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In this course we are interested in optimization problems involving a stochastic and controlled
dynamical system. For instance, in math finance, it can be the problem faced by a trader to buy or
sell a certain amount of a risky asset over a given period (optimal trading): the dynamical system
in this case the made of the price of the asset (in general random) and the amount of this asset
owned by the trader. The control is the amount of risky asset the trader buys or sells at each time.
The dynamical system can evolve either in discrete or continuous time: for instance, in economy,
models are most often written in discrete time, while in finance or engineering the continuous time
setting dominates. We will focus here on the continuous time formalism.

In terms of math, optimal control is at the intersection of stochastic calculus, optimization and
partial differential equations (PDEs): it studies stochastic differential equations (SDEs) parametrized
by a “control” which is chosen at each time in order to optimize a payoff function. To study this
optimization problem, we will introduce a “value function”, which satisfies a dynamic programming
principle and thus a PDE, the Hamilton-Jacobi equation (HJ equation). One of the interests of
this formulation is that it is possible to derive the optimal control from the HJ equation—at least
in sufficiently smooth settings (verification principle). When the value function is not smooth, it
is convenient to characterize it as a weak solution to the HJ equation (viscosity solutions): this
gives tools to manipulate the PDE in an efficient way (for instance, to analyze numerical schemes
to approximate the value function).



Standard monographs on the subject:

e Fleming W.H. & Rischel R.W. (1975) Deterministic and stochastic optimal control. Springer-
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A classical reference (but without viscosity solutions)

e Fleming W.H. & Soner H.M. (1993) Controlled Markov processes and viscosity solution.
Springer-Verlag, New-York.

A classical monograph, one of the first ones on viscosity solutions

e Lamberton, D., & Lapeyre, B. (2011). Introduction to stochastic calculus applied to finance.
Chapman and Hall/CRC.

One of the most classical (French) references on optimal control problems applied to finance

e Pham, H. (2007). Optimisation et controle stochastique appliqués a la finance (Vol. 61).
Berlin: Springer.
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tions (Vol. 43). Springer Science & Business Media.

A classical reference to control theory, with a good development on the theory of viscosity
solutions and on optimality conditions (through backward SDEs).
The reader can also find a lot of material in the online courses:

e Bruno Bouchard “Introduction to stochastic control of mixed diffusion processes, viscosity
solutions and applications in finance and insurance”
https://www.ceremade.dauphine.fr/%7Ebouchard /bouchard.htm

e Nizar Touzi “Deterministic and Stochastic Control, Application to Finance”
http://www.cmap.polytechnique.fr/ touzi/fLecture

1. FEYNMAN-KAC FORMULA

We start with the analysis of an uncontrolled system. It might seem strange to start a course
on stochastic control by a problem in which there is no control. The reason is, that in this simple
case, ideas and proofs are relatively easy.

1.1. Stochastic differential equations. We fix throughout these notes a stochastic basis (Q2, F, P),
supporting a m—dimensional standard Brownian motion W. We denote by (g't)te[o’T] the complete
filtration generated by W. Our aim in this section is to study the SDE

dX; = bt(Xt)dt + O't(Xt>th, t e [tQ,T], Xto = Xq, (11)

In this equation, T' > 0 is a fixed horizon. The initial condition (g, 2¢) € [0, 7] x R? is given (d € N,
d > 1). The random drift b : Q x [0,T] x R? — R? and the random volatility o : Q x [0,7] x R% —
R¥>™ are Borel measurable and are supposed to satisfy the following conditions:
(1) (Measurability) b and o are progressively measurable w.r. to (F)ejo,7)
(¢4)  (Lipschitz continuity in space) 3L > 0 such that
bi(y) — (@) + louly) — (@) < Lly—al W€ 0.7), oy R and as. (1)
(7i7) (Growth condition) IM > 0 such that

E[f 16:0)] + ou(0) ? dt] < M.

By a solution X to (1.1) we mean that X : Q x [tg,T] — R? is progressively measurable with
respect to the filtration (J¢).¢(o,7), is integrable:

T
to

t t
Xt—aso—i—/ bS(XS)der/ oo(X)dW, Vit € [to, T], ass.

to to

and satisfies
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Note that, by classical properties of the stochastic integral with respect to a Brownian motion, the
path of X are a.s. continuous.

Theorem 1.1. Under Assumption (1.2), there is a unique solution X% to (1.1). It satisfies the
following estimates:

(1) (Growth)

< C(‘$0|2 +1) Y(to, o) € [0,T] x ]Rd,

E | sup ’Xfowo ’2
te(to,T)

where C' depends on T, L and M only.
(2) (dependence with respect to the initial condition)

E | sup |Xfo,w0 _ Xfoyyo‘Q

te(to,T)

< Clzo—yol>  (to,z0,50) € [0,T] x R x RY,

where C' depends on T and L only.
(3) (regularity in time)

E [\Xf“vf”o — Xgom\?} <Clt—s|  (to,t,s,m0,50) € [0, T]> x R, st, > to,
where C' now depends on xg, T, L and M.

Remark 1.2. In fact similar argument as the one developed below show that, when o is also
bounded, then

E
te(to,T)

sup | X700 — Xfo’y°|] < |zg — yole“T (to, zo,40) € [0,T] x R? x RY,

Proof. The existence of a solution has been established in the course of Stochastic Calculus. Let

us now show the various estimates. We only do the proof in the case where the coefficients b and
to,xo
0.

o are bounded by M as this simplifies (substantially) the computation. We set X; = X

t 2 t 2
]Xt]2§3<|x0|2+ / be(X,)ds| + / os(Xs)dW, )
to to
Thus
t 2 t 2
E| sup |X¢?| < 3|zo/> +3E | sup /bS(XS)ds +3E | sup /as(Xs)dWS
te[to,T} tG[to,T] to tG[to,T] to
t T
<3lzgl +3E | sup (t—tg) [ |bs(Xs)|2ds| + 12E [/ |05(X5)2ds}
tG[to,T] to to

< 3lzol® + 3MAT? + 12M>T,

where we used Cauchy-Schwarz and Doob inequalities in the second line.

We now check the dependence with respect to the initial condition. We set X; = Xtto’gc0 and
Y, = X,"%. As

t t

X =Yy =20—1yo +/ bS(XS> - bS<YS) ds +/ (US(XS> - US(YS)) dWs,
to to

we obtain

2

Xs—Y52§3<’3?0—y0’2+ +

/S by(X,) — (V) dr

to

/S(UT(XT) —op(Yy)) dW;

to

)



Thus

< 3|z — yol* + 3E | sup

sE€[to,t]

/ (on(X,) — 00 () dWY,

to

E [ sup | X, — Y[

s€E[to,t]

/s be(X,) — by (Y;) dr
1

S t
<7 sup [ () - bR dr < TL [ X - VP ar
SE[to,t} to to

2]
+ 3E | sup

sE[to,t]

We note that, by Cauchy-Schwarz inequality and the Lipschitz continuity of b,

/S be(X,) — by (Y,) dr 2

sup
s€lto,t]

t
< TLQ/ sup | X, — Y,|? ds.
t

0 'I’E[to,s]

On the other hand, by Doob’s inequality

s 2 t
E | sup / (00(X,) — 0p (Y, )dW,| | < 41@{ o (X,) —UT(YT)\er]
se[to,t] to
t t
< 4FE [/ L?|X, —Yr\zdr] < AL’E / sup | X, —Y,|? ds| .
to to T'E[to,s]
We infer that
t
E | sup |Xs— Y| <3|zo—yol|? +3L*(T + 4)/ E| sup |X, -V,
s€[to,t] to r€(to,s]

We conclude by Gronwall’s Lemma (see below).

Next we prove the regularity in time. Here again we assume that the coefficients b and o are
bounded by M to simplify the computation. Assume that gy < s <t. Then

X, — X, / dr—i—/t (X)) AW,
2
E[|X: — X,|°] <3E [ ]

[ +6E [ / t |aT(Xr)!2dr] (Doob)

<3M?((t—s)*+2(t—s)) <3M*(T +2)(t — s).

so that

t 2

t
bo(X,)dr| | + 3E /ar(Xr)dWr

]dr

We used above the

Lemma 1.3 (Gronwall’s Lemma). Let T > 0 and let g be a nonnegative measurable map which is
bounded on the time interval [0,T]. Assume that there exists two constants a > 0 and b > 0 such
that

¢
g(t) <a-+ b/ g(s)ds vt € [0,T].
0

Then we have
g(t) < aexp(bt) vt € [0,T].

We note that the above result extends to the case where the initial condition is random.
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Proposition 1.4. Fiz tg € [0,T] and assume that the random variable Z belongs to L? and is
JFt,—measurable. Then the solution X to

dX; = b(Xy)dt + o (Xy)dWy, t € [t1,T], Xy, =7,
exists, is unique, and given by X'0Z .

Proof. The existence and the uniqueness of the solution can be proved as for the case where the
initial condition is deterministic. The fact that the solution is given by X*Z is due to the continuous
dependence of X% with respect to  (see Theorem 1.1) and that (W; — Wy, )¢>4, is independent
of ?to . U

Let us now underline an important property of the solution.
Proposition 1.5 (Semi-group property). Fiz 0 <ty <t; <T and set Z = Xf;”xo. Then
xlom — xIv 7 i > as..

Proof. This is obvious because Z € J, and thus, from the previous proposition, X 1,2 is the unique
solution to
dX; = bt(Xt)dt + O't(Xt)th, te [tl,T], th =7,

while (Xtto,xO)te[thT] is another solution to this equation. O

1.2. The value function and a Feynman-Kac formula. From now on, we assume that, in
addition to (1.2),
the maps b and o are deterministic and continuous. (1.3)

The main consequence of this assumption is the fact that, for any to € [0,7] and any z € R?, the
process X ‘7 is independent of F,. This can be proved by using the fact that X’ is fixed point

of the operator

t t

X = (t—=xo —i—/ bs(XS)ds+/ os(Xs)dWs)

to to
which maps processes progressively measurable for the completed filtration generated by (W; —
Wi )t>t, into itself. This filtration is independent of F%,.

We fix a terminal payoff g : R — R which we assume to be Lipschitz continuous and bounded,
and define the value function

ulto, x0) = E [g(X{*™)]

where X020 is the solution to (1.1).

Lemma 1.6. The map u = u(t,z) is bounded, Lipschitz continuous in the space variable x, uni-
formly with respect to t and Holder continuous in t, uniformly in x.

Proof. The fact that u is bounded and uniformly Lispschitz continuous in space derives easily from
the assumption and of the regularity of the map = — X?*. For the proof of the time regularity,
we use the dynamic programming, proved below (fortunately without using the regularity of u in
time !): for to <t; < T,

u(to, 20) = E |utr, X[*)]
Thus
|u(to, z0) — u(ty, zo)| < E ||ufty, X;"°) — U(t1a$0)|] <CE [!Xff’mo — xol| < Clty —to]'/?,

where we first used the Lipschitz regularity of w in space and then the time regularity of the process
X (Theorem 1.1). O

Proposition 1.7 (Dynamic programming). Let 7 be an (F;)—stopping time with T € [to,T]. Then
u(to, zo) = E [u(r, X20*0)].
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Proof. Let us start the proof when the stopping time is a constant t; € (t9,7]. By semi-group
property,

u(to, 7o) = E [E [g(Xr}l’Z) | fﬂlH :

where Z = Xttf’xo. As, for any = € R, X;l’x is independent of J;, while Z is J;, —measurable, we
have

E[g(X27) | 50] =B [9(xp")] _ = u(tr, 2).

(the proof of the first equality can be justified first when Z is discrete, and then by passing to the
limit). Taking expectation proves the result.

The case of a general stopping time can be obtained first for stopping times taking only a finite
number of values and then by approximation. O

A first consequence of the dynamic programming above is that u solves a PDE—at least if it is
smooth enough:

Theorem 1.8 (Feynman-Kac formula). Assume that u is C12. Then u satisfies the equation (in

w)
{ —Oiw — Lw =0 in (0,T) x RY (1.4)

(T, z) = g(z) in RY
where LP(t, x) = by(x) - Do(t, ) + Ltr(oy(x)o] (x)D?*p(t, x)) for any ¢ C2.
Under the above assumptions, v is not C*? in general. However, we will see below that u satisfies

the equation in a weak sense (viscosity sense). On the other hand, in this simple setting where
there is no control, u is C1% as soon as the data (b, o and g) are smooth enough (say C?).

