 WQa CO? W(}’l)p/Qmp,a> <Z K(2m7 H2) DC) C)p2_mpa>

m=n

<C(IWls,,, +1Hl,, +1)8

o 1/p . 1/p
+C (Z K2, VMCO,W(}J)P’WP’“) (Z K(2™, H, DC,C)p2_’”T’“> .

m=n m=n

A similar argument gives

||ﬁ7l - UHoo,]RdX[O,T]

<C(IWla,,, +I1Hl,, +1)8
(3.10) ’ '

e 1/p 00 1/p
+C (Z K(Q_nl’I/V,CO,WOIJ)p’Qmp/a> <Z K(?m,H, DC’C)p2—mpa> )

m=n m=n

We next estimate ua ,, — 05 Arguing as in Step 1, there exists C' = C} o > 0 such that

IWan ~ Wl oy <C8+C (W, +1) 27

and

< o= (|, +1).

HWLH + HW2,n >~
1,[0,7]

1,[0,T]



20 P.-L. LIONS, B. SEEGER, P. SOUGANIDIS

Lemmas 2.1(b),(c),(d) and 3.2(b) together give
l[uz,n = Ol oo o,y

200=) (W], +1)

<C (5 4 gna (\|W||g,ayp, + 1)) K o (”W”%,p/ " 1) . Hy,DCioe, C
o s+27m (Wl +1)
=2 (Wil + 1) | vt 1) 0
(311 <C (Wi, , +1)2" 079K (27", Hy, €, DCc)
+C (Wl +1) 20K i , Hy, C, DCloc

(W5, ,, +1) 20
<C (W, +1) (270K (27, H,C,DCuoc) +9)
+C(IWl,, +1)" (Il , +1) 22061,
Combining (3.9), (3.10), and (3.11), we find that
|uz — UHOO,Rdx[o,T]

o 1/p o 1/p
<C (Z K(QW,VI/,CO,W(}J)P'z’"P’a) (Z K(2m,H,DC,C)P2WW>

m=n

(3.12)
+C (W, , +1) 2" 079K (27" H,C,DCx)

+C (Wil , + WIS, +1Hl,, +1) 2700060,

Lemma 2.2(a) implies that H € (C,DC)1_q 5, and so, in view of Lemma 2.2(b), the first two terms converge
to 0 as n — oco. Therefore, choosing first n large and then ¢ small, depending only on H and W, we can
assure that

N ™

Juz — U”oo,Rdx[O,T] <
and, hence,
[Jur — U2||oo,1Rdx[0,T] <€
a

Proof of Theorem 3.2. As in the proof of Theorem 3.1, part (a) is immediate upon proving parts (b) and
(c), and so we may assume v is fixed and ||Dug|, < L. We then write S(H, W) := S(H, W, ug), and all
norms of Hamiltonians are taken over Br,. We prove only part (b), since the proof of part (c) is similar.

Arguing similarly as in the proof of Theorem 3.1, the result follows once we show that, for fixed € > 0 and
R > 0, there exists § > 0 such that, if Wy, Wy € Wol’1 satisfy
W2 = Wl oz VIWe = Wl oy <6 and [Wallp V[ Wall, <R

then
[S(H, W1) = S(H,W2)|| oo gaxpo,1] <&

For n € Nand j = 1,2, choose W; ,, € Wol’1 such that

<2K(27", W, Co, Wy'h),

W, — Wj,n||oo,[o,T] +27|\W. 1,j0,7] —

Jsn
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and set
Uj = S(H, W]) and Ujn = S(H, Wj,n)~
Then, arguing just as for (3.9) and (3.10) from the proof of Theorem 3.1, we obtain

fe’s) l/p 00 1/17
||Uj7n — Uy ”oo <C (Z K(27m7 ij Co, Wol’l)p’Qmp'a> ( Z K(Qm, H, DC, O)pZmpa>

m=n m=n

(3.13)
oo 1/p
<CR (Z K(2™ H,DC, C)P2mpa> ,

m=n
where, in the first line, the ¢’ -norm is replaced with a supremum when p’ = oo.

Next, by Lemma 2.2(b), for n € N,

Wi = Wonll o S IIWi=Wallg .07 +2 [K(Q_H7W17007W()1’1) + K (27", Wy, Co, Wy't)
<26+ CR27™
and
HWL” + HWL" < ORQn(lia).
L ([o,1]) L1([0,17)

Then Lemma 3.2(b) and a similar argument as for (3.11) give, for n € N,
(3.14) w1, = U2l g mnjo.ry < CRZTVK (27", H,C,DCigc) + CR | H|| , 270751,

Combining (3.13) and (3.14) yields

) 1/]7
||U1 - u2||oo,]Rd><[0,T] S CR (Z K(Qm, H, DC, O)mepa>

m=n

+CR2" "V K(27", H,C,DCloc) + CR® || H| 1, 2" 75"

Because p < oo, the first two terms can be made less that £/2 by taking n sufficiently large, and then, for
sufficiently small 9, the third term is less than /2. g

4. THE SPACE J%,

In this section, we give various examples of spaces that embed continuously into the interpolation space
given, for a € (0,1) and p € [1, 00], by
Hap = (DCR?),CRY) NLZRY)), 1o

that is, H € 4, , if and only if H € (DC(Bp),C(BL))a,p for all L > 0.

We do not know of a completely analytic characterization of the space DC, let alone 7, ,. In what follows,
we make use of the many properties of DC described in Appendix B.

In various points in this section, we regularize functions by convolving with a mollifier p € C°°(R?) satisfying

(4.1) p>0, supppC By, p(z)=p(—z) for all z € R?, and / p=1
R4
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4.1. A first sufficient criterion. The fact that C*! C DC leads to a criterion for belonging to Hop in
terms of Besov regularity.

In the lemma below, recall the definition of the second order difference operator Ag from subsection 2.4 and
the K-functional from subsection 2.6.

Lemma 4.1. There exist universal constants 0 < ¢ < C such that, for all f € C(R?) and t € [1, 00),

c <||f||OO +t sup HﬁifHoo) < K(t, f,C*'(R?),C(RY)) < C <|f||Oo +t sup HA?,fHOO> :
ly|<t—1/2 lyl<t—1/2

Proof. Let f; € CY1(R?) and f, € C(R?) be such that f = f; + fo. Then, for any y € R? with |y| < t~1/2
and = € R%,
1
ALf @) < 1ALA @)+ AV A@)] < 2 [D* Al +4l1fallu -
Therefore,
ot s [857] < Ufllonacen + (40 Ul <5 (Millorss +415lc) -
yl<t-

Taking the infimum over all such f; and f5 yields the first inequality with ¢ = %

Next, let p be as in (4.1), and, for § > 0 and = € R?, set

ps(x) = 5%0 (%)

and fs5 = f * ps. Then, for all 2 € R?, because p is even,

fi(@) — fx) = / (F(& —y) — F(@)) pa(y)dy = / (F(&+9) — F(@)) pa(y)dy

Bs Bs
1

T2 /35 (f(z +y) + fo —y) = 2(2)) ps(y)dy-

This gives
1 1
sle) — f(@)] < & / |A2f, ()] pa(y)dy < = sup || A2, |
2 /Bs 2 y|<s

Similarly, for all 2 € RY,
1

D2 fy(a) = + / A2, () D? s (y)dy.
Bs

2
and so

2 1 2 2
D255 < 555 | 1Dy sup 4%,

We also have | fs]| ., < ||f]l, and

IDfslloe < 24/ fslloo 1D foll o < I fslloo + | D*Fsl . -

Now fix t > 1 and set § = t~1/2. Then

E(t, f,C01C) < lfslloo + 1D sl oo + [[D? o]l +21f = fill <€ <||foo tosup HAf,fHoo> :

ly|<t—1

O

Along with Theorem 3.2 and Propositions 5.1, 5.2, and 5.3, taking p = 1 in the result below leads to proofs
of Theorems 1.1 and 1.2 from the introduction.
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Proposition 4.1. For any a € (0,1) and p € [1, 0],
BX") € Ao,

Proof. By Proposition B.1,
Hoyp D (W2 .CNL®),,

Given f € B2(1 a), we now use (2.4) and Lemmas 2.1(b), 2.2(b), and 4.1 to write, for some constant
C = C, o that changes from line to line,

~ Kt f,C0L0p 1Y
N e —
1/p
Psupy, |<p-1/2 ||A2 uf
<clfl o[ T ] ”wﬂ
1/p

B upyy <, [| AT
~ciplo o [ el s <o

O

When « = 1/2, Proposition 4.1 implies that BoopIOC C Hyap fp>1, Bl piloc
are not Lipschitz. On the other hand, BOO 1;loc 18 contained in C'. This case is of particular interest, since
P /2,00 1s the largest path space contained Brownian paths (see Proposition 5.3).

contains functions that

We next explore ways to obtain weaker criteria by using further properties of the space DC.

