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Abstract

We prove Holder estimates for integro-differential equations related to some continuous time
random walks. These equations are nonlocal both in space and time and recover classical parabolic
equations in limit cases. For some values of the parameters, the equations exhibit at the same
time finite speed of propagation and C“ regularization.

1 Introduction

We study evolution problems that are related to continuous time random walks (CTRW), which are
a discontinuous path for which both the jumps and the time elapsed in between them are random.
These processes are governed by a generalized master equation which is nonlocal both in space and
time.

We consider kernels K(¢,x,s,y) in R” x R™ x (0,00) x (0,00). From this kernels, we define an
integral operator which is nonlocal both in space and time.

Lu(t,x) = /n /Ooo(u(t,az) —u(t —s,x +y))K(t,z,s,y) ds dy, (1.1)

We will study equations that may or may not include a time derivation. The first model we are
interested is the equation which is purely nonlocal.

Lu(t,z) =0 (1.2)

This was stated as equation (22) in [8], also in [9] and [5]. The function w in the equation above
represents the distribution of particles following a CTRW that have are arriving at position z at time
t.
Other physical models that study the evolution of a distribution of particles following a CTRW
involve an equation of the form.
ug + Lu(t,z) =0 (1.3)

Equations of this general form can be found in a variety of physical situations, for example see [2],
3], [4], [5], [10], [11], [14], [15] and [16].

A common simplifying assumption is that the jumps in space and the waiting times are decor-
related: K(t,x,s,y) = p(z,y)v(t,s). However, studying correlated kernels provides a more flexible
framework where more interesting physical phenomena can be observed (see for example the discus-
sion by the end of [5]), and more subtle mathematical questions appear. The regularity estimates are
in fact more interesting (harder mathematically) when the jumps in space and the waiting times are
strongly correlated.

In order to obtain our regularity results, we need to make some assumptions on the kernels. We
consider kernels K that are non degenerate in between two surfaces c;|y|® < s < ea|y|?, for some



B > 0. Moreover, our structural conditions, which follow below, can be interpreted as that the
operator is of order o in space, and o/ in time. We assume
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K(t,x,s,y) when ¢1]y|® < s < eolyl?, (1.4)

K(t,z,s,y) (1.5)

The hypothesis (1.5) assures that the integral expression in (1.1) is computable every time wu is
a smooth function (assuming 5 > ). The hypothesis (1.4) is a non degeneracy condition that is
necessary to obtain our regularity results.
No regularity is assumed with respect to any of the variables. For simplicity we assume that K is
symmetric in y.
K(tvxasvy) :K(ta‘rvsa_y) (16)

Theorem 1.1. Let u: (—00,1) Xx R™ — R be a bounded solution to Lu(t,x) = f(t,x) for all (t,z) €
(0,1) x By, where L is an operator as above and f is a bounded function. Then the solution is in the
class C*((1/2,1) x By3) for some a > 0. Moreover an estimate holds:

HUHC"((I/ZI)XBUQ) <C (HUHL""((—oo,l)X]R") + ||f||L°°((0,1)><Bl)) .
for some C depending onn, o, 3, A and A.

Theorem 1.1 will be rephrased below in the article so that the equation Lu = 0 is understood in
a weak (viscosity) sense.
We also provide a regularity result for the model with a time derivative.

Theorem 1.2. Let u : (—o0,1) x R®™ — R be a bounded solution to u; + Lu(t,x) = f(t,x) for all
(t,z) € (0,1) x By, where L is an operator as above and f is a bounded function. Then the solution
is in the class C*((1/2,1) x By 3) for some o > 0. Moreover an estimate holds:

lulloa(arex B, 2) < C (lullpo ((—o0,1yxmn) + [1f oo (0,1)xB1) ) -
for some C' depending on n, o, 5, A and A.

The proofs of the Theorems 1.1 and 1.2 are given in the last section of the paper. In fact, we
provide a restatement of these results as Theorems 7.1 and 7.2, in terms of viscosity solutions.

2 Analysis of assumptions and scaling

It is important to point out that the equation make sense only if ¢ < . Otherwise the operator
Lu(t,z) has a non integrable function even if u € C25.

The case 8 = 1 has finite speed of propagation (meaning that the value of u(¢,z) depends only on
the values of u in the cone {(s,y) : |y — 2| < t — s}). It is interesting as an example of a parabolic
equation, with regularization effects, and finite speed of propagation. It may be the first example of
such equation.

On a first look at the main assumptions (1.4) and (1.5), it may seem strange that in the first
assumption the lower bound is taken in between two surfaces only. The purpose of these two surfaces
is to make the assumptions fairly general so as to accommodate singular kernels K which vanish for
some values of s and y. Indeed, the more natural looking alternative

1
K(t,z,s,y) > A <|y|n+6+a + Sn/,8+1+a/6>



is a strictly more restrictive assumption.
The kernels which are excluded from our assumptions are those which are made of a singular
measure (instead of a locally L' density). For example, one can imagine an operator L of the form

Lu(t,x) = /n(u(t,x) —u(t — |y\3,$ +y))K(t,z,y) dy.

This operator corresponds to a singular kernel K which is supported on s = |y|?. In terms of a CTRW,
it corresponds to a situation in which the time it takes for a particle to jump a distance y is always
exactly |y|®.
The assumptions (1.4) and (1.5) respect a natural scaling. Indeed, if we call u,(t,x) = u(rft,rz),
then
Ly, (t, ) = v° Lu(rPt, rz), (2.1)

where L, is an operator of the same form (1.1) with a kernel K, satisfying the same assumptions (1.4)
and (1.5).