Proof. To do the proof we first assume that ¢ and u and its first and second order derivatives
are bounded. The general case is left as an exercise, using a localization argument explained for
Theorem 1.9. Fix ty and h > 0 small. Then by dynamic programming, we have

u(to, xo0) = E [u(to + h, Xig+n)], (1.5)
where we have set X = X?0:%0_ By Ito’s formula, we have
to+h to+h
u(to + hy, Xy4n) = u(to, xo) + / (Oru(s, Xs) + Lu(s, Xs))ds + / Du(s, Xg) - 05(Xs)dWs.
to to

As Du and o are bounded, the last term is a martingale. Thus pugging this equality into (1.5), we
get (after simplification by u(tg, zo)),

0—E [/t0+h(('“)tu(s, X,) + Luls, XS))ds] .

to
We divide by A > 0 and let h — 0. As the integrand is bounded and a.s. continuous in s, with
Xi, = xo, we find
0 = E [Qwu(to, o) + Lu(to, z0)] -
The term in the expectation being deterministic, we conclude that u solves the equation. The fact
that u satisfies the terminal condition is straightforward. O

Theorem 1.9 (Verification). Assume that a bounded CY? map v satisfies (1.4). Then v = u.

In other words, if u is C12, then it is the unique solution to (1.4). Note that the boundedness
assumption on g and v can be relaxed. However some growth condition is required for the result
to holds (typically, a polynomial growth is OK).



Proof. Assume first that o and Dv are bounded. Set X = X%0:%0, Then, by Itd’s formula,

T T
o(T, Xr) :v(to,x0)+/ (D,0(s, Xs) + Lo(s, X.))ds + | Dols, Xy) - oo( X)W,

to to
By the equation for v, the first integral vanishes. Moreover, the last term in the RHS is a martingale
because Dv and o are bounded. Thus taking expectation,
E [U(Tv XT)] = v(t()? $0)-

As v(T,-) = g we conclude that v(to, o) = u(to, zo).
We now explain how to remove the extra condition. Fix R > 0 large and let 7p be the stopping
time defined by
TR = inf{t > to, ’Xt — 330‘ > R},
with 7p = T if the RHS is empty. We write It6’s formula between ¢y and 7p:
TR TR

v(TR, X7p) = v(to, z0) —l—/ (0sv(s, Xs) + Lu(s, Xs))ds + Du(s, Xs) - 05(Xs)dWs.

to to
As before, the first integral vanishes. In the set [tg,T] x B(xo, R) the maps Dv and o are bounded
by a constant M. Thus, on the interval [[to, Tg]], Dv(s, Xs) and 04(Xs) are bounded by M. Thus

T

t— tORM Du(s, Xy) - 05(Xs)dW5 is a martingale. So taking expectation, we obtain
E [U(TRv XTR)] = U(t07 .%‘0)

We now let R — co. Then, by a.s. continuity of the path t — X;, T — T a.s. As v is bounded, we
can use the dominate convergence theorem to pass to the limit as R — oo and obtain the equality

E [U(T, XT>] = U(to, 1’0).

We then conclude as before. |

2. A FINITE HORIZON PROBLEM

2.1. Statement of the problem. We consider an optimal control problem of the form: for any
(t()axO) € Rd X [O’T]a

u(to,x0) = inf J(to, o, ) where J(to, zg, ) = E [/T L(XY, ap)dt + g(XT) |,
a€A(to) to
where X = X%0:0:% s the unique solution to
dXP =b( X}, ap)dt + (X[, ap)dWy, t € [to, T, Xy = o,
and
A(tg) ={a: [to,T] x Q — A, progressively measurable with respect to o(Ws, s € [to,t])}.
We work under our standing assumptions:
A is a compact subset of a finite dimensional space,
(b,o,L) : RE x A — R? x R¥™>™ x R is continuous, bounded,
and Lipschitz continuous in x unif. in a,
g : R? — R is bounded and Lipschitz continuous.

These conditions are much too strong for any practical application. However, on the one hand,
there is no “general framework” fitting a large number of applications, and, on the other hand,
working in an elementary set-up allows to point out the key argument without bothering with
technical details.

It will be convenient below to have some regularity property of the value function.

Proposition 2.1. Under our standing assumptions, the value function uw is Lipschitz continuous
i space uniformly in time. In addition it is Holder continuous in time, uniformly in space.
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Proof. Throughout the proof, C denotes a positive constant which might vary from line to line
but depends only on b,0, L and g. Let us start with the regularity in space. Fix ¢y € [0,7] and
z0, 71 € R Let a € A(tg). We set X = X% and X} = X[*"* for t € [ty,T]. Then by
Theorem 1.1-(2)

E | sup |XP— X/

te(to,T)

< Clxg — xl\Q.

Thus
| (to, o, ) — J(t1,x1,a)| < Clag — x1],
which means that the map x — J(tg, 2o, ) is Lipschitz continuous uniformly in «. Taking the
infimum in « shows that
lu(to, zo) — u(to,x1)| < Clzo — 1]
We now prove the regularity in time. Let z¢ € R%and 0 < ty < t; < T be fixed and let o € Alto).

t1,x0,00
Note that o, . € A(to). We set X7 = X100 o1t € [to, T] and X} = X, T for t € [y, 7.

We claim that

E

sup | X} — Xt1|2] < Clto — t1].
te(t1,T)

. tl,Xfl,a\[t ]
Indeed, by semi-group property, we have X} = X, U for t € [t1,T]. Hence, by Theorem
1.1-(2) (applied with a random initial condition) and then Theorem 1.1-(3),

E| sup |X}—X;*

te(t1,T)

< CE [|X{, — z0|*] < Clt1 —tol.

This easily implies that

| (t0, w0, @) — J (1,20, ), 1)) < Cltr —to]'/?

tlvT])
and then we can conclude as above that

|u(to, zo) — u(ty,x0)| < Cltq — to|'/>.

2.2. Dynamic programming.

Theorem 2.2. Let T(ty) be the set of stopping times between to and T'. Then

.
u(to,mo) = inf sup E [/ L(Xo™0% o)ds + u(T, Xﬁo’xo’“)}
a€A(to) reT(to) to

_ : : T to,zo,0 to,zo,0 :|
= B BB, e oot o]

The result says that the problem is strongly Markovian: at time 7, we can forget all about the
past and start again the problem with initial condition Xlomo. Thig ig surprising because, by
definition, controls are allowed to depend on all the past. The proof of the dynamic programming
in the framework of stochastic control is very delicate and shall not be completely justified here.
Different argument can be found in the references quote above on stochastic control. The argument
developed below encounters several measurability issue that will be overlooked here.

Sketch of proof. We only sketch the argument when the stopping time 7 is reduced to a deterministic
time ¢1 € (to,T). Throughout the proof, the constant C' changes from line to line. We will admit
the following claims: let

A(to) ={a: [to, T] x Q@ — A, progressively measurable with respect to o(Ws — Wy, s € [to,t])}.



Then, for any (to, 7o) and any random variable Z € L? which is J;,—measurable,

u(to,xo) = inf J(to,xo, ). (2.1)
a€A(to)
while
. r to, 2, to,Z,o
u(to, Z) = ess — infoe (1) E [/ FIX[O7 ap)dt + g(Xa0% )|3~t0]. (2.2)
to

These two claims are two different ways to express the fact that, at time ty, we can forget all
about the Brownian motion before time ¢y. Note for later use that, if a € fl(to), then X'0:%0@ jg
independent of Jy,. The proof of these statement require some analysis and strongly rely on the
fact that the underlying filtration is the one associated to the Brownian motion.

Let us set

t1
v(to, o) = inf E/ L(Xom0 ag)ds + u(ty, X;07%) | .
a€A(to) to 1

We first prove that u > v. Fix ¢ > 0 and let a € A(tg) be e—optimal for u(tg,zp). Recall that
Qi=ap, € A(t1). Then by the semi-group property and (2.2),

t t T tl,X:OyzOya,d t1,XttO’z0’a
u(to,xo>+azE[ f(Xf’””O’“,at)dt] +E[E[ P G g H%H
t1

to
t1

ZE[ f(XfO””O’a,ozt)dt] +E [ult, X270 2 olto, x0).
to

This implies that u > v.

We now turn to the reverse inequality u < v. Let (Qp)ren be a partition of R? with sets of
diameter less than ¢ and let z;, € @y, for any k. We also fix oy, € jl(tl) which is e—optimal for
u(ty, xy) (recall equality (2.1)):

T -
u(tlaxk) +e>E [ f()(fl’xk’o%7 Oék,t)dt + g(X;l@kyOék) )
t1 ]

Finally, let & € A(tg) be e—optimal for v(to, zo):

t1 ~ B
v(to,z0) +€ > E [/t L(Xlow0% 5 )ds + u(h,XflO’IO’a) '
0 -

We set
a; ifte [to,tl),
oy = ~
¢ a iftet;,T] and Xttf’xo’a € Qk,

and X, = X["® We note that, on [to, ], X; = X" Thus

t1 5 T
u(to, .I‘()) <E [ f(XfO,xo,Oé’ dt)dt + Z I{th EQk}(/ f(Xt, Oék7t)dt + g(XT)
% keN f

By (a small extension of) Theorem 1.1-(2) and since, in {X;, € Qx}, Xt = Xfl’th’ak’t fort € [t1,T],

we have

t b b
E [ sup ‘Xt — th T ak|1{Xt1€Qk} | fftl < |_X,51 — xk|1{Xt1€Qk} < 81{Xt1€Qk}7

tefty,T)

since the diameter of Q)i is less than . Thus

T T
/ f(Xe, o e)dt + g(X1) — ( f(Xfl’“’o"“,ak,t)dt+9(Xt1’xk’“k>)‘ ‘%} < Celix, equ)
t1

t1

E [thleczk}
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and therefore, recalling the definition of oy which belongs to A(t1),

T
B 1, can(| (X o+ (%) | 5]
1
T t t
<E [1{xt1eczk}( /t POk oy )t + g(XT0%)) | 5, “] + Celix, equ)
1

T
= l{ther}E [/; f(Xf1,xk,ak,ak7t)dt _|_g(X’;1,$k:ak)):| + CEl{ther}
1

< (ulty, ze) + Ce)lix, ey < (ulty, Xoy) + Ce)lix, ey}
This implies that

i1 5
u(to, o) < E [ FOXPT% G )dt + Y (ulty, Xy, ) + 05)1{ther}]
to keN

t1 - _
—F [ FXTm0% G0 dt + ult, Xff@o’“)} + Ce < w(ty, xo) + Ce,
to

where we used the definition of & in the last inequality. This shows that u < v.

We now briefly justify (2.1) and (2.2). We work on the canonical space € for the Brownian
motion: w € Q if w : [0,7] — R™ is continuous with w(0) = 0. We let Qp = {x : [0,%)] —
R™, continuous with z(0) = 0} and Q1 = {z : [to,T] — R™, continuous with z(tp) = 0}. All these
spaces are endowed with the topology of uniform convergence. Note that there is a bi-continuous
bijection between g x 1 and Q given by j(wo,w1) = wol4y) + (w1 +wo(to)) 1, In addition, if
Py and IP; are the Wiener measures on g and 2; respectively, then P is the image by j of Py ® P;:
for any bounded Borel measurable map f : 2 — R,

/ F(w)P(dw) = / £ (o, 1))Po (dewo) Py (deor ).
Q Qox Q1

With these notations, the conditional expectation with respect to J¢, is nothing but the integration
with respect to Py:

EY [f | Fio) = E™ [f(j(wo,"))]  for Po—a.e wy € Q.

For simplicity, we do not write j anymore in the equalities. Given a € A(tg) and Z € L? an
JFi,—measurable random variable, one can check that ¢ — a(t,wo,-) belongs to A(tp) and that
XtoZe(t wg, ) = XtO’Z(“’O)’O‘(WO")(t, -) Py—a.s., for Pp—a.e. wy. Moreover,

T
]E{ FXP2Y ap)dt + g( X207 | oo | (wo) = J(to, Z(wo), alwo,))  for Po—a.e. wo. (2.3)

to
Let

ﬂ(1’-07'1"0) = H}f J(t()vl‘()ad)'
aE€A(to)

Note that @ > u because A(to) C A(tg). As, given o € A(tg), t = at,wp, ) belongs to A(tg) for
Pp—a.e. wp, we have
J(to, zo, a(wo, ) > ulto, xo) for Pg—a.e. wy.

