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Abstract

We provide Lipschitz regularity for solutions to viscous time-dependent Hamilton-Jacobi
equations with right-hand side belonging to Lebesgue spaces. Our approach is based on a
duality method, and relies on the analysis of the regularity of the gradient of solutions to
a dual (Fokker-Planck) equation. Here, the regularizing effect is due to the non-degenerate
diffusion and coercivity of the Hamiltonian in the gradient variable.
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1 Introduction

We study the regularization effect of viscous non-degenerate Hamilton-Jacobi (briefly HJ) equa-
tions

d
atu(xat) - Z aij(x’t)aiju(xvt) + H(QZ,DU(:L’,t)) = f((ﬂ,t) in QT = Td X (OvT)’ (1)

J
u(xz,0) = up(x) in T,

with unbounded right-hand side f, continuous initial datum wg, and superlinear Hamiltonian of
the model form

H(z,p) = h(z)|p|” + b(x) - p, y>1, 0<ho<h(z),h,becCHT?). (2)
Our main aim is to show that continuous weak solutions that satisfy the integrability condition

Du e L'P(’Y_U(QT) for? > d+2

loc

(see in particular Definition (1)) become immediately Lipschitz continuous at positive times.
Moreover, we prove that such solutions exist and are unique.

Regularity of solutions to HJ equations has been the object of an extensive literature, and the
study of Lipschitz properties has received a particular focus motivated by problems in control
theory. The interest has been recently renewed in the study of Mean-Field Game systems, where
HJ equations of the form with unbounded terms f naturally appear. In this setting, few
results on Lipschitz regularity are available in the literature, mainly the works by D. Gomes and



collaborators [23] 24]. We also mention some recent results by P. Cardaliaguet, A. Porretta, D.
Tonon, and P. Cardaliaguet L. Silvestre [12, [13] on Sobolev and Hoélder regularity respectively.

Note that, depending on the growth of H with respect to the gradient variable, two main
regimes are typically identified. If H is sub-quadratic, i.e. 1 < v < 2, then the second order
diffusion is the dominating term at small scales. On the other hand, in the super-quadratic case
~ > 2 the diffusion term is considered “weaker”, and thus typically regarded as a perturbation
of a first-order HJ equation. This distinction can be observed heuristically via an L°° scaling
argument (see e.g. [I3, Section 2.1]). A goal of this work is to combine the regularization effects
of both the diffusion and the coercivity of the Hamiltonian, and to give a unified treatment of
sub- and super-quadratic cases.

We give here a very brief review of different techniques that are available to obtain Lipschitz

regularity for HJ equations with bounded (or more regular) f, with the understanding that the
literature on this subject is too wide to keep track of all the references. First, by means of a
classical method by S.V. Bernstein [7], Lipschitz regularity for general (sub-quadratic) quasi-
linear problems goes back to standard literature [28, B7]. See also [I7] for specific results on
HJ equations. For sub-quadratic problems, we also mention some techniques based on Sobolev
embeddings and interpolation [Tl 25], see also [26]. Then, the so-called Ishii-Lions method [27],
has been extensively developed in the realm of HJ equations, see e.g. [4l Bl B4], 20]; this method
has been coupled succesfully with the Bernstein idea [2,[19]80]. Though some of these mentioned
results cover the full super-linear regime (if not the sub-quadratic one only), we emphasize that
at least continuity of f is always required.
Our analysis is based on a duality approach, rather than on viscosity methods. The study of
linear equations through their duals (adjoint) is a classical idea, which has been explored recently
in the nonlinear framework of HJ equations by L.C. Evans [2I]. As already mentioned at the
beginning of this introduction, its application to Lipschitz regularity for viscous HJ equations
appearing in Mean-Field Game systems has been then investigated in [23] 24]. In these works
some restrictions on the growth of H, i.e. v < 3 in [24], or on the space dimension d [23] are
imposed. Here, we obtain results for all v > 1 and d € N, by using extensively maximal regularity
results in the analysis of the dual equation. We also emphasize that previous works explore a
priori regularity of smooth solutions u, while here we deal with least possible weak solutions to
([@.

We are now ready to state our main results. Assume that d > 2, and A = (a;5) : Qr —
Sym(R%), where Sym(R?) is the set of symmetric d x d real matrices, a;; € C(0,T; W>(T4))
and

for some A >0, A|&]2 < aij(z,t)&E < ANTHEP for all € € R? and all (z,t) € Q. (A)

Here and in the sequel the summation over repeated indices is understood. We perform our
analysis on the flat torus T¢ = R?/Z4, to avoid boundary phenomena. The treatment of problems
on the whole R? should require a modest review of the methods developed here. A local analysis
on bounded domains is on the other hand much more delicate (possible boundary blow-up of Du
is expected [35]), and will be matter of future work.

We suppose that H(z,p) is C*(T? x R?), and

there exist constants v > 1 and Cy > 0 such that
Cy'lpl" — Cu < H(z,p) < Cu(lp|” +1)
DyH(z,p)-p— H(x,p) > Ch'lp|" — Ch (H)
|DoH(x,p)| < Cu(lp]” +1) ,
Cr'lpl"™! = Cu < |DpH(z,p)| < Culpl” ™ + Cr



for every x € T?, p € R?. Moreover, we suppose without loss of generality that H > 0 (if not,
one may compensate by adding a positive constant to f). Note that our model Hamiltonian
satisfies ; we mention that the assumptions on b in could be relaxed, but this is beyond
the scopes of this paper. Moreover, an explicit dependance with respect to the time variable ¢
could be easily added to H provided that it respects the growth properties stated in .

The first result concerns the regularizing effect of the equation, namely Lipschitz regularity
of weak solutions u for positive times. If the initial datum is assumed to be Lipschitz, then such
regularity can be extended uniformly up to t = 0. Below 4’ = v/(y—1) is the conjugate exponent
of .

Theorem 1.1. Suppose that
e a;; € C(0,T; W(T9)) and satisfies (A]),
o H c CY(Te x RY), it is convex in the second variable, and satisfies ,

o f € LUQ7), for some q>d+2 and q > j,t%

a) Let u be a local weak solution to (in the sense of Deﬁnitz’on with P = Q n ,
i.e.
D,H(-,Du) € L*(T* x (t1,T)) for some ?>d+2 and for all t; > 0.
Then, u(-,7) € WHe(T?) for all 7 € (0,T). In particular, for all t; € (0,T) there exists a
f}(;sitive constant Cy depending on t1, A,llallcwz), Cu, |ullcg,) IfllLa@qp: @& d T such
a
u(-, 7)llwr.ee (ray < Ch for all T € [t1,T). (3)

b) If, in addition, ug € WH°°(T?), and u is a global weak solution, then there exists a positive
constant Cy depending on A, [lallcqwz.<), Cu, |[vollwr.ee(ray, |fllpaqpy: ¢ d T such that
HU('7T)||W1,<>C(TL£) <y forall T € [O,T] (4)
Moreover, the same conclusions hold if u is a weak solution to with P # Q in
whenever a;j(z,t) = A;j on Qr for some A;; € Sym(R?) satisfying ,

Note that if v < 2 (i.e. the sub-quadratic/quadratic regime), then f is required to be in
L1(Qr) for some ¢ > d+ 2, while in the super-quadratic case v > 2 conditions on f are more
strict.

We are then able to show the existence and uniqueness of weak solutions.

Theorem 1.2. Suppose that the assumptions on a, f, H of Theorem |I1.1| are in force. If ug €
C(T?), then there exists a unique local weak solution to (I). If ug € WH>(T9), then such a
solution is a global weak solution.

Finally, if we assume in addition that u is a classical solution to , we have the following a
priori regularity results. Note that, with respect to the previous Theorem Lipschitz bounds
will depend on weaker informations on the data a, f.

Theorem 1.3. Suppose that
e a;; € C([0,T]; CY(T?)) and satisfies (A),
o H e C*(T? x R?) and satisfies (H,



o feC(0,T]CHTY),
e uy € CH(TY).

Let

q>min{d+2,m}. (5)

Then, there exists a positive constant Cs depending on q, d, T, A, Cy, ||uo||wl,oo(1rd)7 ||f||LQ(QT)7
llallco,r;w.e (nay), such that every classical solution to satisfies

(e )l (ray < C3 for all T€[0,T]. (6)

Note that reads
{d+2 if 1<~y <3,
q

d+2 :

In particular, we obtain “maximal regularity” whenever v < 3, that is a control on d;u, 0;;u and
H(Du) in L? with respect to the the L? norm of f for any g > d 4+ 2. The results obtained for
v > 3 are also new, and constitute a first step in the achievement of a parabolic counterpart of a
remarkable result by P.-L. Lions [31, Theorem III.1] in the stationary case, that states Lipschitz
(and therefore maximal) regularity of solutions to viscous HJ equations for ally > 1 and f € LP,
p>d.

