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Abstract

Thanks to the Stroock €& Varadhan “Support Theorem” and under convenient reqularity
assumptions, stochastic viability problems are equivalent to invariance problems for control
systems (also called tychastic viability), as it has been singled out by Doss in 1977 for
instance. By the way, it is in this framework of invariance under control systems that
problems of stochastic viability in mathematical finance are studied.

The Invariance Theorem for control systems characterizes invariance through first-
order tangential and/or normal conditions whereas the stochastic invariance theorem char-
acterizes invariance under second-order tangential conditions. Doss’s Theorem states that
these first-order normal conditions are equivalent to second-order normal conditions that we
expect for invariance under stochastic differential equations for smooth subsets.

We extend this result to any subset by defining in an adequate way the concept of
contingent curvature of a set and contingent epi-Hessian of a function, related to the
contingent curvature of its epigraph. This allows us to go one step further by characterizing
functions the epigraphs of which are invariant under systems of stochastic differential
equations. We shall show that they are (generalized) solutions to either a system of first-
order Hamilton-Jacobi equations or to an equivalent system of second-order Hamilton-
Jacobi equations.

Keywords: stochastic viability, tychastic viability, support theorem, generalized cur-
vature, generalized Hessian, derivatives of set-valued maps.

Let us consider a o—complete probability space (2, F,P), an increasing family F of
o—sub-algebras F; C F, two finite dimensional vector-spaces X := R, Y := R" and W
a Y-valued Wiener measure.

Let us denote by I,(&;,7,0) the Itd process associated with the drift v € L%(Q,X)
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and the diffusion o € L%E(Q, L(Y,X)) by

Vi1, L(,7.0) —5T+/v ds+/
An It6 process is a solution to the stochastic differential equation
de = ~(x(t))dt + o(x(t))dW(t)

starting at &g if

£00) = Tof60, 7€), 0(E)(0) = &o+ [ 2(E6Nds + [ olels)aWs)

We say that a It0 process £(-) is viable in K on some interval [0, 7] if
Vte[0,T], for almost allw € Q, &,(t) € K
This condition depends only upon the law L(£(t)) of £(¢) because it can be restated
Vie,T], LEW)K) = 1

Let us set o'(z) := o(x)e’ so that o(z)u = I, w;o'(x). We associate the It6 drift v and
the diffusion o the Stratonovitch drift s(-y, o) defined by
IS i i
s(v,0)(2) = ~(z) -5 > Do'(z)o'(x)

i=1

Thanks to the Stroock & Varadhan “Support Theorem”, we know that, under conve-
nient regularity assumptions on the drift and the diffusion, a closed subset K is invariant
under the stochastic differential equation if and only if K is invariant under the tychastic
system

{ ) 2() = s(v,0) (@) + X, o (2(t)v;
ii) veR i=1,...,n

This is very advantageous because the Saint-Pierre Viability Algorithm ([69, Saint-Pierre],
[60, Pujal & Saint-Pierre] and [59, Pujal] for instance) allows us to check numerically
whether a given subset is invariant under such a “tychastic system” or else, provides the
largest subset of K that enjoys this property, called the invariance kernel (see Chapter 5 of
[7, Aubin], for instance). We shall not take up this issue in this paper. Rather, we shall
characterize this invariance property.



Indeed, when the subset K := {x € X | p(2) < 0} is the level set of a smooth function
¢ such that ¢'(z) # 0 whenever p(z) = 0, it was proved in [36, Doss| that K is invariant
under the above differential inclusion if and only if for every x € 0K = {z|p(z) = 0},

i) (¢ (x),0%(x)) =0, i=1,...,n
it) (¢'(z),s(v,0)(x)) <0

(See also Remark 10 of [37, Doss & Lenglart]). Recently, Halim Doss proved that this
condition is equivalent to the second-order condition : for every x satisfying ¢(x) = 0,

that is usually derived from the It6 formula.

By the way, it is in this framework of invariance under control systems that problems of
stochastic viability in mathematical finance are studied ([19, Bjork], [37, Doss & Lenglart],
[40, Filipovic], [45, Jachimiak], [48, 49, 50, 51, 52, 53, Milian]|, [75, Tessitore & Zabczyk],
[78, 80, Zabczyk]|) among many other papers on this topic.

We shall take up this issue in this paper by adapting these results to the case when K is
any closed subset by using several concepts of set-valued analysis : contingent cone to any
subset, normal cones, contingent derivatives of set-valued maps, contingent epi-derivatives
of an extended function, subdifferential, etc. The second order condition involving the
Hessian ¢”(x) will be replaced by the concept of contingent curvature of any set K at x
that we shall define, as well as the contingent epi-Hessian of an extended function that
allows to give another meaning to generalized solutions to second-order Hamilton-Jacobi
equations (different from the concept of subjet used for defining viscosity solutions to
second-order Hamilton-Jacobi equations in [26, Crandall, Ishii & Lions]). We shall relate
the contingent curvature to the epigraph of an extended function to its contingent epi-
Hessian.