Thus

to, o) = inf J(tg,z0,0) = inf E[J(tg, 0, )] > alto, zo)-
u(to, 7o) . (to, w0, @) it [/ (to, zo, a(wo, )] = ©(to, zo)

This shows (2.1). Fix € > 0. We note that, by the continuity of z — u(tg, ) and of x — J(tg, z, )
(uniform in «) it is possible to find a measurable family © — &, of elements of A(tp) such that

u(to, z) + e > J(to, x, ay) Vz € RY.
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Thus, for Z as above,
u(to, Z(wo)) +e> J(to, Z(WO), ON‘Z(um)) for Pp—a.e. wy.
Note that dyz(,,) € A(to) and, by (2.3),

T
J(to, Z(wo), @z(wy)) = E { FX29 ag)dt + g(X727%) | Ty | (wo),

to
so that (2.2) holds. O

2.3. HJ equation and verification theorem.

Theorem 2.3. Under the above conditions, assume that u is of class CY% on [0,T] x RY. Then u
solves the Hamilton-Jacobi (HJ) equation

{ —Owu(t,z) + H(x, Du(t,z), D*u(t,z)) =0 in (0,7) x R?,
u(T,z) = g(x) in R?,

where, for any (z,p,S) € R% x R x R¥*4,

a€A

H(z,p,S) = max {—L(aj,a) —b(z,a)-p— %TI“(O‘O‘T($, a)S)} .

The HJ equation is backward in time: one has a terminal condition at time 7', and one infers
from the equation the values of the function at earlier times.

Theorem 2.3 is not very useful in practice because it is almost impossible to prove the C1?
regularity of w just from its definition (and in general, this regularity does not hold). The interest
of the result is that it allows to guess the HJ equation.

Proof. The proof is done in two steps: first we prove the (relatively easier) inequality
—dyu(t,z) + H(x, Du(t,z), D*u(t,z)) <0 (2.4)

and then the reverse one. Note that the terminal condition holds by the definition of u (7', z).

Proof of (2.4): Fix (tg,z0) € (0,T) x R% a € A and let us consider the constant control af = a
for any t € [to,T]. Note that a® € A(tp). Given a radius R > 0 and h € (0,7 — tg), we consider
the stopping times

TR = inf{t > to, | X" — xo| > R}, Trn = TR A (to + D),

(with 7 = T if there is no such ¢). By Dynamic Programming we have (where 8(¢) is the set of
stopping times 7 > tg):

t = inf inf E L(X} dt X7
utto.oo) = inf ik E| [ LG it +u(r ()]

TR,h a a
<E [/ L(X", a%)dt + u(trp, (X?‘R,h))} :

to
Using [t6’s formula and the definition of %, we get

TR,h 1 a
u(to, xg) < E[/ (L+0u+b-Du—+ §Tr(UJTD2u))(t, X a)dt
to

TR,h o
+ / (0" Du) (£, X ) - AW, + u(to, a0)].
to

On [[to, Trn]], X§* remains in the ball Br(xo) where Du and o are bounded. Therefore the local
martingale term is a martingale. Hence, simplifying by u(to, zp) and dividing by h > 0 gives

1 [TRA 1 a
0<E [h/ (L+0wu+0b-Du+ QTI“(O'O'TDzu))(t, X ,a)dt] .
to



12

We now let h — 0%. Note that the integrand is bounded and converges a.s. to (L + Oyu +b - Du +
%Tr(UUTDQu))(tQ, zg) as X*” has a continuous path and equals xq at to. Note also that, as 7r > tg
a.s.,

1{TR,h=t0+h} —1 as h — 0+,
and thus, a.s.,

1 [T’.h 1 a 1
h/ (L+0wu+b-Du+ §Tr(aaTD2u))(t,Xto‘ ,a)dt = (L+0u+b-Du+ §Tr(aUTD2u))(t0,x0).
to

By Lebesgue Theorem, this implies that
1
0<(L+0wu+b-Du+ §TI"(O'O’TD2U,))(t0, x0,a).

As a € A is arbitrary, and after changing sign, this inequality can be rewritten as

1
—0yu(to, xo) + sup {—L(mo,a) — b(zg, a) - Du(to, xo) — §T1“(O'UT<$0, a)Dzu(to,xO))} <0.
acA

This is (2.4) by the definition of H.

Proof of the reverse inequality:
—Ogu(t,z) + H(x, Du(t,z), D*u(t,z)) > 0 in (0,7) x R%. (2.5)

The proof is slightly more technical than the previous one. We argue by contradiction, assuming
that there exists (to, zo) € (0,7) x R? and n > 0 such that

—0yu(to, xo) + H(xp, Du(to,mo),D2u(tg,x0)) < —2n.

We show below (Lemma 2.4) that H is a continuous map. Thus there exists r > 0 such that, for
any (t,z) € [to,to + 7] X Br(xo),

—dyu(t,z) + H(x, Du(t,z), D*u(t,z)) < —n.

By the definition of H this inequality says that, for any (¢,2,a) € [to,to + 7] X B,(z¢) X A,

1
—Owu(t,x) — L(z,a) — b(z,a) - Du(t,x) — iTI‘(O'O'T($, a)D?u(t,z)) < —n.

Changing sign, we get:

1
Owu(t,z) + L(z,a) + b(z,a) - Du(t,x) + §Tr(aaT(x, a)D*u(t,z)) > n. (2.6)
Given a control o € A(tg) and h > 0, we define the stopping times
To = Inf{t > to, | X —a0| > 7}, Tap =Ta A (to+ h),

(with 7, = T if there is no such t). By dynamic programming we get

u(to,z9) = inf sup E [/ L(X[, ag)dt + u(r, (X?))]
a€A(to) res(ty) to

Ta,h
> inf E L(X7, ap)dt + u(op, (X5 )
> it B [0 a0t u(r (32,)

Fixing ¢ € (0,7), let ay, be (¢h)—optimal in the right-hand side of the inequality above. Using It6’s
formula (and the usual argument to get rid of the local martingale part) we obtain:

Tay ,h
u(tO; xO) +eh > E |:/ " L(Xf{h,ahi)dt + U(Tah,h7 ()(a’L )):|

Tay ,h
to h

Tay ,h 1
> u(to, zo) + E [/ " (L+0u+0b-Du+ §T1“(<70TD2U))(257 X", ozhyt)dt] .
to
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For h € (0,r) and t € [[to, Ta, 1)], we have that X;" € B, (z¢) by the definition of 7, 5. Hence we

can use inequality (2.6) to obtain, after simplification by w(to, xo):

Tay ,h
ch>E [/ " ndt} = 0E [7ayh — to] -
to

We divide by h > 0 and rewrite this inequality as

Tay,,h — to
== {1{Tah,h—to+h} + = h 1{Tah,h<to+h}]

> NP [7ay,n =to+ h]. (2.7)
Note that, by Markov inequality,

ar, 2
Plra,n <to+h] =P [ sup | X[ —zol > | < . [Supte[t07t0+h2] ™ ~ =l } < C—Qh,
telto,to+h] r r
where the constant C' depends only on ||b]|s + ||0||cc- Thus
Plra,n=to+h] = 1lash—0".
Letting h — 0% in (2.7) we find a contradiction with € < n. This proves (2.5). O

It remains to check the continuity of H.
Lemma 2.4. Under our standing assumption, H : [0,T] x R?% x R4 5 R 4s continuous.

Proof. Let (y, pn, Sn) — (z,p,5). Fix a € A. Then

H(xp, pn, Sn) > —L(zp,a) — b(xy, a) - pp, — %Tr(UUT(xn, a)Sp).
Taking the liminf and using the continuity of the data we get

limnian(a:n,pn, Sp) > —L(xz,a) —b(x,a) - p— %Tr(aaT(x,a)S).
As this holds for any a € A, we obtain

liminf H (z,, pn, Sn) > sup {—L(x,a) —b(z,a)-p— %TI“(O'UT@J, a,)S)} = H(z,p,S).
n acA

For any n € N, there exists a,, € A optimal for H(xy, pn, Sp):

1
H(l'mpna Sn) = _L(xm an) - b(xm an) *Pn — iTr(UUT(xm an)Sn)

Let (ny) be a subsequence such that

lilgn H(zp,, pn,, Sny,) = limsup H(xy, pp, Sn)

n

and the compact sequence (ay,) has a limit a (recall that A is compact). Then, by continuity of
the data,

1
lim SupH(:En,pn, STL) = h]gn _L(xnka ank) - b(.’L‘nk, ank) *Pny — iTr(UJT(xnka ank)Snk)
1
= —L(z,a) — b(z,a) -p— §TI'(O'0'T(1‘, a)S) < H(z,p,S).

So we have proved that

H(z,p,S) <liminf H(zy, pn, Sp) < limsup H (zy, pn, Sn) < H(z,p,S),

thus showing the continuity of H at (z,p, S). O
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We now turn to a much more interesting statement: the Verification Theorem. This result says
that smooth solutions of the HJ equation are equal to the value function and allow to characterize
the optimal control.

Theorem 2.5. Assume that w is a C%? bounded solution to the HJ equation

{ —Opw(t,z) + H(z, Dw(t, =), D*w(t,z)) =0 in (0,7) x RY,
w(T,x) = g(x) in RY,

(1) Then w < u in [0,T] x R?.
(2) If in addition, if, given (to,xz0) € (0,T) x RY, there exists o € A(tg) such that, a.s. and
for a.e. t € (to,T),

H(X, Dw(t, X)), D*w(t, X{"))
= —L(X,a}) — b(X{,af) - Dw(t, X7 ) — %Tr(aaT(Xf‘*,af)DQw(t,Xf‘*), (2.8)
then o* is optimal for u(to, zo) and u(ty,zo) = w(to, xo).
Equality (2.8) says that o} is a maximum point over A of

0= —L(X",a) — b(X® a) - Dw(t, X&) — %Tr(aaT(Xta*,a)DQw(t,Xf‘*)
The second part of the result can also be stated as follows: Assume that there exists a Borel
measurable map a* : [0,T] x R? — A satisfying
H(z, Dw(t,z), D*w(t,z)) = —L(:U,a*(t,x))—b(m,a*(t,:E))-Dw(tw)—%Tr(aaT(x,a*(t,m))D2w(t,m))

for any (¢,z) € (0,7) x R? and that the SDE
dX; = b(Xt, a*(t, Xt))dt + O'(t, Xt)th, t e (to, T) th = Xg,

has a solution X*. Then the control (af = a*(t,X;)) is optimal for u(tg,xo) and u(to,xg) =
w(tg, zp). The map a* is called an optimal feedback: it allows to take an optimal action in view of
the current time ¢ and the current position x.