4.2. One spatial dimension. If d = 1, then, by Proposition B.2,
(W2717 CNL¥)apiloc C Hap

We do not know how to completely characterize this interpolation space. Here, we give an example of a
particular subspace. In particular, while Proposition 4.1 establishes that

Bg(lia) (Loo)loc C %,pa

we show that, for d = 1, we can replace the underlying L*°-metric with a suitable Lorentz space (see
subsections 2.2 and 2.4), at the price of replacing the “auxiliary” exponent p above with 1.

Proposition 4.2. Assume that o € (0,1), p € [1,00], and d = 1. Then

BT (LTERT) C oy
When p = ﬁ, the space on the left-hand side above becomes a Besov space, so that, in particular,

—a 1
32(71 ) C I p forallpzli.

1 .
== »1;loc

By the remark in subsection 2.4, we have, for all 7 > = a,

B2~

r,1;loc

)C BQ(I O‘)(Ll P 1oe C Ay p,

which, when p = 1, gives Theorem 1.3 from the introduction.
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Proof of Proposition 4.2. The embeddings BY, ; C C and Bf; C W (see [45]) imply that
(Bi1:B%i)y, C (W Cap

With the method of retracts (see [3]), this interpolation space can be identified with
(£2’1(L1), KO,l(Loo))

’
a,p

where ¢5P(X) denotes the weighted sequence space discussed in subsection 2.3. This gives, in turn,

(4.2) CAI(LY, L%)a,p) © (1LY L01(L))

ap’

The proof is finished in view of the definition of the Besov-Lorentz space and the fact that (L', L>),,, =
1

Li==P, O

The embedding (4.2) is a consequence of the more general fact that, if Ag and A; are compatible normed
spaces, o € (0,1), and 1 < p < ¢ < o0, then

LP((Ao, A1)a,q) C (LP(Ao), L*(A1))

a,q?

and the reverse holds when ¢ < p, as a consequence of Minkowski’s integral inequality. Thus, the above
inclusion (and the reverse for ¢ > p) becomes an equality exactly when p = ¢ (see [3,25]). It is a result of
Cwikel [9] that, in general, if p # ¢, the inclusions are strict.

When a = 1/2, Proposition 4.2 gives
B% (L27p)10

and hence, when d = 1, 77 ), , contains non-Lipschitz functions, even when p = 1.

¢ C <%ﬂ1/2,p7

4.3. Further results in multiple dimensions. We now exploit more properties of DC-functions in order
to find other criteria for belonging to J7, . In particular, the results that follow establish Theorem 1.4 from
the introduction.

The first such result exploits the fact that, with a strong structural assumption, W24-functions are DC for
sufficiently large q.

Proposition 4.3. Assume that r > % and f € Bf(lia)(Lr’p)loc is radial. Then f € 5, p.

Proof. We argue similarly as in Proposition 4.2. First, since (1 — a)r > d, Proposition B.4 gives

(DC,C)ap D (WL Crad)ap.

rad

. . 2,(1—a)r 2 0 .
The inclusions W7} D B(l_a)m;rad and Clag D B 1.raa 81VE

(DC, C)%P ) (B(Zl—a)r,l;rad’ Bgo,l;rad)a

Without loss of generality, the partition-of-unity function ¢ in (2.1) may be chosen to be radial. As a
consequence, the functions ¥ and (¢ )ren are radial, and thus so are f x ¢ and (f * ¢r)ren. Therefore, the

can be identified with

)

interpolation space B(21—a)r Lrads B 1vad
Eiatl = a,p

(P L™ )

b

which, by the same reasoning as in the proof of Proposition 4.2, contains 52(1*‘1)’1(L:;51), as desired. O
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If « <1/2, orif @« = 1/2 and p = 1, then the Besov regularity specified by Proposition 4.1 is stronger than
Cl-regularity. On the other hand, DC contains many non-C! functions. This indicates that the regularity
condition can be relaxed if one interpolates to DC functions that are weaker that C1'!. As an example, we
show that the gradients of functions belonging to %, , can be discontinuous across an affine hyperplane.

Proposition 4.4. Fiz a € R and v € S% 1, and define

I:= {xeRd:v-x:a} and Uy := {xeRd:i(v~m—a)>0}.
Let 0 < a < 1/2 and 1 < p < oo, and assume that f € COY(R?) is such that there exist g4,g_ € B2(1 @)
such that f =g+ on Ux UT'. Then f € I, 5.

Proof. We assume, without loss of generality, that v = (1,0,...,0) and a = 0, and we introduce the notation
r = (x1,2') € RY where z; € R and 2’ = (23,23, ...,24) € R4, Then

I'={zeR?:2y=0} and Uy:={zeR?:+z; >0}.

By Proposition 4.1, g— C ¢, ,. Therefore, by considering the function f — g_, we may also assume that
_ = 0. This implies that f(0,z') = 0 for all 2/ € R?~!. For ease of notation below, we set g := g .

For p as in (4.1) and for § > 0, set ps(x) := 57p (%) and
(9% ps)(x)  ifa1 =20,
fo(x) := .
(g% ps)(0,2") if 21 <O.

For z € R? with z; > 0, the evenness of p gives

55(0) = S@1 = (g ps)x) —9() = 5| [ Mgy @hps(oiay| < 5 s [[a%,].

Bs ly|<

Similarly, if 1 < 0,
1
55) = £2)] = g+ 5)0.5) = g ) 0.5 = 6(0.4)| < 3 sup A%,
Y=

which yields

15— fllos < 5 5 A% -

For z € RY, set
f5(x) = (g*ps)(w) and fi(z) = (g% ps)(0,2");
that is, fs = fi in Uy Ul and f5 = fZ in U_ UT.

Computations similar to those in the proof of Lemma 4.1 give, for j = 1,2 and some constant C' > 0
independent of 4,

|psi|_ <iIpgle ana |p2g3]| f‘s?p a3l

Therefore, by Proposition B.8,

A2g
Illpe < € (W ¥ |Dg||oo> -

Now, for ¢ € [1,00), set § := t~1/2. Then

K(t) = K(t, f,DC,C) < | fsllpc +tIIf = follw < C (tl |SuP |AZg]  + Dglloo> :
y|<t
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and therefore, for a constant C' = (), > 0 that changes from line to line,

© /K P o (tsu _ A2 P
/ (“)) s cHDglloo+c/ < Pz A9l | dt
L to t L to t

c [t SUup|y|<s HAQQHOO ds
:CHD9||OO+§/O < ysz(ka)y -

S

< € (IDgle + ol gz )
The result follows from Lemma 2.2(b). -

We close this section by considering the function given, for a : S9! — R and z € R?, by

(13) @) =a () b

If « < 1/2, or &« = 1/2 and p = 1, then, in general, f fails to have the regularity specified by Proposition
4.1, even if a is smooth.

Proposition 4.5. Leta: S 1 5 R, 0<a <1, and 1 <p < oo, and set

x
g(z) :=a (|a:|> .
Assume that, for some §y € (0,1/2),
g€BX ({1 -0 <|z[ < 1+d}).
Then the function f defined in (4.3) belongs to 2 p.

Proof. For p as in (4.1) and § > 0, set ps(z) := 57p (%), and, for z € S%7!, define
x
)= [ a( L)oo dy and sie)i=as () lal.
Bs(x) |yl 2|

U .= {{BERdil—(so<|$|<1+60}.
Then, for all R > 0 and ¢ € (0,dp),

Set also

R
155 = Pl < Rllas — allgas < 5 sup 826,
ly| <8 ’
and, by Proposition B.11, for some constant C' > 0 independent of R, a, and 4,

CR
||H5||DC,BR <CRlasllgin < — su<p§ ||A12;

5 1y o

The result then follows along similar lines as in Lemma 4.1. |

5. THE SPACE &,

We next study, for o € (0,1) and p € [1, 00, the interpolation space
Py = (Co([0,1)), Wy ([0,T])ayp for a € (0,1), p € [1,00].

As in Section 4, we do not know of a simple characterization of this space, and the focus is on finding
examples of embeddings. We also identify the parameters for which Brownian paths belong to &, , with
probability one.
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The hypotheses in Theorem 3.2 deal with sequences of paths converging uniformly while being bounded in
Po,00, and therefore, we place special emphasis in this section on identifying such paths.

5.1. Holder and variation spaces. We first prove a general criterion, using a particular method for
measuring the variation of a continuous path. Given W : [0,7] — R™ and a partition

PZ:{0:t0<t1<”~<tN:T}

of [0, 7], define
osc(W,P) := _Inax osc(W, [ti, tiv1]), #P:=N,
and, for § > 0,
(5.1) N(6,W) :=inf {N € N: there exists P such that osc(W,P) < § and #P = N}.

The variation of W can then be quantified in terms of the rate at which N(§, W) — oo as § — 0.