There are (too) many ways to define second-order derivatives, as one can see by reading
Chapter 13 of [68, Rockafellar & Wets] and its historical notes. We shall see that the Doss’
proof in the regular case shows requires naturally the concept of graphical derivative of
the subgradient introduced in [5, 6, Aubin] for convex sets®. This issue was next taken up
in a series of papers, among which we quote only [63, 64, 65, 66, Rockafellar], [56, 57, 58,
Poliquin & Rockafellar] and [76, Thibault] in the non convex case.

As a consequence, we shall provide yet another characterization of stochastic invariance
of a subset K under a stochastic differential equation, that adds to the ones provided

3for studying the derivative of the set-valued map associating with parameters the solutions of the
primal and dual convex minimixation problem.



in [10, 11, Aubin & Da Prato|, [43, Gautier & Thibault] and [12, Aubin, Da Prato &
Frankowska], [29, Da Prato & Frankowska] in terms of stochastic tangent cones, in [15,
Bardi & Goatin], [16, Bardi] in terms of second order normal cones and subjets of indicators
and in [24, Buckdahn, Peng, Quincampoix & Rainer| in terms of distance functions to the
set.

This explosion of tangential and normal characterizations of stochastic viability that
are all (more or less) equivalent suggests and asks for a thorough direct study of their
equivalence. For instance, in a recent paper [31, ?, Da Prato & Frankowska], the basic
property? that we shall derive from the Support Theorem and the Invariance Theorem
has been proved directly.

We shall apply these results to characterize an (extended) function v : Ry x X —
R U {+00} the epigraph of which is invariant under the system of stochastic differential
equations
i) dr(t) = dt
i) dE(t) = (€t + ()W (1)
i) dn(t) = —(n(t)u(E(t) +AE1)))dt + v(£(t))dW (t)

We shall show that is a generalized solution to

1. either the system of first-order partial differential equations

i) 8Vgg;x)ai(:c) = Vi(z), i=1,...,n
iy PO VD)) v +2@)
5 (00 @), ') - D)) < o

=1

4This is
Nk (z) C ker(o(z))

where Nk (z) is the normal cone to K at z and o(x)* the transpose of the diffusion.



2. or the system of second-order partial differential equations

i) ({Wg;mai(x) = Ji(x), i=1,...,n

ov(t,x) N ov(t,x)

ot 5y /@) + p@)v(@) + A@@)

i)

" 9%v(t,x), ,
%i}‘;w(“l(@ﬂl(w)) <0

For instance, consider the following classical system of stochastic differential equations

i) dr = dt

ii)  d& = Eopo(§)dt

iii) d&§y = §ip1(§)dt + §1odW (t)

iv) dn = (§opo(§)po(T, &) + &1p1(§)P1(7, &) — u(&(t))n)dt 4 E1opr (T, §)dW (1)

governing the evolution of the prices xg of a nonrisky asset, the price x1 of the risky asset
and the value y := po(t, x)zo + p1(t, z)z1 of a feedback portfolio (po(t, z),pi(t, z)).

We infer that any function v the epigraph of which is stochastic invariant under the
above system of stochastic differential equations is a (generalized) solution to the Black-
Scholes partial differential inequalities:

2V X
£1(0) + () = V(@) ) o) + A @) < 0
1

ov(t,x) ov(t,x) ov(t,x)
875 +< al’o .’L‘o+ 81’1

In order to take into account the fact that the solution is only lower semicontinuous, we
shall replace the gradient by the (regular) subgradients of the function v and the Hessian
of v by a contingent epi-Hessian that generalizes it, as we shall see later.

Outline — We devote the first section to the definition of contingent curvature of
a set. We recall in the second section the Invariance Theorem for control systems. The
Characterization Theorem is proved in the third section. We introduce the concept of
contingent epi-Hessian of an extended function in the fourth section and we characterize
the functions the epigraph of which is invariant under a system of stochastic differen-
tial equations as a (generalized) solution to equivalent systems of first and second-order
Hamilton-Jacobi partial differential equations. As a particular case, we relate the in-
variance of the epigraph of a valuation function to the Black-Scholes partial differential
equation in finance. O



1 Contingent Curvature

1.1 Contingent and Normal Cones

Let (K,)nen be a sequence of subsets of a metric space E. The (Painlevé-Kuratowski)
upper limit Limsup,,_,. K, of the sequence K,, is the set of cluster points of sequences
T, € K,, i.e., of limits of subsequences x,; € K, .