For an operator that involves a time derivative u; + Lu, the scaling is more complicated. In fact,
there is no natural scaling that preserves the structure of the equation exactly. We can understand
this since the operator L implicitly contains a lower order time derivative, so its scaling does not
match the scaling of u;. We consider the following scaling instead: u,(t,z) = u(rt,rx). The function
u, satisfies the equation

Opur(t, ) + Lyug(t, ) = v (Opu + Lu) (r7t, rx),
where L, is the operator of the form (1.1) with the kernel K,(¢,z,s,y) = p" 27 K (p°t, pz, p°s, py).
This kernel satisfies the bounds

afﬂA
K(t,z,5,y) > -

2 [rers  vhen PP elyl’ <s < pP eyl (2.2)

Apn+20
< |py|ntht+e + (pBs)n/B+lta/B’

K(t,z,s,y) (2.3)

Note that since 8 > o, the estimates two parabolas where K, is bounded below in (2.2) become flat
as 7 — 0. Moreover, (2.3) says that K, is concentrating close to s = 0 as r — 0. That is, as r — 0,
the operator L, tends to become local in time.

3 Second order parabolic equations as asymptotic limits

Second order parabolic equations can be formally obtained as limits of master equations in different
ways. In this section we demonstrate how an operator of the form (1.1) converges to a parabolic
operator of the form ¢(t, 2)0;u — a;;(t, 2)0y,,,u in some assymptotic regimes.
3.1 Limit with /=2 and ¢ — 2
Proposition 3.1. Let a(s,y) be a fized kernel so that

e A<ua(s,y) <A (i.e. ais bounded above and below).

e a(s,y) = a(s,\y) for all X € R, A # 0 (i.e. a is homogeneous of degree zero). Note we also
assume this for A <0, so a is even in y.

Let us consider the following family of kernels K, :

2-o0) it ifailyl? <s < clyl?,
0 otherwise.

K, (s,y) = {



Let L, be the corresponding operator as in (1.1). Then, there exist a constant ¢ > 0 and a positive
definite matriz a;;, such that for any C? function u,

lim2 Lyu(t, x) = cus(t, x) — a;;0;5u(t, x).
o—

Proof. We perform the direct computation.

a(s,y)
thoutx —;1312(/”/ u(t — s,x+y))(2—a)‘y|n+2+g dsdy),

For any r > 0, we split the domain of integration,

= lim Oou ) —u(t—s,x —O’MS x
_3—>2</BT/0 (u(t,z) —u(t — s,z +y))(2 >|\"+2+"d dy + (2 — )/HQ"\BT-..d>

For any r > 0, the second integral is bounded independently of o, then we drop that term in the limit.

- Iy (/B [ tutn) —ute = s )z - o) S s ay)

We now use a second order Taylor expansion for u at (¢,2). Note that in the region of integration
s =~ |y|?.

= o (st ®) — y - Vault,2) — 5 D2u(t, )y + olly2) (2 — o) 2EY)_ g
) (/B/O< (1.2) =y - V(e ) — ' D2u(t )y + oflyf) 2 — o) 2 dy)

o—2

Integrating in s,

. t A
= lim (/BT(C(y)Iylzut(m ) =y - Vau(t,z) — y' Diu(t, )y + o(|y*)) (2 — o) |y|iﬁ)a ds dy>

where A(y |y‘2 fc2|5’||2 a(s,y) ds, which is bounded above and below. And c(y) = A(y%|y|4 fCQ“;]L sa(s,y) ds,
which is also bounded above and below. By the assumptions on a, both A and ¢ are radially symmetric
in y. We now observe that the term which involved V u is odd, and thus integrates to zero.

. ( [ CtlyPunte.) — g D2utt. 0y + o)z - o) A g dy)

o—2 B, |y|

We now use polar coordinates. Recall that A and ¢ are homogeneous of degree zero.

= ;1—>mz (/07' /0131 (c(@)u(t,z) — 0" D2u(t, 2)0 + 0(1))(2 — o) p:l_(i)_a Pt de dp)

~ lim ( /O 2= o)ple dp) ( /a | (elO)u(t2) ~ 8" Ddutt, =)0 + o(1)) () d9>

In the last expression the term o(1) represents a quantity that goes to zero as r — 0. Recall that
r > 0 is arbitrary.

= lim r2>~° (D ug(t, z) — 0 D3ul(t, x o
1 </631( (O)us(t, ) — 0 D2u(t, 2)0 + o(1)) A(9) d9>

o—2

_ / (c(0)ur(t,z) — 6" D2u(t, z)0) A(8) A0 + o(1),
0B,



making r — 0,

= cus(t, o) — a;jO0p,2,ult, ).

For some positive coefficients ¢ and a;;. This is just because the last expression is a linear function
in u(t,z) and D?u(t,x), so it must correspond to some coefficients. The positiveness of ¢ and a;; is
a consequence of the monotonicity of the last expression given that A(f) > 0 and ¢(f) > 0. O

3.2 Limit with finite speed of propagation and c¢; — 0

If we relax the assumptions on the kernels, one can consider an asymptotic regime with a fixed g
which converges to a second order parabolic equation. Let us consider the following example.

