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Abstract

This work concerns the study of consistent dynamic utilities in a financial market with jumps.
We extend the results established in the paper [EKM13| to this framework. The ideas are similar
but the difficulties are different due to the presence of the Lévy process. An additional complexity
is clearly the interpretation of the terms of jumps in the different problems primal and dual one and
relate them to each other. To do, we need an extension of the It6-Ventzel’s formula to jump’s frame.
By verification, we show that the dynamic utility is solution of a non-linear second order stochastic
partial integro-differential equation (SPIDE). The main difficulty is that this SPIDE is forward in
time, so there are no results in the literature that ensure the existence of a solution or simply allow
us to deduce important properties, in our study, such as concavity or monotonicity. Our approach is
based on a complete study of the primal and the dual problems. This allows us, firstly, to establish
a connection between the utility-SPIDE and two SDEs satisfied by the optimal processes. Based
on this connection and the SDE’s theory, stochastic flow technics and characteristic method allow

us, secondly, to completely solve the equation; existence, uniqueness, monotony and concavity.

1 Introduction

In this work, we propose to study the consistent dynamic utilities in a financial market with jumps.
These utilities have been introduced by M. Musiela and T. Zariphopoulou [MZ03, MZ] and have
been the subject of several recent works in a continuous semimartingale framework [MZ10al, [MZ10bl,
BRT09, EKM13, [EKHM17, Mra20] and in [BT11, EKHMI18] in a model with consumption.

These dynamic utilities aim at dealing with the multitudes of inconsistencies in the classical ex-
pected utility optimization problem. Indeed, in finance for portfolio selection, the reflection on

the criterion to be optimized is rather poor: one sets an investment horizon, an increasing concave
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1. Introduction

function (to reflect risk aversion), and one tries to maximize the expected utility of the final wealth.
The optimal strategy is then highly dependent on the management horizon and the utility itself,
which is set today for a future date, does not take into account the evolution of the very dynamic
market. In investment banking, and in the futures markets in particular, part of the business in-
volves "delta-hedge" strategies, i.e., strategies that are not very sensitive to market trends and that
we wish to use as references. Moreover, many problems, including the financing of environmental
projects, relate to very long time horizons, for which it is difficult to pretend that the market
does not readjust its criteria, particularly in the case of major changes in the fundamentals of the
economy.
Moreover, forward looking (see [EKM20]) is the most adapted point of view to study several prob-
lems in vast and varied fields for example e-commerce, robot advising, artificial intelligence, etc.,
where the issue is always about learning the utility of an agent (player, e-commerce customer, rep-
resentative agent...) by observing his behavior in the face of uncertainty and also the problem of
economic equilibrium as posed by He and Leland [HL93] and solved in [EKM20]. Also for modeling
long term yield curves, it is important to have an adaptive criterion consistent with any maturity,
otherwise we get inconsistent multi-curves, see [EKHM19, [EKHM14].
In the papers by Musiela and Zariphopoulou [MZI0a] and by Berrier & ali [BRT09] the authors
characterize all dynamic utilities decreasing over time, i.e. all utilities with zero volatility vector.
In El Karoui and Mrad [EKM13], a more complete study is carried out. The authors characterize
all dynamic utilities of Ito-type without restriction. The key point is that the authors show a
strong link between the SPDE, satisfied by these utility random fields and two SDEs satisfied by
the optimal processes of the primal and dual problem. The study of the solutions of such SPDEs
is then reduced to those of the SDEs. With this correspondence and with the help of the abundant
results in the SDE-theory, one can easily deduce (under simple assumptions of regularities of the
SDE’s coeflicients) the existence, uniqueness, monotonicity and concavity of the solution of the
utility-SPDE.
The extension of the concept of dynamic utility to the case with consumption was at first considered
by Berrier & ali [BT11] and second by El Karoui & ali [EKHMIS8| EKHM19|. Other authors have
been interested in these consistent dynamic utilities. For example, G. Zitkovic [Zit08] provides
a dual formulation of consistency in addition to the primal formulation, and proves equivalence
between the two. An explicit characterization is then given in a log-affine structure, where necessary
and sufficient conditions for consistency are provided in this specific case. In [LZ17], the authors
develop a connection between the consistent dynamic utilities and infinite horizon BSDE and a
connection, for large time horizons, with a family of classical homothetic value function processes
with random endowments. Further works related to this problem are Choulli, Stricker and Li (2007)
[SCLO7|, Henderson and Hobson (2007) [HHOT].
In this paper, we place ourselves in an incomplete market framework where assets are modeled as It6
processes with jumps, without restrictions on volatility vectors or jump processes. We first conduct
a necessary study that will allow us to link different parameters of the primal and dual problems.
The stochastic characteristics method (an extension of the classical characteristics method for the
solving of PDEs) will allow us to characterize this class of utilities in any generality.