Let K C X be a subset of a normed vector space X and z € K. The (Bouligand-
Severi) contingent cone Tk (z) is the set of elements v such that there exists a sequence of
elements h,, > 0 converging to 0 and a sequence of v, € X converging to v satisfying

VnZO, x‘i’hnvn € K

In other words, the contingent cone Tk (x) is the upper limit of the subsets (K — x)/h
(regarded as “set differential quotients”)
Tk(z) = LimsuthOJr%

Therefore Tk (x) is always a closed cone of “tangent directions” (which is convex when
K is convex or, more generally, when the contingent cone is lower semicontinuous® at this
point, a vector space when K is a smooth manifold).

The polar cone Nk (x) := (T (x))™ is called the normal cone to K at x. It is also called
the Bouligand-Severi normal cone, or the contingent normal cone, or also, the sub-normal
cone and more recently, the reqular normal cone by R.T. Rockafellar and R. Wets. In this
paper®, only (regular) normals are used, so that we shall drop the adjective “regular”.

We recall that the graph of the normal cone N : z € K ~ Ng(x) is closed if and
only if the contingent cone map = ~ Tk (z) is lower semicontinuous.

1.2 Contingent Derivatives

Let us consider a sequence of set-valued maps F,, : X ~» Y. The set-valued map F? :=
Limﬁn_,Jroan from X to Y defined by

Graph(Lim®, ., Fy,) := Limsup,,_, . Graph(F},)

is called the (graphical) upper limit of the set-valued maps F,.
Even for single-valued maps, this is a weaker convergence than the pointwise conver-
gence:

®See SET-VALUED ANALYSIS, [13, Aubin & Frankowska]. A subset K is said to be sleek at = € K if
Tk (-) is lower semicontinuous at this point. A convex subset K is sleek at each of its points.
SWe could as well use the smaller cone of proximal normals.



1. If f, : X + Y converges pointwise to f, then, for every = € X, f(z) € f¥(z). If the
sequence is equicontinuous, then f#(x) = {f(x)}.

2. Let © C R™ be an open subset. If a sequence f, € LP(€)) converges to f in LP(Q),
then
for almost all z € Q, f(z) € f*(x)

3. If a sequence f,, € LP(Q2) converges weakly to f in LP(2), then

for almost all 2 € Q, f(x) € coff(x)

Let F: X ~ Y be a set-valued map. We introduce the differential quotients
F(z+ hu) —y
h

of a set-valued map F' : X ~ Y at (z,y) € Graph(F'). The contingent derivative DF(z,y)
of F at (x,y) € Graph(F) is the graphical upper limit of differential quotients:

u ~ VpF(z,y)(u) =

DF(z,y) := Lim*,_o Vs F(z,y)

In other words, v belongs to DF(z,y)(u) if and only if there exist sequences h,, — 07,
up — u and v, — v such that Vn >0, y+ hpv, € F(z + hpuy).

In particular, if f: X +— Y is a single valued function, we set Df(z) = Df(x, f(z)).

We deduce the fundamental formula on the graph of the contingent derivative: The
graph of the contingent derivative of a set-valued map is the contingent cone to its graph:
for all (z,y) € Graph(F),

Graph(DF(l', y)) = TGraph(F) (.’B, y)

1.3 Contingent Curvature of a Set

Since we wish to characterize the stochastic viability conditions for any closed subset, we
need to introduce the concept of contingent curvature of a set K at a point x € K in a
normal direction p € Nk (z).

This concept involves the contingent derivative DN (x, p) of the set-valued map x ~»
Nk (z) at a point (z,p) € Graph(Ng) of its graph.

By definition of the contingent derivative, dp € DNy (z,p)(dz) if and only if dz €
Tk (z) and if there exist h, — 0+, dz,, — dx and dp,, — dp such that

Vn2>0, p+hpdp, € NK($+hndl'n)

This requires that the directions dz belong to the contingent cone Tk ().



Definition 1.1 We shall say that the subset K is curvaceous at x € K if
VaoeK,Vpe Ng(x),Vueco(Tk(z), DNk(z,p)(u) # 0

and curvaceous if it is curvaceous at every x € K. In this case, the contingent curvature
Curvg (z,p) of K at a point (x,p) € Graph(Ng) is defined by
Vu,veTk(x), Curvg(z,p)(u,v) := sup (dp,v)
dpE DN (z.p)(u)
When the subset K := {z € X | ¢(x) < 0} is the level set of a twice continuously

differentiable function ¢ such that ¢’(z) # 0 for every z such that ¢(x) = 0, then whenever
¢(r) =0, Ng(z) := ¢'(z)R and

Vu,v € ker/(z), Curvig(z,¢'(z))(u,v) = ¢"(z)(u,v)

When the subset K is a closed convex subset, denote by IIx the best approximation
projector onto K. Then if p belongs to the normal cone Nk (z) to K at some = € K, we
deduce from the relation x = i (x, p) the characterization

q € DNk(z,p)(u) <= u € DIlg(z+p)(u+q)

between the contingent derivative of the normal cone Nx and the contingent derivative of
the projector Ix (see [5, 6, Aubin]). This result has been generalized has been generalized
in [57, Poliquin & Rockafellar] to so-called “prox-regular” subsets K (see Corollary 13.43
of [68, Rockafellar & Wets| for definitions and more results.)