It is worth remarking that our results apply also to the so-called Kardar-Parisi-Zhang equa-
tions
d
o(z,t) — Z a;j(z,t)0;v(x, t) = Gz, Dv(z,t)) — f(x,1) in Qr =T x (0,7),
i,j=1
whenever G satisfies (H]). In other words, the sign in front of H (and of f) does not matter here.
Indeed, it is sufficient to observe that u(z,t) = —v(zx,t) solves with H(z,p) = G(z, —p).

In the next Section we briefly describe our methods, and comment on crucial hypotheses
that appear in Theorems and in the Definition of weak solutions to . In the rest
of Section [2] we present some preliminary facts and results on the adjoint equation. Sections
and 5| will be devoted mainly to the proofs of Theorems and respectively, on Lipschitz
regularity of solutions. In Section [d] we will prove the main existence and uniqueness result.

Acknowledgements. The authors are members of the Gruppo Nazionale per I’Analisi
Matematica, la Probabilita e le loro Applicazioni (GNAMPA) of the Istituto Nazionale di
Alta Matematica (INdAAM). This work has been partially supported by the Fondazione CaRi-
PaRo Project “Nonlinear Partial Differential Equations: Asymptotic Problems and Mean-Field
Games”. The authors are indebted to the referees for a careful review which meant a significant
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2 Heuristics, functional spaces, weak solutions and basic
properties

2.1 Heuristic derivation of Lipschitz estimates

We begin with a heuristic description of the adjoint method that will be made rigorous in the
sequel, and compare with related works [23] 24]. Let us assume that u is a smooth solution of



the viscous HJ equation
Oyu(z,t) — Au(x, t) + H(Du(x, 1)) = f(x,1) (7)

with u(-,0) € C1(T?). Let f be C! in the space variable. We differentiate the equation to study
the regularity of Du, namely, for any direction ¢ € R? with |¢| = 1, we consider v = Ocu. Then,
v solves the linearized equation

0w — Av+ DpH(Du) - Dv = 0¢f . (8)

For any 7 € (0,T), x9 € T¢, we then look at the adjoint equation with singular final datum
—0p — Ap — div(D,H(Du)p) =0 in T? x (0,7) , )
(1) = 8z, on T? .

By duality between and @ we immediately get

e, ™) = 0oy = [ et [oooy== [ oo [ o)

Thanks to integration by parts in the previous formula, we realize that our representation of
d¢u(wo, ) roughly depends on [|f||ze(@r) and [[Dpll 1« (. S0, the more we know on the inte-
grability of Dp, the less we can assume on the integrability of the datum f. The difficulty here
is that p depends on Du itself through the divergence term in @, and has a final datum that
is a Dirac measure. Note that solutions to heat equations with measure data have gradients in
L9 (Qr) just for ¢ < (d+2)/(d+1) = (d+2)'. Therefore, since we do not expect the additional
divergence term to improve such regularity, we will always have to require by duality f to be in
L9 with ¢ > d 4+ 2 (which is optimal, see Remark [3.13).

The transport (divergence) term in @ is handled by exploiting a crucial information on the
quantity

/ / |D,H(Du)|" p dadt, (10)

that is obtained using a sort of duality between and @, and has a very precise meaning in
terms of optimality in stochastic control problems (see, e.g. [26] for further discussions). Such
a quantity is actually a weighted L7’ (p) norm of the drift b = —D,H(Du) that appears in the
divergence term, and turns out to be enough to derive bounds for ||Dpl|,« (g,). This crucial
result is stated in Proposition [2.5] and exploits a delicate combination of maximal parabolic
regularity, interpolation and embeddings of parabolic spaces. We emphasize that this key step
regarding regularity of the Fokker-Planck equation is carried out in a completely different way
with respect to related papers [23 24]. In these works, the techniques used to produce estimates
on Dp are expendable under the assumption that b is at least L?(p), thus limiting the working
range of . Here, we have results on the full superlinear range v > 1.

In the next sections we make precise all the above formal computations, for more general
equations of the form (|1)). In the first part of the paper we aim at obtaining Lipschitz regularity
of weak solutions to (|l)), in a sense specified below (see Definition . The main issues in this
program are the following:

e To exploit duality between and @D in a weak framework, one has to understand the right
weak setting for both equations. We realize here that a suitable weak notion guaranteeing
Lipschitz regularity for u is basically the usual energy one for both equations (i.e. u,p €
#3), on any interval (t1,7T), t; > 0. This relies strongly on the additional assumption



D,H(Du) € L((t1,T); L*), which can be considered as a requirement for the adjoint
equation @ rather than for the given HJ equation , but one should always keep in mind
the subtle interplay between equations in duality. Of course this forces the final datum
p(7) to be in L2, and therefore introduces an additional approximation step from L? to L!
in our scheme. Note that energy estimates on p are allowed to deteriorate as t; — 0: this
is to accomodate the lack of global regularity on [0, 7] for u, that assumes in general the
initial datum in the C° sense only.

One may argue that, for v very large, |Du|"~! ~ D,H(Du) € L2((0,T); L?) is very close
to Du € L*°. We stress in Section that to perform this (seemingly) small step, one
cannot avoid in general this assumption on Du, and therefore our requirements on weak
solutions are optimal to guarantee Lipschitz regularity.

e A weak solution v is not a priori a.e. differentiable, and f € L9, so no differentiation
procedure of is justified. This is circumvented by considering difference quotients of u
in the z-variable, which are handled via a method that is again based on the optimality
of —D,H(Du) in stochastic optimal control problems (though here PDE methods will be
involved only). In this step, convexity of H(x,-) plays an important role.

We stress that the study of regularity, rather than the proof of a priori estimates of smooth
solutions to , is a key difference with respect to related works [23] [24] mentioned previously.
We take this different viewpoint in the final Section [5f assuming regularity of the solution, we
can improve in some directions the previous procedure. First, it is possible to enhance by
absorbing part of the gradient term in the left hand side of the Lipschitz estimate. Second, rather
than studying the equation for d¢u, we consider the equation for |Dul|?, following the classical
idea of S.V. Bernstein. This yields a similar “linearized” equation, with additional information
on D%y coming from strict ellipticity of the operator. This allows us to prove a priori regularity
of smooth solutions u to that depend on weaker integrability properties of f and regularity
of a;; with respect to x.

We finally mention that in a work by A. Porretta [33], the role of the integrability condition
f f |b\"’/ pdxdt < oo in Fokker-Planck equations is explored deeply. Such a condition is indeed
proven to guarantee well-posedness of the equation in terms of distributional solutions, provided
that 4" > 2, i.e. in the sub-quadratic case, thus showing that the Aronson-Serrin condition on
the drift b € L((t1,T); L*) is not strictly needed. In the work it is also established a kind of
duality between Fokker-Planck and HJ equations, in a setting that is much weaker (solutions are
unbounded in W,°(Q7)) than the one used here (local boundedness in W, °(Q7)). While the
former setting allows for minimal integrability of f and very general existence and uniqueness
results to coupled HJ / Fokker-Planck equations, the latter is proven here to produce many
additional regularity properties of solutions (in the full range v > 1).

2.2 Functional spaces

Since we are working in the periodic setting, let us recall that LP(T?) is the space of all measurable
and periodic functions on R? belonging to Li, ((R?), with norm ||- ||, = |||/ 1»((0,1)4)- For positive
integers k, W*P(T9) is the space of those functions with (distributional) derivatives in L?(T%)
up to order k.

For any time interval (t1,ts) C R, let Q¢, 4, := T% x (t1,t2). We will also use the notation
Qt, =T x (0,t2). For any p > 1 and Q = Q, +,, we denote by W2(Q) the space of functions

u such that 9f D?u € LP(Q) for all multi-indices 3 and r such that || + 2r < 2, endowed with



the norm

lully 210y = //Q S 0Dl updudt

|8]4+2r<2

The space WZ}’O(Q) is defined similarly, and is endowed with the norm
||U||W;~U(Q) = HuHLP(Q) + Z HD:f“HLp(Q) :
1Bl=1

We define the space 6‘6;(@) as the space of functions v € WZ}70(Q) with dwu € (W;,’O(Q))’,
equipped with the norm

HUHZQ(Q) = ||u||W1}v0(Q) + HatUH(W;;(’(Q))/ :

Denoting by C([t1,t2]; X), C*([t1,t2]; X) and LI((t1,t2); X) the usual spaces of continuous,
Holder and Lebesgue functions respectively with values in a Banach space X, we have the
following isomorphisms: W, *(Q) ~ L2((t1, t2); WH2(T%)), and
Hy(Q) = {u € L*((tr,t2); WH(T?)), dpu € (L*((tr, t2): WH(T7)) )’}
~ {U (S LQ((tl’tQ); W1’2(Td)), 3tu S LQ((tl,tQ); (Wl’Q(Td))/)},

and the latter is known to be continuously embedded into C([ty,t2]; L(T%)) (see, e.g., [I8,
Theorem XVIIIL.2.1]). Sometimes, we will use the compact notation C'(X) and L(X).

Finally, let #(T¢) be the space of Borel probability measures on T?, endowed with the
Kantorovich-Rubinstein distance (which metricizes the weak-* convergence of measures).