The paper is organized as follows, Sections [2.1] and are quite general in which we set the
regularity conditions necessary to carry out the calculations and particularly apply the It6-Ventzel’s
formula with jumps, recalled in . Under recalled regularity conditions, we will establish the
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2. Formulation and spaces

forward dynamics of the inverse flow of a solution of a regular SDE with jumps, see Theorem
In passing, we establish some intermediate results that will be used several times in this work:
for example equation gives the dynamics of the product of two SDE’s solutions XY when
Corollaryyields the dynamics of the compound Y o X of Y and the inverse (with respect to the
initial condition) of X.

In Section 2:3] we describe the market model with jumps, the class of admissible portfolios and
characterize the dynamics of the state price density processes in this universe. In Section 3] we
introduce the notions of progressive utility and market-consistent utility. In the section we
conduct a necessary study. Under the consistency condition and using the generalization of Ito-
Ventzel’s formula to the jump frame, we deduce the optimal strategy «* and then the stochastic
partial integro-differential equations (SPIDEs) that necessarily satisfies the consistent utility U and
its marginal utility, see Theorem and Corollary [3.2] In Section[3.3] we study in Theorem the
dynamics of the marginal consistent utility along the optimal portfolio U, (¢, X;) and then show,
in Corollary that U, (¢, X]) is a price density process.

Section [3:4] completes this study and provides us with more details on this state price. We focus
on the dual utility U , we first establish, in Theorem [3.5 its dynamics and that of its marginal,
using the results of Section 2:2] Then, we establish the main result of this section, Theorem [3.6}
we study the dual optimization problem, we show that U is also consistent but with the class Y
of state prices density processes and in particular the optimum is reached in U, (¢, X;). This last
point shows us the equivalence between the monotonicity of  — X/ (z) and that of y — Y;*(y).
Moreover if we note by X;(z) the inverse of X* then we can completely characterize the marginal

utility U, and thus its primitive U. Indeed in this case, see Theorem [3.8] we have
U.(t,2) = Y (us(X(2))), us(.) = U=(0,.)

2
Ult,z) = / Yy (u. (X (x)))dz, U(t,0) = 0.
Z0
In this new approach, the solution of the utility SPIDE have a pathwise representation, unlike to
the characteristics method where the solutions are represented as a conditional expectation. There
are several advantages of this connection between SPIDEs and SDEs due to the existence of many
results in the SDE theory. To the best of our knowledge, there are no or few results that assert the
monotonicity or the convexity of such solutions. Also, there may be other advantages in numerical
methods and simulations of the SDE than of SPIDE as it is shown in [GMIS].

In the last Section [4] of this work, we consider the inverse engineering problem. We give ourselves
an initial utility function u and two monotonic processes, a wealth process X with inverse X and a
state price density Y, and we define a new utility random field U as the primitive of Y, (u.(X;(2))).
We establish in Theorem [£.1] its dynamics and in Theorem [£.2] that it is X-consistent with optimal

wealth process X and optimal dual process Y.

2 Formulation and spaces

All stochastic processes are defined on a standard filtered probability space (2, F,F,P), where the
filtration F = (F%)¢>0 is assumed to be right continuous and complete such any semimartingale have
a right continuous paths with left limits. We consider a d-dimensional Brownian motion W and an

independent Lévy random measure N on [0, 00) x R with intensity measure dt x v(de) defined on the
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2. Formulation and spaces

probability space (Q, F,F,P), where v is a positive measure on R such that [ (1 A e?)v(de) < oo.

N denotes the compensated version of V:
N(dt,de) = N(dt,de) — v(de)dL.