Lemma 5.1. Let W € Cy([0,T]), o € (0,1), and p € [1,00]. Assume that, for some sequence (6,)0,
satisfying

[e'e) l/p
S = (Z 2“@?55) < 00,

n=0

there exists C' > 0 such that, for alln € N,
N(6,, W) < C2™.
(a) Then W € Pop and Wz, < (C+1)S.

(b) If p= oo and 6, = 2~ for all n € N, then there exists a sequence of piecewise-linear paths (W), :
[0,T] — R™ such that

nh—>H;o ||Wn — W“oo,[O,T] =0 and ilelg HWTLH«@O{OO < 0.

Proof. (a) Fixn=0,1,2,..., let
Po={0=t5 <th <--- <tk =T}

be a partition of [0,7] such that osc(W,P,) < d,, and let W,, be the piecewise linear interpolation of W
over P,,. Then

W = Wallso 0,7 < On

and
Nn
Wal| =D IWalti) = Waltior)| < Nadn = (#P0)n.
[92] .y = Wt = Wit < (#Pn)
Taking the infimum over all such partitions yields

K(27", W, Co, Wo') < 6, 4+ 27" N(8,,, W)6,, < (C + 1)8,,

and the result follows from Lemma 2.2(b).

(b) Let P, and (W,,)22, be as in part (a), so that, in particular, #P, < C2". For k = 1,2,..., N, set
AP =12 =t} .

Fix m > n, and let K" € N satisfy
ge(m=n) < g < 20(m=m) 4],
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We define a refinement of P,, by setting

N, iO\KR
P,:n = Pn U U <tz + W) -

k=1 J=

Then
1 27714&
my _ _© _ o—am m __ m a(m—n)
osc(W,,,P") = K osc(W,,, Pn) < Sa(m=n) = 2 and #P)'=N,(K]'—1)<2 #Pn,
and so
N(2—am7Wn) < 2a(m—n)#rpn < 02a7rL+(1—a)n < com .

The conclusion follows from part (a). O

As a corollary of Lemma 5.1, we have the following.
Proposition 5.1. For any p € [1,00], the following inclusions are continuous:

Cg,l/p([()?T]?Rm) - ‘/1070([0)T]5Rm) C c@1/‘13,00-

Proof. The proof of the first inclusion is standard. For the second, let W € V}, o and assume that
Wy, = 1.
Fix n € N and define a partition P :={0 =1ty <t; <--- <ty :=T} by to = 0 and
ty = inf{t >ty Wi, — Wi =27 "/P}AT.

Then
N
V=W > > |Wi,_, — Wi, |P = N2,
k=1
and osc(W,P) < 27"/P whence N(2~"/P, W) < 2". The result now follows from Lemma 5.1(a). O

Proposition 5.1 implies that, if (W, W,,)22; is bounded in either C%“ or Vi/a> and, as n — oo, W, converges

uniformly to W, then the hypotheses of Theorem 3.2 are satisfied for 2, . In either case, W, can be
defined, for example, as the convolution of W with a standard mollifier, or as a piecewise linear interpolation
along a partition with vanishing mesh size as n — oc.

5.2. Besov regularity. As in the case of JZ, ,, we can use Besov, or Besov-Lorentz, criteria for belonging
to Pa.p. We shall also provide a necessary condition, to be used in the next sub-section.

Proposition 5.2. Let oo € (0,1) and p € [1,00]. Then
B (LY P)o([0,T],R)™ C Py, C By (LY)o([0,T],R)™.

Proof. For ease of notation, we consider the case m = 1. Let £ be a continuous operator on the spaces
E:Cu([0,T]) = Coad((—o00,0)), €&: Wol’l([O,T]) — Wc}(’ig((—oo, 00)),

such that, for any W € Cy([0,T]), EW = W on [0,T] and & has compact support. The operator £ can be
constructed by first extending to [—27T, 27| through odd reflections across the points 0, 7', and —T', and then
multiplying with a smooth, even, nonnegative cutoff function n with support in [—2T, 2T such that n = 1
on [—T,T]. If R is the restriction map

R: Codd((—O0,00)) — CO([O’TD7
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then it is clear that R o £ is the identity operator on Cy([0,7]). Therefore, through the method of retracts
(see [3]), it suffices to consider the interpolation space (Coqq(R), Wolé}i (R))a,p, which contains (see [45])

(5.2) (B 1:0ad(R), Bl 100a(R))ap-

As was argued in Proposition 4.2, we may assume without loss of generality that the function ¢ defined in
(2.1) is even. This implies that, if f : R — R is odd, then f 1 and f * ¢y are odd for all k € N, where ¢ and
¢ are the Schwartz functions defined in subsection 2.4. As a consequence, the method of retracts allows us
to relate (5.2) to the space

("M (L35a) 7 (Loaa) ) avp-
Arguing again as in the proof of Proposition 4.2, this contains Ea’l(Lcl)éz’p ), and we conclude.

For the second inclusion, we note that £, , C (L', Wol’l)a)p. A similar argument as in Lemma 4.1 gives
universal constants 0 < ¢ < C that are independent of ¢t > 0 and W € Cy([0,T]) such that

csup [W(+h) = Wlpom < K@E&W, L, W) < C\illlft W+ h) =Wl o) -

ES

which gives the claim in view of (2.5) and Lemma 2.2(b). O

5.3. Brownian paths. Assume that
(5.3) W :[0,T] x Q— R is a standard Brownian motion over the probability space (Q,F,P).

The previous results imply that, with probability one, W belongs to %, , whenever 0 < a < 1/2 and
1 < p < o0, as can be seen from either the Holder [43], variation [13], or Besov [5, 7, 38| regularity of
Brownian paths. As a consequence, many types of approximations can be constructed that satisfy the
assumptions of Theorem 3.2.

In the remainder of this section, we show that, in fact, Brownian paths belong to & 5 o, and fail to belong
to P2, if p < co. We also present two particular types of approximations that are bounded in & /5 .
The first is a piecewise linear interpolation as in Lemma 5.1(b), and the second is a family of appropriately
scaled random walks.

Proposition 5.3. Let W be a standard Brownian motion as in (5.3).

(a) Ifa<1/2 and p € [1,00], or if « = 1/2 and p = oo, then W(-,w) € Py p for P-almost every w € 2.
(b) Ifa=1/2 and p < 00, orif « > 1/2 and p € [1,00], then W (-,w) ¢ Pqp for P-almost every w € .

Proof. In view of Lemma 2.2(c), it suffices to consider &5 o, and &/, with p < oo in order to prove,
respectively, parts (a) and (b).
(a) Fix n € N, and define ¢ = 0 and
(5.4) tn., = inf {t >t :osc(W, [t 1]) = 2"/2} AT fork=1,2,....
Let N, € N be the first integer for which t%, =T.
Observe that the (tZ)g;o are stopping times,
E(tp,, —t})=2"" for k=0,1,2,...,N, —2,

B(tf —t% 1) <27, and
Elty, , —tp — 272 < 027%" for some C' >0 and all k=0,1,2,...,N, — 1.
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In view of Markov’s inequality, there exists C' > 0 such that, for any A > 1 and for sufficiently large n
depending only on A,
[2"AT|—1
P(N,>2"\T)=P [ > (tf, —t})<T
k=0
[27AT|—1 c

<P ) (tha-tr-2)<-(A-DT+27" < oo
k=0

and, therefore, the Borel-Cantelli lemma yields n* : @ — N such that n*(w) < co for P-almost every w € Q
and N, < 2"AT for all n > n*(w). As a consequence,

P <sup 2TN(272 W (-, w)) < oo) =1,
neN

where N (9, W) is defined as in (5.1), and so, by Lemma 5.1(a), for P-almost every w € Q, W(-,w) € &3 -

(b) Let p € [1,00). Then, by Proposition 5.2, & 5 , C Bll,/;([o, T)). Tt is shown in [38] that, with probability

one, Brownian paths do not belong to B% ’/132 if p < 00, and the result follows. ]

As a consequence of Theorem 3.2 and Proposition 5.3, for any H € J4{ /51 and ug € UC(RY), there exists a
well-defined probability measure u : Q@ — UC(R? x [0, T]) that is understood to be the solution of

(5.5) du= H(Du)odW inR?x (0,7] and u(-,0)=1wu, onR%

The use of the Stratonovich notation “o” is motivated by the fact that u is obtained as limits of solutions of
(5.6) Upy = H(Du, )W, (t) in R x (0,7] and u(-,0) =uo on R?

for regularizations (W, )nen of W that satisfy the hypotheses of Theorem 3.2 for &2, /5 . One such approx-
imation can be constructed along the same lines as in Lemma 5.1(b).