2.3 Weak solutions to viscous HJ equations

We will require in the sequel u to be a weak (energy) solution in the following sense.
Definition 2.1. We say that
i) w is a local weak solution to ifforall 0 <s<T
u € #3(T x (5,T))NC(Qy), H(-,Du) € L*(s,T;L°(T%)) for some o > 1, (11)
and D,H(-, Du) € L% (s, T; L*(T%)) (12)
for some d < P < 00, and 2 < Q < oo such that %—l—é
and for all 0 < s < 7 < T, @ € #HI(T x (s,7)) N L>(s,7; L7 (T9))

/ (Oru(t), o(t))dt + // 0;u0j(ai;p) + H(x, Du)p dedt = // feodxdt (14)
s Tdx (s,7) Tdx (s,7)

1
<7a
-2

(here, (-,-) denotes the duality pairing between (W2(T4))" and W12(T¢9) ).

i) wis a global weak solution if (TI))-(12)-(L3) hold for all 0 < s < T, that is, on all Q7 (and
therefore, is also satisfied up to s = 0).

Remark 2.2. Under the growth assumptions (H) on the Hamiltonian, one can easily verify the
following implications: if D, H (x, Du) satisfies — for some P = Q > d+2, then holds
for sure whenever vy > %. Or, if D, H (x, Du) satisfies — for Q = oo and some P > d,
then always holds if v > d%‘ll.



2.4 Well-posedness and regularity of the adjoint equation

This section is devoted to the analysis of the following Fokker-Planck equation

{atp(fﬂ,t) - Zij:l aij(aij(xvt)p(xvt)) + div(b(x,t) ,D(I,t)) =0 inQ,,

o(e,7) = pr(2) e, P

Note that when the vector field b(z,t) = —DpH(z, Du(x,t)), then becomes the adjoint
equation of the linearization of .

Here, 7 € (0, 7], Q, := T x (0,7) and Qs , := T? x (s,7). For b € L(s,7; L?(T%)) for all
s > 0, and for some P > d, Q > 2 satisfying , a (weak) solution p € #3(Qs ) is such that
p(T) = p; in the L?-sense, and

~ [ @t popae+ [ [ 0w —bo- Dodsat =0 (16)

for all s > 0 and ¢ € #3(Qs,7)-
Throughout this section we will assume that

pr € L®(TY, p, >0 ae., and / pr(x)de = 1. (17)
Td
Note that p € C((0,7]; L*(T%)), so p € C((0,7]; L*(T%)), and
/ p(x,t)de =1 for all t € (0, 7]. (18)
Td

This can be easily verified using ¢ = 1 as a test function in and integrating by parts.

Proposition 2.3. Let be in force, b € L%(s,7; L*(T)) for all s > 0 and for some ? > d,
Q > 2 satisfying , and p, be as in . Then, there exists a weak solution p to .
Moreover, p € L*(s,7; L7 (T%)) for all 1 < 0’ < 0o and s > 0, and p is a. e. non-negative on

Q-.

Proof. Existence and regularity of weak solutions to linear equations in divergence form with
b€ L%(s,7; L?(T9)) is a classical matter that can be found in e.g. [3, 28]. Though well known
references do not treat directly the periodic setting (but typically the Cauchy-Dirichlet problem),
the adaptation of energy methods to T¢ is straightforward, and can be checked for example
following the lines of [8, [0]. For additional details we refer to [22]. O

The previous proposition states the well-posedness of the adjoint Fokker-Planck equation for
fixed p, € L*, and that p(s) remains “almost” in L* for a.e. s. Still, regularity of p may
deteriorate as s — 0, since the Aronson-Serrin condition on the drift b is not assumed here up
to s =0 (see, e.g. [8) Theorem 4.1]). The main goal is now to derive (weaker) estimates on p on
the whole @, that are stable for any p, satisfying merely ||p-||1 = 1; one may have in mind that
pr is an item of a sequence approaching a Dirac delta. These estimates will be unrelated to the
Aronson-Serrin condition, and will be achieved using just some information on the integrability
of the vector field b with respect to the solution p itself, that is a typical datum in the analysis
of Hamilton-Jacobi equations.

The following proposition is a modification of [16, Proposition 2.4], and is a kind of parabolic
regularity result. The method used here has been inspired by [32], where however estimates are
obtained locally in time, and thus are not affected by the regularity of final datum p,. Similar
results for the Sobolev regularity of solutions to Fokker-Planck equations with terminal trace
belonging to L' appeared also in [33 Proposition 3.10] in the sub-quadratic case v < 2, and are
compatible with ours.



Proposition 2.4. Let p be a (non-negative) weak solution to and

. d+2

l<q <202
N

Then, there exists C > 0, depending on A, ||a|lcw.=y,q",d, T such that
pller, (@) < CUIbAI L (@, + ol e (@ry + lorll Lt zay)- (19)

Note that C here does not depend on 7 € (0,T].

Proof. We assume that the coefficients a;;,b; and p, are smooth, and therefore p is smooth as
well on @,. The general case Da € L*°(Q,), b locally in L(L*(T%)), p, € L*> follows by an
approximation argument.

Fix k=1,...,d. For § > 0, let 1) = 15 be the classical solution to

00, 1) = 5, aig (000, 1) = 0+ 10kplr D) T 0hp(et) Qe
P(z,0) =0 on T .

Since ¢’ < 2, § > 0 serves as a regularizing perturbation. By standard parabolic regularity (see
Lemma [A.1]), we have (for a positive constant not depending on 7 < T')

2y 2 =2 q’—lH _ q-1
Wz < Cf| @+ 000y 00|, < Cfiounl? | = Cllanlfugg,, (@1
Set p(x,t) = Optp(x,t). Then, ¢ is a classical solution to
Oup = sy aighiso = Ou [(6-+ 1000P) 2000 + Ty )0y Qo
o(z,0) =0 on T .

Using ¢ as a test function for the equation satisfied by p,
[ oo~ asorso—b-Doyisdt = [ potayelaride
. T

and using the equation in satisfied by ¢ we get, after integration by parts

Td

// (64 000l2) T 10kpl? — Du(ay)0iytb p + bp - Dep dedt = — / pr ()l 7)de |
Q-

Applying Holder’s inequality,

=2
/ /Q (6+ 10kp12) 7 Bkpl? drdt < || Dall gy 162 (g Ioll o (o)

100l Lo (@) I1PelLary + el o lle (s 7)o

Since g > d+2, by [28, Lemma I1.3.3] (see also [I5} [16]), the parabolic space W' (Q-) is contin-
uously embedded into C([0, 7]; C*(T?)), therefore ||o(-,7)|loc < [[t(, 7)1 (pa) < C’||¢HW5,1(QT)

(to be sure that C' does not explode as 7 — 0, one has to exploit that 1(0) = 0, and argue as in
the proof of Proposition |A.2)). Hence, since ¢ = g1,

a2
/ /Q (6 + 10kpI2) 72 O1pl? dadt < Clllpll o gy + 10l 0 (0 + o 32 I 2t



By , letting § — 0,
/ / Okl dadt < Ol o + 109] 1 cy + el 21 o0y 1]

(23)

Summarizing, we conclude
1Dpll L () < CUlPl L @,y + 110l Ler () + lorllLrre))

By Poincaré-Wirtinger inequality, together with the fact that de p(x,t)de =1 for all t € [0, 7]

we obtain ,
||p|| "(Q ) = (HDPH 7 (Qr) +T||p'r||qu(Td)) )

yielding, together with .
||PHW;;°(Q,) < C(HPHLQ’(QT) + ||bp||Lq’(Q,) + HPTHLl(W )

Finally, for any smooth test function ¢ (which may not vanish at the terminal time 7), again by

Holder’s inequality

[ttt dt] J Vst + ool s
0
< [(lal=(a.) + I1Dalli=(g.)) Iolwy o) + Welor o] 1Dl seca)

Thus,
Cllell L,y + 110l La @,y + lorllLrre))
O

||6tp||(wl,q(QT))f <

Proposition 2.5. Let p be the (non-negative) weak solution to and

, _d+2
1<gq <m.

Then, there exists C' > 0, depending on A, ||al|cw.), T, ¢, d such that
HpH(%l )<C<// (z,1)] xt)da:dt—Fl)

where
r=1+—"
Proof. Inequality , and the generalized Holder’s inequality yield
el @.) < C(HbPl/TIPUTHLq’(QT) +llollLar g,y +1)
G lollLe @,y + 1) , (26)

1/r!
s0<(//Q 0 pdsdr) ol

for p > ¢ satisfying
1
-4

(27)



Then, by Young’s inequality, for all € > 0

1 y
e <0 (2 [[ B odsit+eliolinion +lolivigy +1). 29

Since ||pllLi(q,) = 7, by interpolation between L'(Q,) and LP(Q,) we have [pll s (q,) <
i HleLé,r(Q X and again by Young’s inequality

~ /1 T,
loby @ <€ (2 [ B ot clplina. +1). (20)
One can verify that and yield
1_t_ 1
p ¢ d+2
Indeed, by we have
_r r_1 7r-1
pod 7 d g

and one concludes immediately by using on the right-hand side of the above equality. The
continuous embedding of %;,(QT) in LP(Q,) stated in Proposition then implies

ol < Crlllellae, @) +7) -

Hence, the term €||p[|zr(g,) can be absorbed by the left hand side of by choosing ¢ =
(2CCy)~1, thus providing the assertion. O

3 Lipschitz regularity

This section is devoted to the proof of Lipschitz regularity of u, stated in Theorem We will
assume that the assumptions of Theorem are in force: a;; € C(0,T; W2°°(T?)) and satisfies
(A), H € C*(T? x R?), it is convex in the second variable, and satisfies and uy € C(T?).
Moreover, f € L1(Qr) for some g > d + 2. At a certain stage we will require g > ;1/4121 also.