We first recall some notions relative to stochastic processes depending on a spatial parameter
x. For us, because of economic motivation, this parameter is the wealth of an investor, taking non
negative values in Ry = {z > 0}. Sometimes, we will use the vocabulary of random field theory,
and refer to such processes as progressive random fields. As all random fields considered in the

" progressive".

sequel are progressive, we will often omit the mention
(i) A progressive random field X = {X(¢,z);t > 0,2 > 0} is a random variable measurable w.r.t.
Foo @ B(Ry) @ B(RY.), which is a collection of progressive processes t — X (¢, z).

(ii) X is said to be concave, (resp. increasing) if there exists N € F,, with P(N) = 0, such that
for any w € N¢ and any t > 0 2 — X (¢, z)(w) is concave (resp. increasing).

(iii) A random field X is said to be continuous (resp. differentiable) if there exists N € Fu
with P(N) = 0, such that for any w € N¢ and any ¢ > 0  — X (¢,2)(w) is continuous (resp.
differentiable). The derivative denoted X, (¢, z)(w) generates the so-called derivative random field

X,. When X, has a continuous version, X is said to be C'-regular.

2.1 Regular random fields spaces

We introduce a family of Sobolev type random semi-norms to control locally or globally the growth

of the random field and its derivatives.
Definition 2.1. e A predictable random field ¢ : (t,z,w) € Ry x RxQ — R4 (d > 1) is said to

be in the class C™° (m € N, 6 € (0,1]) if ¢ is of class C™ in x with locally bounded derivative
such that 0 ¢ is §-Hélder.

e A predictable random field ¢ : (t,x,e,w) € Ry x R x R x Q — RY (d > 1) is said to be in the
class C™° (m € N, 6 € (0,1]) if ¢ is of class C™ in x, with locally bounded derivative such
that 0 ¢ is §-Holder.

2.1.1 Norms definition

Let ¢ be a continuous R¥-valued progressive random field and let m be a non-negative integer, and &
a number in (0, 1] . We need to control the asymptotic behavior in 0 and oo of ¢, and the regularity
of its Holder derivatives when there exist. More precisely, let ¢ be in the class C™(]0, +00]), i.e.
(m, §)-times continuously differentiable in x for any ¢, a.s.

(i) For any subset K C]0,+oo[, we define the family of random (Holder) K-semi-norms

t,x, ;
3llmsrc (t, w) = sup, g LELD 457 sup, e [036(E, 7,w))|

m _ am 2.1
||¢||m,6:K(taw) _ ||¢||mK(t7w) + sup ||8T ¢(t,$7w) 8§ ¢(t,y,w)|| ) ( )
z,yEK |z —y|

The case (m = 0,6 = 1) corresponds to the local version of the Lipschitz case. When K is all the
domain ]0, +o0[, we simply write |||, (¢,w), or ||.|[m,s(t, w).

(ii) The first term of these random semi-norms differs slightly from that considered by Kunita
(equations (1) and (2) p.72 of [Kun97]) because instead of dividing by 1 + |z| we divide by = on

the first terms. This does not change Kunita’s results, but allows us to obtain reasonable behavior
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2. Formulation and spaces

in the neighborhood of z = 0 in addition to the traditional results in the neighborhood of z = oo
(iii) When the random field ® depends on a parameter e € R, we define exactly in the same way
[@llm:se (£ w, €) and |[@]|m s:x (£, w, €).

2.1.2 Different spaces of regular random fields

The previous semi-norms are related to the spatial parameter. We add the temporal dimension in
assuming these semi-norms (or the square of the semi-norm) to be integrable in time with respect to
the Lebesgue measure on [0, 7] for all T > 0. Then, as in Lebesgue’s Theorem, we can differentiate,
pass to the limit, commute limit and integral for the random fields. Calligraphic notation recalls

that these semi-norms are random.

1) IClOC (resp K;Zf) denotes the set of all C"%-random fields s.t. for any compact K CJ0,+oc],
and any T, fo |6 m,6:5 (£, w) < 00, (resp. fo 9117, 5.5 (8, w)dt < o0).
(ii) ICZOP  denotes the set of C™%-random fields s.t. for any compact K C]0,+ocl, and any T,

fo fR HmeéK (t,e,w)r(de)dt < co.

(iii) When these different norms are well-defined on the whole space |0, 4+o00[, the derivatives (up
to a certain order) are bounded in the spatial parameter, with integrable (resp. square integrable)
in time random bound. In this case, we use the notations K} Ky Ky 8 Ky ? I/C\gfy and IE,T”"S.
We also introduce the following spaces of processes:

(iv) £24(Q xR, ) is the space of P-measurable process (Z;) with valued in R? such that fOT |Z|?ds <
+00, P — a.s where P is the o-field of all predictable sets of [0,7] x Q, VI >0 .