2 Invariance under Control Systems

Let us consider two Lipschitz maps f: X — X and 0 : X — L(Y, X) and a Lipschitz set-
valued map U : X ~ Y. We associate with them the “control” system (f, o, U) governing
the evolutions of the state through

i) 2'(t) = f(z@t) +o(@(t))u(t)
i) u(t) € Uz(t))

Even though this is formally a control system, the terminology is not adequate since the
parameters u are no controls, but perturbations, disturbances, parameters that are not
under the control of the controller or the decision-maker, but rather under an unknown
Nature. We suggest to borrow to Charles Peirce” the concept of tyche, on of the three

"Charles Peirce introduced the concept of tychastic evolution in [55, Peirce]. In this paper, Peirce
associates with the Greek concept of necessity, ananke, the concept of anancastic evolution, anticipating
the “chance and necessity” framework that has motivated viability theory in the first place. Peirce was
a prolific and profound philosopher interested in evolution theory after Darwin and Spencer, and he is in
particular the founder of semiotics, term that he coined.



words of classical Greek meaning “chance”, and to call in this case the control system as
a tychastic system, to stress the fact that tyches u € U(x) play the role of event w €
in stochastic systems. This analogy is further motivated by the Equivalence Theorem
between stochastic viability and tychastic viability. We shall say that a subsets K C X is
invariant under the tychastic system (f, o, U) if for every initial state z € K all (absolutely
continuous) solutions z(+) of the tychastic system (f, o, U) starting at = are locally viable
in K in the sense that

3Ty >0 suchthat Ve [0,T,,[, =(t) € K

The Invariance Theorem, a consequence of the Filippov Theorem, states (see for in-
stance Theorem of [7, Aubin]):

Theorem 2.1 Assume that (f,0,U) is Lipschitz and that K is closed. Then K is invari-
ant under (f,o,U) if and only if

Vee K, Vue U(x) f(z)+o(x)u € co(Tk(x))
or, equivalently, in dual form, if and only if

Vo e K, Vpe Nkg(x), (p,f(z))+ 23?)@(96)*?&) <0 (1)

As a consequence, when U(z) :=Y is the whole space, we deduce the following

Corollary 2.2 Assume that the maps f and o are Lipschitz and that K is closed. Then
K is invariant under (f,0,Y) if and only if

Ve K, Vpe Ng(z), { 2) gf(]gg»cgkeé(a(x)*) ®)

Proof — Indeed, conditions (1) and (2) are obviously equivalent. O

3 Stochastic Dynamical Systems

We associate with the Ito drift v and the diffusion o involved in the stochastic differential
equation
dr = ~y(z(t))dt + o(x(t))dW(t)

the Stratonovitch drift s(y, o) defined by

S(.0)@) = 1(@)— 2 Y D)o (x)

i=1
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Theorem 3.1 (Doss) Let K C X be a closed curvaceous subset, Nk (x) the normal cone
to K at x and DNk (xz,p) its contingent derivative at p € Nk (x).

Let us assume that the drift v is Lipschitz around K and bounded on K and that
the three first derivatives of the diffusions o* exist and are bounded on K. The following
conditions are equivalent:

1. K is invariant under the stochastic differential equation d§ = ~y(§)dt 4+ o(£)dW (t),
2. K is invariant under the differential inclusion z'(t) € s(v,0)(z(t)) + Im(o(z(t))),

3. K satisfies the first-order conditions: for every x € K,

i) (p,o'(z)) =0, i=1,...,n
VPGNK“)’{ i) (p. (@) — 4 Sy (p. Do ()0 (2)) < 0

4. K satisfies the second-order conditions: for every r € K,

i) (p,o'(z)) =0, i=1,...,n
\”’GNK(”““)’{ i) (@) + T, Curvic(z, p) (07 (2), 0i(2)) < 0

Proof — We already mentioned that thanks to the Stroock & Varadhan “Support
Theorem”, we know that K is invariant under the stochastic differential equation if and
only if K is invariant under the tychastic system