An example. Before giving the proof, let us discuss a simple example. This example (a linear-
quadratic problem) does not fit our assumptions. It is not difficult, however, to adapt the proof of
the verification theorem to this setting. We consider an optimal control problem of the form: for
any (to,zo) € R? x [0, T7,

ulto,0) = inf E UtOT(;at? +XP o)t + %|X%\2 ,
where X¢ = X%0:%0:@ j5 the unique solution to
dX{ = audt + odWy, t € [to, T, Xi = mo,
and
Alty) = {a : [to, T] x Q — A, progressively measurable with respect to o(Ws — Wy, s € [to,t]),
and E [ftf ]at\th} < oo}.
Above ¢ € R? is fixed, the set of controls A is R? (A = R?), o € R is a constant and (W;) is a
d—dimensional Brownian motion. This corresponds to our previous optimal control problem with

1 1
L(z,0) = 5laf +¢ -2, b(z,0) = a, o(w,a) = 0, g(z) = 5l
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Let us again underline that our standing assumption are not met. However, as we changed slightly
the definition of A(ty), for any a € A(to) there is a unique solution X to the SDE and the cost is
well defined. We have

H(z,p,S)= sup —L(x,a) — b(xz,a) -p— %TI“(O’O‘T(t, x)S)

a€Rd
L o L o
=sup ——|a|*—c-p—a-p— -o°Tr(5)
aE]R’i 2 2

1 1
= 5lpl* = c-p— 50" T(S)

where the sup is reached by a(x,p, S) = a(p) = —p. In order to apply the Verification Theorem we
need to compute a smooth solution to the HJ equation

—duw(t,x) — G Aw(t,z) + L Dw(t,z)|> — ¢- Dw(t,2) =0 in (0,T) x RY,
w(T,z) = &|z|? in RY,
In view of the specific form of the equation, we look for a solution in the form of a second order
polynomial in x:
1
w(t,x) = a(t) + B(t) - + 5|2,
where a, 7 : [0,7] — R and 3 : [0,T] — R? are C' maps to determine. Note that
Du(t,z) = B(t) +~()z,  D*w(t,z) = y(t)Ia.
Plugging this choice of w into the HJ equation, we see that («, 3,7) has to satisfy:
{ —(@'(t) + B'(t) -z + 37 ()[22) — Fy()d+ 31B(E) + (D)2 — - (BE) +(H)x) =0 in (0,T) x R,
a(T) +B(T) - x + 39Dz = 5l in RY,

Identifying the constant (in x) terms, the linear (in ) terms and the quadratic (in z) ones, we find
that (a, 8,7) has to satisfy:

f;ﬂo+%@@ﬁ:0 (quadratic terms)

—B'(t)+ Bt)y(t) —v(t)e=0 (linear terms)

—ad(t) — 0227(t)d + %]ﬂ(t)\Q —c-B(t)=0 (constant terms)
a(T)=0, B(T)=0, v(T) = 1 (terminal condition)

2

One easily checks the existence of a C'! solution to these ODEs: the first one can be solved explicitly:
y(t) = (T —t+1)~1, while the second one gives the existence of 3 and the third one of . This
implies that there is a classical solution to the HJ equation, and the optimal feedback is given by

a’*(tv :U) = C_L(.CL', Du(t’ :E)a DQU(ta $)) = _Du(t7 LU) = _(/B(t) + V(t)'x)
Thus, for any initial condition (¢, ) € (0,T) x R?, the SDE
dX; = —(B(t) +~v(t)Xy)dt + odWy, t € (to,T), X, = 2o,

has a unique solution, which proves that w is the value function of the problem.

Proof of the Verification Theorem. It is (again) a simple application of 1t6’s formula. Fix (g, zo) €
(0,7) x R? and let o € A(ty) be an arbitrary control. Let R > 0 be large and let us define the
stopping time

TR = inf{t S [tQ,T], ’Xta — :Eo‘ > R},
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(with 7p = T if the right-hand side is empty). We compute by 1t6’s formula:

w(TR, X7,) = w(tg,azo)—i-/ (atu+b-Du+2Tr(UUTD2u))(t,Xta,at)dt—i—/ (o7 Du)(t, X%, ap)-dWs.

to to

On [[to, Tr]], X{* remains in Br(zo), and thus (o7 Du)(t, X2, oy) is bounded. We take expectation
to infer that

E [w(rg, X2)] = w(te, o) + E [ /t ot b- Du+ %Tr(JUTDzu))(t, X, at)dt] L 29
By the HJ equation satisfied by w and iieﬁnition of H, we have that, for any (¢,x,a) € (to,T) X
R? x A,

ow(t,x) = H(z, Dw(t,z), D*w(t,z)) > —L(x,a) — b(z,a) - Dw(t,z) — %TI‘(O’JT(J:‘, a)D*w(t, z)),
which can be rewritten as

Oyw(t, z) + b(x,a) - Dw(t,x) + %TI‘(UO’T(HJ, a)D*w(t,x)) > —L(z,a).

Plugging this inequality applied at (¢, X;*, oy) into (2.9) we obtain
TR
E [w(rg, X2)] = w(to, z0) — E [/ L(xe, at)dt} .
to

Our aim is to let R — co. Then 7r — T" a.s. As w is bounded (this is here that this assumption is
used) and continuous, and that the same holds for L, we obtain by Lebesgue Theorem:

T
w(to, z9) <E {/ L(X, op)dt +w(T, X%)] .
to
Recalling the terminal condition for w: w(7T") = g and the fact that o € A(tp) is arbitrary, we get
T
w(to,l‘()) < inf E |:/ L(X?,Oét)dt +g(X%)] = u(to,xo).
aEA(to) to
This proves the first statement of the theorem.

Let now o™ be as in the second statement of the Theorem. Using the same argument as above
we obtain:

* TR 1 *
E [w(TR,XfR)} = w(ty, z0) + E [/t (Gu+b- Du+ STr(oo” D*w)(t, X", a")dt | .
0

The key point is that now there is an equality in the rest of the formulas: indeed, by the HJ
equation satisfied by w and the property (2.8) of a*, we have

ow(t, X&) = H(XY , Dw(t, X&), D?w(t, X))
= L(XP0%) ~ X 0% Dut, X¢7) — S Tr(o0 (X, a%) Du(t, X)),
which can be rewritten as
(O +b- Dw+ %Tr(aaTDQw))(t, X o) = —L(X, %),

Arguing as above, this leads to the equality

w(to,z0) =E {/T L(X?*,Oéf)dtJrg(X%*)} :

to
As o € A(tp), we have by the definition of u(tg,xo) and the first part of the proof:

T
w(to,wo) =E [/ L(Xta ,a*t)dt + g(X% ):| < u(t(), .%'()) < w(to, QZQ),

to
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which implies that w(to, xg) = u(tg, x¢) and that a* is optimal for u(tg, xo). O

3. THE INFINITE HORIZON PROBLEM

3.1. Value function and dynamic programming. We consider an optimal control problem of
the form: for any zg € R,

(e}
u(zg) = infEU e " L(XE, oy)dt | (3.1)
aEA 0

where X< = X%0:% is the unique solution to
dX[ = b(X{, ap)dt + o(X{, ap)dWy, t € ]0,00), X§ = xo,
and
A ={a:[0,00) x Q@ — A, progressively measurable with respect to o(Ws, s € [0,t])} .

We work under our standing assumptions:

() the discount rate r is positive,

(17) A is a compact subset of a finite dimensional space,

(i41) (b,0,L) : R x A — R% x R¥™ x R is continuous, bounded,

and Lipschitz continuous in x unif. in a,

(iv) W is the m—dimensional Brownian motion defined on the canonical space 2 = C°([0, c0), R™)
(endowed with the topology of local uniform convergence), F is the Borel oc—algebra
and PP is the Wiener measure on Q. We denote by (Ft)¢>0
the (completed) canonical filtration generated by W.

Let us start with a technical remark on the regularity of the value function u.
Lemma 3.1. The value function u : R? — R is bounded and (Hélder) continuous.

Proof. As L is bounded,

[e's) o0
[ gftL(Xﬁ,at)dt' <l [ et = e/
0 0

Thus [[ufloe < [1L]loe/r-

In order to prove the Holder regularity of u, let us recall (see Remark 1.2) that there exists a
constant C' > 0, depending on the Lipschitz constant of b and ¢ and of ||o||, such that, for any
z0,70 € R? and any control o € A,

E

sup | X200 — XY |2 | < |z — yo|2e2Ct,
s€[0,t]

(to simplify the computation, w.l.o.g. we will assume C' > r below).
Next we fix 29,90 € R%, ¢ > 0 and o an e—optimal control for u(zg):

u(zo) +e > E [/ e”L(XfO’O‘,at)dt} .
0

u(yo) <E [/ ertL(Xfo’a,at)dt] <E [/ e”L(XfO’O‘,at)dt} +R
0 0

<wu(xzo) +e+ R,
where

R [ [ eneeee m - Lo at>|dt}
0
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For any 7' > 0 we have

T oo
R<E [/ e THL(XPOY ay) — L(th”’a,at)\dt} +E [/ e (XY ay) — L(X[Y, ay)|dt
0 T

T 00
< Lip(L)E [/ e XY — Xfo’o‘|dt} + 2||LHOO/ e tdt
0 T

2||L Lip(L 2 L
<LZp( )|x0_y0|/ —rt Ctdt—I— H THOO —’ert< Cp( T)|x0_y0| (C—r) H HOO —7"T

r
We assume without loss of generality that |zo—yo| < 1. We choose T' > 0 such that |zo—yo| = e 7,
ie, T = —In(Jzo —yo|)/C > 0, to find that
Lip(L) | 2|L{l~ c
R< —y0|"/C.
_<C’—r+ )zo — yol
This implies that
u(yo) < u(zo) + &+ C'lag — yo| 7.
Exchanging the roles of z¢ and yg and using the fact that € > 0 is arbitrary then yields to
[u(yo) — u(xo)| < C'[ao — yo| /€.
[l

Theorem 3.2 (Dynamic programming). Let T be the collection of all stopping times (for the
canonical filtration). Then

u(zg) = Ol{rglﬁ{irelgﬂﬂ [/0 e " L(XP, o) dt + e_”u(Xf)]

.
= inf supE [/ e "TL(XE, au)dt + e_”u(Xﬁ‘)} )
Q€A reT 0

Remark 3.3. In the finite horizon problem, all the analysis could have been carried out with time
dependent coefficient, for the infinite horizon problem it is mandatory that the data (b, o, L) do not
depend on time. A crucial role is also played by the specific form of the discount factor.

We only explain the result when there is no control at all (namely b, o and L do not depend on
a). The value function is then given by

w(zo) = E [ / e‘”L(X“”‘O)dt] ,
0
where X0 is the unique solution to
dX = b(Xy, )dt + o(Xy)dWy, t € [0, 00), Xo = xo,
Fix 7 € 7 and note that

/ e T L(XTO)dt = / e TUL(XE)dt + / e TUL(X[)dt
0 0 i

T o0
- / e L(XPO)dt + e / LX)t
0 0

By the strong Markov property, given J, the process (X;79;)i>0 has the same law as the process
(X)i>0 started at y = X*0. Thus

E UOOO e "L(XZ9,)dt | 3"7} =E UOOO e‘”L(Xty)dt]l I = u(XX0).

y:XTO
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This implies, by the tower property, that

u(zg) =E |E [/ e "EL(XTO0)dt + e_TTe_TT/ e "L(XZ,)dt |3'"T”
0 0

_R / e L(XP)dt + e TE [ / e”L(XfSrt)dt]S"T”
0 0

—E / e""tL(XfO)dt—ire_”u(Xfo)}.
0

3.2. The Hamilton-Jacobi equation and the verification theorem.

Theorem 3.4. Under the above conditions, assume that u is of class C?> on R®. Then u is a
bounded solution to the Hamilton-Jacobi (HJ) equation

ru(x) + H(z, Du(z), D*u(z)) = 0 in R?,
where, for any (z,p,S) € R? x R x R¥*4,

H(z,p,S) = max {—L($,a) —b(z,a)-p— %Tr(aaT(a:, a)S)} . (3.2)

a€A

Note that the equation is stationary. It is stated on the all space R%. The “boundary condition”
is the fact that u is bounded (actually polynomial growth would be enough).

As its counterpart in the finite horizon problem, the result is seldom useful in practice. Again
the interest of the result is that it allows to guess the HJ equation.

Proof. The proof is done in two steps: first we prove the (relatively easier) inequality
ru(z) + H(x, Du(z), D*u(x)) <0 (3.3)
and then the reverse one.
Proof of (3.3): Fix (20) € (0,T) x R%, a € A and let us consider the constant control af = a for
any t € [0,00). Note that a® € A. Given a radius R > 0 and h > 0, we consider the stopping times
Tr =inf{t > 0, | X" —z9| > R}, Ty = TR Ah,

(with 7 = oo if there is no such ¢). By Dynamic Programming we have:

u(zp) = inf inf E [/ e " L(XY, o) dt + e”u(Xf)]
aEATES 0

TR‘h a a
<E [ / e "PL(XE ad)dt + e Tu( X2 )] :
0

TR,h

Using [t6’s formula and the definition of %, we get

TR,h 1 a
u(zo) < u(zy) + E[/ e ™ML —ru+b-Du+ §Tr(aUTD2u))(Xf‘ ,a)dt
0

TR,h a
—i—/ e "ot Du) (X, a) - th}.
0

On [[0,7r4)], X" remains in the ball Br(xg) where Du and o are bounded. Therefore the local
martingale term is a martingale. Hence, simplifying by u(z¢) and dividing by h > 0 gives

h

We now let h — 0. Note that the integrand is bounded and converges a.s. to (L —ru +b- Du +
tTr(o0T D?u))(z0,a) as X" has a continuous path and equals zo at ¢ = 0. Note also that, as
TR > 0 a.s.,

1 TRk 1 a
0<E [/ e " (L —ru+b-Du+ iTI‘(JO'TDQU))(X? ya)dt| .
0

1{7'R,h=h} —1 as h — 0+,
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and thus, a.s.,

1 [TB.h 1 a 1
’ / e "(L—ru+b-Du+ §Tr(UGTD2u))(XtO‘ ya)dt — (L—ru+b-Du+ §Tr(JUTD2u))(:U0, a).
0

By Lebesgue Theorem, this implies that
1
0<(L—-ru+b-Du-+ §Tr(JJTD2u))(a:0, a).
As a € A is arbitrary, and after changing sign, this inequality can be rewritten as

ru(zo) + sup {—L(mo,a) — b(xg,a) - Du(zg) — %Tr(aoT(xo, a)DQU(xo))} <0.
acA

Recalling the definition of H, this is (3.3).

