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Abstract

We study the existence and uniqueness of the stochastic viscosity solutions of fully nonlinear,
possibly degenerate, second order stochastic pde with quadratic Hamiltonians associated to a Rie-
mannian geometry. The results are new and extend the class of equations studied so far by the last
two authors.

Key words. Fully non-linear stochastic partial differential equations; eikonal equations, pathwise
stability, rough paths.
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1 Introduction

The theory of stochastic viscosity solutions, including existence, uniqueness and stability, developed
by two of the authors (Lions and Souganidis [4, [5 6] [7, 8, [9]) is concerned with pathwise solutions to
fully nonlinear, possibly degenerate, second order stochastic pde, which, in full generality, have the

form
du = F(D%u, Du,u,z,t)dt + S| H; (Du,u, z)de" in RN x (0,7, "
1

u = ug on RY x {0};

here F is degenerate elliptic and ¢ = (¢! --- ,fd) is a continuous path. A particular example is a
d-dimensional Brownian motion, in which case should be interpreted in the Stratonovich sense.
Typically, u € BUC(RY x [0,7]), the space of bounded uniformly continuous real-valued functions on
RY x [0,7].

For the convenience of the reader we present a quick general overview of the theory: The Lions—
Souganidis theory applies to rather general paths when H = H(p) and, as established in [6, 9], there is
a very precise trade off between the regularity of the paths and H. When H = H(p,z) and d = 1, the
results of [9] deal with general continuous, including Brownian paths, and the theory requires certain
global structural conditions on H involving higher order (up to three) derivatives in x and p. Under
similar conditions, Lions and Souganidis [I0] have also established the wellposedness of for d > 1
and Brownian paths. For completeness we note that, when ¢ is smooth, for example C', falls



within the scope of the classical Crandall-Lions viscosity theory — see, for example, Crandall, Ishii and
Lions [2].

The aforementioned conditions are used to control the length of the interval of existence of smooth
solutions of the so-called doubled equation

dw = (H(Dyw,z) — H(=Dyw,y))d¢ in RN x (tg — ha, to + hu) (2)
with initial datum
w(z, y,t0) = Alz — y/? (3)

as A — oo and uniformly for |z — y| appropriately bounded.

It was, however, conjectured in [9] that, given a Hamiltonian H, it may be possible to find initial data
other than A|z — y|? for the doubled equation, which are better adapted to H, thus avoiding some of
the growth conditions. As a matter of fact this was illustrated by an example when N = 1.

In this note we follow up on the remark above about the structural conditions on H and identify a
better suited initial data for for the special class of quadratic Hamiltonians of the form

N
H(p,x):= (¢ " (@)p.p) = > g" () pip;, (4)
i,j=1

which are associated to a Riemannian geometry in RY and do not satisfy the conditions mentioned
earlier, where

9= (9ig)1<ijen € C2(RY;SY) (5)
is positive definite, that is there exists C' > 0 such that, for all w € RY,

Sl <3 g1 () wied < Cluf?. (©
1,J

It follows from and (6) that g is invertible and g~ = (¢9"/)1<ij<n € C*(RY; SN) is also positive
definite; here S is the space of N x N-symmetric matrices and (p, ¢) denotes the usual inner product
of the vectors p, ¢ € RY. When dealing with it is necessary to strengthen and we assume that

9,97" € CE(RYN; M), (7)

where CZ(RY; SV) is the set of functions bounded in C*(RY; SY). Note that in this case (6] is implied
trivially.
The distance dg (z,y) with respect to g of two points x,y € RY is given by

. 1 ..
dg (,y) = inf {/0 5(9(%)%,%)”% 1y € CH[0,1,RN), g = 2,71 = y} :

and their associated “energy” is

1
eq(z,y) = dj(x,y) = inf {/0 i(ﬂ%)%»%)dt v € CH[0,1],RY), o = 2,71 = y} : (8)

Note that, if g = I the identity N x N matrix in RY, then d;(z,y) = %]m — y|, the usual Euclidean
distance, and ey (z,y) = %]az — y|?; more generally, @ implies, with C' = ¢? and for all z,y € RV,

1 1
%W—y\ <dy(z,y) < §c|x—y\.
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In addition, we assume that
there exists T > 0 such that e, € C*({(z,y) € RN x RN : d,(z,y) < T}); 9)

in the language of differential geometry @D is the same as to say that the manifold (R, ) has strictly
positive injectivity radius. We remark that is sufficient for @ (see, for example, Proposition [4.3),
though (far) from necessary.

We continue with some terminology and notation that we will need in the paper. We write Iy for
the identity matrix in RY. A modulus is a nondecreasing, subadditive function w : [0,00) — [0, o)
such that lim, ow (r) = w(0) = 0. We write u € UCg (RY) if |u (z) — u (y)| < w (dg (z,y)) for some
modulus w, and, given u € UC, (]RN ), we denote by w, its modulus. When u is also bounded, we
write u € BUC, (RN) and may take its modulus bounded. We denote by USC (resp. LSC) the
set of upper- (resp. lower) semicontinuous functions in RY, and BUSC (resp. BLSC) is the set of
bounded functions in USC (resp. LSC). For a bounded continuous function u : R¥ — R, for some
k€N, and A C R*, ||lu|joo,a := supy |u|. If a,b € R, then a A b := min(a,b), ay := max(a,0) and

a_ :=max(—a,0). Given a modulus w and A > 0, we use the function 6 : (0,00) — (0, 00) defined by
0(w, \) := sup{w(r) — Ar?/2}; (10)
r>0

and observe that, in view of the assumed properties of the modulus,

lim 6(w; ) = 0. (11)
A—00
Finally, for k € N, C5([0,T];R) := {¢ € C*([0,T];R) : o = 0} and, of for any two ¢, ¢ € Co([0, T]; R),
we set
+ . _ I _ _
AT = Isnga%((fs (s) >0 and A := Isnga%c{ (&s—¢)r>0. (12)