{ i) 2'(t) = s(y,0)(x(t) + X1y o (x(t))v;

ii) veR i=1,...,n

Corollary 2.2 (see [36, Doss] in the smooth case) states that K is invariant under the above
tychastic system if and only if &

V€K, Vpe Ng(z), { 2) é]ifs((ﬂ;{ Gc)(;;r(og'(g)*)

Hence the conclusion follows from the following Lemma:

Lemma 3.2 (Doss) Let K C X be a closed curvaceous subset. Let us associate with a
drift v and continuously differentiable diffusions o* the Stratonovitch drift s(~y, o)

(.0)(e) = ) 3 3 Do) (x)

81n a recent paper [31, Da Prato & Frankowska], the basic property
Nk (z) C ker(o(z))

has been derived directly under weaker assumptions without using the Support Theorem.
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Let K be a subset, Ni(x) the normal cone to K at x and DNg(x,p) its contingent
derivative at p € Ng(z). Let us assume that

Vaxe K, Ng(z) C ker(o(x)")
Then the two following conditions are equivalent:

i) VYaxeK,Vpe Ng(x), (p,s(y,0)(z)) <0 '
i) Va €K, Vpé€ Nk(z), Vdp; € DNk(z,p)(c'(z)), (3)
(p, () + § Xy (dpiy o' (x)) < 0

Proof — Let us take dp € DNk (z,p)(dx). By definition of the contingent derivative,
there exist h, — 0+, dx,, — dz and dp, — dp such that

Assumption (3.2) can be written
VzeK,Vpe Nkg(z), (p,o(z)) =0, i=1,...,n

Therefore, since ¢ is continuously differentiable with respect to x, we deduce from assump-
tion (3.2) that for all o'(-), Vz € K,

= <p+h dpn, o' (z + hpdzy,)) 4
(p, 0" (x)) + hy((dpn, 05(2)) + (p, Do*(x)(dxn))) + hnen
= hn((dpn, o' (z)) + (p, Do*(x)(dzn))) + hnen

and thus, dividing by h,, > 0 and passing to the limit, we obtain that for any ¢ = 1,...,n,
V dp € DNk (z,p)(dx), {(dp,o'(z)) + (p, Do’ (x)dx) = 0
Taking dx := o'(x), we infer that
Y dp; € DN (z,p)(c'(x)), (dp;,o'(z)) + (p, Do’ (x)o'(z)) = 0

Consequently, we deduce that under assumption (3.2), for any ¢ = 1,...,n and any dp; €
DNk (z,p)(o*(x))

(p,s(v,0)(x)) o

= (p,7(2)) — 5 X1 (p, Do’ (z)o" (2))

= (p,7(@)) + 3 i1 {dpi, o' (2))

Ly
?
@) +3 2

and thus, that statements (3)i) and ii) are equivalent. O
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4 Contingent Epi-Hessian

4.1 Extended Functions

A function v : X — R U {+o0} is called an extended (real-valued) function. Its domain is
the set of points at which v is finite:

Dom(v) = {zr € X | v(z) < o0}

A function is said to be nontrivial if its domain is not empty. Any function v defined on
a subset K C X can be regarded as the extended function vg equal to v on K and to
400 outside of K, whose domain is K.

Since the order relation on the real numbers is involved in the definition of the Lya-
punov property (as well as in minimization problems and other dynamical inequalities),
we no longer characterize a real-valued function by its graph, but rather by its epigraph

Ep(v) = {(z,\) e X xR | v(z) <A}

We remark that some properties of a function are actually properties of its epigraph. For
instance, an extended function v is convex (resp. positively homogeneous) if and only if
its epigraph is convex (resp. a cone).

We associate with a subset M C X x R4 the function v : X — Ry U{+o0} defined
by

vpm(z) (= inf w
M( ) (z,w)eM

that we shall call its southern border.

We observe that if M C X x Ry is a closed subset, then its southern closure v is
lower semicontinuous and

Ep(vam) = M+ {0} x Ry

4.2 Contingent Epiderivatives

The epigraph of the lower epilimit limﬁTnHJroovn of a sequence of extended functions v, :
X — RU{+o0} is the upper limit of the epigraphs:

Ep(limj%n_wroovn) := Limsup,,_, Ep(vy)
One can check that

i oovnlan) = Tl Va0

Let v : X — RU {400} be a nontrivial extended function and x belong to its domain.
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We associate with it the differential quotients

v(z + hu) — v(x)

u ~ Vpv(z)(u) = N

The contingent epiderivative Dyv(z) of v at © € Dom(v) is the lower epilimit of its
differential quotients:
Div(z) = limgh—>0+th(x)

One can check that the contingent epiderivative Dyv(x) satisfies

A

and the epigraph of the contingent epiderivative D;v(-) is equal to the contingent cone to
the epigraph of v at (z,v(x))