Proof of the reverse inequality:
ru(z) + H(x, Du(z), D*u(x)) >0 in (0,T) x R% (3.4)

The proof is slightly more technical than the previous one. We argue by contradiction, assuming
that there exists 2o € R? and 1 > 0 such that

ru(zo) + H(zo, Du(xg), D*u(xg)) < —2n.

We have seen in the previous lecture that H is a continuous map. Thus there exists R > 0 such
that, for any x € Br(xo),

ru(z) + H(z, Du(z), D*u(z)) < —n.
By the definition of H this inequality says that, for any (x,a) € Bgr(zo) X A,
1

ru(z) — L(z,a) — b(x,a) - Du(x) — iTr(aaT(m, a)D*u(z)) < —n.

Changing sign, we get:
1

—ru(z) + L(z,a) + b(z,a) - Du(zx) + §TI‘(O'O'T($, a)D*u(x)) > 1. (3.5)

Given a control « € A and h > 0, we define the stopping times
To = inf{t > 0, | X[ —x0| > R}, Tap = Ta AR,

(with 74 = oo if there is no such ¢). By dynamic programming we get

.
u(zg) = inf supE / e " L(XP, ap)dt + e TTu(X2)
aeh res 0

Ta,h
> inf E [/ e " L(XE, op)dt + e Tu( X h)] .
acA 0 @

Fixing € € (0,7n), let a, be (¢h)—optimal in the right-hand side of the inequality above. Using Itd’s
formula (and the usual argument to get rid of the local martingale part) we obtain:

Tay ,h
u(zo) +eh > E [/ T eTTL(X P g )dt + e Tenlu(X2 h)}
0 :
Tay b 1
> u(zg) + E [/ " e " (L—ru+b-Du+ §Tr(UUTD2u))(Xf‘h, ahyt)dt} .
0

For ¢ € [[0,7a, )], we have that X;™ € Bpg(z) by the definition of 7,, . Hence we can use
inequality (3.5) to obtain, after simplification by wu(z¢):

Tay, ,h 1 _ »TTay b
2 [* a] g [L)
0 r
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We divide by h > 0 and obtain (omitting the event {7,, », < h} since the integrand is positive)

1— e—rh
e > nP 1y, n =h] — (3.6)
Note that, by Markov inequality,
B N E [SuPte[O,h] | X[ — $0!2} Ch
Plra,n <h] =P tg}(l)l,)h]|Xth_x0| >R| < 2 < N2k
where the constant C' depends only on ||b]|s and ||o||eo. Thus
P(ra,n="h] —1lash— 07,
Letting  — 07 in (3.6) we find a contradiction with & < n. This proves (3.4). O

We used above the regularity of the Hamiltonian:

Lemma 3.5. Under our standing assumption, H : [0,T] x R x R¥™¥? — R is Lipschitz continuous
in x uniformly in (p,S) € Br X Br for any R > 0 and Lipschitz continuous in (p,S) uniformly in
z € RY.

Proof. Fix R > 0 and note that, for any p € Bg, S € Br and a € A, the map
1
x— —L(xz,a) — b(x,a) - p— §TI“(O'O'T(1‘, a)S)

is Lipschitz continuous with a Lipschitz constant of the form Lip(L) + RLip(b) + R||c||ecLip(o).
On the other hand, for any z € R? and a € A, the map

(p,S) = —L(z,a) — b(z,a) - p— %Tr(aaT(a:, a)S)

is Lipschitz continuous with a Lipschitz constant given by ||b]|oo +||||% /2. Recalling the definition
of H in (3.2) completes the proof. O

We now turn to a much more interesting statement: the Verification Theorem. This result says
that smooth solutions of the HJ equation are equal to the value function and allow to characterize
the optimal control.

Theorem 3.6. Assume that w is a C? bounded solution to the HJ equation
rw(t, z) + H(z, Dw(z), D*w(z)) =0 in R%,

(1) Then w < u in [0,T] x R
(2) If in addition, if, given xo € RY, there exists o € A such that, a.s. and for a.e. t € (0,00),

H(X{", Dw(X{"), D*w(X{"))
= L(XP o)~ B 0f) - Du(XP) — LTr(ooT(XFT 0 DPe(XE),  (3.)
then o* is optimal for u(xg) and u(xg) = w(xg).
Equality (3.7) says that o} is a maximum point over A of
0 = —L(X® a) — b(X2",a) - Dw(X®) — %Tr(aaT(Xf‘*,a)DQw(X?*)

The second part of the result can also be stated as follows: Assume that the measurable map
a* : R? — A satisfies

H(z, Dw(zx), D*w(z)) = —L(z,a*(z)) — b(z, a*(z)) - Dw(z) — %TI"(O’O’T(JZ, a*(x))D*w(zx))
for any = € R? and that the SDE
dXt = b(Xt, a*(Xt))dt + O'(Xt, a*(Xt))th, t e (0, OO) X() = Xo,
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has a solution X*. Then the control (of = a*(¢, X}")) is optimal for u(xo) and u(z¢) = w(zg). The
map a* is called an optimal feedback: it allows to take an optimal action in view of the current
position z.

Proof of the Verification Theorem. It is (again) a simple application of It6’s formula. Fix xo € R?
and let o € A be an arbitrary control. Let R > 0 be large and let us define the stopping time

TR = lnf{t € [OaTL |Xta - .T()’ > R}7
(with 7p = T if the right-hand side is empty). We compute by It6’s formula:
TR 1 TR
e TR(XE ) = w(zo)+ / e (—rwtb- Dt S Tr(o0™ D)) (X7 )i+ / (0T Dw)(X2, ay)-dWi.
0 0

On [[0, 7g]], X2 remains in Br(zo), and thus (o7 Du)(t, X2, ay) is bounded. We take expectation
to infer that

E[e7"w(X2 )] = w(zg) + E [/OTR e "(—ru+b- Du+ %TT(O'O'TD2U))(t, X7, at)dt] . (3.8)
By the HJ equation satisfied by w and definition of H, we have that, for any (¢, z,a) € (0, T)xR%x A,
—rw(t,z) = H(x, Dw(t,z), D*w(t,z)) > —L(x,a) — b(x,a) - Dw(z) — %Tr(oaT(x, a)D*w(x)),

which can be rewritten as
—rw(t,z) + b(x,a) - Dw(zx) + %Tr(aoT(x, a)D*w(z)) > —L(z, a).

Plugging this inequality applied at (X', ay) into (3.8) we obtain
TR
E [e7""w(Tg, X2 )] > w(zo) — E [/0 e "L(XP, at)dt} .

Our aim is to let R — oo. Then 7 — oo a.s. As w and L are bounded (this is here that this
assumption is used),we obtain by Lebesgue Theorem:

w(zg) <E [/OOO e "L(X?, ozt)dt} .

Recalling that o € A is arbitrary, we get

w(zg) < inf E [/ e_”L(Xf‘,at)dt] = u(xg).
acA 0

This proves the first statement of the theorem.

Let now a* be as in the second statement of the Theorem. Using the same argument as above
we obtain:

* TR 1 *
E [e_TRw(XfR )} =w(zg) + E [/ e " (—=ru+b- Du+ §T\F(JUTDQU))(t,Xa ,af)dt| .
0

The key point is that now there is an equality in the rest of the formulas: indeed, by the HJ
equation satisfied by w and the property (3.7) of a*, we have

—rw(X{) = H(X)", Du(X{"), D*w(X{"))
* * * 1 * *
= —L(XP %) — X at) - Du(XE) = S Tr(oo” (X, ") DPw(Xg)),
which can be rewritten as

1 * *
(—rw+b- Dw+ §Tr(aUTD2w))(Xta ,ay) = —L(X{ ,a™y).
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Arguing as above, this leads to the equality

w(zg) =E [/Ooo e "L(XY, oz*t)dt} .

As o* € A, we have by the definition of u(xg) and the first part of the proof:
w(zg) =E [/ e”L(Xf‘*,a*t)dt] < u(xg) < w(xp),
0

which implies that w(z) = u(zp) and that o* is optimal for u(z). O

4. VISCOSITY SOLUTIONS OF THE HAMILTON-JACOBI EQUATION

We now investigate further the Hamilton-Jacobi equation associated with the infinite horizon
problem:

rw(x) + H(z, Dw(x), D*w(z)) = 0 in R?. (4.1)

4.1. Structure of the equation and classical solutions. The key point in this equation is that
the Hamiltonian H = H(z,p, S) is nonincreasing in the last variable with respect to the order of
symmetric matrices. Let 8; be the set of symmetric matrices. Recall that S; < S means that
Sy — S is semidefinite positive (all its eigenvalues are nonnegative).

Lemma 4.1. Let H be defined by (3.2). Then, for any (z,p) € R? x R? and any Sy, Ss € 84,
S1 < Sy = H(xz,p,S1) > H(z,p,S2).

Such a map H is called weakly elliptic.

Proof. Note that, for any S € §; with .S > 0,

Tr(co’S) =Tr(cTSo) = ZJJTSUj >0,
j=1

where 0; € R™ are the columns of ¢. Thus, if S; < Sa,
Tr(co’Sy) < Tr(oot'Sy).
This implies that

H(z,p,S1) = max
ac

i
{

—L(xz,a) —b(z,a) -p— %TI‘(O’O‘T(Z', a)Sl)}

—L(z,a) — b(z,a) - p— %Tr(aaT(x, a)Sg)} = H(z,p, S2)
O

We now check that the Hamilton-Jacobi equation has at most one classical bounded solution.

Proposition 4.2. There is at most one C? and bounded map w which satisfies the Hamilton-Jacobi
equation (4.1).

Remark 4.3. The boundedness assumption (or at least a polynomial growth assumption) is manda-
tory. For instance, in dimension d =1, and for H(x,p,S) = p, the Hamilton-Jacobi equation

ru+u =0

has obviously for solution w = 0. But u(z) = e "™

growth!).

is also a solution (but not with a polynomial
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The proof relies on comparison: we say that w : R? — R is a classical subsolution of the HJ
equation if w is of class C? and satisfies
rw(x) + H(z, Dw(z), D*w(z)) <0  in R%

In the symmetric way, w is a classical supersolution to the HJ equation if w is of class C? and
satisfies

rw(z) + H(z, Dw(z), D*w(z)) >0 in RY.
Thus a solution to HJ is just a map which is at the same time a sub and a supersolution.

Lemma 4.4 (Comparison). If wy : R = R is a bounded classical subsolution of the HJ equation
while wy : RY — R is a bounded classical supersolution of the HJ equation, then wy < wsy in RY.

Proof of Proposition 4.2. If wy and ws are two bounded and classical solutions to the HJ equation,
then by comparison wi < we and we < wy. Whence the equality. O

We now turn to the proof of the comparison. Note that the result is a kind of variant of the
verification theorem. The proof we give here, however, is purely analytic. The heuristic argument
is very simple. Suppose that wy is a C? subsolution while ws is a C? supersolutions of the equation.
Assume in addition that the map © — w; — wy has a maximum on R? at a point xo. Then by
optimality conditions we have

Dwi (z9) = Dwa(xp), D2w1($0) < D2w1(x0).
By the (in)equation satisfied by wi and ws, we get
sup wy —wy = (w1 —wsa)(z0) < —r~ " (H(x0, Dwi (x0), D*wy(w0)) — H (w0, Dwa (o), D*ws(0))) < 0,
where we used Lemma 4.1 for the last inequality. Thus w; < ws.

Unfortunately, this elementary proof is not completely correct, as it assumes the existence of a
maximum to wi; — wsy. This is not a surprise, since we do not use at all the fact that wy, and ws are
bounded. To overcome this issue, we need to use a penalization argument.