Proposition 5.4. Fiz H € 7,5, and ug € UC(R?). Forn € N, let P,, be the partition of stopping times
defined in (5.4), let W, be the piecewise linear interpolation of W over P,,, and let u,, and u solve respectively
(5.6) and (5.5). Then, with probability one,

nll)r{.lo lun — ull o raxjo,r) =0

Proof. The result follows from Proposition 5.3, Theorem 3.2, and the fact that, as in the proof of Lemma
5.1(b), we have, with probability one,

S (W = Wloe o =0 and - sup [Wals,, _ < oo
]

We now introduce a family of random walk approximations. Let (Xy), oy : €2 — {—1,1} be a collection of
independent Rademacher random variables, define ¢ : [0,00) — R by

C(0)=0 and ((t)=X fortelk—1k) fork=1,2,...,
and, for n € N, set

(5.7) W(t) = %C(th) for t € [0, 7).
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Recall that a sequence of Borel probability measures (i, )nen on a Polish space X converges weakly, as
n — 00, to a Borel probability measure p if

n—oo

lim f@)pn(de) = / f(@)p(dx) for all bounded and continuous f : X — R,
b's X

and a sequence (A, )nen of X-valued random variables, not necessarily defined over the same probability
space, is said to converge in law, or in distribution, as n — oo, to another X-valued random variable A if,
as n — 0o, the law of A,, converges weakly to the law of A. It is a classical fact (see Billingsley [4]) that, in
the topology of C([0,T1]), as n — oo, the path W,, defined in (5.7) converges in law to a Brownian motion
W as in (5.3).

Proposition 5.5. Assume that H € 55, uo € UC(R?), and W is a standard Brownian motion. For
n € N, let W,, be the scaled random walk as in (5.7) and let u, be the viscosity solution of (5.6). Then, as
n — 00, u, converges locally uniformly and in law to the solution of (5.5).

In view of Proposition A.1, if H € DC(R?), then the result of Proposition 5.5 is a consequence of the classical
Mapping theorem. That is, if, for another Polish space Y, the map ® : X — Y is continuous, then ®y is
continuous with respect to weak convergence of measures [4]. Here, for a Borel probability measure p on X
and a Borel measurable map ® : X — Y, ®;; denotes the Borel probability measure on Y given by

(Py1)(A) = p(®~1(A)) for all Borel sets A C Y.

In order to prove Proposition 5.5 for H € J# /5, we need the following generalization of the Mapping
theorem.

Lemma 5.2. For normed spaces X C X andY, a sequence of Borel probability measures (fin)nen on X,
and a map ® : X — 'Y, assume that
(a) as n — oo, in the topology of X, Ln converges weakly to another probability measure p on X,
(b) for all e > 0, there exists C: > 0 such that
sup pin ({2 € X+l > Ce}) <,
ne
and ~
(c) if (xn)nen C X and x € X,

nh_)n;o |z, — 2| ¢ =0, and Zléll\)! lznll x < R,

then v € X, ||z||x < R, and lim,_o ®(z,) = ®(x).

Then, as n — 00, in the topology of Y, ®4pu, converges weakly to ®yp.

Observe that property (b), which says that the sequence (g, )nen, when restricted to X, is tight, does not
follow directly from property (a).

Proof. By the Portmanteau theorem (see [4]), it suffices to show that, for all closed sets F C Y,
limsup p, (27(F)) < p (@71(F)).
n— oo
Fix € > 0, let C. > 0 be given as in part (b), and define
A.={r e X :|z||y <C.}.

Property (c) implies that A. N ®~1(F) is a closed subset of A. in the subspace topology inherited from X,
and, therefore, there exists a closed set H C X such that

A.N® Y F)=A.NH.
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The Portmanteau theorem and property (a) give

limsup pun (H) < p(H),

n—oo

and, therefore,

limsup p, (@7'(F)) < liminf p, (A. N H) +¢

n—00 n—00

<limsup pn(H) +e < pu(H)+¢

< (A NOHEF)) 4+ 2e < (@ HF)) + 2.

The proof is finished because € was arbitrary. O

The next result gives a uniform estimate on the probability tails of (W, )nen in & /2 o0

Lemma 5.3. Let (W,)nen be defined by (5.7). Then, for all € > 0, there exists R = R. > 0 such that

sup P (||Wn||@ > RT) <e.
neN T 200

The proof of Lemma 5.3 relies on the construction of useful stopping times, as in the proof of Proposition
5.3. For M € N, define

(5.8) 0" =0 and M i=inf{teN, t>7M |C(t) ()| =M} fork=12,...,
and, for ¢ > 0, define

KM(t) ::inf{kEN:TéV[Zt}.
Lemma 5.4. Fiz M € N andt > 0. Then

At 2N(M?2 — 1)t M?
P (KM — )< 1+ —.
( (t) > M2) S SO DR forllh> 1+

Proof. In view of the strong Markov property, the random variables (Téw — T,ivf 1)ken are independent and
identically distributed, and the optimal stopping theorem gives

2
E[r -] =M? and Var[r)' —7}M] = gM2(M2 —1) forall M € Nk € N.

The result then follows from Markov’s inequality and the chain of inequalities
P(KM(t) > MM ~2) < P <TfV§tM_2 | < t)

[AtM 2]
=P Z (M — M) <t
k=1
[ AtM 2]
<P Z (TM — M — M?) < —(\ = 1)t + M?
k=1
2AN(M? — 1)t
~3((N—=1)t — M2)2"

Proof of Lemma 5.3. Fix n € N. For two different ranges of m € N, we estimate the quantity
27MN(27™2 W),
where N (9§, W) is defined as in (5.1). Throughout, we assume, without loss of generality, that T > 1.
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Case 1. Assume that m € N and 2™/2 < 5. Set
M = {nQ_m/QJ ,
and note that )
2V §n2—m/2 < M < n2™™/2,
For k=0,1,2,..., define

where 7 is defined as in (5.8). Then, for all k = 1,2,...,

_ 1 M
OS¢(Wh, [Fe—1, 7a]) < <) = ¢(rtly)| = =2 2.
Therefore,
N2 ™2 W,) <inf{k € N: 7, > T} = KM (n*T).

Fix R > 8 and set

M2om
| B
n
Then
>\>1’%(1—2m/2n*2)2>2>1+—2_m>1+—2
== T ~ T

and so, in view of Lemma 5.4, for some universal constant C' > 0,
P (N(Tm/Q, W) > Rsz) <P (KM(nT) > RT2™)
=P (KM (n?T) > An*TM?)
2A(M? — 1)n2T
~ 3((A—1)n2T — M?)?
2RM?(M? —1)2™T C

= < —2m
((RM?2™ — )T — M?)? = RT

We conclude that

(5.9) p (sup{zme(rm/?,Wn) ‘meN, 2m/2 < ﬁ} > RT) <<
2 RT
Case 2. Assume now that m € N and 2™/2 > 2 and define
k
- <> |
n2m/2 k=0,1,2,...
Then
HW" /2
o5 (W, P) < 1o < o2
and so
(5.10) 2"MN(27™/2 W,) < Tn2~™/% < 2T whenever 2™/2 > g

33

Combining (5.9) and (5.10) gives, for some universal constant C > 0, for all n € N, and for all R > 8V 8%,

C
—m —-m/2 <
P(:@tgé? N(2 ,Wn)>RT> < < e.

The result then follows from Lemma 5.1(a).
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Proof of Proposition 5.5. Set ® = S(H, -, up), where S is the solution operator from (3.1), and define
X=2P 0, X=C(0,T]), and Y e CR?x[0,T)).

For n € N, let p1,, denote the law of W,, on X, and let 1 denote the Wiener measure on X, that is, the law
of W. Then the hypotheses of Lemma 5.2 are satisfied. Indeed, property (a) is a restatement of Donsker’s
invariance principle [4], property (b) follows from Lemma 5.3, and, in view of Lemma 2.3 and Theorem 3.2,
® is a well-defined map on & /5 o, that satisfies property (c).

As a consequence of Lemma 5.2, as n — 0o, @y, converges weakly to @y, which is the desired conclusion.
|

6. A REMARK ON THE SHARPNESS OF THE MAIN RESULTS

We present an example to show that the assumptions of the main theorems, in particular, Theorem 3.2,
cannot be relaxed.

The focus is on describing the behavior of solutions of the approximate problem given, for 8 € (0,1) and a
sequence (W, )nen € WH1([0,T)), by

(6.1) Up¢ = |DulPW,(t) in RYx (0,7] and wu(x,0)=|z| onRY,
that is, the Hamiltonian of interest is
(6.2) Hs(p) = |p|”.
Theorem 6.1. Let 8 € (0,1). Then Hg € o1 if and only if o+ B > 1. Moreover, if a € (0,1) and
ug(z) = |x| for x € R, then the following hold:
(a) If a + B < 1, then there exists a sequence of paths (Wy,)nen C Wy ([0, T],R) such that
(6.3) lim W, =0 uniformly, sup||[Wp|l, < oo,
n—oo neN «a, 00
and, as n — oo, the solution u,, of (6.2) converges to +oo.