Ep(Drv(x)) = Tepvy(z,v(x))
Naturally, when v is Fréchet differentiable at x, then
Dyv(z)(v) = (f'(2),v)
so that the subdifferential O_v(x) is reduced to the gradient v'(z).
The continuous linear functionals p € X* satisfying
VveX, (p,v) < Div(z)(v)

are called the (regular) subgradients of v at x, which constitute the (possibly empty) closed
convex subset

O_v(z) == {pe X |Vve X, (pv)y < Dyv(z)(v)}

called the (regular) subdifferential of v at xg.
We also note that

i) (p,—1) € Negpv)(x, v(z)) if and only if p € 0_v(x)
i7) (p, 0) € Nep(v) (x, v( )) if and only if p € Dom(Dqv(z))~

and that

Né’p(v) (.%', V(l‘)) = {)‘(% _1)}q€8_v(x), A>0 U{(Qa 0>}q€D0m(DTv(x))_
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The subset Dom(D;v(z))” = {0} whenever the domain of the contingent epiderivative
D;v(zx) is dense in X. This happens when v is locally Lipschitz and when the dimension
of X is finite:

One can also prove that when the dimension of X is finite, the subdifferential 0_v(x)
is the set of elements p € X* satisfying

T=20 [l = ol

>0 (4)

The equivalent formulation (4) of the concept of subdifferential has been introduced in
[25, Crandall & P.-L. Lions] for defining viscosity solutions to Hamilton-Jacobi equations.

4.3 Contingent Epi-Hessian of an Extended Function

When K := Ep(v) is the epigraph of a nontrivial extended function v : X — R U {+o0},
we recall that the (regular) subdifferential 0_v(x) is the set of elements p € X* such that

(p7 _1) € Né‘p(v)(xﬂv(x)) = (Té'p(v)(x7v(m)))_‘

Definition 4.1 Let v : X — RU{+o00} be a nontrivial extended function. Let us consider
x € Dom(0_v) and p € 0_v(x).

We shall denote by 0>v(z,p) the set-valued map associating with dv € X the set of
elements dp € X* such that there exist sequences hy, — 0+, u, — dz, v, — Dyv(x)(dz)
and w, — dp such that

Vn >0, (p+hamn,—1) € Nepw)(® + hntin, v(z) + hpvn)
and say that v is is curvaceous at x € Dom(v) if
V2 € Dom(v),¥ p € d_v(z),V d*v(z,p) # 0
and curvaceous if it is curvaceous at every x € Dom(v). In this case, we denote by

Hessy (v)(z,p)(u,v) := sup (dp,v)
dped? v(w,p)(u)

the contingent epi-Hessian of v at (z,p) € Graph(Ng).

We observe that when the function v is twice continuously differentiable, then the
contingent epi-Hessian of v at x coincides with its usual Hessian:

Hess; (v)(z, v/ (2))(u,v) = v"(z)(u,v)

We deduce the following
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Proposition 4.2 Let v : X — R U {+o00} be a nontrivial curvaceous extended function
and p belong to the subgradient O_v(x). The two following conditions are equivalent:

1. (dp,dX) belongs to DNgyv)((x,v(2)), (p, —1))(dz, Dyv(z)(dz))
2. dp € 0*v(z,p)(dx) — pdA

Therefore, the contingent curvature to the epigraph of a nontrivial extended function
v: X — RU{+o0} is related to the contingent epi-Hessian of v by the formula

Vped-v(z), Caurveyw((z,v(z)), (p, =1))((u, D1v(z)(u)), (v, 1))
_ { Hesst(v(z,p))(u,v) if v = (p,v)

+00 if not

Proof —  To say that (dp,d)) belongs to DNgp((z,v(z)), (p, —1))(dz, Dyv(z)(dz))
means that there exist sequences h,, — 0+ and ¢;, — 0, (i = 1,2,3,4) such that, setting
dy := Dyv(zx)(dx),

(p+ hndp+ hner,, =1+ hpdA+ hpea,) € Nepw) (T + hpdz + hpes,, v(z) + hpdy + hpea,,)

Dividing by 1 — hpd\ — hpea, > 0 for n large enough, setting

1

Lt had) + hnes, = T
- Iin — llnc2,

and remembering that Ngp ) (x) is a cone, we infer that
((p+hndp+hner,)(1+hndA+hnes, ), —1) € Nepy(x+hndr+hnes,, v(z)+hpdr+haey,)

i.e., that dp-+pd\ belongs to 02 v(z, p)(dx) because (p+hndp+hne1, ) (1+hpd\+hyes, ) =
P+ hp(dp + pdX) + hpee,, -

Conversely, assume that p 4+ pd\ belongs to 9?v(x,p). There exist h, — 0+ and
g, — 0, 1 =1,2,3 such that