The result will be obtained using regularity properties of the adjoint variable p, i.e. the
solution to

d
—Oyp(x,t) — Z By (aij(z, t)p(x, 1)) — div (D H (x, Du(z, 1)) p(z,t)) =0 in Q, , (30)
plz, 1) = pT(CE’) on T?,

for 7 € (0,7), p- € C=(T%), pr > 0 with [p;|[z1(rey = 1. Recall that u is a weak solution
to the viscous Hamilton-Jacobi equation . By the integrability assumptions on D,H, the
adjoint state p € #3(Qs,,) for all s > 0 is, for any p,, well-defined, non-negative and bounded
in L>®(s,7; L7 (T%)) for all o’ > 1, by a straightforward application of Proposition

In what follows, we establish bounds on p on the whole Q) that are independent on the choice
of 7 and p, > 0 satisfying ||p-||1(re) = 1.

Before we start, recall that the Lagrangian L : T? x R? — R, L(z,v) := sup,{p-v—H(z,p)},
namely the Legendre transform of H in the p-variable, is well defined by the superlinear character
of H(x,-). Moreover, by convexity of H(z,-),

H(z,p) = sup{v-p— L(z,v)},
veRd
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and

H(z,p)=v-p—L(z,v) ifand only if v = D,H(z,p). (31)

The following properties of L are standard (see, e.g. [10]): for some Cp, > 0,
Cotw|" — Cr < L(z,v) < Oy (L1)
DuL(w,v)] < Co(] +1). (12)

for all v € R4,

3.1 Estimates on the adjoint variable p

Let us point out first that from now on we will denote by C, C1, ... positive constants that may
depend on the data (e.g. A, Ch, [[uol|o(gas ---), but do not depend on 7, p-.
We first start with a duality identity involving wu, p.

Lemma 3.1. Let u be a local weak solution to , Assume that p is a weak solution to ,
Then, for all s € (0,7)

/Td u(z, 7)pr(x)de = /11‘(1 u(z, s)p(x, s)dx + // L(z, DpH(z, Du))pdxdt + / o fpdxdt.
T 32

Moreover, if u is a global weak solution, the previous identity holds up to s = 0.

Proof. Using —p € #3(Q..+) N L°(s,7; L7 (T%)) as a test function in the weak formulation of
problem 7 u € Ha (Qs,7) as a test function for the corresponding adjoint equation and
summing both expressions, one obtains

— [ @t ey~ [ @p(0).u)ar

+ // (DpH(z, Du) - Du — H(z, Du))pdzdt + / fpdxdt =0 .
s, Qs,r

The desired equality follows after integrating by parts in time and using property of L. Note
that since H(x, Du) € L(s,T; L?(T%)), then L(z, D,H(Du)) € L'(s,T;L°(T%)) by and
, so all the terms in make sense.

The same argument can be used with s = 0 in the case that u is a global weak solution. [

We are now ready to prove a crucial estimate on the the integrability of D,H with respect
to p, that depends in particular on the sup norm ||ul| o, - Note that this estimate is obtained
on the whole parabolic cylinder Q.

Proposition 3.2. Let u be a local weak solution to and p be a weak solution to , Then,
there ewist positive constants C' (depending on A, ||allcwr.=), llullcg, ) Crs | fllaqqp): ¢4 T)
such that

/ / |D,H (z, Du(z, t))|" p(z,t) dzdt < C. (33)
Qr
Remark 3.3. Note that as a straightforward consequence of , one has

// |Du(z,t)|? p(x, t) dedt < Cg forall 1 < g <~. (34)

Indeed, by (H), fo |Du(z, t)|7p(z,t) dzdt < C, which yields for 8 = ~. For B < v it is
sufficient to use Young’s inequality and .

12



Proof. Rearrange the representation formula to get, for s € (0,7),

//s L(z, DpH(x, Du))pdxdt = /Td u(x,T)pT(x)dx—/Td u(m,s)p(x,s)dm—/Q fpdxdt.
’ (35)

Fix some 7 such that (d + 2)/7 <1 < d+2 (< g). Use now bounds on the Lagrangian (L)),
and Holder’s inequality to obtain

C;l // |DpH($7DU>|7/pda?dt < // L(z, Dp,H (z, Du))p dzdt

s,T

<L 2ulleg,y + 1 e lolir @,y (36)

Let now ¢ be such that
1 1 1

w7 d+2
By Proposition %%,(QS,T) is continuously embedded in L (Qs,r). Moreover, choosing n >
(d+ 2)/2 guarantees § < (d +2)/(d + 1), so by inequality (with g replaced by q),

6l ...y < Cllells .. + 1) < € ( i |DpH<x,Du>T’p<x7t>dmt+1), (37)

where ' =1 + df?. Plugging this inequality into , we obtain

cLl//Q |D,H (z, Du)|" p dzdt

< 2ullogg,) + Cillflne..) <//Q |D,H (, Du)|" p(x,t) dedt + 1)

Finally, the right hand side can be absorbed in the left hand side whenever 7’ < +' by Young’s
inequality: this is assured by
, d+2 d+2 ,
r=14+—=——<~.
q n
One then gets by taking the limit s — 0 (constants here remain bounded for s € (0, 7)).

O

Integrability of D,H with respect to p provides finally L regularity of Dp. From now on,
we will suppose that ¢ > d+ 2 and ¢ > j,tZI.

Corollary 3.4. Let u be a local weak solution to and p be a weak solution to (30). Let G be
such that
d+2

g>d+2 and q= —
v -1

Then, there exists a positive constant C' such that
||PH(7f;,(QT) <C,

where C' depends in particular on A, |lallcwr.~),Cr, |ullcg,ys 1fllsq,): @&dT (but not on
T, pr)-

13



Proof. Since ¢ < %, (24]) applies (with ¢ = q), yielding

kg <€ ( [ DG Dta ) e,y st +1).

with PP
T’=1+$§7'-
q

If 7' = 4/, use Proposition to conclude. Otherwise, if 7/ < 7/, use Young’s inequality first to
control [[|DyH(z, Du(z,t))|” pdzdt with [[|D,H (x, Du)|" pdedt + . O

Remark 3.5. It is worth noting that in the sub-quadratic regime v < 2, the information b € L (p)
is strong enough to guarantee |Dp| ;. (g, for all ¢ < (d +2)/(d + 1), that is expected for
distributional solutions to heat equations with L' data (see e.g. [33]). We can then regard the
div() term in @D as perturbation of a heat equation. On the other hand, in the super-quadratic
case v > 2, we are just able to prove the weaker regularity ||Dp||Lq/(QT) for ¢ < ¢/, with
¢, < (d+2)/(d+1), where actually ¢/, — 1 as v — 00. As expected, in the super-quadratic case
the Hamiltonian term in may overcome the regularizing effect of Laplacian.

Finally, if one thinks p(t) as a flow of probability measures, then p enjoys also some Hélder
regularity in time.

Corollary 3.6. Let u be a local weak solution to and p be a weak solution to . Then,
there exists a positive constant C' such that

d1(p(t), p(t)) < Clt —t'|2"5 vt ¢ € 0,7,

where C' depends in particular on A, |[allcqwr=), Cu, |ullcg,) 1flraq,) d T (but not on
T, pr)-

Proof. Since p solves the Fokker-Planck equation with drift D,H (z, Du(z,t)), given the

L' bound on |D,H(-, Du)|” p, the result is a straightforward application of [11, Lemma
4.1]. O

3.2 Further bounds for global weak solutions

If u is a global weak solution, i.e. an energy solution up to initial time, it is possible to control
its sup norm in terms of [ugl/¢(4). This will be done in the next proposition.

Proposition 3.7. There exists C' > 0 (depending on A, ||a||cw1.),T,d) such that any global
weak solution u to satisfies

[l T)Hc(Td) <C for all 7 € [0,T]. (38)
Proof. First, we prove a bound from above for w:
u(z,7) < [luolleray + Cll fllzace,) (39)

for all 7 € (0,7) and = € T?. Consider indeed the (strong) non-negative solution of the following
backward problem

{atmx,t) =3 Oijaij(z, (e, 1) =0 on Q,
p(,7) = ir () on T? .
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with g, € C®(T%), pu, > 0 and el g1 (pay = 1. Note that p is a solution of a Fokker-Planck
equation of the form with drift b = 0. Then, since ¢’ < (d +2)/(d + 1), by Proposition
there exists a positive constant C' (not depending on 7, yi,) such that |||z, (q,) < C.