2-o0)
Heolo,y) = ly|nt2te 4 gn/2+1to/2 Xlyl>es}-

A computation as in the previous subsection shows that the corresponding operator L., will converge
to the heat operator 9; — A as ¢ — 0 and o — 0.

The fact that for any € > 0 the kernel is supported in {|y| > es} effectively defines a cone of
dependence, and naturally the equation has a finite speed of propagation (equal to e~1).

The method presented in this paper does not provide a Holder continuity estimate for these
operators L.,, even for fixed ¢ > 0 and ¢ > 0. The problem is that the family of kernels defined
above is not scale invariant. The cone of dependence would degenerate in small scales when using the
parabolic scaling. The parabolic scaling is the only one which is compatible with the first factor.

4 Maximal operators and Viscosity solutions

We define Pucci-like extremal operators and their corresponding viscosity solutions.

The maximal and minimal operators M Tu and M ~u are by definition the maximal and minimal
values that an operator Lu(z) of the form (1.1) can achieve under the restrictions (1.4) and (1.5).
More explicitly

M™Tu(t,r) = max {/ / u(t,z) —u(t — s,z +y))K(s,y) ds dy : for all K satsifying (1.4) and (1.5)

M~ u(t,z) = min {/ / u(t,z) —u(t — s,z +y))K(s,y) ds dy : for all K satsifying (1.4) and (1.5)} .

Note that the maximum and minimum above are typically achieved at different kernels K depending
on the point (¢,z), thus, for any smooth function u, M+« and M~ u coincide with some Lu for a
kernel K (t,z,s,y).

If a smooth function w satisfies the equation (1.1) for some kernel K (¢,z, s, y) satisfying (1.4) and
(1.5), then it also satisfies Mtu > 0 and M~ u < 0 in the same domain. This is because at every
point (¢,z), the kernel K(t,x,,-) is one candidate in the maximum and minimum defining M and
M—.

Conversely, if for some smooth function u, we have MTu > 0 and M~ u < 0 in some domain,
then we can find two kernels K' and K?, satisfying the assumptions (1.4) and (1.5), such that the
corresponding operators L' and L? satisfy L'u > 0 and L?u < 0. It is not hard to see that there will
be an intermediate kernel K (for example K = ((—=M ~u) Ky + (M Tu)K3)/(M*u+ M~u)) for which
the corresponding operator satisfies Lu = 0.

Therefore, assuming that Lu = 0 for some operator L as in (1.1) with (1.4) and (1.5) is the same
as assuming that M > 0 and M ~u < 0. The technical advantage of the latter formulation is that
the two inequalities can be defined in the viscosity sense, whereas it is hard to define the meaning of
Lu = 0 for a given kernel K if u is not a smooth function.



In order for us to be able to compute the values classically in the definition of MTu(t,z) and
M~ u(t,x), we need some regularity of u at least from one side. More precisely, assume that there
exists A € R"™ and C > 0 such that in a neighborhood of (¢, x),

u(s,y) Sult,w) + A (y—2) + Clz —y* +t ).

Then, for any symmetric kernel K satisfying (1.4) and (1.5), we have

Lu(t,xz) = /n /Ooo(u(t, x) —u(t —s,z+y))K(s,y) ds dy,

% /n /OOO(Qu(t,f) —ult—s,x+y) —ult—s,z—y))K(s,y) ds dy,

%/ /Ow(gu(t,x)...ﬁK(s,y) ds dyf%/n /OOO(...)K(s,y) ds dy

In the first term, (2u(t,z) —u(t — s,z +y) —u(t — s,z —y))* < C(|z —y|?> +t — s) by the assumption,
and then it is integrable. We do not have any bound for the second integral, so the value of Lu(t, x)
could be —co. There is no problem with this, it is just that the value of Lu(t, x) is in [—oo, +00]. The
only case that we would be unable to compute the value of Lu(t,x) is when both the positive and
negative parts of the integrals are infinity and we end up with the undetermined difference +o0o — co.
The quadratic control on one side prevents this to happen. The definition of viscosity solution that
we give below evaluates the equation only at those points when it is possible to do it.

Definition 4.1. Let u: (—o0,T) — R™ be a bounded function which is upper (resp. lower) semicon-
tinuous in an open domain D C (—oo0,T) — R™. We say M~ u < B (resp. M+*u > —B) in D if the
following happens. For every point (t,x) in D such that there exists A € R™, r > 0 (small) and C > 0
(large) such that

u(s,y) Sult,z) +A-(y—2) +Clz —yl> +t—s)  forall (s,y) € Qr(t,x).  (resp. )
Then M~ u(t,z) < B (resp. M u(t,z) > —B).

This definition of viscosity solution looks somewhat unusual because the equation is evaluated in
the original function u and not on smooth test functions ¢ which are tangent to v from one side. The
definition is in fact equivalent to the usual one. This is a characteristic of nonlocal equations. See
the discussion in [1] to understand this equivalence. Note that the points (¢, z) for which we evaluate
the operators M and M~ are exactly those for which a smooth tangent function ¢ can be found
touching the graph of u from either above or below respectively.

For equations which depend on time derivatives, we need to treat that term with the usual idea
of viscosity solutions of evaluating the derivatives in the test functions.

Definition 4.2. Let u: (—o00,T) — R™ be a bounded function which is upper (resp. lower) semicon-
tinuous in an open domain D C (—oo0,T) — R™. We say us + M~ u < B (resp.uy + Mtu > —B) in
D if the following happens. For every point (t,x) in D such that there exists V € R", z € R, r > 0
(small) and C > 0 (large) such that

u(s,y) < ult,x)+A-(y—a)+2(t—s)+Cle—y*+[t—sl*)  forall (s,y) € Qr(t,z).  (vesp. =)
Then z + M~ u(t,z) < B (resp. z+ M u(t,z) > —B).