We review next the approach taken in [4] [5] 6l [7, 8, @] to define solutions to . The key idea is to
show that the solutions of the initial value problems with smooth paths, which approximate locally
uniformly the given continuous one, form a Cauchy family in BUC(RY x [0, T]) for all T > 0, and thus
converge to a limit which is independent of the regularization. This limit is considered as the solution
to . It follows that the solution operator for is the extension in the class of continuous paths
of the solution operator for smooth paths. Then [4, [5 [6, [7, 8, O] introduced an intrinsic definition
for a solution, called stochastic viscosity solution, which is satisfied by the uniform limit. Moreover,
it was shown that the stochastic viscosity solutions satisfy a comparison principle and, hence, are
intrinsically unique and can be constructed by the classical Perron’s method (see [9] and [I3] for
the complete argument). The assumptions on the Hamiltonians mentioned above were used in these
references to obtain both the Cauchy property and the intrinsic uniqueness.

To prove the Cauchy property the aforementioned references consider the solutions to (|1f) corresponding
to two different smooth paths (; and (» and establish an upper bound for the sup-norm of their
difference. The classical viscosity theory provides immediately such a bound, which, however, depends
on the L'-norm of él — ég. Such a bound is, of course, not useful since it blows up, as the paths
approximate the given continuous path &. The novelty of the Lions-Souganidis theory is that it is
possible to obtain far better control of the difference of the solutions based on the sup-norm of {; — (s
at the expense of some structural assumptions on H. In the special case of with ' = 0 and H



independent of x, a sharp estimate was obtained in [9]. It was also remarked there that such bound
cannot be expected to hold for spatially dependent Hamiltonians without additional restrictions.

In this note we take advantage of the very particular quadratic structure of H and obtain a local
in time bound on the difference of two solutions with smooth paths. That the bound is local is due
to the need to deal with smooth solutions of the Hamilton-Jacobi part of the equation. Quadratic
Hamiltonians do not satisfy the assumptions in [9]. Hence, the results here extend the class of
for which there exists a well posed solution. The bound obtained is also used to give an estimate for
the solutions to , corresponding to different merely continuous paths as well as a modulus of
continuity.

Next we present the results and begin with the comparison of solutions with smooth and different
paths. Since the assumptions on the metric g are slightly stronger in the presence of the second order
term in , we state two theorems. The first is for the first-order problem

13
u = up on RV x {0}, (13)

{du — (¢ Y(x)Du, Du)d¢ =0 in RN x (0,7,
and the second for (|1|) with H given by . Then we discuss the extension property and the comparison
for general paths.

We first assume that we have smooth driving signals and estimate the difference of solutions. Since
we are working with “classical” viscosity solutions, we write u; and & in place of of du and d&;.

Theorem 1.1. Assume (), () and () and let £, € C3([0,T];R) and up,vo € BUCg(RY). If
u € BUSC(RY x [0,7]) and v € BLSC(RY x [0,T]) are respectively viscosity sub- and super-solutions
to

ur — (97 () Du, Du)é <0 in RY x (0,7] u(-,0) <ug on RY,

and
ve — (g7 () Dv, Dv)¢ > 0 in RY x (0,T] (-,0) > vo on RV,
then, if
1
Apt+Ap < T2, (14)
P (uuonwm + ||v0|yoo;RN)
1
sup  (u—wv) < sup (up —vo) + 0(wWuy A Wegs ) (15)
RN x[0,T RN AT

We consider now the second-order fully nonlinear equation with quadratic Hamiltonians, that is
the initial value problem

(16)

du=F (D2u, Du, u,x,t) dt + (¢ ' (x)Du, Du)d¢  in RN x 0,77,
u(-,0) = up € BUC(RY),

and introduce assumptions on F' in order to have a result similar to Theorem
In order to be able to have some checkable structural conditions on F', we find it necessary to replace
and @ by the stronger conditions and

there exists T > 0 such that D2d§ is bounded on {(z,y) : dy(z,y) < T}. (17)
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As far as ' € C(SN x RN xRN x [0, T]; R) is concerned we assume that it is degenerate elliptic, that
is for all X,Y € SN and (p,r,z,t) € RV x RN x [0, 77,

F(X,p,rx,t) < F(Y,p,r,z,t) if X<Y; (18)
Lipschitz continuous in r, that is
there exists L > 0 such that |F(X,p,r,z,t) — F(X,p,s,x,t)| < L|s —r|; (19)
bounded in (x,t), in the sense that
sup |F(0,0,0,-,-)| < oo; (20)
RN x[0,T]

and uniformly continuous for bounded (X, p,r), that is, for any R > 0,
F is uniformly continuous on Mg x Br x [-R, R] x RY x (0,77, (21)

where Mp and Bp are respectively the balls of radius R in S and RV.