Use p as a test function in the weak formulation of the Hamilton-Jacobi equation to get

/Td u(@, ) () do = /w UO(w)u(%O)der/QT fudadt — //Q H(x, Du)pdadt .

Applying Holder’s inequality to the second term of the right-hand side of the above inequality
and the fact that ||p(t)|[L1(pey = 1 for all t € [0, 7], we get

[, w0t 0o+ [ [ gudsdt < Juoles + Clf e -
T 0 T

By the assumption H(z,p) > 0, we then conclude

[, @ mr(@)de < uolloges +Clf e -

Finally, by passing to the supremum over g, > 0, ||/~LT||L1(1rd) = 1, one deduces the estimate (39)
by duality.

To prove the bound from below of u, one can argue exactly as in the proof of Proposition
3.2 starting from the representation formula with s = 0. Using the additional upper bound

B9,

/ /Q Dy H (z, Du(, 0)[" pla,t) ddt < 2uollersy + Cllf ey + 1z 12l -

This provides as before a control on foT |D,H (z, Du))|[" pdadt and thus on o]l £ (q,)» Which
depends on |[ug||c(r4) instead of the full sup norm |[ul|o g, - Going back to [32),

/W u(x, 7)pr(v)dr > /Td u(z,0)p(z,0) — Cf, //T p(z, t)dzdt + / . fpdadt.

Since [ fp can be bounded (from below) by Hélder’s inequality,

[ ut.mpr@)de = ., O)lloqws) - Cur - C.
T
Since p, can be arbitrarily chosen so that ||p-||1(re) = 1, we have the desired result. O

3.3 Proof of Theorem [1.1]

The following theorem contains the core argument of Lipschitz regularity.

Theorem 3.8. Let u be a local weak solution to . Suppose first that holds with P = Q.

Let n € C§°((0,T)) be a smooth function satisfying 0 < n(t) <1 for allt. Then, (nu)(-,7) €
Whee(T4) for all T € [0,T), and there ezists C > 0 depending on A, ||al|cwr<), [[D?allL=(q.),
Ch, ||U||c(§T): ||fHLq(QT)7 ¢,d, T such that

() IDuC, )l crs < O(IDallie @) 1Dulissr-nian + sup /(0] +1)

s
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for all 7 €10,T7.
Without requiring P = Q in , but assuming in addition that Da =0 on Qr, we have the
same assertion, and in particular

A IDuC,7)lamrs < O sup I ()] + 1)

for all 7 €10,T7.
Proof. Step 1. Since H is convex and superlinear we can write for a.e. (z,t) € Qr

H(z, Du(x,t)) = Sélﬂsd{y - Du(x,t) — L(x,v)}.

Hence we get, for 0 < s < 7,

/T(atu(t),go(t»dt—&—/ o Oiu(z,t) 0;(aj(x, t)p(x,t)+[2(z, t)-Du(x, t)— L(z, =(x, t))] ¢ dadt
< /Qs,f f(z, t)p(z,t)dxdt  (40)

for all test functions ¢ € #(Q,,) N L®(s,7; L7 (T?)) and measurable Z : Q, » — R? such that
L(-,Z(-,-)) € LY(s,7; L°(T%)) and Z- Du € L'(s,7; L?(T%)). Note that the previous inequality
becomes an equality if Z(x,t) = DpH (z, Du(z,t)) in Qs r.

We fix p; as in . Set
w(z,t) = n(t)u(z,1).

Use now with Z(z,t) = D, H(x, Du(z,t)) and ¢ = np € #3(Q-) ﬂL‘X’(s 7: L7 (T%)) for
all 1 < o’ < oo, where p is the adjoint variable (i.e. the weak solution to (30)) to find

/ (Orw(t), p(t))dt + / O;w 0j(aijp) + DpH(z, Du) - Dwp — L(x, DpH (x, Du))np dadt
s QS,T

=/ fnpdxdt—i—// un' pdxdt.  (41)
QS,T

8,T

Then, use w € #2(Qr) as a test function in the weak formulation of the equation satisfied by p
to get

- / (Op(t), w(t))dt + / 0;(a;;p)0;w + DpH(z, Du)p - Dw dzdt = 0. (42)
s Qs,r

We now fix s small so that n(s) = 0. We then obtain, subtracting the previous equality to ,
and integrating by parts in time

/Td w(x, 7)pr(z)dr = // By n(t) f(x,t)p(x, t)dadt

+// n(t)L(x,DpH(m,Du(m,t)))p(;v,t)dacdt+// n' (t)u(x, t)p(x, t)dzdt.  (43)

s, T
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For h > 0 and ¢ € RY, |¢] = 1, define p(x,t) := p(z — h&,t). After a change of variables in
, it can be seen that p satisfies, using w as a test function,

—/V@memﬁ

+ // 9j(aij(x — hE, t)p(z, 1)) diw + DpH (x — hE, Du(z — hé, t))p(x, t) - Dw(x,t) dedt = 0.
(44)

As before, plugging =(z,t) = D,H(x — h§, Du(x — h¢,t)) and ¢ = np in yields
| @it pe)de

/ O;w 0;(a;jp)+DpH(x—h&, Du(x—h&,t))- Dwp— L(x, DpH (x— h€, Du(x—h&, t)))np dedt
Qs,r

§/ fnﬁdacdt—i—// un’ pdadt.
QS,T

s,T

Hence, subtracting to the previous inequality,

(& w(x, 7)pr (@ m<// % x — hé,t) — %@ﬂ)()Pwmﬁ

+ // L(x, D, H(x — h&, Du(z — h&,t)))np dxdt + / fnpdzdt + // un pdadt,
QS,T

8,7 s,T

which, after the change of variables = — x + h&, becomes
/Td w(z + h&, 7)pr(z)dx < // a” — h&,t) — aij(m,t))p(x,t))aiw dxdt
// L(x + h&, DpH(x, Du(z,t)))p(x, t) daedt
pdxd 'pdxd 45
+/Q5’Tfnp z t+//wwzp zdt, (45)
Taking the difference between and we obtain
/Td( (x4 he, ) —w(x,7))pr(x)dx < // a” x — h&,t) — a;j(x, t)) (z, ))8wdmdt
/ / L(x + €. Dy H(z, Du(z,1))) — L(z, DyH(x, Du(z, 1)) ) (e, ) dadt
[ nos@ 0 (ot~ e ) ~ p(o.0) dade
+ // 0 (t)u(z, t)(p(z — hé,t) — p(a,t)) dadt.

8, T (46)
Step 2. We now estimate all the right hand side terms of . We stress that constants
C,C1,... are not going to depend on 7, p,, h, &.
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Regardlng the first term, assuming that ? = Q holds in , we have by the growth assump-
tions on D,H that nDu € L@+20=1(Q.). Note that this fact will be used in the next
chain of 1nequaht1eb only. By Young’s and Holder’s inequality

|// % ((a”(x — h&,t) — a2, 1)) plz, t))(?iw drdt| =

‘// (0jaij(x — h&, t) — Oja;(w,t)) p Oyw dadt + // (@ij(x — hE, t) — a;j(x,t))0jp O;w dxdt

< D%l .ol 1Dulpdedt + Dl ..ol [ nDul Dol s

< Clh| (// |Dul”pdzdt + 7 + || Dal| L~ (q. ,) ||77DU||L<d+2)<w—1)(QS,) Dol ¢ arariv-1) V(QS,,))
QS,T

< Culh| (IDall (@, o InDullasai-v g, , +1), (47)

where in the last inequality we used and Corollary (with g = (d+2)(y—=1) = (d+
2)/(y =1) ).

Next, using first the mean value theorem (that yields a function ¢ : T¢ — T4), then property

(L2) of D, L and ,

| / / L(z + e, Dy H (e, Du(z, 1)) — L(z, DyH(z, Du(z, 1)) ) pla. 1) dede

<|h\// |DoL(¢(x), DpH (z, Du(z,1))) |p(, t) dedt
< Cplh| // (\DPH(x,Du(x,t))Pl +1)p(z,t) dzdt < C|h|.

Denote by D"p(x,t) := |h| 71 (p(z + h&,t) — p(z,t)). Then, for the term involving f we use again
Corollary with ¢ = ¢, and control the L? norm of difference quotient D"p via Dp (as in,
e.g. [38, Theorem 2.1.6]), to get

| / / 0t t) (ple — he.t) — pla,1)) drdt

< |h| / / (2,)] ID"plz, 1) dzdt < (I | a@n o |DPl o o, ) < CIB-

Finally, by boundedness of u stated in and again Corollary

|// 7 (t)u(z,t) (p(x — h&t) — p(z,t)) dxdt

Plugging all the estimates in we obtain

/1r (0@ + 1, 7) = w(a, 7))o (@)dw < CIR(I1Dal (@ [nDull b + sup I ()] +1).
(48)

< |hl(sup ")) [ull=(q. I PplLi(q...)
(0,T)

< C|h| sup [n'(t)]-
(0.7)
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Step 3. Since holds for all smooth p; > 0 with ||p7 | L1 (1ay = 1, we get

(r)luta + 16, 7) = u(a, 7)) < Ol (1 Dallzm@ InDul pasvaio-ner) + sup I ()] + 1)
for all x € T4, € € R%, h > 0. Thus, u(+,7) is Lipschitz continuous, and
U(T)HDU('aT)HLw(Td) < C(HD(IHLW(QT)||77DU||L<d+2><v—1>(Q,) + (SOU% |77/(t)| + 1)-

Since C does not depend on 7 € (0,T), we have proved the theorem.