Note that if u is a smooth function, then dyu+ M ~u < B in the viscosity sense if and only if there
exists a kernel K satisfying (1.4) and (1.5) such that

ug(t,z) + Lu(t,z) < B



holds point-wise. Conversely, d;u + MTu > B if and only if there exist K such that
ue(t, z) + Lu(t,z) > B.
Both inequalities hold at the same time if there exists a function f with ||f||L~ < B such that
we(t, z) + Lu(t, z) = f(t,x).

If ug+ M~ u < B, we refer to u as a subsolution. If Opu+MTu > B, we refer to u as a supersolution.
A function for which both inequalities hold is called a solution.

In order to handle the scaling of the equation u; + Lu, we also introduce the scaled version of M
and M.

)

MFu(t, z) = max {/n /0 (u(t,z) —u(t — s,z +y))K(s,y) ds dy : for all K satsifying (2.2) and (2.3)}
M, u(t,z) = min {/n /0 (u(t,z) —u(t — s,z +y))K(s,y) ds dy : for all K satsifying (2.2) and (2.3)} .

The definition of viscosity solutions applies to M, p+ and M is analogous.

5 Growth lemma - without time derivatives

We start by defining a cylinder @, with a scale and proportion which is compatible with our assump-
tions (1.4) and (1.5) and is convenient for the upcoming proofs.

Definition 5.1. We write @, to denote the cylinder (f%rﬁ, 0) X B,.. Also Q,(t,x) := (t,z) + Q.

The following Lemma is a simple geometric observation. It is a technical result which will be used
in the growth lemma.

Lemma 5.2. There exists o > 0 (depending on (3, ¢ and ca) such that for all (t,x) in Qar,, the ring

c1+ c2 c1+ co

R = ( 9 ’ 2 + TO] X (Bl \ Blfro) (51)
is contained in the set
{(s,9) s a1z —yl? < (t—s) <ol —y|°}. (5.2)
o)
R R
Proof. We observe that the points (s,y) for which s = f%|y|ﬁ are in the interior of the open set

{(s,9) s c1lyl® < s < ealyl°}.



Therefore, for (¢, z) sufficiently close to (0,0), those points will also be in the interior of the open set
(5.2). In equivalent words, there is a neighborhood of (0,0) (say @, for some r; > 0) so that for any
(t,z) € Q,,, the set (5.2) contains a neighborhood of {s = —<£<2|y|#}. In particular it contains

(_Cl +co _a + o
2 7 2

+12] x (By \ Bi—p,),

for some ro > 0.
We conclude the proof of the lemma by choosing rg = min(ry/2, rs). O

Lemma 5.3. There exist a > 0 and € > 0 sufficiently small such that the following holds. Let
u: R™ x (—o00,1) = R be a subsolution to M~ u(t,z) < e in Q1. Let ro and R be the ones from
Lemma 5.2. Assume that

u§2r0_ka—1 in Qro—k fork=0,1,2,..., (5.3)
{u <0}NR| > p. (5.4)
Then u < (1 —0) in Qy, for some 0 > 0 sufficiently small depending on n, o, 3, X and A.
Proof. Let b: (—00,0] x R™ — R be a smooth function such that

e b > 0 everywhere.

o b(t,x) =0if (t,2) ¢ Qar,-
o b(t,x)=11if (t,x) € Qr,-

We will show that if a and 0 are sufficiently small, then v < 1 — 6b in @)1, which clearly implies the
result in the Lemma.

The proof is by contradiction. The appropriate values of o and h will be chosen later. Let (to,xo)
be the point where u + @b achieves its maximum in Q,. By the assumption that we are trying to
contradict, we have that u(tg, o) + 0b(to, z9) > 1. Thus, (to,z0) € Bayr,, since otherwise b = 0 and
u < 1.

To obtain the contradiction, we match our estimates against the negativity of the integral. Indeed,
on one hand the difference u(tg,zo) — u(-, -) is smaller than §(b(-, ) — b(to, zo)) in Q1, and outside Q4
the estimate (5.3) gives a control of the tails of the integral. On the other hand, © < 0 in a substantial
part of the domain of integration, which would make the integral too negative as we will see below.

Let u(to, zo) + 0b(to,x0) = W > 1. By the choice of (t,x0), we have that u < W — 6b in Q;.
Since b is a smooth function, (¢g,z¢) is a point where the equation can be evaluated at the function
u (recall Definition 4.1). Therefore, we have that M ~u(to, zo) < 0. In other words, there exists some
kernel K satisfying (1.4) and (1.5) such that

[ [ wltos0) —utto — 5.0+ G5, ds dy < 2

We split the domain of integration first.
/ (ulto, z0) — ulto — 5,20 + 1)K (5,y) ds dy
(to—s,z0+y)EQ1L

3 / (ulto, o) — ulto — 5,20 + y))K (5,1) ds dy < e.
k=0 (to—s5,20+y)E(Qr+1\Qx)

We start by estimating the second term, which corresponds to the values so that (to—s, zo+y) ¢ Q1.
We call this the tail of the integral. We note that by the assumption (5.3), u(to —s, xo +y) < 2rg ** —1



if (to —s,z0+y) € Qro—k7 and u(to,zo) > 1 — 0. Therefore, if (to — s, 20 +y) ¢ Q1, we have
u(to, xo) — ulty — 8,20 +y) > 1 — 0+ 1 — 215 ** for k s.t. (to — s,xz0+y) € QTO—k
> =0~ (1= (Cllyl +5%)7) .