Similarly to the classical theory of viscosity solutions, it is also necessary to assume something more
about the joint continuity of F' in X, p, z, namely that

for each R > 0 there exists a modulus wr r such that, for all o,e > 0 and uniformly on
t€[0,7] and r € [-R, R],

F(X, oszdg(x, y),r,x,t) — F(Y, —oszdg(x, y),r,y,t) < wER(adg(x, y) +dg(z,y) +¢),
whenever dy(z,y) < T and X,Y € SV are such that, for A = D2 d%(z,y),

(z,y)™9
I 0 X 0
—(a?e7 4 || A]) ( 0 1 ) < < 0 v ) < A+ A2

Note that in the deterministic theory the above assumption is stated using the Euclidean distance.
Here it is convenient to use d, and as a result we find it necessary to strengthen the assumptions on
the metric g.

(22)

7

To simplify the arguments below, instead of , we will assume that F' monotone in r, that is
there exists p > 0 such that F(X,p,r,z,t) — F(X,p,s,x,t) > p(s — r) whenever s > r; (23)

this is, of course, not a restriction since we can always consider the change u(z,t) = e(X+tPty(z, 1),
which yields an equation for v with a new F satisfying and path &’ such that & = elLtolte,
To state the result we introduce some additional notation. For v > 0, we write

() = sup(w(r) = J7), (24)
>0 2
and, for &, ¢ € C*([0,00); R),
t . . t . .
ALT = sup/ (& — (s)ds and AP = sup[—/ e (& — (s)ds.] (25)
t<T JO t<T 0

Finally, for bounded ug, vy : RN — R, let

2
K = 7[ sup F(0,0,0,m,t) + Hu0||oo;RN + HU[)HOO;RN].
P (2,t)eRN x[0,T]

We have:



Theorem 1.2. Assume , ., , , , and ( ., and let £,¢ € CL([0,T];R) ug,vp €
BUC(RY™) and T > 0. If u € BUSC,4(RY x [O,T]) (md v € BLSC(RY x [0,T]) are respectively viscosity

sub- and super-solutions of
— F(D*u, Du,u, x,t) — (¢ (z)Du, Du)é <0 in RY x (0,T] u(0,:) <ug onRY, (26)
and
— F(D*v, Dv,v,z,t) — (9 (x) Do, Dv)é >0 inRY x (0,7 v(0,:) > uy on RV, (27)
then, if T :={y>0: AXT + AY™ < % and AT” <1},
SUPRN 0,7 (4 — v) < suppw (uo — vo) 4

. ~ (28)
+ lanEF[Q(wUO A Wag s A'V +) + H(WFK7 7) + %WF,K(2(K(A%’+ + A%’ ))1/2]

Under their respective assumptions, Theoremu 1.1)and Theoremimply that, for paths £ € C1(]0,00); R)
and g € BUCQ(RN ), the initial value problems and have well-defined solution operators

S : (ug, &) = u = S [ug)] .

The main interest in the estimates and is that they provide a unique continuous extension
of this solution operator to all £ € C([0,00);R). Since the proof is a simple reformulation of and

, we omit it.

Theorem 1.3. Under the assumptions of Theorem [I.1] and Theorem [1.3, the solution operator
S : BUCRY) x C'([0,0);R) — BUC(RN x [0,T]) admzts a unique continuous extension to S :
BUC(RN) x C([0,00);R) — BUC(RY x [0,T)). In addition, for each T > 0, there exists a nonde-
creasing ® : [0,00) — [0,00], depending only on T and the moduli and sup-norms of ug, vy € BUCy,
such that lim,_,o ® (r) = ®(0) =0, and, for all §,( € C([0,T];R),

|:5¢ fo] = ¢ [vo] < o = volloor + @ (116 = Cllocgorr) - (29)

}OO;]RNX[O,T]

We also remark that for both problems the proofs yield a, uniform in ¢ € [0,7] and || — (l|og;[0,77,
estimate for u(z,t) —v(y,t). Applied to the solutions of and ([16]), this yields a (spatial) modulus
of continuity which depends only on the initial datum, g and F' but not &. This allows to see (as in
[3] and [4, 5, 6l [7, 8, @]) that S and then S indeed takes values in BUC(RY x [0,T)).

An example of F' that satisfies the assumptions of Theorem is the Hamilton-Jacobi-Isaacs operator

F(Mapa ’I",I‘,t) = lgfs%p {tI‘ (O-aﬁo-g;ﬁ (p7 33) M) +baﬁ (pa CO&B } (30)
with
o, b, c bounded uniformly in «, 8 (31)
such that, for some modulus w and constant C' > 0 and uniformly in «, 3,
lp — 4|
0ap(p, ) —0ap(q,y)| < C(lz —y| + ; 32
|0ap(p, @) — 0asla,y)| < C(| | |p,+,q‘) (32)

and
bag(p; ) = bap(q y)| S w((1+[p|+ gDz —yl+Ip—dql),  lcap(®) = cap(y)| S w(lz—yl). (33)

The paper is organized as follows. In the next section we prove Theorem Section 3 is about the
proof of Theorem In the last section we state and prove a result showing that implies
and verify that satisfies the assumptions of Theorem



2 The first order case: The proof of Theorem [1.1

We begin by recalling without proof the basic properties of the Riemannian energy e, which we need
in this paper. For more discussion we refer to, for example, [I2] and the references therein.