(p+ holdp + pdX +€1,), —1) € Ngpv)(T + hpdz + hpea,, v(x) + hndy + hpes,)

Dividing by 1+ hpdA =: we infer that

1
T=hndites, ’

dp+ e,
(p + hnm, —1 4 hpdX + 54n> € Nepw) (T + hndx + hpea,, v(z) + hndy + hnes,)

and thus, that (dp,d\) belongs to DNgp,v)((w, v(z)), (p, —1))(dx, Dyv(z)(dx)).
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Finally, knowing that (dp, d\) belongs to D Ngp,v)((@, v(2)), (p, —1))(dx, dy) if and only
if dy = Dyv(x)(dr) and

dp = dm — pd\ where dn € 0*v(z,p)(dz)

we infer that p := Dyv(z)(u) and that

Curvé’p(v)((x7 V(.%')), (p7 _1))<(u7 :U’>7 (U7 V))
= SUD(dp,d\)€DNey (v ((@:v(@)),(p— 1)) () {(AP5 AA), (0, 1)
= SUDPgred? v(wp)(u) (AT, V) + SuPgrer dA(V — (p, v))

Therefore
Curvey(v)((z, v(2)), (p, —1))((u, Dyv(2)(u)), (v, 7))
_ J Hessy(v(z,p))(u,v) if v=(p,v)
~+00 if not

This completes the proof. O

Remark: Epi-Hessian and Derivative of the Subdifferential — One can
also relate 92 v(x,p) with the contingent derivative’ DJ_v(z,p) of the set-valued map
T~ 0_v(z):

Proposition 4.3 Let v : X — RU{+o0} be a nontrivial extended function satisfying the
reqularity assumption:

V dx € Dom(v), ¥ dz € Dom(Dyv(z)), Dyv(z)(dr) = . Olrim ) v(r + hi}tl) —v(x)

Let p belong to the subgradient 0_v(x).
Then
DO_v(x,p) C 9*v(z,p)

Proof —  Assume that p belongs to DO_v(x,p)(x). There exist h, — 0+ and
&, — 0, 1 = 1,2 such that

p+ hpdp+e1, € 0-v(x + hpdx + hpea,)
or, equivalently, such that

(p+ hndp + hpe1,, —1) € Nep) (@ + hpdx + hpea,, v(x + hpdz + hpes,, )

9This kind of generalized second order derivative has been introduced in [5, 6, Aubin] for the study of the
stability of convex optimization problems and thoroughly studied by R.T. Rockafellar and his co-authors
in the general case (see Chapter 13 of [68, Rockafellar & Wets]).



17

Setting €3, = V(Hh”dwtlh”@")*v(x) — Dyv(x)(dz) that converges to 0 by the regularity

assumption, we infer that

(p + hndp, —=1) € Nepv) (T + hndx + hpea,, v(z) + hpyDyv(z)(dz) + hpes,)

and thus, that dp € 9?v(z,p). O

5 Stochastically Invariant Epigraphs
Let us consider a system of stochastic differential equations of the form:

i) dr(t) = dt
i)  d€(t) =~(§)dt +o(§)dW (1) (5)
i) dn(t) = —(u€@)n(t) + AE(1)))dt + v(7(t),£(L))dW (t)

Let us consider two nontrivial nonnegative lower semicontinuous extended functions v :
R, x X — RU{+oc}and ¢c: Ry X X — R U {+o0} satisfying

V(t,z)eRy x X, 0 < v(t,z) < c(t,z) < 400

We deduce from Theorem 3.1 and Proposition 4.2 the following characterization of
invariant epigraphs:

Theorem 5.1 Let us assume that the extended functions v and ¢ are lower semicontin-
wous, curvaceous and nontrivial.

Let us assume that the drift v and the functions u and A are Lipschitz and bounded
and that the three first derivatives of the diffusions o* and V' exist and are bounded. Then
the epigraph of v is stochastically invariant outside the epigraph of of ¢ under the system
(5) of stochastic differential equations if and only if v is a solution on

Qe(v) = {(t,x) e Ry x X | v(t,x) < c(t,x)}
to either one of the following Hamilton-Jacobi partial differential equations:

1. v is a solution to the first-order partial differential equation in the semse that: for
every x,

v (phpw) (tvx)
i) <px, ( ) =v
i) pt + (pz, v(T)) +
+3 20 (D' (1,

‘(t,x
W@ A
3 ) ( )> (pm,Dva(x)az(x))) <0
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2. v s a solution to the second-order partial differential equation in the sense that: for
every x,