(b) If a + B = 1, then for any co > 0, there exists a sequence of paths (Wp)neny C WHL([0,T]) satisfying
(6.3) such that, if u, solves (6.1), then

lim sup |un (2,t) — (J2| V cot)| = 0.

N0 (¢,1)€REX [0,T)
We first recall the Hopf formula for solutions of Hamilton-Jacobi equations with convex initial data. For a
proof, see [27].

Lemma 6.1. Let H € C(R?), and assume that uy € UC(R?) is convex. Then the unique viscosity solution

of
uy = H(Du) inRYx (0,00) and u(-,0)=uo in R?
is given by
(6.4) u(z,t) = sup {p-x —ul(p) +tH(p)} for (z,t) € R x [0,00).

p€eERd

We use this formula to make some computations and bounds for a simple driving path.

Lemma 6.2. Fort € [0,2], set W(t) =1— [t —1|, let 8 € (0,1), and, for a > 0, let u solve
1

Uy = B|DU|ﬂW(t) in Rd X [072] and U(CE,O) = |£U| Va fO?" x € Rd'
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Then, for all (x,t) € R% x [0,2],

1 1-
|x|\/a§u(x,t)§(|x|\/a)+5 and  u(zx,2) = |z|V a—l—Tﬂa*ﬁ/(l*ﬂ) .

Proof. We first compute
. a(lp|—1) if |p| <1, and
u*(p,0) = .
+00 if |p| > 1.

The contractive property of the equation implies that ||Dul|,, < 1, and, therefore, for all t > 0, u*(p,t) is
finite if and only if |p| < 1.

By Lemma 6.1, for |p| <1 and ¢ € [0, 1],
. i} " s
v = (w0 -L1)

This implies that, on [0, 1], ¢ — u*(-, ) is nonincreasing, and therefore, ¢ — (-, t) is nondecreasing. Moreover,
u*(+,1) is equal to the lower convex envelope of the radial function

- 1
Bi2prallpl = 1) — 5lpl® = 6(lpl)-
The function ¢ : [0,1] — R is convex and attains a global minimum at a='/(!=5) where it achieves the value
1—
128 msaes
B
and, therefore,
1288028 _ g pp| < a=0B) | and

u*(p,1) :=
1 o
a(lpl—l)—glplﬂ if /075 < |p| <1,

For |p| <1 and ¢ € [0, 1], we then have the bounds
1 *
a(lpl=1) - G (p,t) <a(lpl —1).
Taking the Legendre transform gives the desired bounds for u on R x [0, 1].

Now, u*(+,2) is the lower convex envelope of the radial function

pesu*(p,1) + %W = (o)),

where

=B sra-m _ gy Ls 0 <r <amV0-D), and
Y(r) = B B

a(r—1) if o /08 < <1,
The function v is concave and increasing on [0, 1], and, therefore, the lower semicontinuous envelope of
p e (lpl) is

w(.2) = (a4 5200 pl - )

Upon taking the Legendre transform, this gives the desired formula for u(-,2), and, in view of the fact that
t + u*(-,t) is nondecreasing on [1,2], the claimed bounds for v on R? x [1,2]. O

The following lemma characterizes the long term behavior of a certain recursively-defined sequence that
arises in the coming proofs.
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Lemma 6.3. Assume that 0 < 8 < 1, a1 > =9, and, for k € N,

1-— _ _
; B-s1a-0),
Then there exists a constant C' = Cg > 0 such that, for all k € N,

(6.5) Ap+1 = ai +

1
B—(l—/@)kl—ﬁ <ap< [afl/(lfﬁ) +6_1(k3 . 1) +Clogk

Proof. For x > 0, define
fa) = (U a) 7

and, for k € N; set by := a}c/(lfﬁ). The concavity of f implies that, for all z > 0, f(z) <1+ (1 — 8)z, and
so, for all k£ € N,

-1

k41 = Ak (1 +(1 - 5)%) > ay (1+ [371171;1)14} = (bx + 571)1_/3'

Therefore, b1 > by, + 471, and the first inequality follows from an induction argument.

1 g\ Y-8
1+ —F —1
()

Now, for k € N, set

/\k =k

and observe that, for some C'= Cjz > 0,

C
A <14 =
The concavity of f implies that
1
1+ (1 -8z < f(Apx) forald<az< T
For any k € N, the first inequality gives
-1/(1-8)
0< aki S l’
B k

and, therefore,

B

As a consequence, by 1 < by + A\,871, and so

_ a, /0P L1, \1-8 18
apr1=ar |1+ (1=08)—"—| < ax (1+)\kﬁ bk) = (bk“l‘)\kﬂ ) .

k
b <bi+ 871D A

=2

The result now follows, since, for some C' = Cg > 0 that changes from line to line,

k
1
b < by + Bk — 1)+CZ; <by 4Bk —1)+ Clogk.

=2

As a consequence of Lemmas 6.2 and 6.3, we have the following result.
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Lemma 6.4. Set W(0) =0 and, for k=0,1,2,...,

{+1 ift € (2k,2k +1), and

(6.6) W :=1_, ift e (2k+1,2k +2),

and let u be the solution of

1 .
(6.7) U = E|Du|BW(t) in RY x (0,00) and u(x,0) = |z| on R
Then, for some C = Cg > 0, and for all k € 0,1,2,... and (z,t) € R? x [2k, 2k + 2],

1-p8
||V (ﬂ*“*ﬁ)kl*ﬂ) <u(z,t) < |z| v [~V 4 371k — 1) + Clog k} T %

Proof. We first consider ¢ € [0,2]. As in the proof of Lemma 6.2, u*(p, t) is finite if and only if |p| < 1.

For all t € [0, 1],

w(t) = (=871 1)
that is, u*(-,t) is the lower convex envelope of the radial function p — —t3~![p|® on Bi, which yields, for
Ip| <1 andte[0,1],

U*(p7 t) = _t571~
As a consequence, for (z,t) € R? x [0, 1],

t
u(z,t) = |z + 3
and the claimed bounds are immediate.
Next, for ¢ € [1,2], we have u*(-,t) = (=871 + B71(t — 1)| - |?)**, and so, for [p| < 1 and ¢t € [1,2],

t
i} t—2 t—1
u*(p,t) =

which gives, for (z,t) € R? x [1,2],

w(z,t) = |z| v (;) + .
This yields the desired bounds for ¢ € [1,2].
Finally, we have u(z,2) = |z| vV 87!, and so, because =1 > 3~ (1=F) the rest of the proof follows from an
inductive argument and Lemmas 6.2 and 6.3. (|
Proof of Theorem 6.1. (a) We first show that, if @ + 8 > 1, then Hg € 4, 1.
For § > 0, define Hg 5(p) := |p|® Vv 6°. Then ||Hs — Hg5|| = 6°, and
Hgs = H, — Hy, where H,(p)=p6"""(|p| - §), and Hj is convex.
Therefore, for some constant C > 0 and any L > 0,
1Hs ooy < 1Hill s, + 1Hallo s, < CLE™.

Now, for n € N, set § = 27". Then

K(2",Hg,DC(BL),C(BL)) < | Hg s

poes,) + 2" 1 Hs = Ha sl p, < CL2"O7P).
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Then Hp € 7%, 1 as a consequence of Lemma 2.2(b), the fact that o+ 5 > 1, and

> 27" K(2", Hg,DC(By),C(BL)) < CLY 2771 < oo,

n=1 n=1

Conversely, if Hg € J, 1, then the conclusions of Theorem 3.2 hold, and, therefore, o 4+ 5 > 1 in view of
the examples in parts (b) and (c) below.

(b) Let W be as in (6.6) and let u be the solution of (6.7). For n € N, define
Up (2,t) 1= 27" (2", 27t)  and W, (t) := B2 "W (2™1).

Then w, solves (6.1). Note that lim,_,c W, = 0 uniformly on [0,7], and, by Proposition 5.1, for some
constant C = Cy, > 0,

sup [Wyll g, - < Csup [[Wyga < oo.
neN ’ neN

Now let (z,t) € R x [0,T] and let k € N be such that k < 2"~ 't < k + 1. If n is sufficiently large, then
k > 2, and so, by Lemma 6.4, for some constant ¢ = co,8 > 0,

u(x,t) = 27w (2M 0, 27t) > p A -Ag e > pon(l—a—f)pl=f B0, 4 o
as desired.