Where C' = r;'. Note that this lower bound can be arbitrarily close to zero if we take 6 and « small.
We estimate the second term as

>/ (u(to, 20) — ulto — .20 + 1)) Ko(s. ) ds dy
k=0 " (to—s,20+y)E(Qr+1\Qk)

1.4 1 1
>/QC (=0+2—2(C(|z| + s7)) )A<|y|n+a+ﬁ +5n/ﬁ+1+6/6> ds dy
> —C0—4(a).

Where §(«) can be made arbitrarily small by picking o < 1.
For the fist term, we stress that by the choice of (to,zo), u(to,zo) — u(to — s,z0 +y) > 0(b(tg —
$,x0 +y) — b(to, zo)) in Q1. Therefore, we can estimate the first term by

/ (ultos z0) — ulto — 5,70 + y)) Ko(s,y) ds dy
(to—s,z0+y)EQ1

> / O(b(to — s, 20 +y) — blto, 20)) Ko(s,y) ds dy
(to—s,x0+y)EQ1
>—-Ch

In the last inequality we use that b is a smooth function and then [ (b(to—s, zo+y)—b(to, z0)) Ko(s,y) ds dy
is a bounded function of (g, zg). This bound depends on b, A and n. Recall that we assumed that K
is symmetric in y.
However, we can improve the pointwise bound on u(to— s, zo+y) at those points where (tg—s, zo+
y) € Rand u(tg—s, zo+y) < 0. In the estimate above we used that u(to, zo)—u(to—s, zo+y) > 0(b(to—
s, x0+y)—b(to, To)), whereas in this set we can use the better estimate u(tg, zo)—u(to—s, zo+y) > 1-0.
By assumption, the measure of this set is larger than p and K is boudned below there by (1.4). We
add the difference between these two bounds to the estimate above:

/ (ultos z0) — ulto — 5,70 + ) Kols,y) ds dy
(to—s,z0+y)EQ1

>—-Co+ / (1—6—06(b(to — s,x0 +y) — b(to,x0))) Ko(s,y) ds dy
(to—s,zo+y)e{u<0}NR
2 -Co + Colb

Adding up the estimates, we obtain —C#8 + cop — §(cv) < e. This is a contradiction if we choose ¢, ¢
and a small enough, since the positive term in the middle is independent of both constants. O

Corollary 5.4. There exists an a,e € (0,1) (small enough depending on n, o, 5, A and A) so that
the following result holds. Let u : R™ X (—o00,1) — R be a subsolution to M~ u(t,z) < eps in Q.
Assume that

uSZrO_ko‘—l inQTO_kforkzo,l,Q,...,
{u<O0}NR[=p.

Then u < 2rf —1 in Q.



Proof. The value of o which makes the statement of the corollary true is the minimum between the
value of o of Lemma 5.3 and log,(1 — 0). O

Lemma 5.5. There exist a > 0 and € > 0 sufficiently small (depending on n, o, B, A and A) such
that the following holds. Let u : R™ x (—o0,1) — R be a viscosity solution to both M~ u(t,z) < e and
M*u> —¢ in Q1. Assume that

osc u < Corak”‘ fork=0,1,2,...
—k
"o

Then oscp, u < Corg.

Proof. We use the same « as in Corollary 5.4.
Let m = ming, v and M = maxg, u. Either

m+ M

<
fus ™2

1
}NRl = SR,

2
or

m+ M

>
oz ™3

1
FOR| = SR,

Let us assume the former (otherwise we do the same with —u instead of u).
Let v be the normalized function

2
v(t,x) = — (u(t,x) —m) — 1.
Co
It is easy to check that v satisfies the hypothesis of Corollary 5.4. Then, v < 2r;® —1in Q,,. In
terms of u, this means that u < Cor§ +m in Q,,. Thus, since v > m in Q,, C @1, we conclude the
proof of the Lemma. O

Note that in the proof of Lemma 5.5 we are applying Corollary 5.4 to a normalized version of
either u or —u. Even though we only need u to be a subsolution in Corollary 5.4, we use that u is a
solution in Lemma 5.5, since we cannot say a priori which of the two alternatives will apply.

6 Growth lemma - with time derivatives

When we study the regularity of solutions to equations that involve time derivatives as in Theorem
1.2, we need to consider a different scaling, as explained in section 2. The proof of Lemma 5.3 in
the previous section can be easily adapted at unit scale to equations that involve a time derivative.
However, that proof is not invariant by the scaling, since it depends on the assumptions (1.4) and
(1.5) and we cannot replace them by (2.2) and (2.3) without affecting the result.

We must introduce a different scaling and a different version of Lemma 5.3 that uses (2.2) and
(2.3) for p < 1 instead of (1.4) and (1.5).

We start by defining the cylinder Qr with a this new scaling

Definition 6.1. We write Q, to denote the cylinder (—r®, 0) x B,. Also Qr(t,x) = (t,z) + Q..