(v) £29(Q2 x R, x R is the space of predictable processes (h(t,e)) such that fOT Jg 1h(s, €)|Pdvds <

400, P—as, VI' >0

2.2 Itd’s semimartingale random fields with Jumps

2.2.1 Differentiability of Ité6 random fields

We shall discuss the regularity of a It6 semimartingale random field

F(t,z) = F(0,z2) /¢szds+/¢sde+//the (dt, de)

in connection with the regularity of its local characteristics (¢, ¥, H). By convention, an It6 random
field F is said to be a K}, —semlmartmgale whenever F'(0, z) is of class C™°, BF'(t, 2) fo s, z)ds
is of class ICZZC‘S, MFE(t,2) = [} 9(s, 2).dW, is of class K and JF (1, 2) fo Jo H(t,z,e)N(dt, de)
is of class K7° . The reference to K™ recall that F is a random field.

loc,v*
Notations: To fix the notations, throughout this paper we denote by ¥, (¢, z) (resp. U,. (¢, 2)) the
first (resp. the second) derivative of a random field ¥(¢, z) with respect to its spatial variable z.
As in Kunita |[FK 85|, we are concerned both by the regularity of F' from the regularity of its local
characteristics (¢, 1, H) and by the regularity of (¢,, H) from that of F(t,x) (JFK*85, Theorem
1.3]). To be concise, we also give a sufficient conditions under which we can differentiate term by
term the dynamics of an Itd6 random field. This property is used in order to apply It6-Ventzel’s

formula.
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2. Formulation and spaces

Theorem 2.1 (Differential Rules). Let F be an Ité6 semimartingale random field with local char-
acteristics (¢, ),

F(t,z) = F(0,z) + /¢sxds+/1/)sa:dW+//Hsze (ds, de).

(i) IfFisa IClOC -semimartingale for some m > 0, § € (0, 1], its local characteristics (¢,v, H) are
of class K% x IClOC x KCme

loc,v

for any e < 4.

ii) Conversely, if the local characteristics (¢,1, H) are of class K 0 % Em x K™ thenF is a
loc

loc loc,v’
m,e
ICloc

(iii) In any cases, for m > 1,8 € (0,1], the derivative random field F, is an Ité6 random field with

-semimartingale for any e < 4.

local characteristics (¢, Vo, Hy).

This result was established by T. Fujiwara and H. Kunita in [FK™85, Theorem 1.3]. A similar
version of this result exists for SDE’s solutions, see [FK85, Theorems 2.2 and 2.3].

Corollary 2.2. Let X be an Ito semimartingale solution of a SDE(u,o,h),

Xt(x)=x+/otu( ())ds+/ o(s, dW+//th ),e)N(ds, de).

(i) If X isa ICloC —semimartingale for some m >0, 6 € (0,1], the SDE’s coefficients (p, 0, h) are

of class Kj:F x Kot x KI™e  for any e < 4.

loc v

ii) Conversely, the SDE’s coefficients (u,o0,h) are of class Kme Km’ x K79 then X is a
loc loc

loc,v?

K2 -semimartingale for any & < 6.
(iii) In any cases, for m > 1,8 € (0,1], the derivative random field Xy is an Itd semimartingale

solution of

dX,(t,x) = X, (t7,x) [uz(t,Xx(t,x))dt + o, (t, X (t, 2))dWy + / h.(t, X, (x),e)N(dt,de)|.
R

2.2.2 It6-Ventzel’s formula with jumps

In the framework of the papers [EKM13, [EKHMIS, [MZ10b], the authors used the It6-Ventzel’s
formula to study dynamic utilities, their dynamics, consistency and martingales properties... In
the present paper where we have in addition a jump processes, we need an even more general
Ito’s formula. Luckily, an extension of the It6-Ventzel’s formula is established by B. Jksendal
and T. Zhang |@ZT07|[Theorem 3.1|. It gives, under regularity assumptions, the dynamics of the
compound of two random fields of It6 type with jumps. The statement of this formula, essential in

our framework, is the following.