(c¢) As in part (b), let W be as in (6.6) and let u be the solution of (6.7) with 8 = 1 — a. For n € N,
(z,t) € R? x [0,T], and a constant A\ > 0 to be determined, define
A
Up (z,1) 1= A27 (A 7122, 2") and W, (t) = 172_”0‘W(2”t).
-«
Then u,, solves (6.1) with 8 = 1 — «, and, once again,

Jim Wall,jo.ry =0 and ilelgHWn||ﬂa,oo < 00

For (x,t) € R4 x [0,T] and n € N, let k = 0,1,2,... be such that k < 2"~'¢ < k + 1. Then, by Lemma 6.4,
U (z,t) > |z V [(1 —a)"*A27" kY]
> |zl v [(1—a) A2 2" 1t = 1)¢]

Y la —a)) (; - 2n> j ,

(6.8)

and, for some C' = C, > 0,

k—1 ¢ A
) < g=na (1 _ g1y B A
un(z,t) < |zl Vv [)\ (( @) +1_a+C’ ogk)+ +2"a(1—a)
(6.9)
¢ A
< 271 —a) Ve —— log2)n2™" + C27 "1 .
_m|\/[/\( (1-a) +2(1_a)+C’(og 2=+ C Ogt)+ +2”a(1—a)

The bounds (6.8) and (6.9) together give

lim sup
N0 (z.£)€RE X [0,T)

Un(z,t) — |2| V (Mt“)‘ =0,

and the proof is finished upon setting A := 2%(1 — a)%co. a
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APPENDIX A. THE EXTENSION PROPERTY FOR DC-HAMILTONIANS

We give a stability estimate for pathwise Hamilton-Jacobi equations in the regime where the Hamiltonian
belongs to DC. The arguments are essentially the same as those in [31,41].

Proposition A.1. Assume that, for each i = 1,2,...,m, H* € DCiy.. Then, for all L > 0, there exists
C = Cp, > 0 such that, if |Duo| ., < L, Wi, Wa € C([0,T],R™), and, for j = 1,2, u; is the solution of

(A1) du; = ZHi(Duj) dW; inRY % (0,T] and u?(-,0) =wug inR%
i=1
then

"0 7001 < 2 W ey gy W)

In the next result, we recall that, in order for the equation (A.1) to be well-posed for all continuous paths
and initial data, the condition H € DCj,, is necessary and sufficient. The proof, which we do not give here,
can be found in [41] as Proposition 7.2, and resembles the discussion in Section 6 of the present paper.

Proposition A.2. Assume that H € C(R?)\ DCjo.. Then there evists ug € BUC(R?) and a sequence of
paths (W,)22, € WLL([0,T],R™) such that, as n — oo, W, converges uniformly to 0, and, if u, is the
classical viscosity solution of (A.1) corresponding to the path W, then u, has no uniform limit as n — oo.

Proposition A.1 is proved using Theorem 7.2 of [41], which we restate without proof here as Lemma A.1.
The proof of Lemma A.1 takes advantage of cancellations that arise in iteratively applying the Hopf-Lax
formula for solutions of time homogenous Hamilton-Jacobi equations with convex Hamiltonians. Similar
manipulations of solution operators appear in recent works involving the regularity, domain-of-dependence,
and long-time-behavior properties of solutions of pathwise Hamilton-Jacobi equations; see, for instance,
[14,15,29].

For some M € N, let (H;)M, : R? - R be convex functions satisfying

Jj=

(A.2) I%}inHjZO for each j =1,2,..., M.

Let (Wj)jzvi1 C O([0,T]) and up € UC(R?), and let u be the pathwise viscosity solution of
M

(A.3) du =Y Hj(Du)-dW; inR*x (0,7] and wu(-,0)=u inR"
j=1

Given a Hamiltonian H : R? — R, the maps

(Su(1),50 : (B)UC(RY) — (B)UC(R?)
denote the solution operators for the equation
(A4) ug = H(Du) in R? x (0,00),
that is, u(x,t) = Sp(t)¢(z) solves (A.4) with u(-,0) = ¢.
Finally, for a real-valued continuous path ¢ and ¢t > 0, we define

¢*(t) = max C(s) and G(1) = — min ((s)

0<s 0<s<t

Lemma A.1. Let u be the solution of (A.3). Then, for allt >0,

M M
1 5u, W;.() uo(z) < ufa,t) < H ) uo ().
o it
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Proof of Proposition A.1. It suffices to prove the result when W' and W? are smooth. The general result
follows by a density argument.

The comparison principle and the spatial homogeneity of H give

ul(m,t) - U2(y,t) < @(l‘ - yat)a
where ® solves

Ao =Y H'(D®)-dW" = W>") inR*x (0,T] and &(x,0)=Llz| inR"

i=1
For ¢ =1,2,...,m, we can write ‘ ‘ ‘
H'=H{ — H;
where H{ and H$ are convex on Br. Foreachi=1,2,...,mand j = 1,2, let v§ belong to the sub-differential
of H]’ at p = 0. Since H; is convex, we have
1
(A.5) |v|<zbupH() foralli=1,2,...,mand j =1,2.

|p|<L

Define
~ m ) ) ) m )
(z,t) = (ac =) (W —uh) (W) - W ) ZHZ 0)(Whi(t) — Wi(t))
i=1
and, for i =1,2,...,m, j = 1,2, and p € R?,
Hj(p) := Hj(p) — Hj(0) —vj - p.
Then @ solves

d® =Y " H{(D®) - d(W"' — W) + > Hy(D®) - d(W>' = W) in R x (0, 7],
i=1 i=1
®(x,0) = L|z| in RY,
For each i =1,2,...,mand j = 1,2, Hl: is convex and satisfies (A.2). Lemma A.1 gives

(z, 1) <HSH, (Whi — w2 HSH1 (W=7 = W) (1)) (L] - ) (@)-

i=1 j=1
Given H convex satisfying (A.2) and 7 > 0, we estimate, using (6.4),
Su(T)(L]-)(x) = sup (p-x+7H(p)) < Llz[+ 7 sup H(p).
<L lpI<L

[pI<

Applying the estimate iteratively, using the comparison principle and the fact that the solution operators
all commute with constants, we find that

z 1,2 2,1
Bt < Ll +3 3 sup ()W =W
i=1je{1,2} IPIS
Going back to the definition of H and using (A.5), we conclude that, for some C' = Cf, > 0,
u (z,t) — u?(z,t) < ®(0,1)

( Z 1= vp)(WHH(E) — Wh2(t >+Z H{(0) — Hy(0)) (WH () — W (1))

|
=

IN

O3 (1, + 1, ) 1970 =520 gy
=1
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Taking the infimum over all convex Hi, H} satisfying H' = H{ — Hi and applying a symmetric argument
for the difference u? — u' gives the result. O

APPENDIX B. THE SPACE OF DC-FUNCTIONS

We present various sufficient criteria for a function to belong to DC, that is, the space of functions that are
equal to a difference of convex functions.

The study of DC-functions goes back to Aleksandrov [1,2], Landis [24], and Hartman [19]. Other analytic
properties have been investigated by, among others, Prudnikov [36,37] and Zalgaller [46]. Such functions
also play an important role in the study of nonconvex optimization; see, for instance, the survey of Hiriart-
Urruty [20].

B.1. The definition and some basic properties. We recall, for convenience, the definition of DC-
functions, as well as the norm with which we equip the space.

Definition B.1. Let U C R? be an open domain and let f : U — R. Then f € DC(U) if there exist convex
functions f1 and fo on U such that

f=h-—r.
If U is bounded, DC(U) is equipped with the norm
1 lpoq) = inf {1l + 1 fellp  f = f1 = for fus fo conver}.

A function f is said to belong to DCyoc(U) if f € DC(V) for all bounded V- C U, or equivalently,

1£llpcy,. = Y max(2™™ || fllpos,)) < oo
n=1

When U = R?, we write DC = DC(R?) and DCloe = DCoc(R?).

The first result, which we state without proof, follows from elementary properties of convex functions.

Lemma B.1. If R > 0 and f € DC(Bg), then ||Df]|
differentiable almost everywhere in Bg, that is, for almost every x € Bp,

_ fl@+h)=fl@) = Df(x) -h—zh-D*f(z)h
lim
h—0 |h|?

5. Br /s < 2R7! ”fHDC,BR' Moreover, f is twice

=0.

The next lemma is used throughout the section in order to prove various criteria for belonging to DC.

Lemma B.2. Let U C R? be open and convex. Then f € DC(U) if and only if there exists g € DC(U) such
that

(B.1) D*f < D?g.
Moreover, if U is bounded, then

I loewy < 19lbew) + 19llso,o + 11 llso, -

Proof. It f € DC(U), then (B.1) clearly holds with g = f. Conversely, suppose that there exists g € DC(U)
such that (B.1) holds, and let g1, g2 be convex functions on U such that ¢ = g1 — g2. Then, since g; and
g2 + g — f are convex,

f=91—(92+9—f) e DCU).
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If U is bounded, it follows that

Iflbcwy < lgrllsey + 1192 + 9 = fllov < M91lloc.v + 92l + 19l + 1fllo,ir -

Taking the infimum over convex g1, g2 on U such that g = g; — g2 yields the claim. ]

It follows from Hartman [19] that belonging to DC is a local property. For completeness, we present the
proof here.