Proof. Step 1: penalization. For o > 0 small let us consider a maximum point x, of the map
e
x — wy(x) — we(x) — §|l‘|2
Such a maximum point exists since wy and wy are bounded. We claim that

lim maxwi(x) — we(x) — g|:U|2 = supwi (z) — wa(x).
a—0t T 2 T

Indeed,

(6%
max wi (z) — wa(2) = 5 laf? < supwn (2) = wa(x).
x

On the other hand, for € > 0 and x° e—optimal for sup, w;(z) — wa(x), we have

o o o
maxwi () — wa(x) = Glaf* = wi(2%) — wa(a%) = S[af[* > sup(wi(w) — wa(x)) — e = a7,
x

2

so that

lim inf max wi (z) — wa(z) — —|z|? > sup(wy (z) — wo(x)) — €.
a—0t x 2 x

We conclude by using the fact that € is arbitrary.

Step 2: estimates. We now estimate |z,|. Note, by optimality of z,
Q@
w1 (2a) — w2(Ta) — §|30a|2 > wi(0) — w2(0),
so that, using the fact that wi and wsy are bounded,

ofzal* < 4(wifloo + [lwalloo)-
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Thus
|zo| < Ca™V/2.
Step 3: use of the equations. By optimality of z,, we have
Dwi(zq) — Dwa(zy) — axq =0, D*wi(z4) — D*wo(xy) — aly < 0.
Using the fact that wi is a subsolution while ws is a supersolution we have:
w1 (o) — wa(za) < r Y (H(zo, Dwi(zq), D*wi(24)) — H(xo, Dwa(xy), D*wy(z4)).
As H is Lipschitz continuous in (p, S) uniformly in z, we find
w1 (xq) — wo(zy)
<1 Y H (20, Dwi(24), D*wi(24)) — H(x, Dwi(24), D*wse(zs) + ady) + Col|ze| + 1)
< C’al/2(1 n al/Z),
where we used the optimality conditions in the first inequality and the weak ellipticity of H and

our estimate on z,, in the last inequality.
This proves that

(6]
sup(wi —wp) = lim wi(za) — w2(za) - §’$a|2 < lim Ca'?(14a'?) =0.

Hence wy < ws. O

4.2. The notion of viscosity solutions. The results above are unsatisfactory because in general
we do not know that the value function is of class C? (and in general it is not, unless some specific
structure conditions). For this reason we now introduce the notion of viscosity solution for the HJ
equation.

Definition 4.5. Fiz O an open subset of R*. We say that a continuous map w : O — R is a
viscosity subsolution (resp. supersolution) to the HJ equation

rw 4+ H(z, Dw, D*w) = 0

in O if, for any C* map ¢ : R — R such that u — ¢ has a local mazimum (resp. local minimum)
at some point xg € O, one has

rw(zo) + H(z, Dg(x0), D*¢(x0)) < 0.  (resp. >0).
We say that w is a a viscosity solution of the HJ equation in O if it is at the same time a viscosity

sub- and super-solution of the HJ equation in O.

The key point is the definition is to replace derivatives of w (which are not known to exist) by
derivatives of the test function. Similar definitions can be stated for time dependent equations of
the form

—O0yw + H(t,z, Dw, D*w) = 0 inO

where O is an open subset of R xR?. In this case, test function must also depend on time. (exercise).

We now discuss classical properties of viscosity solutions. The first one is the consistency with
the notion of classical solution.

Proposition 4.6 (Consistency). Assume that the map H : R x R? x 85 — R is degenerate elliptic.
Let w: O — R be of class C? in O. Then w is a classical subsolution of the HJ equation in O if an
only if it is a viscosity subsolution in O. The same holds for supersolutions and for solutions.

Proof. If w is a viscosity subsolution then taking ¢ = w, w — w = 0 has a local maximum at any
point zg € O and thus, by the definition of a viscosity subsolution,

rw(xo) + H(x, Dw(xg), D*w(xg)) < 0.
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This shows that w is a classical subsolution. Assume now that w is a classical subsolution. Let ¢
be a C? test function such that w — ¢ has a local maximum at zg € ©. The optimality conditions
give

D(w = ¢)(w0) =0,  D*(w —¢)(wp) <0

Thus, by degenerate ellipticity of H,
rw(zg) + H(xo, Do(x0), D2¢($0)) < rw(xzo) + H(xo, Dw(zgp), DQw(xo)) <0,
because w is classical subsolution. O

Exercise 4.1. if w is a subsolution to the HJ equation in O, then u := —w is a supersolution of
the HJ equation

ru+ H(z, Du, D*u) = 0 in O,
where H(x,p,S) = —H(z,—p, —S).
This result allows to transfer properties for subsolution to properties for supersolutions.

Proposition 4.7. Assume that wi and wo are two viscosity subsolutions of the HJ equation in O.
Then sup{w,wa} is also a subsolution of the HJ in O.

Proof. Set w = sup{w;,ws}. Then w is continuous in O as so are w; and ws. Let ¢ be a C? test
function such that w — ¢ has a local maximum at some point zy: there exists R > 0 such that, for
any x € B(xo, R),

(w = ¢)(x) < (w = ¢)(xo).

Replacing ¢ by ¢ — (w — ¢)(xg) if necessary (which does change the inequality to prove since it only
involves derivatives of ¢), we can assume that (w — ¢)(z9) = 0. Thus

w(z) < ¢(x) Vx € B(xo, R), with an equality at zo.

Assume to fix the ideas that w(zg) = wi(xp) (the other case can be treated in a symmetric way).
Then

wi(z) < w(z) < ¢(x) Vx € B(xo, R), with an equality at zo.
This means that w; — ¢ has a local maximum at xg. Thus
rwy (wo) + H(xo, Dé(xo), D*d(x0)) < 0,
which proves the result as w(zg) = w1 (). O

Exercise 4.2. State and prove the corresponding result for viscosity supersolutions.

Proposition 4.8 (Stability). Assume that (wy) is a sequence of viscosity subsolution of the HJ
equation

rwy, + Hy (2, Dwy, Dan) <0

in O. If H, converges locally uniformly to H in O x R? x 84 and if (w,) converges locally uniformly
to a continuous map w in O, then w is a subsolution of the HJ equation

rw + H(x, Dw, D*w) < 0
in 0.
The proof requires as a preliminary step an equivalent notion of viscosity solution.

Lemma 4.9. w is a viscosity solution to the HJ equation in O iff for any C% map ¢ : R* — R such
that w — ¢ has a strict local maximum at some point xg € O, one has

rw(zo) + H(z, Do(xq), D*p(x0)) < 0.
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Proof. If w — ¢ has a strict local maximum at some point xg € O, then it has a local maximum
at xg. Therefore if w is a viscosity solution, it satisfies the condition. Conversely, assume that w
satisfies the property and let ¢ C? such that w — ¢ has a local maximum at some point o € O:
there exists R > 0 such that

(w—=9¢)(z) < (w—¢)(x0)  Vz € B(xo, R).
For € > 0, set
() = d(x) +elz — wo|".
Then
(w=¢2)(x) = (w—¢)(x)—elz—wo|* < (w—¢)(z0)—ela—w0|* < (w—¢)(x0)  Va € B(zo, R), © # 0.
Thus w — ¢ has a strict local maximum at xg and

rw(xzo) + H(x, Dp(x0), D*p(0)) < 0

Note however that

Dée(x) = D(x) + delx — wo|* (x — o), D*¢c(x) = D*¢(x) + delw — wo|* Ia + 8(x — o) (z — x0)",

so that Dée(xg) = Dp(zg) while D2¢.(z0) = D?¢(z0). O
We are now ready to prove the stability property.

Proof. The map w is continuous, as local uniform limit of continuous maps. Let ¢ be C? and such
that w — ¢ has a strict maximum at zy: there exists R > 0 such that

(%) (w—¢)(z) < (w—¢)(xo) Va € B(xo, R), x # xy.
(here B(xo, R) is the closed ball). Let z, be a maximum point of w, — ¢ in the ball B(z, R).
We claim that (z,) converges to zp. Let (z,/) be a converging subsequence of the compact
sequence (zp) with limit z € B(xo, R). We have, by definition,
(wn’ - ¢)($) < (wn’ - ¢)(:L'n’) Vo € B('TO’ R)
Letting n — oo we have, by local uniform convergence of w,,,
(w—=9¢)(z) < (w—9¢)(T) Ve Blxo,R).

Thus (w — ¢)(z9) < (w — ¢)(Z). Plugging Z in (*) gives on the other hand that (w — ¢)(Z) <
(w—¢)(xo). So T = xg. This shows that any converging subsequence of the compact sequence (x,)
converges to zg: thus (x,) converges to zg.

As (x,) converges to xg, x, belongs to the interior of B(xg, R) for any n large enough. Thus
wp, — ¢ has a local maximum at x,, (without the constraint now). As w,, is a subsolution we get

rwn(22) + Hy(2n, Do), D*¢(x,)) < 0.

Letting n — oo and using the regularity of ¢ and the local uniform convergence of (H,) and (wy,)
we obtain

rw(zo) + H(xg, Do(xg), D*¢(x0)) < 0,

which shows that w is a subsolution. O

4.3. The value function is a viscosity solution. We now come back to our infinite horizon
problem, with value function u defined by (3.1).

Theorem 4.10. The value function u is a viscosity solution to the HJ equation
rw + H(x, Dw, D*w) = 0 in R,
where H is defined by (3.2).
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Proof. We leave the proof of the fact that u is a subsolution to the reader: it relies on the same
argument than the proof of the supersolution property and is easier.

We now prove that u is a supersolution. We already know that v is continuous. Fix now ¢ a C?
map and assume that © — ¢ has a local minimum at zo € R%: there exists R > 0 such that

(u—9¢)(z) = (u—9¢)(x0) Vo€ Blxo, R).
Replacing ¢ by ¢ — (u — ¢)(xo) if necessary, we can assume that (u — ¢)(z¢) = 0. Thus
u(x) > ¢(x) Vx € B(xo, R), with an equality at zo.
We now argue by contradiction, assuming that there exists > 0 such that
ru(zo) + H(zo, Do(x0), D*é(x0)) < —21.
As H is continuous, ¢ is C? and u(zg) = ¢(zo), there is a neighborhood again denoted B(zg, R)
(reducing R if necessary) such that
r¢(x) + H(z, Dé(z), D*¢(x)) < —1 Vz € B(xo, R).

Recalling the definition of H this means that

ro(x) — L(z,a) — b(z,a) - Do(x) — %T’I“(O’O’T(x, a)D*¢(x)) < —n Vz € B(xo, R). (4.2)
Fix now a € A and, for h > 0 let us introduce the stopping times

T :=inf{t > 0, |X;% — 20| > R}, Tah :=Ta Ah.

We now use the dynamic programming: we get

.
u(zp) = inf supE / e " L(XP, op)dt + e TTu(X2)
a€A res 0

Ta,h
> inf E [/ e "ML(XE, ap)dt + e Tu( XY h)}
acA 0 @

Ta,h

> inf E U e "L(XP, cu)dt + e T (X h)} ,
acA 0 @

where we used the fact that X¢ € B(zg,R) in [[0,74,]] and that u > ¢ in this ball. Fixing

Ta,h

e € (0,n), let ap be (eh)—optimal in the right-hand side of the inequality above. We set for
simplicity 73, := Tq, ». Using It6’s formula (and the usual argument to get rid of the local martingale
part) we obtain (recalling that ¢(zg) = u(zp)):

Th
uta) + b > ofao) + B | [ e LG an e + e rox)|
0

Th 1
> u(zg) + E {/ e*”(L —ru+b- D¢+ iTr(aaTDZQS))(Xf‘h, ap)dt]| .
0

For t € [[0,73]], we have that X;"* € Bgr(zo) by the definition of 7. Hence we can use inequality
(4.2) to obtain, after simplification by u(xg):

s 1—e T
ech > E [/ e”ndt] =nE [] .
0 T

We divide by h > 0 and obtain (omitting the event {7, < h} since the integrand is positive)
1— efrh

e > nP[r, = hj o

(4.3)
Note that, by Markov inequality,

E [SuPte[o,h} ‘Xtah - 350‘2] Ch

R S R

]P’[Th<h]—IP’[sup | X" — x| > R| <

te(0,h]
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where the constant C' depends only on ||b]|s and ||o||ec. Thus
P[r, =h] = 1las h— 07,

Letting h — 07 in (4.3) we find a contradiction with e < 5. This proves that u is a supersolution. [J

5. COMPARISON PRINCIPLES AND APPLICATIONS

This part is devoted to comparison principles for Hamilton-Jacobi equations. Let us first try to
understand when the notion of viscosity solution is necessary.