Proposition 2.1. Assume , @ and @ The Riemannian energy e, defined by is (locally)
absolutely continuous, almost everywhere differentiable and satisfies the Fikonal equations

(97" (y) Dyeg, Dyeg) = (97 (x) Dueg, Dueyg) = ¢4 (2,y) , (34)
on a subset E of RN x RN of full measure. Moreover, {(z,y) € RN x RN : dy(z,y) <Y} C E.

The next lemma, which is based on and the properties of g, is about an observation which plays
a vital role in the proofs.

To this end, for 2,y € RV, A > 0 and &, ¢ € C§([0, T7]), we set

N2y, t) == m (35)
Lemma 2.2. Assume , @ and @[} and choose A < 1/A;. Then
HAigA;g Agl_AiZ; on RY x RN x [0,T]. (36)
In addition, in the set {(z,y) € RN x RN : dy(z,y) < T}, ® is a classical solution of
we = (97" (@) Dyw, Dyw)é — (97 (y) Dyw, Dyw)C. (37)

Proof. The first inequality is immediate from the definition of A?F. To prove , we observe
that, in view of Proposition 2.1 we have

e, (z, .
%= ;f;tx—ygt)>2 (&=,
)\2
(97 (x)Dy®, D, ®) = q _A(&_Q))Q(gfl(x)pxeg,pxeg)
_ )‘2€g(xa y)
A=A - G))?
)\2
ST QR WP Diss) = (60D D),
and, hence, whenever dy(x,y) < T, the claim follows. O

The proof of Theorem [I.]] follows the standard procedure of doubling variables. The key idea intro-
duced in [5] is to use special solutions of the Hamiltonian part of the equation as test functions in all
the comparison type-arguments, instead of the typical A|z — y|? used in the “deterministic” viscosity
theory. As already pointed out earlier, in the case of general Hamiltonians, the construction of the test
functions in [5] is tedious and requires structural conditions on H. The special form of the problem
at hand, however, yields easily such tests functions, which are provided by Lemma |2.2



Proof of Theorem To prove it suffices to show that, for all A in a left-neighborhood of (A;)*1
that is for A € ((A7)™? ,(A;)_l) for some € > 0, and z,y € RY and t € [0, 7],

U(IE, t) - U(yv t) < (b)\(ﬂf, Y, t) + sup N (UO(‘T/) - UO(y,) - )‘eg(xlv y,)) (38)
'y’ €R
< ®Na,y,t) +sup (ug —vo) + sup (vo(z') — vo(y') — Aeg(a',y)) .
RN x' y' RN

Indeed taking x = y in (38) we find
w(x,t) —v(z,t) < sup(ug—wvo)+ sup (vo(e') —wo(y) — Ad*(a',')/2) ,
RN @'y eERN

< sup (ug —vp) + sup (woy (1) — )\7"2/2)+
RN >

= sup(up — vg) + 9 (wvo, A),
RN

and we conclude letting A — (AF)~!
We begin with the observation that, since constants are solutions of ,

w < gl and —v < uollopr- (39)
Next we fix 0, > 0and 0 < A < (A;)*l and consider the map
(x,y,t) - U(Il?,t) - ’U(y,t) - ‘I))\(.’IJ, y?t) -9 (’x‘Q + ‘y’2)) - Oét,

which, in view of (39)), achieves its maximum at some (£, 9, ¢) € RY x RV x [0, 7] —note that below to
keep the notation simple we omit the dependence of (Z,,) on X, 4, a.
Let

M)\a6 = max U(l‘ t) (y7 ) (b)\(xvyut) -0 (’$‘2 + ‘y’2)) —at
= u(2,t) —v(g,1) — ®N&,9,1) — 6 (|2> + [9]%) — od.

The lemma below summarizes a number of important properties of (&,4,%). Since the arguments in
the proof are classical in the theory of viscosity solutions, see for example [I], [2], we omit the details.

Lemma 2.3. Suppose that the assumptions of Theorem[1.1] hold. Then:

((i) for any fized A\, o0 > 0, lims_o8(|2|2 + |§[2) =

(i) eq(,9) < 2(1/A + Ap)([[ufloo + [|v]loo),

(tit) if dg(2,9) <Y, then

(971 (&) Ds @M (2,9, 1), D2 @&, 9, 1))+

(97" (9)Dy@N(&,9,8), Dy®A(, 9, 1)) < 20(1 = AAL) " (Jlulloo + [[v]oc),

¢
), t

L (ZU) hm5—>0 M)\,a,E = MA,a,O~



Next we argue that, for any X in a sufficiently small left-neighborhood of (A%) ™!, we have dy(%,9) < T,
which yields that the eikonal equation for e are valid at these points.
In view of the bound on d2(&,§) = ey(#,§) that follows from part (ii) of Lemma it suffices to
choose A so that

2(1/2+ A7) ([ulloo + [[vlloc) < T2

Taking into account that we also need At < 1/X, we are led to the condition

1
AL A A 2.
rt <A+7“nmwm+mm>’

and finding such A\ is possible in view of .