Finally, for the special case Da = 0 on Qr, one may follow the very same lines, with the
difference that there is no need to control the term appearing in (which is identically zero).
Therefore, there is no need to keep track of ||nDul|+2-1)(q,), and therefore the theorem is
proven without assuming the constraint 2 = Q in .

O

The following lemma shows that || Dul|z~(q,) can be bounded by a constant depending on
the data only.

Lemma 3.9. Let u be a local weak solution. Then, there exists a constant C depending on Chy,
lulleg, s 1flenys 1Dallzw(@u): 4T such that

| Dul| (o) < C.
Proof. Plugging ¢ =1 as a test function in the weak formulation of we obtain, for s > 0,

/T u(@,T)dw — /T u(z,s)do + / / 0iud;(ai;) + H(x, Du) dudt = / Fdwdt

Qs.1
Hence, using (H)), and Young’s inequality we get

C
Cu [ 1DuP dadt < JuC, T)legw + 9o + 2 [ |Dul” deds
s, T QS,T

+ CT||Dajll g, 7y + //Q |fl9dzdt + T + Cg'T.
s, T

Therefore, we conclude by passing to the limit s — 0.
O

We are now ready to prove the main theorem on Lipschitz regularity stated in the introduc-
tion.

Proof of Theorem[I.1 For ¢; € (0,T), let n = n(t) be a non negative smooth function on [0, 7]
satisfying n(t) < 1 for all ¢, n(¢t) = 1 on [t1,T] and vanishing on [0,¢;/2]. Then, Theorem
yields u(-, 7) € WHo(T9) for all 7 € (0,T), and the existence of C' > 0 (depending on the data
and 7, so t1 itself) such that

W(T)HDU(WT)HLOO(W) < C(”DQHL“’(QT)||77DU||L<d+2><w—1>(Q,) + 1)

for all 7 € [0, T]. If (d+2)(y—1) <, we immediately conclude (B) using Lemma[3.9] Otherwise,
by interpolation of L+ —1(Q,) between LY(Q,) and L=(Q,) we get

1— i — ’Y'y—
n() | Du(-, 7l sy < C (|Da||Lx(QT>|nDu|L;:5f;” i Dul| 5T + 1) ,
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that implies after passing to the supremum with respect to 7 € (0,7'), and again using Lemma
to control ||nDullz(q,)

To prove the global in time bound one may follow the same lines, using n = 1 on [0, 7]
instead. Being the solution global, s = 0 can indeed be chosen throughout the proof of Theorem
and norms [|ul|¢(g, ) can be replaced by [lug||c(re) in view of Proposition 3.7, Note that an
additional term [, (u(z + h,0) — u(x,0))p(z, 0)dz pops up in ([@6): this can be easily bounded
by ||DU;0||L00('H‘d).

Finally, if a;;(z,t) = A;; on Qr for some A;; satisfying (A), then Da = 0 on Qr, and
we obtain the same conclusion, exploiting the fact that Theorem [3:8 does not require anymore
?=Q.

O

3.4 Beyond Lipschitz regularity

Once Lipschitz regularity is established, one can deduce further properties of weak solutions.
Indeed, the viscous HJ equation can be treated in terms of regularity as a linear equa-
tion, being the H(z, Du) term (locally in time) bounded in L*°. Thus, the classical Calderén-
Zygmund parabolic theory applies, and the so-called maximal regularity for u follows, i.e.:
Owu, Oj5u, H(x, Du) € L9,

Corollary 3.10. Under the assumptions of Theorem any local weak solution u of is a
strong solution belonging to W2(T* x (t1,T)) for all t; € (0,T), namely it solves almost
everywhere in Q.

Proof. For any t; > 0, Theoremyields H(z, Du(z,t)) € L=(T% x (t1/2,T)). Therefore, since
f € LYT? x (t1/2,T)) and ¢ > d + 2, there exists a weak (energy) solution v to the linear
equation

d
Opv(z, t) Z (x,t)0;v(z,t) = —H(x, Du(z,t)) + f(z,t) € LYT x (t1/2,T)), (49)

that satisfies v(t1/2) = wu(t1/2) in the L?-sense, and enjoys the additional strong regularity
property W(Iz’l(Td X (t1,T)). This can be proven using, e.g., local estimates in [28, Theorem
IV.10.1]. Since weak solutions to are unique, u coincides a.e. with v on T? x (¢1,T), and we
obtain the assertion. O

3.5 Some remarks on the exponents 7, Q, ¢

In the following remarks, we stress the importance of the condition D,H € L(L?(T¢)) with 2,
Q satisfying

d 1 1

4 < 50

27 T Q=2 (50)
Not only it guarantees Lipschitz regularity of u, but is also related to uniqueness of solutions in
the distributional sense. In the following examples it is indeed possible to observe multiplicity of
solutions; among them, there is one that is a local weak, Lipschitz continuous solution, while the
other(s) are not, showing therefore that Lipschitz regularity for positive times stated in Theorem
fails in general without extra integrability properties of D,H (z, Du).
We will also comment on the condition f € LY(Qr), ¢ > d + 2.
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Remark 3.11. We consider first the super-quadratic regime v > 2. For Q = oo, reads
D, H(x,Du) € L>®(L*(T%)) for some P > d.

Let a;; = 6;; and H(z,p) = |p|”, v > 2. For ¢,a > 0, we consider the (time-independent)
function

u(z,t) = c(x)lz]*  on Qr,
where 1 is a smooth function having support on By /2(0) and is identically one in B;,4(0). Note

that 1 has the role of a localizing term only, so that u;(z,t) is a representative on [—1/2,1/2]¢
of a periodic function on R?. If we let

v—2 (d—l—oz—Z)wil
azi’ cC=
v—1 @

then u; solves, for some f; € L>(T9) (that vanishes on By 4(0))
duu — Au(w, 1) + | Dulz, )] = () (51)
u(,0) = ()|,

in the sense that it satisfies all the requirements in Definition except the Aronson-Serrin
condition —. More precisely,

(y — 1)|Du|""* = |D, H(z, Du)| € L>(0,T; L*(T)) if and only if P <d.

Moreover, u; (-, 7) is clearly not Lipschitz continuous for any 7 € [0, T'.

Note that u(z,0) € C(T%) and f; € L>=(Qr), so by Theorem |1.2|there exists a unique solution
to in the sense of Definition Thus, admits two distinct strong solutions, but only
the one satisfying fully the Definition in particular the crucial integrability condition on
D, H(xz,Du), enjoys Lipschitz regularity.

Remark 3.12. In the sub-quadratic regime 1+2/(d+2) < v < 2, for a;; = ¢;; and H(z, p) = |p|”,
we can produce an energy solution to such that D,H (z, Du) € L2(0,T; L*(T%)) if and only

if
d 1 1

29 + Q > 2’
that is not Lipschitz continuous, and not even bounded in L° uniformly on Q. It then sat-
isfies all requirements of Definition except the Aronson-Serrin condition — and the
continuity up to ¢ = 0: the initial datum is assumed in the L?-sense only.
The construction of such a u is based on the existence, for k > 0 small, of U € C?(0,00) N
C']0,00) to the Cauchy problem

U () + (42 +4) V) + U) + [T @) =0 for0 <y < oo
U'(0) =0
U(0) = ao,

for some ag > 0, that satisfies for some positive ¢

U+ U ()| +U"(y)| < ce™  asy — oo.
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The existence of such a U is proven in [6 Section 3], see in particular Theorem 3.5, Proposition
3.11, Proposition 3.14 and Remark 3.8 (see also [29]). As in our Remark we need a smooth
localization term ¢ having support on (—1/2,1/2) and identically one in [—1/4,1/4]. Let then

22—y
ug(x,t) = —t7°U mt_1/2¢ zl|), o= ——.
(@1 (el 2 Ja) 5=
We have that us is a classical solution to
Opu(z,t) — Au(x,t) + |Du(z, t)|” = fa(z,t), (52)

where u5(0) = 0 in the L2-sense (since v > 1+ 2/(d + 2)). Moreover,

_ ~1/2
ot = =707 el )+ (S + L ) 0l ) 4 kel 7))

+ ’U’(Ifc\ Y22 + 20 (|2 ¢ H2) (|])

‘ v

+ 262U (Ja| £ 12) (|]) + ¢U (|| ¢ 12)0" (|]) + %W(le t_1/2)¢'(|w)}~
Note that fo(z,t) is identically zero on |z| < 1/4 and |z| > 1/2; otherwise, it is bounded in L°°,
since |U (x| ¢=Y/2) + U (Ja| t=2/2)| + [U” (|| t=/2)| < ce=t"*/%. Therefore, one should expect
the existence of a weak solution to the HJ equation with zero initial datum that is Lipschitz
continuous on the whole @ (by Theorem , but such a solution cannot be usg, since wus(t)
becomes unbounded as t — 0.