5.1. Classical solution to the Hamilton-Jacobi equations.

5.1.1. First order Hamilton-Jacobi equations. We first start with first order Hamilton-Jacobi (HJ)
equations to explain that, in general, we cannot expect to have a classical solution. The simplest
example is in dimension d = 1 and the so-called Eikonal equation in the open set (—1,1):

lugl> =1  in(—1,1),
(E) {M—U:mnza

A viscosity solution to (E) is a map u : [—1,1] — R, which is continuous in [—1, 1], satisfies the
boundary conditions u(—1) = u(1) = 0 and is a viscosity solution to the equation in (—1,1). Next
we check that there cannot be a classical solution to this equation:

Lemma 5.1. There is no map u : [—1,1] — R which is continuous in [—1, 1], satisfies the boundary
conditions u(—1) = u(1) = 0 and is a C* classical solution to the equation in (—1,1).

Proof. Indeed, let us assume that such a classical solution u exists and let £y be a maximum point
of |ul in [-1,1]. If |u(zo)| = 0, then w is identically 0, which is impossible since u = 0 does not
solve the equation. Hence |u(xo)| > 0. Assume to fix the ideas that u(z¢) > 0 (the case u(zg) <0
being treated in a symmetric way). Then zo ¢ {—1,1} since u satisfies the boundary conditions.
Thus v has a local maximum at xg, which implies that u;(z¢) = 0. This impossible in view of the
equation satisfied by wu. O

We now note that viscosity solutions of our Eikonal do exist.
Lemma 5.2. The map u(z) =1 — |z| on [—1,1] is a viscosity solution to (E).

We will present below a comparison principle for this kind of equation, which implies that the
map u given in the lemma is the unique viscosity solution to (E).

Proof. The map u(x) = 1 — |z| is continuous in [—1,1] and satisfies the boundary conditions
u(—1) = u(1) = 0. Note that u is C* in (=1,1)\{0}, so that it is a viscosity solution at these points
(Exercise). It remain to check that it is a viscosity solution at 0.

Let us check that it is a viscosity supersolution. Indeed the maps v(z) = 1—z and w(z) = 1+ =
are both classical solution to the equation |uy| = 1 in (—1,1). Thus u(x) = min{v(z),w(z)} is a
viscosity supersolution of this equation (as minimum of two supersolutions).

Let us now check that it is a viscosity subsolution at 0. Let ¢ be a C? test function such that
u — ¢ has a maximum at 0. We have to check that |¢,(0)|> < 1. Without loss of generality we
assume that u(0) = ¢(0) = 1 and thus u(z) < ¢(x) with an equality at 0. For A > 0 small, we have

w(h) =1 —h < ¢(h) = 1 + ¢ (0)h + o(h),

so that, simplifying by 1, dividing by h > 0 and letting h — 07 gives —1 < ¢,(0). If we use the
same argument for h < 0 small: we get

u(h) =1+h < ¢(h) =1+ ¢=(0)h + o(h),
and thus 1 > ¢,(0). So |¢(0)| < 1, which is the required inequality. O

A classical extension of the Eikonal equation in higher dimension is discussed next as an exercise.
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Exercise 5.1. Let O be an open and bounded subset of R?. We consider the Eikonal equation in
O:

|Du(z)]?> =1 in O,
(E) { u(z) =0 in 00.

A wiscosity solution of (E) is a map u : O — R which is continuous in O, satisfies the boundary
condition u(x) =0 in 00 and is a viscosity solution to the equation in O.

(1) Show that this equation has no C' solution.
(2) Let u be defined by
u(@) = min |z —y|

Show that u is Lipschitz continuous in O with Lipschitz constant not larger than 1.

(3) Show that, for any y € 0O, the map x — |z — y| solves the equation in a classical sense in
O and infer that u is a viscosity supersolution of the HJ equation.

(4) Givenx € O andy € 00 such that u(x) = |z —vy|, check that u((1—t)z+ty) = (1 —1t)|x —y|
fort €[0,1]. Infer from this that u is a viscosity subsolution to the equation.

The conclusion of these examples is that, even when the equation has smooth coeflicient, one
cannot expect to have classical solution to these first order Hamilton-Jacobi equations.
5.1.2. The uniformly elliptic case. Let us define the matrix A(z,a) = oo’ (
said to be uniformly elliptic if there if a constant ¢ > 0 such that

x,t,a). The problem is

LAz, a)E > cl€)?  Y(x,t,a,6) € RYx A x RY

In this case, and if the Hamiltonian is sufficiently smooth, one can expect the solution to the
Hamilton-Jacobi equation to be C?. The statement and proof of the results exceed the scope of
this course. Classical references are:

e Gilbarg, D., Trudinger, N. S., Gilbarg, D., & Trudinger, N. S. (1977). Elliptic partial
differential equations of second order (Vol. 224, No. 2). Berlin: springer.

e Krylov, N. V. (1987). Nonlinear elliptic and parabolic equations of the second order. Dor-
drecht, Holland: D. Reidel Publishing Company.

e Ladyzhenskaia, O. A., Solonnikov, V. A.; & Ural’tseva, N. N. (1968). Linear and quasi-
linear equations of parabolic type (Vol. 23). American Mathematical Soc..

e Lieberman, G. M. (1996). Second order parabolic differential equations. World scientific.

5.2. Comparison principle for first order HJ equations. Throughout this part, we assume
that H : R x R — R is continuous and satisfies the following Lipschitz condition: there exists a
constant C' > 0 such that, for any z,v, p, ¢ € R,

|H(x,p) — H(y,p)| < Clz —y|(1+ |p]), |H(x,p) — H(z,q)] < Clp—q. (5.1)

Example: If H corresponds to a deterministic infinite horizon control problem (i.e., with
o = 0) and our standard assumptions hold, then

H(xz,p) = max —L(z,a) — b(z,a) - p (5.2)

satisfies (5.2). Indeed, for any z,y,p € R? and if a is optimal for H(z,p), we have
H(y,p) = —L(y,a)=b(y,a)p = —L(x,a)=b(x, a)-p—Lip(L)|x—y|—Lip(b)|p||z—y| = —Clz—y|(1+|p]),

where C' = max{Lip(L), Lip(b)}. Exchanging the roles of x and y we find that H satisfies our
condition (5.1) on H.
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5.2.1. Bounded domains and stationary equations. Let © be an open and bounded subset of RY.
We consider the equation:

u+ H(z,Du(x)) =0in O, (5.3)
u(z) = 01in 00. '
This HJ equation corresponds (at least formally) to the following optimal control problem:

T

u(xp) = inf e 'L(XE, o )dt
acA 0

where
7¢ =inf{t > 0, X{* € 00}
and, for g € O, X = X%0-% is the solution to

d

aXta = b(X, ), X§ = xo.

One of the issue for this control problem is that u is discontinuous in general. However one can
show that w is continuous if, for instance, the boundary 90 is sufficiently smooth (i.e., locally the
graph of a C' function) and if the following “controllability condition” holds: there exists r > 0
such that

B(0,r) C b(x, A) Vo e 0.

Theorem 5.3 (Comparison). Assume that u : O — R is continuous and a viscosity subsolution of
(5.3) in O while v : O — R is continuous and a viscosity supersolution of (5.3) in O with u <wv in
00. Thenu <wv in O

This shows that the HJ (5.3) has at most one viscosity solution. If the value function u described
above is continuous, then one can show that it is the unique viscosity solution to the equation.

Proof. Step 1: penalization. Our aim is to prove that M := sup(u — v) < 0. We argue by
contradiction and assume that M > 0. In order to use the notion of viscosity solutions, we penalize
the problem by the so-called “doubling variable method”. Given € > 0, let

2
M, = max u(x) —v(y) — M
z,y€0 2e
Let (7c,y:) € O x O be such that M. = u(z.) — v(ye) — %

Step 2: estimates. We claim that

(i) Mc — M as e — 0" and lim,_,o+ % =0,
(ii) If € > 0 is small enough, then z. € O and y. € O.
Note that (i) implies that |z, — y.| — 0.
Proof of the claim. Note that M. > M since, for any = € O, M. > u(x) — v(x). Note also that,
by optimality of (x¢,y.), we have, for any x € O,
. |z — y£|2
2e

so that, as u and v are continuous in the compact set O and thus bounded,

u(ze) = v(ye) > u(z) — v(z),

2
x p—
e~ Ul < ulloe + )
Thus |z. —y-| — 0 as € = 0. So, denoting by w a modulus of continuity of v in the compact set O,
2 2
Te — Te —
M = ules) —vies) — P e w <o P e ). )

Thus
limsup M, < limsup M + w(|z: — y:|) = M.

e—0 e—0
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This proves that M. — 0 and, coming back to (5.4), that

2
lim sup e =97 <limsup M — M. + w(|z: — y:|) = 0.
e—0 € e—0
So (i) holds.

We now show (ii) by contradiction. Assume (to fix the ideas) that there exists a subsequence
(€n,) which tend to 0 and such that z., € 00 for any n. Then, extracting a subsequence if necessary,
there exists € 00 such that (z, ) tends to . But we know from the first step that |z, —y.| — 0,
so that (ye,) tends also to z. Hence, as u < v in 00,

a2
M = lim u(ze) — v(y:) — ze =97 < limsupu(ze,) — v(ye,) = u(z) —v(z) < 0.
e—0 28 n
This contradicts our assumption M > 0 and shows that z. € O for ¢ > 0 small. The symmetric
argument works for y., which completes the proof of (ii).

Step 3: using the HJ equation. We now choose € > 0 small enough so that (ii) holds. As z. is a
interior maximum point of
|z — ye|?
2
using as C? test function the map ¢(z) = v(y.) + % in the definition of viscosity subsolution
for u, we have

z = u(x) = v(ye) -

Te — Ye

u(ze) + H(xe,pe) <0, where p. = Do(x.) = — (5.5)
In the same way, as y. is a minimum point of
|z — y|2
% J— P ———
7= oly) — ules) +
and v is a supersolution, we obtain
v(ys) + H(yavpa) > 0. (5.6)

Thus, using the regularity assumption on H, (5.5) and (5.6),
Me < u(ze) — v(ye) < —H(2e,pe) + H(Ye, pe) < Clae — ye|(1 + [pe]),
where, by (i),

2
. . x J—
limsup |z: — ye|(1 + |pe|) = limsup |z: — ye| + M =0.
So
M = lim M. < 0,
which is in contraction with our assumption M > 0. Thus M = sup(u — v) < 0. O

Exercise 5.2. In this exercise, we explain how to obtain a comparison for an equation of the form
H(xz,Du(z)) =010
u(x) = 0 in 00.
when H(z,p) satisfies, in addition to (5.1), the condition: for any o € (0,1), there exists 1o > 0
such that, for any z,p € RY,
H(z,ap) < aH (2,p) — 1a.

Note that this is the case when H is given by (5.2) with L > 0, or for the Eikonal equation discussed
above.

(1) Show that, for any o € (0,1), uq := au is a viscosity subsolution of the equation
H(xz,Dugy) < —n4q in O.
(2) Arguing as in the proof of Theorem 5.3, show that u, < v and conclude.
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5.2.2. Unbounded domains and stationary equations. We now turn to the HJ in the whole space:
u+ H(x,Du(x)) =0 in R%.

Theorem 5.4 (Comparison). Let u : R* — R be a bounded viscosity subsolution and v : R — R
be a bounded viscosity supersolution. Then u < v.

If H is given by an infinite horizon deterministic control problem, then we know that the value
function is a continuous and bounded viscosity solution. Therefore it is the unique viscosity solution.

Proof. Step 1: The penalization. We argue by contradiction, assuming that M = sup(u — v) > 0.
For e > 0 and a > 0, let

2
|z =yl —af

M. = max u(z) —v(y) |z + [y|?).

x,y€R
We denote by (zc.q,Ye,o) @ maximum point in the expression above. Note that this penalization
is a mixture between the doubling variable technique (used for viscosity solution) and the usual
penalization to treat unbounded domains.
Step 2: estimates. We claim that

(1) limg 0 lim, o Ms,a =M,

—_ 2 . .
(ii) and lim,—0limsup,_, w = limg—0 limsup,_,g a(|7c.a|? + [ye.al?) = 0.
Proof of the claim. We have, for any z € R?, M, , > u(z) — v(z) — 2alz|?. Thus

liminf lim inf M, o > u(z) — v(z).
a—0 e—0

Taking the sup in the right-hand side gives

lim inf lim inf M, , > M.
a—0 =0 ’

Conversely, we note that, as v and v are bounded and comparing for instance with z =y = 0, we
get
’xe,oz - ya,a’2 2 2 .
———— F a|zc0l” + [¥e.al”) < 2(lJulloo + [v]loc) =: C.
Let wq be the modulus of continuity of v in B(0,C//a). Then

) _ ’xe,a - ya,a|2 _ a(

5 ]a:e,a|2 + [Yeal®) + V(Ze,0) — V(Yea)

).