If £ € (0,T], we use the inequalities satisfied by u and v in the viscosity sense, noting that to simplify
the notation we omit the explicit dependence of derivatives of ® on (,9,%), and we find, in view of
Lemma [2:2] and the Cauchy-Schwarz’s inequality,

0> <1>?+af< TH@) (D + 208), (D@ + 262))&; + (97 (9)(Dy @ — 257), (D@ — 259));
€l oy (200971 (@)D, D@ (g™ (@), 8)'/2 4 6%(g7 (2),2)
~llos OT]( 5(971 (§) D22, D, @) (g™ )5 9)' + %97 (@)3 D)) -

Using again Lemma - (iii), we can now let § — 0 to obtain a < 0, which is a contradiction.
It follows that, for all § small enough, we must have ¢ = 0 and, hence,

M a5 < (uo(®) —vo(g) — Ae(Z,9)) < sup (uo — vo) + 0 (Wug A Wyg, A) -

RN

Letting first § — 0 and then a — 0, concludes the proof of . O

3 The second-order case: The proof of Theorem

Since the proof of Theorem is in many places very similar to that of Theorem we omit
arguments that follow along straightforward modifications.

In the next lemma we introduce the modified test functions, which here will depend on an additional
parameter v corresponding to a time exponential. Since its proof is similar to the one of Lemma
we omit it.

Lemma 3.1. Fiz T,\ > 0,7 >0, £,¢ € CY([0, T); RN) with & = (o = 0 and assume that )\A:};Jr
Then

et
M (2,1, 1) := - - eq(x,
(,,1) A e £s—<’s)ds 4(,y)
is a classical solution, in {(z,y) € RN x RN : d(z,y) < T} x 1, of

—yw = (g7 (&) Dyw, Dyw)€ + (gfl(y)Dyw, Dyw)¢ = 0.
Next we specify the range of A’s we will use. We set
4K

A=A Pand A\ i= ———— 41
(AF ™ and dim p e (1)



and observe that, in view of our assumptions, we have A > A. We say that \ is admissible for fixed v
and a, if A € (A, ).
Also note that, if u, v, ug,vg, &, ¢ and F' are as in the statement of Theorem then

sup (u—v) < K. (42)
RN x[0,7]

For fixed § > 0 and A admissible we consider the map
(xa yvt) — U(.T,t) - U(yat) - (I))\"Y(IB, yat) -0 (’.I‘|2 + |y’2)) )

which, in view of (39), achieves its maximum at some (2, 9,) € RN x RY x [0,7] —as before to keep
the notation simple we omit the dependence of (z,¢,) on A, 4.
Let

M = ma w(z,t) —v(y, t) — M (z,y,t) — 6(|z|? + |y|? 43
o =)~ o) = 9 )~ 8P )

= u(@,i) — (g, i) - &M (&,5,1) - 5(12|* + |91%).
The following claim is the analogue of Lemma As before when writing ® and its derivatives we
omit their arguments.
Lemma 3.2. Under the assumptions of Theorem[1.4 and for A admissible we have:
{(i) lims o 8(|2[* + [§%) = 0, (it) eg(2,9) < 2K (3 +AF7), (i) D@ < %K

and (iv) lims_o My 5 = My 0-
Proof of Theorem If, for some sequence § — 0, ¢ = 0, then

M0 = lim My 5 5 < uo(&) = vo(§) — ®7(&,9,0) < | (1o = v0) 4 oo + Owug Awry, A)- - (44)

We now treat the case where £ € (0, T for all § small enough.
Since, in view of Lemma [3.2(ii) and the assumptions (recalling that X is admissible), the test-function
®M is smooth at (&,7,1), it follows from the theory of viscosity solutions (see, for example, [2]) that

0> )7 — F(X + 261, D,®N + 202, u(z,
+F(Y — 261, —D, @ — 253, v(7,

), 2,1) — (g7 H&)(De @™ + 207), Dy @™ + 207)¢;
9,1 + (971 (9)(Dy @™ +269), Dy®™ +269)(;,  (45)
0

where X,Y € S are such that for a given ¢ > 0,
~2
_ (6 N 2 ~ A I O X 0 ~ 2 A A 2 A A\\2
(T rarre@al) (o 7)< (5 )<l +eia@nf 6o

and

(47)

Q= =

Then, as in the usual proof of the comparison of viscosity solutions, combining and , we get
that

PN

pu(@, 8) = v(g, 1))+ < (a) + (b) + (c) + (d), (48)

10



her
o (a) == —F(X, D, @M u(i, 1), 2,1) + F(X + 25, D, @™ + 262, u(, 1), &, 1), (49)
(b) := F(Y, —D,® v(y,1),2,1) — F(Y + 261, —D,® — 253, v(3, 1), &, ), (50)
@ = {@jﬁ + M + (g7 1(2)(De @M + 262), pzqw + 202);
—(g7 1 (@) (Dy @ — 287), Dy @M — 26§)¢;,

and
(d) := —y®M + F(X, D@ u(#, ), %, 1) — F(Y, —D,®,v(,1),9,1). (52)

Since and imply that X and Y stay bounded, in view of (21)), we get lim sups_,((a)+ (b)) =
Moreover, the quadratic form of the equation satisfied by &MY = aegy gives