Remark 3.13. To have Lipschitz bounds for solutions to , one cannot avoid in general the
condition
f e LYQr) forsome ¢q>d+2. (53)

This constraint is actually imposed by the linear (heat) part of . Consider indeed a;; = d;;
and H(z,p) = |p|”, v > 1. For T > 0, let x € C*(R?), I'(x,t) be fundamental solution of the
heat equation in RY, f3(z,t) := x(x/V/T — t)[\/T — t log(T —t)]~! and u3 be the function

us(a,t) = / /R oy PTE s dyds on @
dx (0,

Clearly, us is a classical solution to

Opu(z,t) — Au(x,t) + |Du(z, t)|” = f3(z,t) + |Dug(x, t)|”
u(z,0) =0,

f3 € L9(Qr) for all ¢ < d + 2 and |Dug|? € L>=(0,T; LP(T?)) for all B < co. In turn, we have
that ||Dus(+,t)||cc — o0 as t — T'. Note that this example can be recast into the periodic setting
by multiplying ug by a cut-off function 1, as in the previous remarks.

Therefore, with respect to integrability requirements on f, Theorem is optimal, at least
when v < 3, namely when d + 2 > %. We do not know whether is enough also when
v =3

4 Existence and uniqueness of solutions

This section is devoted to the proof of existence and uniqueness of solutions to the HJ equation

().
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Proof of Theorem[1.3 Existence. We start with a sequence of classical solutions u, to regu-
larized problems

d
Opun (x, 1) — Z aij(, )0 un (2, t) + H(z, Duy(2,t)) = folx,t) in Qr =T x (0,T),
ij=1
Up(,0) = up,o(x) in T,

where f,,u,,0 are smooth functions converging to f,ug in L9(Qr), C(T?) respectively. The
existence of solutions to the regularized equations can be proven using standard methods, as
detailed in [22] (see also [15]).

The global bound on [|uy|¢ (g, depending on [[ug||c(r4) (see Proposition and the local
in time Lipschitz estimate hold, namely, for any fixed ¢; > 0,

| D (-5 ) || oo (1ay < Ct, for all ¢ € [t1,T).

Hence, since f, is equibounded in LY(Qr), u,, is equibounded in WqZ’l(Qtl,T) by standard max-
imal parabolic regularity (e.g. [28, Theorem IV.10.1]). Then, weak limits d;u, D?u exist (up to
subsequences), and are in LY locally in time. Moreover, since ¢ > d + 2, parabolic embeddings
of W2 (see e.g. [15, 28, 22]) guarantee that u, and Du,, are equibounded and equicontinuous
in [t1, T for all t; > 0. Therefore, Ascoli theorem and a further diagonalization argument imply
that, again up to subsequences, w,, converges uniformly on [t1,T] for all ¢; > 0 to some limit u,
and the same convergence holds for Du,,. Note that the desired limit equation is locally satisfied
in the strong sense, namely a.e. on Q.

To prove that u is a local weak solution, it just remains to show that it is continuous up to
t = 0. This is a delicate step since the control on Du deteriorates as t — 0. We start with the
Ls.c. inquality

uo(xg) < h{r_i%gf u(z,t) Vag.

The following fact will be crucial: for all (Z,1) € Qr, there exists p = pz 7 € Cc3Ne ([0,], 2(T4))N
;,(Qg) such that pz #(f) = dz and

ww Dz [ w@past0. )+ [[ 10t st~ 1 (54)

and p; 7 is bounded in O ([0,7], #(T%)) N #L (Q7) uniformly in (z,7). Indeed, let u, be as in
the previous part of the proof, and p,, be the corresponding adjoint variable solving , where
pn(t) is any sequence converging to dz in the sense of measures. By duality (see Lemma we
get

/Td U (2, 8) pp (1) = /Td Un,0(2) pn(x,0)dx + // E (L(x,DpH(x,Dun))pndxdt + fnpn> dxdt.

Moreover, p, is bounded in C Ny ([0,4], »(T4)) N #y(Qz) by means of Corollaries and
and these bounds do not depend on p, () nor on (z,7). By (LI)), L > —Cy. Moreover, uyo(-
and 1, (-,%) converge uniformly in T?, p,(t) converges in the sense of measures, f, converges
strongly to f in L9(Qz) while p,, enjoys the same convergence in the weak LY sense, eventually
up to subsequences (actually it could be made strong convergence by compact embeddings of
parabolic spaces). Hence we obtain by passing to the limit n — co.
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Fix now zo € T¢, and let (Z,,,%,,) be any sequence such that (Z,,,%m) — (z0,0). By adding
uo(xg) to both sides of , rearranging the terms and using Holder’s inequality, we have

Uo ($O) < u(jma 7?m)

1A ooz 10 ol o (ri ) + Crim + /

o () (029 = Pz, ., (0)) (d).
'[rd

On one hand, || f||za(rax(0,7,,)) — O as tm — 0, while [|pz, 7

e is equibounded. On the other
hand, as z,, — =,

[, 0@ (s =,.5,(0)) () = woa0) =)+ [ 0@) (35,5, ()= 3.5, 0)) ) 0.

Td

by continuity of ug, and the fact that di(pz,, 7, (tm), Pz, 7,,(0)) < C|t_m|%/\% — 0 implies the
convergence of pz 7 (tm) to pz, z, (0) in the weak sense of measures. We then get the claimed
lower semicontinuity of u on Q.

The reverse inequality

ug (o) > lim sup u(x, t) Vo
Tr—T0o
t—0

can be obtained following analogous lines: instead of testing the approximating equation for wu,,
by solutions p,, to the adjoint Fokker-Planck equation, it is sufficient to use

78tlun(x7t) - Zaw (aij(xvt):un(xat)) =0 on Qf ,

i,J

i.e. a solution of a Fokker-Planck equation of the form with drift & = 0, such that g, (f)
converges to dz in the sense of measures. By duality with u,, and H > —Cly, it holds

/ U (2, 8) pon (, ) dx §/ uo(:t),un(x,O)dx—f—/ Fapindzdt + Cyt,
Td Td Qs
and by taking limits

u(z,t) < / uo () pz (0, dx) +/ fudzdt + Cyt,
Td Qr
so it is possible to proceed as before.

Uniqueness. Consider two solutions wuy,uz of the HJ equation, and take their difference
w:=wu; — ug on Qp. Let 7 € (0,7]. By convexity of H(x,-), w solves

drw(t), p(t))dt + O;w 0j(a;;p) + DypH(x, Dug) - Dw pdxdt <0
j\Qij p
s Td X (s,7)

for all s € (0,7), and w(-,0) = 0. Let now p be adjoint variable with respect to us, namely p be
the weak solution to

d
—Op(x,t) — Z dij(aij(z, t)p(z,t)) — div (DpH(x, Dug(w,t)) p(z,t)) =0 in Q; , (55)
ple,7) = py () on T?
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for some non-negative and smooth probability density p,. Then, by duality we get
/ w(z, T)pr(z)dz < / w(z, s)p(z, s)dzx.
Td Td

Since w € C(Q7), it is uniformly continuous on Qr, so w(-,t) — w(-,0) = 0 uniformly in T
Moreover, [r, w(z,s)p(x,s)dx = [p.[w(z,s) — w(z,0)]p(x, s)dx. Thus, by Holder’s inequality
and [|p(s)||pr(rey = 1, [ra w(s)p(s) = 0, yielding

/11‘d w(z, 7)pr(z)dz <0

for arbitrary p,. As p, varies, u1(7) < us(7) follows, and by exchanging the role of u; and us
and varying 7, we eventually obtain u; = us.

Additional regularity. When uy € W1, using global Lipschitz bounds (4)) one can bring
Lipschitz (and further) regularity of w, to the limit solution u on the whole time interval [0, T.
O

Remark 4.1. Note that the uniqueness proof works in the sub-quadratic case v < 2 if one
requires up € L>(T?) and w;(s) = ug in L only. This follows by the fact that p in
can be proven (as in Proposition to satisfy fOTf |DpH (z, Dug)|' p < co. When ~/ > 2,
then p € C([0,T], L*(T%)) by [33, Theorem 3.6]. Strong convergence of p(s) in L' and weak-*
convergence of uy(s) — uz(s) is then enough to have [, w(sn)p(s,) — 0 along some sequence
sn — 0. We believe that existence and Lipschitz regularity of solutions could be addressed in
this weaker framework, but this is a bit beyond the scopes of this paper. Nevertheless, these
considerations are in line with the principle that in the super-quadratic case v > 2, the HJ
equation “sees points” [13], and thus requires uy to be continuous in order to be well-posed,
while for v < 2 it may be enough to have informations a.e. at initial time.