Lemma 6.2. Let rg be small as in Lemma 5.2. There exist dy,ds > 0 depending on c1, co and rq
such that for any p >0, t € R, and x € B,,, the ring

R,y(t) = (—dap’ =7 +t,—di1p? =7 +1) x (B1 \ Bi_y,),
18 contained in the set

{(s.9) - " Terl =yl < (t—5) < p" calz —yl7}.

10



Proof. After a time translation of ¢ and a scaling in time multiplying time p®~#, the Lemma reduces
to Lemma 5.2 taking ¢t = 0 only, with d; = (¢1 + ¢2)/2 — 19 and da = (¢1 + ¢2)/2. O

(L)

| E\
(v

= |

It is important to realize that the hypothesis (2.3) gives a bound for Ly for any smooth function
 that does not depend on p, which is justified in the following lemma.

Lemma 6.3. Let L be a linear operator whose kernel satisfies the estimate (2.3). Let ¢ be a bounded

function, C* around x, such that ¢(t,-) — ¢(s,-) < Co(t — s) for all s < t. Then

Lo(t,x) < CACop” + / (p(t,2) — o(t.y) K (t,2,) dy.

n

where -
f((t,ﬂmy):/ K(t,z,s,y) ds.
0

Moreover, (2.2) and (2.3) imply that

for some constants ¢ and C depending on c1, co and dimension, but not on p.

Remark 6.4. Note that the condition ¢(t,-) — (s, ) < Co(t — s) would be implied by ¢; < Cj.

Proof. Without loss of generality, we will prove the Lemma for (¢,2) = (0,0). Recall that L has the
form (1.1).

£6(0.0) = [ [((0,0) = (=59 K(0,0.5.) ds dy.
< / / ((0,0) — (0, y) — Cos) K(0,0,5,) ds dy,
= // CosK(s,y) ds dy + // (¢(0,0) — »(0,y)) K(0,0,s,y) ds dy,

_ / CosK (0,0, 5,y) ds dy + / ((0,0) — (0,4)) K (0,0,4) dy,

In order to estimate the first term, we use (2.2).

11



/ / CosK(s,y) ds dy
By J{s>0}
Apn+20

< C s/
- /Bl " Jiss0y lpy[nBEe £ (pBs)n/B+ita/B

ds dy,

s ds

using the formula [~ e = Ca™7 b1, we get

= ACpp”? ; Cly|™=%8 dy = CACyp?

The estimates for K follows by the elementary computation of [ K ds using (2.2) and (2.3).
Indeed,

/ K( ) d Apn+20' d
s,y)ds < / S,
{s>0} {s>0} |Py‘n+6+a + (Pﬁs)n/6+1+a/5

ds

1—
T = Ca b~!, the powers of p cancel out and we get

using the formula [~

< ACly|™7
A similar computation gives the other inequality. O

Corollary 6.5. Let L be a linear operator whose kernel satisfies the estimate (2.3). Let ¢ be a bounded
function, C? in a neighborhood of x, such that p(t,-) — p(s,+) < Co(t — s) for all s < t. Then

Li(t, z) < C(Cop? + llca)A.
for a constant C independent of p.
In particular, Ly is uniformly bounded for p € (0,1].
Proof. The Corollary follows from Lemma 6.3 since the second term is an integro-differential operator
of order o (as in [1] or [12]) which is bounded by the C2 norm of ¢ O
Corollary 6.6. If ¢ is C2 and YV is Lipschitz in time, then M;‘ga and M, ¢ are Lipschitz functions
in x, independently of p as long as p € (0,1).

Proof. Applying Corollary 6.5 to every directional derivative in x of ¢, we see that L is uniformly
Lipschitz for all K satisfying (2.3). Thus, both M : ¢ and M ¢ are Lipschitz since they are a
supremum and an infimum of Lipschitz functions. O

We now proceed with the crucial growth lemma which is the heart of the C® regularity proof. Recall
that when we scale Q, to Q1, the scaling of the equation makes the integral operator approximate an
operator that is local in time. It is natural that this proof of the growth lemma below will borrow
ideas from regularity results for nonlocal equations in space but local in time. The idea of this proof
was inspired by [13].

Lemma 6.7. There exist « > 0 and ro, p,e > 0 sufficiently small such that the following holds. Let u :
R™ X (—00,1) — R be a subsolution to us+ M u(t,xz) <ein Q1. Let R=(—3/4,—1/4) X (B1\Bi—r,)-
Assume that

u<2rgf -1 in Qrgk fork=0,1,2,..., (6.1)

H{u <0} NR| > p. (6.2)

Then u < (1—0) in QTD for some 6 > 0 sufficiently small depending on n, o, B, A and A, but not on
p.

12



Proof. We take ry to be the minimum between the value from Lemma 6.2 and 81/,

Let b: R™ — R be a smooth function such that
b > 0 everywhere.

() =0if x ¢ Bay,.

e b(z)=1ifz € B,,.