M. o = u(2e0) — V(20

2
x R
<M - ‘s,agye,a‘ - O‘(‘xs,a’Q =+ ‘yE,a

2) —w([Zea — Yeo

Thus
lim sup lim sup M, o < M.

a—0 e—0

We infer that (i) holds. Therefore

B 2
’.’Ee,cx ye,a| + Oé(

lim sup lim sup Ze.ol? + [Ye.al?) < limsuplimsup M — Mz o — w(|Zz0 — Ye.o|) = 0.

a—0 e—0 € a—0 e—0
This shows (ii).
Step 3: Use of the equation. As the map
‘l’ - ys,a|2 —a
2e

has a maximum at z.,, and as u is a subsolution, we have

z = u(r) — v(Ye,a) — (Jz|* + |ys,a|2)

Te,a — Ye,a

U(l‘&a) + H($€,aaps,a + 2041:5,04) <0, where Pe,a = c
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In a symmetric way, as

’wE,a - y‘2
2e

has a mininum at y. o and as v is a supersolution, we have

v(ye,a) + H(ys,avps,a - 2ay5,a) 2 0

Yy — v(y) - u(xe,oc) + + O‘(‘xa,a’z + ’y|2)

Thus
Me,a < u(xs,a) - U(ye,a) < _H(xs,oups,a + 204$g,a) + H(ys,aape,a - 2ays,a)
< —H(2ea,Pe0) + H(Ye,0:Pea) +200(|22,0] + [Ye,al)
< ClZe,a = Ye,al (1 + [Peal) + 2Ca(|2e 0l + [Ye,al)-
We can then conclude as previously that

M = lim lim M, , <0,

a—0e—0

which contradicts our assumption M > 0. Thus M < 0. ([l

5.2.3. First order evolution equations. The ideas developed above can be adapted to the first order
evolution equation
~Ou+ H(z,Du) =0  in (0,7) x RY,
{ u(T,z) = g(x) in RY,
where H satisfies (5.1). A standard idea is to change variable, setting v(t,z) = e'u, to obtain an
equation with a zero order term of the form

—0w + v+ H(t,x, Dv) =0 in (0,7) x R4,
(T, z) = el'g(x) in RY.
where H(t,z,p) = e'H(x, e p).
5.3. Comparison principle for second order equation. The second order equations are much
more challenging to handle than the first order equations. The following exercise shows that, even
for an elementary equation, the previous approach does not work.
Exercise 5.3. We consider the equation (in dimension d =1)
u(z) —u'(z) =0 in (0,1)
and try to adapt the techniques of the previous section to compare a viscosity subsolution u with

a viscosity supersolution v such that u < v at x = 0 and x = 1. For this we assume that (zz,ye)

2
‘xgsyl with xe,ye € (0,1). Show that the notion of

is a mazimum point of (z,y) — u(z) —v(y) +
viscosity solution only gives

1 1
u(w) =2 <0, v(g)+ < 20.

To overcome this issue, we need an equivalent notion of viscosity solution, which is more “point-
3 97
wise”.

Definition 5.5 (subjet and superjet, stationary case). Let O be an open subset of R, u: O — R
be a continuous function and x € O. We say that a pair (p,S) € R? x 8 belongs to the subjet

J u(zx) to u at x if there exists x, — x, p, — p and S, — S such that
1
u(zy, + h) —u(xy) > pp-h+ ihTth + |h|%e,(h),

where e,(h) — 0 as h — 0. A pair (p,S) belongs to the superjet j+u(a:) tou at x if (—p,—95) €
J(—u) ().

The notion of viscosity sub/super solution can be expressed in terms of sub/superjet.
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Proposition 5.6. A continuous map v : O — R if a viscosity subsolution to the equation
u+ H(z, Du, D*u) < 01in O
where H s continuous, if and only if,
Ve e O, VY(p,S) € 7+u(a:), u(z) + H(z,p,S) <0. (5.7)

Proof. Assume first that (5.7) holds. Let ¢ be a C? test function such that v — ¢ has a local
maximum at € 0. We assume without loss of generality that ¢(x) = u(x). Then, by the second
order expansion of ¢,

u(z + h) < ¢(x + h) = u(z) + Do(x) - h + %hTDng(x)h + |h|%e(h).

Thus (Dé(z), D%p(x)) € J u(x), which implies that
u(x) + H(z, Dg(x), D*¢(x)) < 0.

So w is a viscosity subsolution.
Suppose now that wu is a viscosity subsolution. Assume first that (p,S) € R? x 84 is such that

1
u(x+h)—ulz)<p-h+ §hTSh + |h|%e(h).
For € > 0 small, let 7 > 0 be such that B(x,r) C O and |e(h)| < € in the ball B(0,r). Then
1
u(z+h)—u(z)<p-h+ §hT(S +elg)h,
1

in B(0,r) and an equality at h = 0. Thus u(y) —p- (y — 2) + 5 (y — 2)7 (S + €l4)(y — z) has a local
maximum at y = x, so that u(x) + H(z,p, S + €lz) < 0. Letting ¢ — 0 gives:

u(z) + H(z,p, 5) <0.
If now (p, S) belongs to j+u(x), then there exists x, = z, p, — p and S,, = S such that

1
u(zy, + h) —u(zy) <pp-h+ §hTth + |h|%e, (h).

By the previous step,
’LL(:Cn) + H($n,pn, Sn) <0.
We obtain the desired inequality by letting n — oo. (I

Exercise 5.4. Characterize in the same way the notion of viscosity supersolution.
The central result to obtain a comparison principle in for second order equations is the following:

Theorem 5.7 (Ishii Lemma). Assume that u,v : O — R are two continuous maps and that
¢ = ¢(x,y) is C% and such that (z,y) — u(x) — v(y) — ¢(x,y) has a local mazimum at a point

(xo,90) € OxO. Then, for any n > 0 there exists X, Y € 8; such that (Dy¢(xo,0), X) € j+u(a:0),
(—qub(l‘o,yo),Y) € Jiu(y0)7 and

( )O< —OY ) < D*¢(x0, yo) + 1(D*¢(20, 40))*.

Remark 5.8. One often takes ¢(x,y) = %\x —yl2. Then D?*¢(x,y) = % ( _Ij.d _Iid

(D%¢(x,y))? = %D%ﬁ(a},y). A good choice for n is then n = e, which yields to
X 0 3( Ig —Ig
(O _Y>§€<_Id Id). (5.8)

The proof of the Ishii Lemma exceeds the scope of the course. It can be found in the standard
references on viscosity solution [2, 4, 11]. We now explain how to prove the comparison in a very
simple setting:

) , and thus
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Proposition 5.9. Assume that O is an open and bounded subset of R?. Let H :R%x 84 — R be
continuous and (degenerate) elliptic. If u: O — R is a subsolution to

uw+ H(Du,D*u) =0  in O
and v: O = R is a supersolution to that equation, with v < v in 0O, then u < v in O.

Proof. The beginning of the proof is exactly as in the proof of Theorem 5.3: Given € > 0, let

2
M. = max u(z) — v(y) — le ot
z,ye0 2e

“ “ Te—Ye 2
Let (zz,y:) € O x O be such that M, = u(xe) —v(ye) — %
of Theorem 5.3 that
(i) Mz — M as e — 0" and lim,_, o+ % =0,
(ii) If € > 0 is small enough, then z. € O and y. € O.

. Then we can show as in the proof

2
We now use the equations: we apply Ishii Lemma to the map ¢.(x,y) = % As (ze,ye) is

a maximum point of (x,y) — u(z) — v(y) — ¢-(x,y), there exists X, Y. € 84 such that (p., X:) €
J u(ze), (pe, Ye) € 7+fu(y€) and (recall Remark 5.8)

Xe 0 \_3( L -I
0 =Y. ) e\ ~1la 1 )’

Applying this inequality to vectors of the form (z,2) € R?? shows that X, < Y.. As u is a
subsolution while v is a supersolution, we have

u(ze) + H(pe, Xe) <0, v(ye) + H(pe, Y2) 2 0.
As H is degenerate elliptic and X, < Y, we obtain:
M, < u(we) —v(ye) < H(pe, Ye) — H(pe, Xc) < 0.
Thus M = sup(u — v) = lim._,o M. < 0. O
A classical use of inequality (5.8) is the following.

Proposition 5.10. Assume that

H(z,S)= ilelg{—Tr(aaT(a:, a)S}

where o satisfies our standing conditions and that (X,Y) satisfies (5.8). Then
3
}{CQ;X)__}IQLYU > —gw$“ye-

Proof. Use the vector (o(x,a),o(y,a)) in (5.8) and take the trace: we get
- 3Lip(c)?

Tr(ool (z,a)X) — Tr(oo? (y,a)Y) < §|a(x, a) —o(y,a)* < |z — y|2.

9

Thus

3Lip(c)?

H(z,X) > H(y,Y) — o —yl*.

O

Following the argument of Proposition 5.9 easily yields to a comparison for an equation of the
form

w+ H(z, D*u) =0 in O,

where O is an open bounded subset of R%.
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Exercise 5.5. Eztend the proposition above to the Hamiltonian

H(xz,p,S) = igg —L(z,a) — b(z,a) - p— Tr(oot (x, a)St, (5.9)

where L, b and o satisfy our standing assumptions, and with p = (x —y)/e. Then use the technique
of Proposition 5.9 to prove a comparison principle for an equation of the form

u+ H(z, Du, D*u) = 0 in O,
where O is an open bounded subset of R®. Generalization to bounded solutions in R?.

The approach extends to parabolic equations. The sub- and superjets are replaced by the
parabolic sub- and superjets: given O an open subset of R? x R and v : O — R, we say that

(pe, pe, X) € R x R? x 84 belongs to the parabolic subjet P (tg,z0) to u at (tg,xz0) € O if there
exists (tmxnvpt,napm,na Sn) — (to,xo,pt,pI,S) and
1
u(tn +r,xo + h) < u(to,ﬂ?o) "‘pt,nT +px,n -h+ QhTth + (|T| + ‘h|2)5n(r’ h)
+

We define P~ u(tg, z0) = —P (—u)(to,z0). As above, if H is continuous, one can show that u is a
viscosity subsolution to

—Oyu+ H(t,z, Du, D*u) =0 in O,
if and only if
W(t,z) € 0, ¥(pi,pe, X) € Plult,x),  —pe+ H(t,a,pp, X) <O0.
A version of Ishii Lemma in this case is the following;:

Theorem 5.11 (Ishii Lemma). Let O be an open subset of R x R. Assume that u,v: O — R are
two continuous maps and that ¢ = ¢(s,t,x,y) is CH2 and such that (s,t,z,y) — u(s,z) —v(t,y) —
(s, t,x,y) has a local mazimum at a point (s, to, o, yo) € O x O. Then, for any n > 0 there exists
X,Y € 8,4 such that

(83¢(80,0 » L0, yO)a Dz(b(SO;O » L0, yO)? X) € F+u(:r0),

(=09 (50,0 , T0, Y0), Dy (50,0 , T0,%0), Y) € P u(yo)

and
X 0
(5 %) = DRt +n(D2, 000, )

As a consequence, the comparison principle holds for parabolic equations of the form

{ —Ou+ H(x,Du,D?>u) =0  in (0,T) x RY,

w(T,z) =g(xz)  inR (5.10)

Theorem 5.12. If H is given by (5.9) and under our standing assumption, if u : [0,T] x R = R
18 a continuous and bounded viscosity subsolution to
—0wu+ H(x,Du,D*u) =0  in (0,T) x R?
and v : [0,T] x R* = R is a continuous and bounded viscosity supersolution to that equation, then
uw<wvin {T} x R? = u<wvin [0,T] x RY.

As a consequence, the value function of the finite horizon problem is the unique viscosity solution
to (5.10).
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