5 A priori estimates: Bernstein’s and the adjoint methods

This section is devoted to the proof of Theorem and complements regularity results of the
previous section. Here, u is a classical solution to . This will allow to perform the Bernstein’s
method, namely to analyse the equation satisfied by |Du|?. The adjoint of such an equation is
basically . As before we will exploit the interplay between the equation itself and its adjoint.

We will assume that a;; € C([0,T]; C*(T%)) and satisfies (A), H € C*(T¢ x R?) and satisfies
(), f € C([0,T]; C*(T?)), up € C*(T?) and

d+2
i 2, ——— .
o> min{a+2, 5525

As before, for any fixed 7 € (0,7), p, € C>®(T?), p, > 0 with llprllLi(rey = 1, let p be the

(classical) solution to . Note that Proposition Lemma and Proposition apply.
We start with a revised version of Corollary [3-4]

Corollary 5.1. Let u and p be (classical) solutions to and respectively. Let q be such

that
d+2

2(y = 1)’
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Then, there exist constants C > 0 and 0 < § < 1 such that
ollzes, (@) < C(IDull =g, +1) 5

where C' depends in particular on A, ||a||cw1.), Ch, ||u0||c(w), ||f||Lq(QT), d,d, T (but not on
T, pr)-

A straightforward consequence of the corollary is that

d+2

2(v = 1)+ 1° (56)

ol (g.) < (||Du||Lm(Q +1), for all p >

Indeed, since §' < 31%, Proposition gives the result.

Proof. Since ¢ < %, applies (with ¢ = q), yielding by

||P||%;,(QT) <C (//Q |DpH(x,Du)|’“/pda:dt+ 1>

Cy (// |Du\(7_1)T/pdxdt+ 1)
<a(Ipull, | [ 1D+ ).

with " = 1+ (d+2)g!. Note that § > 0 can be chosen small so that (y—1)r' —1+44 <. One
then uses the estimate on [[|Du|7p (and Proposition to conclude. O

We are now ready to prove our main a priori Lipschitz regularity result.

Proof of Theorem[I.3 Step 1. Set z(z,t) := M on QQr. Straightforward computations
yield

0;z =Du-Doju , 0;z= D0ju-Doju+ Du-D0O;jju, 0iz= Du-D(0wu),

which give

d d
Tr(AD?z) = Y ADOyu - Doyu + Du- D{Tr(AD?u)} — > " 0puTr(9pAD?u) . (57)
k=1 k=1

Then, differentiating the HJ equation with respect to xj, multiplying the resulting equation
by us,, and summing for kK =1,...,d, one finds

Du - D(8yu) — Du - D{Tr(AD*u)} + D,H - Dz + D,H - Du= Df - Du .

Therefore, by plugging into the previous equality we obtain the following equation satisfied
by z

d d
Orz—Tr(AD?2)+ > ADOyu-DOyu+DyH Dz = > 94uTr(0y AD*u)— Dy H-Du+D f-Du . (58)
k=1 k=1
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Using the uniform ellipticity condition we estimate the third term on the left-hand side by

d
Z ADOyu - DOyu > ATr((D?u)?).
k=1

Multiply by the adjoint variable p and integrate by parts in space-time to get

/ z(x, 7)pr () dx + )\// Tr((D?u)?)p dedt < / z(z,0)p(x,0) dedt+
Td Q- Td
// |D,H||Dulp dzdt + // Df - Dupdxdt +/ OpuTr (O, AD?*u)pdxdt. (59)
Qr Qr Qr
Step 2. We proceed by estimating the four terms on the right hand side of . First,
1
/T 2(,0)p(, 0) dedt < 3 Dut 03y (60)
Second, thanks to , Proposition and Young’s inequality,
1
//Q |DyH||Dulp < ||Dul| g (q.) [C’H //Q | Du|” p dadt + CHT] <Co+ §||Du|\2Lm(QT). (61)

We then consider [[ Df - Dup. Integrating by parts,

‘/ Df- Dupda?dt’ = ’/ fdiv(Dup) dmdt’
QT QT
< ‘/ fDu - Dpdxdt’ + ‘/ fTr(Dzu)pdxdt’ =1 + 1
Qr Qr

The term I; can be controlled by means of Hélder’s and Young’s inequalities, and the control on

llpllze:, stated in Corollary
L < |Dull =@ I flLa@nllPll e g,y < CllDullo= @ lIf s, (1Pull g, ) +1)
1
<Cs+ T6||DU||%W(Q,)- (62)

We apply to I also Holder’s and Young’s inequalities to get, for a p > 1 to be chosen,

1 A
I <~ // fPpdxdt + = // Tr((D?u)?)p dxdt
20 J e, 2 /Ja.
< oyl Tl +5 ([ T(D)pdods.
= oy lzzr@nlelieren +g f f

Let us focus on the first term of the right-hand side of the above inequality: it can be bounded
by and || f|| La(@,) whenever there exists p such that

2(d +2) ]
—— < 2p<q.
oy —1+1 =
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Such a p indeed exists, since ¢ > min {d + 2, m} Therefore,

A
L<C+ o HDUHLOC(Q 2//@ Tr((D%u)2)p davdt. (63)

For the last term [ Uy, Tr(Ag, D?u)p, Cauchy-Schwartz and Young’s inequalities yield

A
// Uy, Tr(Ay, D*u)p dadt < C||Da|\go// |Dul?p dzdt + B // Tr((D?*u)?)p dxdt
QT QT T

We distinguish two cases: if v > 2, we have by (with 8 = 2) that [f, |[Dul?p < C.
Otherwise, if 1 < v < 2,

// Dl < | Dul? // |Dufpdedt < C|[Dul* .

In both cases we end up with
1 A
/ OpuTr (O AD*u)p dadt < Cy + gHDUH%M(QT) + 5 // Tr((D?*u)?)p dxdt. (64)
Qr Qr

Step 3. Plugging , , , and into we get

1

1 3
5 [ IDue ) Por(@ydo = [ 2(.m)pr(e) do < S1DUCO) e oy + € + DU g
Td Td

Since this inequality holds for all smooth p; > 0 with [|p;||L1(7ay = 1, We obtain

) 3
S 1DuC T o) < HDU( 0)[ 720 ray + C + g1 Dullie (o,

and we conclude by passing to the supremum with respect to 7 € (0,7). O

A Some auxiliary results

Lemma A.1. Letp > 1, f € LP(Qr), and suppose that a;; € C(Qr) satisfies . Then, there
exists a unique solution in W' (Qr) to

Opu(w,t) — szzl aij(z,t)0u(z,t) = f(x,t) inQr,
u(z,0) =0 in T4 .

Moreover, there exists a constant C (depending on A, p, and the modulus of continuity of a on
Qr) such that
izt () < Cllfllzrar) - (65)

Proof. This is a classical maximal LP regularity statement for uniformly elliptic equations with
continuous coefficients, that can be deduced from results contained in [28]; see [14] for additional
details. One can also rely on abstract results on maximal regularity for parabolic equations in
[36]. O
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The following continuous embedding result of #1(Qr) into LP(Qr) is rather known and
can be found for example in [16]. However, we need its stability as T — 0: this requires an
additional control on the trace at some time (e.g. ¢ = 0). We provide a proof here for the
reader’s convenience.

Proposition A.2. If 1 < 0 < (d+2)/(d + 1), then #:(Q1) is continuously embedded into
LP(Qr) for

p o d+2
Moreover, if u € #X(Qr) and u(-,0) € L*(T?), we have

1 1 1

lull 2oy < C(I1ullzer gy + (Ol 1 epay ) (66)
where the constant C' depends on d,p,o,T, but remains bounded for bounded values of T.

Proof. Let f € LPI(QT) and ¢ be the solution to

—0wp(x,t) — Ap(z,t) = f(z,t) inQr,
oz, T)=0 in T¢ .

By Lemma  satisfies
H‘plle;l(QT) < C”fHLP/(QT) ) (67)

Note that C' here may depend on T, but it is the same for all T'< 1 (if T' < 1, it is sufficient to
extend trivially f on T¢ x (T, 1) and use on T? x (0,1)). Note that (d+2)/2 <p’ <d+2.
Therefore, by the embedding results in [28, Lemma I11.3.3],

lellcw@n < Clelwziar  Ielwis@n < Clelvsgn (63)
Note that a straightforward application of [28, Lemma I1.3.3] yields bounded constants in as
T — 0, plus an additional term on the right-hand sides of the form C;T~1 H@HLp'(QT); this term

can be removed using the fact that ¢(7) = 0, that guarantees [[¢|| 0 (o,) < Tl0:0ll 1 (@r) <
T|l¢lly21 (- Note also that here we can identify norms on T? with norms on Q = (0, 1)4.

Therefore, integrating by parts in time and using @ and 7

‘// ufdxdt' = ’// u(—0p — Ap) d:z:dt‘
< / le(, 0)u(z, 0)|dz + ’/ 6tU(,0dIdt’ + // |Do| | Du| dxdt
T4 Qr Qr
< (O~ xa O lz120) + 101 10,1 w301 + P22 @) 1Dl o)
< O(Iu(O)llzs et + 100l 100,y + 1P )1 vy

yielding the desired result.
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