S

We will show that the function u stays below the function

1+&6+6(t+1)—m(t)b(z) in[-3/4,0] x By,
b(z,t) = 1+¢ in [—1,-3/4] x By, (6.3)
2T6ka —1+¢ in Qro—k \Qrg’““ for k=1,2,...

where £ > 0 is an arbitrarily small constant, § > 0 will be chosen below and m is the solution to the
ODE:

m(—3/4) =0,
m/(t) = cop® P{z € R,(t) N Q1 : u(x,t) <0} — Cym(t) for t > —3/4.

for constants ¢y and C; to be chosen later.
The ODE for m can be solved explicitly. Indeed, for any ¢ > —3/4,

t
m(t) = cop”_’B/ {z € R,(s)N Q1 : u(z,s) <0}e =% ds.
—3/4
Assuming that 7o and p are small enough, we can relate the values of m(t) for t > —rg to p.
Indeed, for t > —r(, and assuming that dap® < 1/4 —ro,

t

m(t) > 006701;)‘776/ {z € R,(t) N Q1 : u(x,t) <0} ds,

—3/4

—dypP~
= coefc1 7 ﬂ/ / / Xan{ugo}(va) dy d¢ ds,
3/4J—dapPf=o+4t JBI\Bi_r,

—1/4 pC+dzp
L T | Nnrueoy (€y) ds dC dy,
B1\Bi—_rq 3/4 JCHdipP—e

—1/4
= coe” 9 (dy — d1)/ / Xle{u<o}(C7y) d¢ dy,
Bi\B1_,, J—3/4 =

> C()e_c1 (dg — dl)u.

Therefore, by showing that u < b, we prove the lemma as long as § is small enough.

The inequality u(¢, z) < b(t, z) follows directly from our assumptions anywhere outside (—3/4, 0] x
B;. We show that it holds for ¢ > —3/4 and = € By by proving that it can never be invalidated for
the first time. Indeed, assume there was a point (tg,zo) where equality holds. This point must be in
the support of b (btl"lCt inequality holds in the rest since v < 1 in Ql) thus xg € Bay,.

Let u(to,xo) = b(to,xo). By the choice of (tg,xp), we have that v < b in @1 whereas u(to, zg) =
b(to, xo). To apply the definition of viscosity subsolution, we must check that by (to, zo)+M ~u(to, xg) <
E.

From the definition of M, there exists a kernel K satisfying (2.2) and (2.3) such that

be(to, zo) / / u(to, o) — u(to — 5,70 +y))K(s,y) ds dy <e.

13



We have the simple inequality
be(to, xo) = —m/ (to)b(awo) + 0.

Replacing the value of b;(tg,xo) above we obtain

/n /Ooo(u(tovzo) —u(to — s,z0 + ¥))K(s,y) ds dy < m'(to)g(xo) +e—6. (6.4)

In order to get a contradiction, we estimate the integral on the left hand side from below as in the
proof of Lemma 5.3.

We have that by the choice of (o, x0), u(to, xo) — u(to — s, xo +y) > b(to, o) — b(to — s, 20 +y) in
Q1. Therefore, we can estimate the Lu(to,xo) by

Lu(tg, o) = /(u(to,xo) —u(to — 8,20 + ) Ko(s,y) ds dy

> / (blto, 20) — blto — 5,70 + ) Ko(s,y) ds dy
= Lb(to, 1‘0)

We can improve the pointwise bound on u(tg—s, zo+y) at those points where (to—s, zo+y) € R,(t)
and u(ty — s,z + y) < 0. In the previous estimate above we used that u(to, zo) — u(to — s,20 +y) >
(b(to, o) — b(to — s,x0 + y)), whereas in this set we can use the better estimate u(tg, zo) — u(to —
s,x0 +y) > b(to, zp). From (2.2) K is boudned below there. We add the difference (b(to — s, 20 + y))
between these two bounds to the estimate above:

Lu(to, xo) — Lb(to, xo) > / ~ b(to — 8,0 +y)Ko(s,y) ds dy,
(to—s,70+4) € {u <O} R, ()N D1

using that b > 1/2 everywhere,

> cop” Pl{z € R,(t) N Q1 : u(z,t) <0}

for a constant ¢y depending on A, but not on p.
Plugging this estimate into the inequality (6.4), we obtain

Lb(to, z0) + cop” P|{x € R,(t) N Q1 = u(z,t) < 0} < m/(to)b(xo) + € — 9,
< <copff*5\{x € R,(t) N Q1 : ulw,t) < 0} — clm(t)) b(ao) + & — 6.

Since b < 1, we cancel out the obvious terms to obtain
Lb(t(), {IT(]) S —Clm(t())?)(xo) +ée— 6. (65)

In Q1, the function b is smooth in z and Lipchitz in t. Since (to,zo) € (—3/4,0] x Ba,,, for a < o
we can apply Lemma 6.3 and obtain

Lb(to,xo) > ;CCOpﬁ + Lb(to,.i?o).

The operator L is the integro-differential operator with kernel K described in Lemma 6.3. It depends
on the values of b(tg,-) only. Moreover, the estimates on K given on Lemma 6.3 are independent of
p. We estimate by a direct computation

Lb(tg, z9) > —m(to)Lb(xo) — n(«).
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Here n(a) is a bound on the contribution of the points y ¢ B; in the integral representation of
Lb(tg, zo). The value of n(a) is arbitrarily small as @ — 0 (this is the same computation, but only in
space, as in Lemma 5.3, it is also done explicitly in [13]). We conclude that

Lb(to, z0) > —n(a) — Cm(te)Lb(xo) — Ceop”.
Therefore, recalling (6.5),
—n(a) — Cm(to)Lb(z¢) — Cegp® < —Cim(to)b(zq) + & — 0.

We choose § = ¢ + n(a) + Ccop®. Note that the choice of ¢y, which depends only on dimension
and A, and C7, which will be chosen below, are independent of p, & and €. We now have

—m(to)Lb(xo) < —Cym(to)b(zo).

Let M be the monster Pucci operator which is defined in [12] and [1]. Since —M;b(z0) < Lb(x),
we have

m(to) M b(zo) < —Cymi(to)b(zo).