(0) < C81D:8*1(12] + 131) (Illcsorr) + IEllsriorr)

and using Lemma (1),(iii) we find lims_o(c) = 0.
For the last term, note that Lemma (ii) and yield, always at the point (Z,7,1),
(d) = —vaey+ F(X,&Dgey,u(2,t),2,t) — F(Y,—&Dyeg, v(9,1),9,1)
Y&
< 0%y
- 2
1é o g -
—5 @7 (,9) + wpk(6d(2,9)) + wpk(d(E,9) + wrk (€)

(&, 9) +wri (d(2,9) + ad® (2,9) + €)

IN

- 1 .
< O(wrk,v) +WF7K(2(K(X+A% )1/2)+WF,K (e)-

Combining the last four estimates and and letting € — 0 we find that, for all A € (A, \)

t) — ty < M = lim M
U(Q?, ) 'U(.I', ) = 2,0 51—>I% Ay,0

1~ 1 1 .
H(UO - UO)+HOO +0 (wuo A Wyg » )\) =+ ;9 (wFJ(a’Y) + ;wF,K(Q(K(i + A”_'}[/“’ )1/2)'

IN

A

Letting A — X and using the continuity of 6 in the last argument, we finally obtain that, for all v € T,

. 1~ 1 1 .
wv < o= v0)y g 0 (90 Awuns (AF)T) 48 (ricin) + S wr i (S + AT,

O]

4 The properties of the geodesic energy and the assumptions of
Theorem [1.2]

In this section we prove that CZ-bounds on g and g~! imply and verify that the F" in (30)), if
and hold, satisfies the assumptions of Theorem
We begin with the former.

11



Proposition 4.1. Assume (7). Then there exists T > 0 such that, in the set {(z,y) : dg(z,y) < T},
eg 18 twice continuously differentiable and 1s satisfied with bounds depending only on appropriate
norms of g,g~".

Proof. We begin by recalling some basic facts concerning geodesics and distances.

For each fixed point z, there is a unique geodesic with starting velocity v = 4 (0) given by v = Xy,
where (X, P),~ is the solution to the characteristic equations

Xs = 29—1(X3)Ps Xo ==, (53)
Py = _(Dgil(Xs)P&Ps) Py=p= %g(:c)v.
Equivalently (y):>0 satisfies the second order system of ode
H+TH (WA =0 =2, j0=v (54)
with
U5 == 6" (Diges + 0590 — Degig) - (55)

It is easy to see that has a global solution (X, P)tzm since, in view of @ and as well as the
invariance of the flow, we have, for ¢ > 0,

Pl ~ (97 (X0) P Br) = (97 (Xo) Po, Po) ~ [p|*. (56)

As a consequence, the projected end-point map E, (p) := X;(x,p) is well-defined for any p.

We note that the energy along a geodesic v emerging from 9 = = has a simple expression in terms of
p = Py or v = 4. Indeed, invariance of the Hamilonian H(z,p) = (¢~ !(z)p, p) under the flow yields

1 1
50l2 = (9 () v,0) = 4 H(z,p) = 4 / H(X,, Py)dt = / (9. (20) A o). (57)
0 0

It is a basic fact that distance minimizing curves (geodesics) are also energy minimizing. Indeed,
given x,y, and equivalently , are the first-order optimality necessary conditions for these
minimization problems. Hence, in view of ,

1
eg (z,y) = inf {4 |"yo|§ : v satisfies with 79 =z and 1, = y}

= inf {H (X0, Py) : (X, P) satisfies with Xo =z and X; = y}.

A standard compactness argument implies the existence of at least one geodesic connecting two given
points z,y. In general, however, more than one geodesic from x to y may exist, each determined by
its initial velocity 49 = v or equivalently Py = p = %g(az)v, upon departure from z.

It turns out that, for y close to x, there exists exactly one geodesic. Indeed, if g~' € C?, it is clear
from that E; = (p — Xi(z,p)) has C'-dependence in p. Since D,E.(p) is non-degenerate in a
neighborhood of p = 0, it follows from the inverse function theorem that, for y close enough to x, one
can solve y = E,(p) uniquely for p = E;(y) with C'-dependence in y. Hence

eg(x,y) = H(w,p) = H(z, B, (y)). (58)
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The gradient D,e4 (z,y) points in the direction of maximal increase of z +— e (z,y). Since E; ! (y) = p
is precisely the co-velocity of X at Xy = z and X is the geodesic from x to X; = y, it follows that

Dyeg (2,y) = —E; 'y = —p. (59)

This easily implies that, for points x,y close enough, the energy has continuous second derivatives.
Indeed, existence of continuous mixed derivatives Dgyeg follows immediately from the C'-regularity
of E;' = E;1(y). Concerning D2, e, (and by symmetry Dgyeg) we set p = pg above and note that by
exchanging the roles of x,y, we have Dyeg (z,y) = —Ey_l () = Py (z,pp) =: p1 and so, from ,

1
Dyegy (2,y) + Dyeg (z,y) = p1 — po = —/ H, (X, Ps) ds. (60)
0

The existence and continuity of D2 e, is then clear, since the right-hand side above has C''-dependence
in x as is immediate from and ¢! € O2.

Since all the above considerations have been so far local, it is necessary to address the (global) question
of regularity in a strip around the diagonal {z = y}. For this we need to control o := D,E,(p) =
D, X1(z,p). We do this by considering the tangent flow

(o, Bt) == (DpXi(w,p), DpPi(x, p)),

which solves the matrix-valued linear ode

{ds = 2D971(X3)Psas + 2971(Xs)657 ag =0, (61)

Bs = —(D?*g~Y(X,) Py, Ps)os —2Dg Y (X,)PsBls,  fo=1.
We now argue that, uniformly in z,
Dy,E,(p) =ou = 2g_1(x).