Lemma B.3. Suppose that, for all x € U, there exists 6 > 0 such that f € DC(Bs(z) NU). Then
f € DCIOC(U)'

Proof. Tt clearly suffices to consider U compact. Then there exist z1,x2,...,z, € U and 61,02,...,0, >0
such that U C |J_, Bs,(z;), and, for i = 1,2,...,n, there exist convex functions f; on Bag,(z;) such that
f + fi is convex. Lemma B.1 yields that, for each i = 1,2,... ,n, f; is uniformly Lipschitz on Bs,(z;), and,
therefore, there exists a convex function ﬂ on U such that f; = fz on By, (z;). The result now follows from
the fact that f + fl + fg 4+ 4 fn is convex on U. O

B.2. Regularity criteria. Lemma B.1 suggests that possessing two derivatives, in an appropriate sense,
can be a sufficient criterion for belonging to DC. The simplest example of such a result is stated next.

Proposition B.1. Semi-conver and semi-concave functions belong to DC. In particular, C*' C DC, and,
if R>0 and f € CY1(Bg), then

1floezr) S 1P fllo., B2+ 1F oo 55 -

Proof. If f is semi-concave, then, for some constant C' > 0, D?f < CId in the sense of distributions, and,
therefore, (B.1) holds with g(x) = %|x|2 The argument for semi-convex functions is identical.

If f € CY1(Bg), then the constant C' above may be taken to be HDQfHOO Br and, hence, Lemma B.2 gives

the bound on || fllpc(p,)- O

Among other things, Proposition B.1 allows for a useful way to localize throughout the paper.

Lemma B.4. Assume that f € DCyoe and let ¢ € C2(R?). Then f:=f-¢eDC.

Proof. Since f € DCjq., there exist convex functions f; and f; on R? such that f = f; — fo on K := supp ¢,
and, thus, fé = fi$ — fo¢ on R%. For j = 1,2, we have, in the distributional sense on R¢,

D2(f56) = f;D%6 + 2D f; & Do + 6D f; = = (Il e [ D26 e + 21Dl o 1 1D0l 1) T,

and, hence, in view of Lemma B.1, f1¢ and fo¢ are semi-convex. The result now follows from Proposition
B.1. |

When d = 1, the condition that D?f has a one-sided bound can be substantially weakened, and, in fact,
there is an exact characterization.

Proposition B.2. Leta < b. Then f € DC([a,b]) if and only if f' € BV ([a,b]). In particular, W**([a,b]) C
DC([a,b]), and, for some constant C = C(b—a) > 0,

[ flpcao < C I llwaa ) -
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Proof. Fix f € DC([a,b]) and write f = f1 — fo with fi, fo : [a,b] — R convex. Then fi’ and f§ are positive
measures on [a, b], so that f” is a finite signed measure on [a, b]. It follows that f € BV.

Conversely, suppose that f' € BV ([a,b]). Then f” is a signed measure pu = py — pi—, where py are positive
measures on [a, b]. Since d = 1, there exist convex functions f; and f_ on [a, b] such that, in the distributional
sense, fY = uy. It follows that

== 1),
and therefore, for some «, 5 € R,
f(@) = fi(2) = f-(2) + oz + B.
We conclude that f € DC([a, b]).

Now assume that f € W2!([a,b]). Then, for any zg, 21,z € [a,b],

f(z) = f(xo) + f(z1)(x — x0) // ")+ (s)dsdt — // ) —(s)dsdt,

with the last two terms defining convex functions. Note that, since both f and f’ are absolutely continuous,

we can choose xy and x7 such that
f(ao) = / f(dt and f(ar) / 7t
—a

The estimate now follows. O

We note that one direction of the equivalence in Proposition B.2 holds for all d > 1, namely, for an open
set U C R, f € DC(U) always implies Df € BV (U). However, the converse is false in general. Indeed,
DC functions are twice-differentiable almost everywhere, while BV functions may fail to have directional
derivatives on a nontrivial set.

On the other hand, it is still an interesting question whether a condition on D?f that is weaker than belonging
to L guarantees f € DC. As was mentioned earlier in the paper, one possible condition reads as follows:

(B.2) for some p=pg > 1, WP CDClye for all p > py.

However, it turns out that (B.2) is false as soon as d > 1. To see this, observe that, if I' ¢ R? is a line and
f € DC(R?), then f|r clearly belongs to DC(I'). On the other hand, the trace function

T : WP(RY) — W2~ 1/Pe(T) x W=1/PP(D)

ou
F b

u (up, 3
v

where v € S9! is a fixed normal vector to T, is surjective, and general functions in W2~1/P-» (T") need not
belong to DC(I"), which can be checked by example with Proposition B.2. One such example, which was
communicated to us by Terence Tao [44], is as follows.

Proposition B.3. Assume d > 1 and 1 < p < co. Then there exists f € Wli’f(]Rd)\DCloc.
Proof. Throughout the proof, for x € RY, we write z = (#,74) for # € R and x4 € R, that is, ¥ =
(xl,xg, PN ,a:d_l).

Let ¢ € C>(R%) be such that

11 9 . 11
_— = > —_ = .
supp ¢ C { 2,2} and D“¢>1d in { 4,4}
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Let 0 <e < % be fixed and, for any N € N, define

N
Un(z) = N2> " ¢(Ni,Nzg — j) for z € R%.
j=1
We then have, for £ =0,1, 2,
k _ anre—2+k—4=1 k
(B.3) ||D ¢N’|Lp =N* v HD ¢||Lp .
Now define -
f@) =" tom(z1 —201 = 27™),29,...,34).
m=0

Observe that f is compactly supported, the summands ¥om (21 + 2(1 — 27™), za, ..., z4) have disjoint sup-
ports, and, by (B.3), f € W?2P.

Assume now that there exists convex functions fi, f» : R — R such that f = f; — fo. We then have
D?f; > D?f. Fix m € N and define the convex function x,, : R — R by
Xm(t) = f1(2(1—=27"),0,...,0,¢).
Observe that
leln(t) Z 8"%df(2(1 - 27m)’ 07 cee 707 t) = 3§d1/f2"" (07 Oa R Oa t)a
and so
Xop =27 in 274 [-27mT2 27 =1,2,... 27

Because x,, is convex, we conclude that, for some universal constant ¢ > 0,

?

1
Oz, f1(2(1 =27™),0,...,0,1) = x;,(1) = x;,(0) +/ p'(s)ds 2 Oy, f1(2(1=2777),0,...,0,0) + 2.
0

We conclude that D f; has unbounded oscillation in [—2,2]%, which contradicts the fact that f; is convex. [0

Proposition B.3 makes it clear that (B.2) is false unless stronger assumptions are placed on f. The next few
lemmata are partial results to that effect.

Proposition B.4. Suppose that p > d and f € WIQO’CP s radial. Then f € DCi, and, for all R > 0 and
some constant C = Cyqp > 0,

(B.4) 1 Ibosm < 1 lloo.sr +C D Fl 1oz

Proof. We write f(z) = ¢(|z|) for some ¢ : [0,00) — R. Then, setting r = |z,
D*f(z) = ¢" (1) @& + @

and, therefore, for all R > 0 and some constant C' = C), > 0,

(Id—i®7),

R R
/O |¢”(7‘)\p’rd_1d7’+/0 |¢’(r)|prd_1_pdr < CHD2fHZ£P(BR)'

Note in particular that, for any 0 < a < b,

b b 1/p b 1-1/p
/ |¢" (r)]dr < </ |¢”(7")prd_1dr> (/ r‘ﬁdr) ,

and therefore, since p > d, ¢” € Li ([0,00)) and, for all R > 0 and some constant C' = Cy, > 0,

loc

R
(B.5) /0 0" (")ldr < CID*f| .,y -
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r) :/OT /0 ¢ (t)4 dt ds.

W(r) = (¢")+(r) = ¢"(r) 2 0,
and, since p > d, Df(z) = ¢'(r)Z is continuous, which implies that ¢'(0) = 0, and, hence,

v = [ (") ()ds > / " (s)ds = () > 0.

For x € R?, let g(x) = v (|x|). Then

Let 9 : [0,00) — [0, 00) be given by

Then

D?g(z) =" (r)i ® & +

‘/’/ﬁr) (Id -2 ®#).

It is immediate that g is convex and D?f < D%g on Bg, so, in view of Lemma B.2, f € DC),.. The estimate
(B.4) is then a consequence of (B.5). O

The next conclusion is an immediate corollary of Lemma B.2 and Proposition B.4.

Proposition B.5. Assume that p > d, g € W?P is radial, and D?f < D?%q in the sense of distributions.
Then f € DC.