This is clearly possible if we know a lower bound for b(xo) and p is small. However, we must also
consider that zo may be a point where b is very small. The final trick is to note that since M b > 0
wherever b = 0 and M b is a Lipchitz function, then M b > 0 as long as b is smaller than some
constant by. Therefore, a those values of xy we get a contradiction immediately regardless of the
choice of Cy. If I;(ajo) > by, then we can choose C; large to get a contradiction.

We proved that u < b everywhere. Recall that b is given by (6.3). We have b=1in B,, and that
m(t) > cu for t > —rg, where ¢ depends on ¢g, Cy, d; and dy only. So, if 6 (which depends on «a and
¢ only) is small enough, then we finish the proof. O

Arguing as in section 5, we derive the following two results from Lemma 6.7.

Corollary 6.8. There exists an a,e,p € (0,1) (small enough depending onn, o, 5, A and A) so that
the following result holds. Let u : R™ x (—00,1) — R be a subsolution to u, + M, u(t,z) < eps in Q.
Assume that

u§2rak°‘—1 in@rgkfork:O,l,Q,...,
{u <0} N R[> p,

where R is as in Lemma 6.7. Then u < 2r§ — 1 in Q.

Lemma 6.9. There exist p > 0, « > 0 and € > 0 sufficiently small (depending on n, o, B, A
and A) such that the following holds. Let u : R™ x (—o00,1) — R be a wiscosity solution to both
up + Mp_u(t,a?) <e and u; + M;u > —¢ in Q1. Assume that

Qosc u < C’Oro_ko‘ fork=0,1,2,...
—k
-

Then 0SCR, U < Cyr.

7 Holder regularity

The following theorems are a more precise restatement of Theorem 1.1 and Theorem 1.2 in terms
of viscosity solutions. These restatements makes sense even when w is not smooth enough for the
operator Lu to be computable classically.
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Theorem 7.1. Let u : (—00,0) X R" — R be a bounded function, continuous in @1, such that
M*u> —B and M~u < B in the viscosity sense in Q1 for some constant B > 0.
Then u € C*((—1/2,0] x By3) for some a > 0 with an estimate

[ulloa((-1/2,0xB1/2) < C ([ull oo ((~00,0)xrn) + B)
for some C and a > 0 depending on n, o, B, A and A.

Proof. The proof follows by a more or less standard iterative application of Lemma 5.5. We prove
that a Holder modulus of continuity applies at the origin (0,0). The same argument centered at other
points gives the estimate of the Theorem.

We point out that we can assume without loss of generality that ||u||L~ = 1 and B < e. Otherwise,
we replace u by the normalized function

1
lullze + B/e”

We prove by induction in k that
oscu < 2rg*, (7.1)
b
This clearly implies the Holder modulus of continuity at (0, 0).
For k < 0, we have that oscg , u < 2 since ||u||p = 1, and this is enough to obtain (7.1). This is
.

the base case of the induction.
Now, assume we know (7.1) holds up to some value of k. We will show that it holds for k + 1 as
well. For that we apply Lemma 5.5 to the rescaled function

v(t,x) = rakau(ro_ﬂkt, rgkx),
with Cy = 2. The application of Lemma 5.5 provides (7.1) for k + 1. O

Theorem 7.2. Let u : (—00,0] x R" — R be a bounded function, continuous in Ql, such that
ug +MTu> —B and u; + M~ u < B in the viscosity sense in Q1 for some constant B > 0.
Then u € C*((—1/2,0] x By/3) for some a > 0 with an estimate

ullce((=1/2,0x 81 2) < C (l[ull oo ((=00,0)xRn) + B)
for some C and o > 0 depending on n, o, B, A\ and A.

Proof. We first scale the equation by considering u(p“t, pz) instead of w for some p small enough.
Then, the proof of Theorem 7.2 is identical to the proof of Theorem 7.1 but replacing every @, by
Q, and the application of Lemma 5.5 by Lemma 6.9. Note that every rescaling to Q, in the iteration
makes the scale p even smaller. O

8 Future directions

The constants C and « in Theorem 1.1 depend on 8 and o. We did not prove that in the asymptotic
regimes described in section 3 there is a uniform choice of constants C' and a which passes to the limit.
In fact, our method does not provide such uniform estimates in terms of ¢. For parabolic equations
in nondivergence form, as those obtained in the asymptotic limits, these Holder estimates are known
to hold true (this was proved by Krylov and Safonov in [6]). The pursue of uniform estimates with
constants C' and a which do not deteriorate as we pass to the limit to obtain classical parabolic
equations will be the subject of future research. We anticipate that in order to have an estimate that
passes to the limit, the proof must contain some form of the parabolic ABP estimate, in the spirit of
the one from [7]. One of the main differences with the proof in [7] would be that the convex envelope
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that they consider is automatically Lipschitz in time, whereas for type of equations in this paper it
would not be the case. This would force a different scaling in the building blocks of the L estimate.

It would be very interesting to understand the case in which the kernel K (s,y)dsdy is replaced
by a singular measure du(s,y). The model case is when the measure is supported entirely on the
parabola s = |y|? and the operator L has the form

Lu(t,z) = /n(u(t,x) —u(t —|yl*, = + y))w dy,

where a(t, z,y) is bounded from above and below.
In future work, we would also like to address the nonlinear equations arising from stochastic control
problems and stochastic games related to CTRW.
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