Y (pt,pz) € 8‘_V(t,$), '
i) Apg,0o'(x)) = Vi(t,x), i=1,...,n
W) pe+ (P2, v(2)) + plz)v(z) + Az) .
+3 iy Hessy, (V) (&, 2, pr, pa) (0 (2), 0 (2)) < 0

where we set

HeSSTz (v)(t,x,pt,px)(gi(x),Ji(x)) = HeSST(V)((t7$)7 (phpz))(((),ai(l‘)), (O,Ji(x)))

Example: Black and Scholes Partial Differential Equations — To say that
an extended function v : Ry x R? is a solution to the Black and Scholes partial differential
equation amounts to saying that its epigraph Ep(v) is stochastically invariant outside the
epigraph of an extended function ¢ under the system of stochastic differential equations

i) dr = dt

it) d&o = Eopo(§)dt

iii) d& = &1p1(§)dt + E1odW (t)

i) dn = (&po(§)po(T, &) + &1p1(§)P1(T, &) — u(&(t))n)dt + E1opr (1, £)dW (1)

In other words, the drift () is equal to (=1, zgpo(x), z1p1(x)), the drift A(¢,z) is equal
to —zopo(x)po(t,z) — x1p1(z)p1(t,x)) the diffusion o(x) is equal to (0,0,z10) and the
diffusion v(¢,x) to pi(t,x)x10.

Hence the epigraph of v is stochastic viable outside the epigraph of c if and only if it
is viable under the equivalent “tychastic system”

i) t' =1
i) ap = wopo(x)
iii) 2y = x1p1(x) — 33107 + T10U
w) Y = —pu(2)y + po(x)zopo(x) + Pr(t, v)z1p1(2)
1 _ op1(t,x _
—533102 (pl(t,x) + ]91351)961> +p1(t, x)z0v

where the tyches (u,v) range over R2.
We can eliminate the component py(t, ) by writing po(t, z)xo := y — p1(t, x)x1) in the
equation governing the evolution of of the value of the portfolio: We obtain

op (t
+ pl( 7x)

xl) +p1(t, z)x100
x1

V= (o))t 2o (pa(o)-po(a)) - 510 (e, )
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We deduce that v is a solution on
Qe(v) == {(t,z) e Ry x X | v(t,x) < c(t,x)}
to either one of the following Black-Scholes partial differential inequalities:

1. v is a solution to the first-order partial differential equation in the sense that: for
every x, for every V (py, pz) € 0-v(t, z),

i) pi(t,T) = pa
i) p+ pxo(fvopg(ﬂf) — xopo(x)po(t, x) + pu(x)v(t,z)
10p1(t, ) 5 o
it AN R <
5 ony 70 <0

2. v is a solution to the second-order partial differential equation in the sense that for
every z, for every V (pg, ps) € 0_v(t, z),

2) ﬁl(taw) = Py
”) Pt + (pxoxO + Pz 21+ N($) - V(t7 1‘)) po(.r)
+%HeSSTx1 (V) (t7 xvpbpxovpxl))('xlo-a $10) S 0

where we set

HeSSTzl (V)(t7 $7pt7pz‘07px1))(x10-7 ZElO') - HeSST(V)(t7 ‘T7pt7pw07p$1))((07 07 ‘Tla)v (07 07 :1:10-))

Indeed, we observe that the equation
((Pts Pags P2y ), 0(@))) = v(2)
boils down to p,,z10 = p1(t,r)xr10 and thus, to'”
Pz = Di1(t, @)
The second-order equation reads

Pt + DaoTopo(T) + peyx1p1(2) + p(2)V(t, ) — po(t, )zopo(x) — p1(t, x)z101(T))
+%HGSSTE1 (V) (ta $7pt7pxo)p$1))(xlaa :Ulo-) <0

10Since pi (¢, z) is regarded as the number of shares of the risky assets, this equation provides the number
of shares as the partial derivative of v with respect to x;.
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Writing that po(t, z)zo := v(t,x) —p1(t, z)z1 = v(t, ) — pz, 1, the above equation can
be written

1
P+ (Paoo + Pay 21 + () = v(t,2)) po(@) + SHessy,, (V)(8, 2, Pt Do, Doy )) (210, 210) < 0

in such a way that the function p does not appear in it.
The system of first-order partial differential equations reads

i) pit,x) = Pz
“) Pt + pxoxopo(f) + pxlxlpx(‘r) - xOpO(x)ﬁO(tv .CU) —Z1pP1 (x)ﬁl (t7 $)) + /L(:L‘)V(t, x)

ap; ~
+3w107 (%m + p1(t, x) —pxl) <0

Therefore, taking into account the first equation, we obtain

10p1(t,x
Pt + po(x) (Pzoxo + Pz, x1 + p(z) — v(t,x)) + = pi(t, x) 2,2

bt 1\ A <
2 0n 1 =0
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