It follows that D,E, is non-degenerate, again uniformly in z. Indeed if ag = 0, whenever p is small,

X. = x,B ~ I and we have
&\ ([ (small) 2¢71(X)) Q
< 5 > - ( (small)  (small) > ( B ) )

Next we prove the above claim. First, it follows from that if p is small, then P(z,p) stays small,
over, for example, a unit time interval [0, 1]. Moreover, since X = 2¢7Y(X)P, the boundedness of
g~ ! yields that the path X.(z,p) also stays close to Xo = x, again uniformly on [0,1]. Furthermore,
the C'- and C2-bounds on g~! yield that the matrices Dg~!(X,)Ps and (D?g~'(X,)Ps, P;) are small
along (X, Ps), while 297 (X,) is plainly bounded. This implies that a. and 3. will stay bounded.
Then S. will be small, and, hence, 8. will be close to Sy = I, uniformly on [0,1]. In turn, ¢&; is the
sum of a small term plus 2 g~ (X;)Bs ~ 29~ !(x). In other words,

Qs = 29_1(x) + @S(x,p),
where

lim sup sup sup |Os(z,p)| =0.
0 1p| <6 s€[0,1] 2€RN
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Since DpE,(p) = a1 = fol dsds, it follows that, there exists some ¢ > 0, which can be taken propor-
tional to M~* where M =1+ ||g||c2 + [|[g7}||c2, such that

|DpEx(p) — 29 (2)] < ||glls for all z,p € RV, [p| < 6.

Note that the choice of the constant ||g||c > 0 on the right-hand side guarantees that D,E,(p)
remains non-degenerate, uniformly in zx.

It follows by the inverse function theorem that p — E;(p) is a diffeomorphism from Bs onto a
neighbourhood of x. We claim that this neighbourhood contains a ball of radius T > 0, which may
be taken independent of x.

For this we observe that, with p = E;(y), yields

dg(z,y) = \/eg(z,y) = VH(z,p) = /(97 (x)p, D).

Hence it suffices to choose T > 0 small enough so that (g~!(z)p, p) < Y? implies |p| < §, an obvious
choice being T = §/c, where ¢? is the ellipticity constant of g.

At last, we note that , in conjunction with the just obtained quantitative bounds, implies that D2eg
is bounded on {(xz,y) € RN x RN : dy(z,y) < T}. Indeed, with p = E, ' (y), we have —D3 ey(z,y) =
DyE;'(y) = (DyE(p))~" ~ 3g(x) which readily leads to bounds of the second mixed derivatives,
uniformly over z,y of distance at most Y. Similar uniform bounds for D2 e, (and then Dzyeg) are
obtained by differentiating with respect to z and estimating the resulting right-hand side. O

The comparison proofs in the viscosity theory typically employ quadratic penalty function ¢ (z,y) =
3z — y|> and make use of (trivial) identities such as

Dyp+ Dyp= (v —y)+(y—2)=0

(b o )= (4 3 ) wo (520 50 ) () so-at

To see what one can expect in more general settings, consider first the case of g obtained from the
Euclidean metric, written in different coordinates, say = ¥~! (%), in which case, we have

eq (1,y) = ¥ (z) — ¥ (y)]*.
If ¥ is bounded in C?, it is immediate that
Dye+Dye = (¥ (x) =V (y))DV (z)+ (¥ (y) — ¥ (z))DV¥ (y)
= (V(z) -V (y) (DY (y) - DY (y)),

and, hence,
|Dze + Dye| 5 |z — 3/’2 (62)

D2 e D2e P 9 9
) e R T G B R
’ D;.e D, q
Unfortunately no such arguments work in the case of general Riemannian metric, since, in general,
there is no change of variables of the form |V (z) — ¥ (y)| that reduces d4 (z,y) to a Euclidean distance.

and, similarly,

The next two propositions provide estimates that can be used in the comparison proofs in place of the
exact identities above.
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Proposition 4.2. Assume . Then there exists T > 0 such that whenever dy(z,y) < Y,

|Dyeg + Dyeg| < Lz — Z/|2 (63)

with a constant L that depends only on the C'-bounds of g,g~".

Proof. As pointed out in the proof of Proposition for all (z,y) : dy(z,y) < T,

1
Dyey 2.) + Duy 0.9) = = | (Dg™ (X0)Po Py,

Using that g~! € C! and the fact that g is uniformly comparable to the Euclidean metric we get

1
Dye (2.9) + Dae (,9)| < g en / Py ds
0

IN

1
lg~ e llg oo /0 (97" (X.) Py, P)ds

and, hence, thanks to invariance of the Hamiltonian under the flow and (58)),

1
|Dye (x,y) + Dye(z,y)] S / H(X,, Py)ds = H (X0, Py) = eq (z,7).
0

Using again that g is uniformly comparable to the Euclidean metric the proof is finished.
O

The following claim applies in particular under condition , which, in view of Propostion implies
C?-regularity of the energy near the diagonal. The proof is based on an argument in a forthcoming
paper by the last two authors [11].