We next explore conditions in which D? f itself is dominated by a radial function, or a superposition of radial
functions.

Proposition B.6. Suppose there exists ¢ : [0,00) — R such that ¢ € L, {r — r¢.(r)} € LS., and
D*f(z) < ¢(|lz[)Id.
Then f € DC.
Proof. Define 9 : [0, 00) — [0, 00) by
¥(0)=0 and ¢'(r)= Jax s¢4 (s / b4 (s
Then 1 is convex and increasing, whence g(z) = ¢(|z|) is convex. The result follows from Lemma B.2 and
the fact that D% f < D3?g. O

The final result of this subsection involves the Riesz potential, which, for 0 < s < d and f € .(R?), is the
map (—A)7*: ¥ — . given by

(-8 = eua | AN

where, with I" denoting the Gamma function,

 _dj2qs L(s/2)
(B.6) Coq =122 NCEPDE

The operator (—A)~* is the inverse of the fractional Laplacian (—A)®. Moreover, the definition of (—A)~*
extends by duality to .. For more details, see Stein [42].

For p > 1, we introuduce the space

M, = {u € . : uis a signed measure on R? and / ||P|p| (dz) < oo}.
Rd
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Proposition B.7. Ifd > 2 and s > %, then

(—A)*Mayy_q C DC.

Proof. Fix f € (—A)"*Maos_q4, set r :=d — 2s+ 2, and note that r < 1 and 2 —r = 2s —d.

Let 8 € O (R? ® R?) be such that, for some positive constants (Cj)ren and for all X € R? @ RY,
[ X| < B(X)<Co(1+|X]) and ||D*B|| < Cp forallkeN.

Define
pi=(—A)7Z B(D*f) € May_q,

denote by py and p— the nonnegative measures in the Hahn decomposition p = puy — p— of p, set

1
V= o T e
and define
Cd%’d 2—r
g(z) 1227_74/]1@ |z —y| v(dy),

where ca_r , is defined as in (B.6). Then g € DC, and
D2gla) = cue g [ lo= ol (1= rE0) @ (6 0) )

> cugey [ o= o7 (= () = v (@)1

= |(=2)"F 4| (@) -1
= B(D*f)-1d > D*f(x).

The result now follows from Lemma B.2.

B.3. Structural criteria. Except for the case d = 1, we are not aware of a simple characterization of DC
functions in terms of the regularity or structure of their gradients. Nevertheless, as is demonstrated by the
results that follow, the Lipschitz assumption for the gradient in Proposition B.1 can be relaxed in various

ways, even when d > 1.

Throughout the subsection, we use the max and min operations on functions, and therefore the following

lemma is useful.

Lemma B.5. If f,g € DC(U), then so are min{ f, g} and max{f, g}, and

||min{fag}||DC(U) <2 <||f||DC(U) + ||g||DC(U)> and ||max{f,g}HDC(U) <2 (Hf”Dc(U) + ||9||DC(U)) .

Proof. Let f = fi — fo and g = g1 — g2 with f;, g; convex for j =1,2. Then
max{f,g} + fo + g2 = max{f + fo + g2, 9 + fo + g2} = max{f1 + g2, fo + 91}

is convex as the maximum of convex functions, so that

max{f,g} = (max{f,g} + fo+ g2) — fo — g2 € DC.

The argument for min{f, g} is similar.

We next prove a result on extending DC functions past convex sub-domains.
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Lemma B.6. Assume that K C R? is conver and compact, fi, fo : K — R are convex and Lipschitz with
the common Lipschitz constant L > 0, and U D K is bounded and open, and set f = f1 — fa on K. Then
there exists f € DC(U) such that f = f on K, and

: f < i :
(B.7) 11l < 10l e+ el g+ 2L dist (56,00

Moreover, given g € C%Y(U) such that g < f in K, the extension f can be chosen such that f >ginU and

(B:3) 1] 00 < Mllsc + 12l ic + L+ 11 Dgll.0) dist(K, 9U).

DC,U

Proof. For j = 1,2 and x € U, define
fj(x) =sup{p-z+a:|p|<L,p-y+a< f(y) forye K}.
It is immediate that f; is convex, HD fj

have f; = fj on K, and

< L,and f; < f; on K. Moreover, since [Dfill . < L, we

fi
Let f:= fi — fo. Then f € DC(U), f = f on K, and (B.7) holds.

o S il i + Ldist(K, 0U).

For x € U, set

p(x) = dist(z, K).
Then p = 0 on K, and, as a consequence of the convexity of K, p is convex. For the second part of the
lemma, we may then take the function f + [|Dgl| p to be the extension. O

Using the previous two lemmata, we show that a Lipschitz, piecewise DC function is also DC.

n

Given a convex and compact set U C R? with nonempty interior, (K;)™ , is called a convex tessellation of
U if each K; is convex and compact with nonempty interior, K; N K; = (0K;) N (9K;), and U = J, K.
Note that, for each i = 1,2,...,n, OK; Nint(U) is necessarily polygonal. A standard example of such a
tessellation is a triangulation of simplices.

Proposition B.8. Assume that (K;)?_, is a convex tessellation of a convex and compact set U C R? with
nonempty interior. Let f € COY(U) and assume that, for eachi =1,2...,n, there exist conver and Lipschitz
functions fi, fi : K; — R with Lipschitz constant L > 0 such that f = fi — fs on K;. Then f € DC(U),
and, for some constant C' > 0 depending only on n and U,

(B.9) 1flpcay SC L+ > il

i=1 j=1,2

Proof. It follows from Lemma B.6 that, for each i = 1,2,...,n, there exists f? € DC(U) such that f = f
on K;, f*> fin U, and

70 = i, + 1, + 20t 0.
It is then clear that
f=min{f* 2., f"}.
Therefore, as a consequence of Lemma B.5, f € DC(U) and (B.9) holds. O

Proposition B.8 immediately leads to the following generalization of Proposition B.1.
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Proposition B.9. Assume that (K;)", is a convez tessellation of a convex and compact set U C R¢ with
nonempty interior, f € C%Y(U), and, for each i =1,2,....,n, f € CYY(K;). Then f € DC(U).

We now demonstrate that the Hessians of DC-functions can have certain point singularities.
Proposition B.10. Let U C RY be open and convex and fiv X = {x1,x2,...,2,} C U. Assume that
fecht(U)ynctH(U\X)

and there exist C > 0 and 01,03,...,0, € (0,1) such that, for each i =1,2,...,n,

lim inf <D2 flz)+

rT—T;

vId> > —CId.

|z — 2|7

Then f € DC(U).

Proof. In view of Lemma B.3 and Proposition B.1, it suffices to assume X = {0}, U = B,.(0) for some r > 0,
and, for some o € (0,1) and C' > 0 and all € B,(0)\{0},

D*f(z) > —C (1 + |xla) Id.

Set c
g9(@) == f(x) + 2-o)(-0

We show that g is convex, from which the result follows because g — f is convex, in view of the fact that
2—0>1.

_ C
2277 + 1Dl 2] + 5 |21,

First, note that, for x # 0,

D?*g(x) > D*f(z) + C (1 + 1) > 0.

||

Therefore, g is locally convex in B,(0)\{0}. To show that g is convex on all of B,(0), it sufficies to check
that, for all z € B,.(0)\{0},

g(x) + g(—z) > 2g(0).

This is easily seen from

9(x) +g(=x) = 29(0) = f(z) + f(=z) = 2f(0) + 2| D]l )|x] = O.

A particular example of a function satisfying the hypothesis of Proposition B.10 is

) =a (%) el

for some a € C11(S971) and ¢ > 1. The case ¢ > 2 is covered by Proposition B.1. When ¢ < 2, f fails to
belong to C*1, but

D*f(z) = |z|77? [(D*a(2) + qa(2))(Id — & ® &) + q(& ® Da(2) + Da() ® &) + q(q — 1)a()i ® ],

which clearly satisfies the hypotheses of Proposition B.10 with ¢ = 2 — ¢, and so f € DCy, in view of
Proposition B.10.

The case ¢ = 1 is of particular interest in the pathwise viscosity solution theory. The following result treats
this example.
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Proposition B.11. Let a € C11(S%71) and set

@) =a () b

Then f € DC, and, for some constant C' > 0 and all R > 0,

”f”DC(BR) < CRlallcia -

Proof. If & # 0, then the positive 1-homogeneity of f implies that z is an eigenvector of D?f(x) with
eigenvalue 0. More precisely,

Set

D2f(x) = %' (a(®) + D?a(2)) (1d - & © &).

g(x) = (llall + || D?a] ) I2].

It follows easily that g is convex, and D?g > D?f. Therefore, in view of Lemma B.2, f € DC and

(10]

11]
(12]
(13]
14]
(15]
[16]
[17]

(18]
(19]

1 lpcsry < 219llw.5, + 1flls,5, < Bllall +2[ D )R.
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