Proposition 4.3. Assume there exists T > 0 such that, in the set {(z,y) : dg(z,y) < T}, eq is twice
continuously differentiable. Then, whenever dy(z,y) <Y,

Di.eq D2eq ) ( Iy —Iy ) 2
<L + Lz —y|” I
( D2eq Die, ) ="\ ~In Iy I =y fow

with a constant L that only depends on the C*-bounds of g,g~".
Proof. In view of the assumed C2-regularity of the energy, we find that, as ¢ — 0,
D2 e, D2?e P
(o (22 25
yxeg yyey q
=eg(x+ep,y+eq) +eg(z—ep,y—cw)—2e(x,y)

We estimate the second-order difference on the right-hand side, keeping v = ep, w = eq fixed.
Let (’Yt)te[o,l] be a geodesic connecting x,y, parametrized at constant speed (in the metric g) so that

[l < (g () e 30)'/? = 2edy (2,) < Cla ), (64)
and, for A := w — v, define the paths

vE = £ (v +tA)
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which connect z & v to y = w. Then
e(x—i—v,y—i—w)+e(a¢—v,y—w)—2€(m,y)
'l I\ a4 o4 'l N a— o 'l o
< /04(9(’Yt)’7t77t)dt+/04(9(’Yt)7ta’7t)dt_2/0 Z(Q(’Yt)%,%)dt

1

1
- 4/0 (g (7)) Ge+A), %+ A)+ (9 () (e — A) A — A) dt — 2 (g () e, )] dt

Using the C2-regularity of g, writing § = v + tA, and noting that that |6 < |v| + |w|, we find

9 (1) = 9 () = (Dg (3),8) + 5 (D0 () 6,8) + o (Jof? + fuf?).

Collecting terms (in g, Dg, D?g) then leads to

1 1
(ot vy tu) e vy —w) = 2e(ay) < [ [0+ (@) + (i) + (B) db
0

where
(i) :=2(g (m) A, A)

(ii) := 4 ((Dg (1) , 6) 4, A)
(iii) := ((D?g (%) 6,0) 31, %) + ((D?g () 6,6) A, A)
It is immediate that,
(D)) < 21|g]l o0 [ — v
|(id)] < 4C | Dgllo (Jv] + [w]) |z = y| |w — v]
iii] < || D], (ol + ) (C2 e = ol + o — o).
Moreover, expanding g, as v, w — 0, we find
(B) = (el + 1APYo (o + [wl®) = (C2[z =y + |w = o) (o + [wl?)

With v = ep,w = eq all terms above are of order O (52), with the exception of the second term
contributing to (iii) and the error term (F) which are actually o (¢2), and hence negligible as ¢ — 0.
Indeed

e(x +ep,y +eq) +e(x —ep,y — ew) — 2e(z,y)
2
g
Z[2Hg|!oolp — q|* + 4C||Dgllso(|p| + la])|z — yllp — 4l

+HID?glloo (IpI* + 1a*)(C%|z — yI? + O(e?)) + (Jz — y|* + O(*))o(1)].

Using again the Cauchy- Schwarz inequality to handle the middle term in the estimate, we find, for
some K > ( that only depends on g,

Da%zeg Dagcyeg > ( p )
b, q
r.9) < D;xeg D;yeg q

1 02
(5 19lloc Ip = 2l + C | Dgll oo (|2l + la) |z = vl lp — al + = [D?g]|, (Ipl* + lal*) |z =y

IN

IN

< Klp—q+Kl|z—yf (Ipl2 + }q2\) :
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We conclude by checking that the assumptions of Theorem are satisfied for F' of Hamilton-Jacobi-
Isaacs type. Note that condition is valid, as demanded by that theorem.

Proposition 4.4. Let F' be given by , satisfying and . Then F satisfies —.

Proof. Since it is clear that all assumptions are stable under taking sup and inf, we will only treat the
quasilinear case
F(M,p,r,x) = Tr(a(p, ) M) + b(p, v) — c(z)r,

and we concentrate on , since the others are obvious.
With t,z,y, 7, «a, X, Y taken as in the statement of the assumption, we have

F(X, aDde(x, y),r,z,t) — F(Y, —aDydg(x, Y),r,z,t)
= b(p,x) =b(g,y) + Tr (00" (p,2)X — 00" (¢,9)Y) + (c(x) — e(y))r,

where for simplicity we write p := aDpd(x,y) and q := —aDyd%(x,y).
Noting that Proposition [£.2] yields
p—ql < aKlz -yl

and using the eikonal equation for e, = d;, for some C' > 0 we find
aC Mz —y| < |p| + |g| < aClz —y|.
The assumptions on b also give

b(p,z) —b(q,9) w (X +|p| +lg)) [z =yl + |p — ql)

<
< w ((1 + Calz —y|) |z —y| + Ka|z —y[2).

For the second order term, we use Proposition 4.3 and get

T (00 (p, )X — 007 (q,9)Y) = (0(p,2), o(q,1)) (%f o > <o(p,x)>

o(q,y)
D2e D2?e o(p,x)
< ol o) ( gre pire ) (200
(3 %) (el
Dize Dye )\ o(¢9)
< Ka(lo(p,z) —o(q,y)]* + |z —y*) + Ke
< Ka (:L,_y’2+ lp —qf? > + K'e
(Ipl + la])?

< K"(alz - yI> +e).
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