Theorem 2.3. Let U = {U(t,2)} be a K20

martingale with jumps evolving as,

1o -semimartingale for some 6 € (0,1] and X a semi-

dU(t, z) = B(t, z)dt + ~(t, z)dW; + / H(t,z,e)N(dt,de) (2.2)
R

dXi(z) = p* (t, Xo(2))dt + o (t, X;(x))dW; + / hX(t, X, (), e)N(dt, de). (2.3)
R
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2. Formulation and spaces

Then the compound stochastic process U(t, X:(x)) is a semimartingale with dynamics,
AUt Xo(w)) = (B4 Uspr® + SUL |0 | 4 2.0 (&, o))t + (3 + U0 (¢, X)) AWy
+ /R (U(t, Xy(2) + WX (t, Xo(2), €)) — Ut, Xi(2) — Us(t, X ()X (¢, X, (), e))u(de)dt
X — xr),e)|viae
+ [ (Xl + 15 X)) = H0 X))o
- / (U X () + B (1 X (2),€)) = U, X ()
R
FH (b X (2) + X (8 X (2),¢)) ) N (dt, de). (2.4)

The first line of this dynamic corresponds to the standard It6-Ventzel’s formula. The rest is

only due to the presence of jumps in the dynamics of U and X.

Remark 2.1. In the particular case where U(t,z) = zY; with
Y, = ¥ (£, Y3)dt + 0¥ (¢, Yy AW, + /Rhy(t,}@,e)]v(dt,de). (2.5)
The product XY follows the dynamics
AX.Y;) = (Xtuy(t, V) + VX (8, X2) + o X (¢, X))o ¥ (¢, Yt)> dt + (Xtay(t, Y) + Yo X (1, Xt))th
+ /R BY (t, Vi, ) B (1, X, )v(de)dt (2.6)
+ /R (thhy(t,th,e) LY R (X, e) +hY(t,th,e)hx(t,th,e))N(dt,de).
Therefore, the process (XY3): is a local martingale if and only if

Xop¥ (£,Y2) + Y (t, X3) + 0¥ (8, Xy)o¥ (£, Y7) + / WY (t, Yy, e)h™* (t, Xy, e)v(de) = 0, dt @ P.
R

2.2.3 Homeomorphic property of Itd random fields with jumps

As previously mentioned, we need results on the existence and the regularity of one dimensional
random fields which are also solutions of stochastic differential equations (SDE). The spatial param-
eter in this case corresponds to the initial condition. Such random fields are also called stochastic
flows and are the main subject (in the multidimensional case) of the papers [Kun04, [FK™85| and
the Kunita’s book [Kunl9].

It is well known in the continuous framework, under Lipschitz and regularity conditions of
the SDE’s coefficients, that the associated stochastic flow satisfies the homeomorphic property
(see Bismut [Bis80], Kunita [Kun84] and the Kunita’s book [Kun97|). But this property fails
for the solution of SDE with jumps in general. P.A. Meyer in [Mey81] (Remark p.111), gave a
counterexample with the following exponential equation:

t
Xt(oz):er/ X,_dZ,,
0

where Z is semimartingale, Zy = 0, such that Z has a jump of size —1 at some stopping time 7,

7 > 0 a.s. Then all trajectories of X, starting at any initial value z, become zero at 7 and stay there
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after 7. This may be seen trivially by the explicit form of the solution given by the Doléans-Dade
exponential:
Xy (z) =zexp (Z; — %[Z, Z15) H (1+ AZS)e*AZS.
0<s<t

In the general setting of non-linear SDE, at the jump time 7, the solution jumps from X,_(z) to
X._(z)+h(t,X,_(z)). Léandre |[Léa85| gave a necessary and sufficient condition under which the
homeomorphic property is preserved at the jump time, namely, for each e € R and ¢ € [0,T], the
maps H. : © — x + h(t,z,e) should be one to one and onto. One can read also Fujiwara and
Kunita [FK*85|, Kunita [Kun04, [Kuni9| and Protter [Pro05] for more details on the subject.

A first key result in this work provides, under the appropriate assumptions, the forward dy-
namics of the inverse flow X of a regular semimartingale X, monotonic with respect to its initial

condition.

Theorem 2.4. Let X be a solution of the following SDE(u, o, h),

dXi(z) = p(t, Xe(x))dt + o(t, X¢(x))dWy + / h(t, X~ (z),e)N(dt, de). (2.7)
R
Let § € [0,1] and assume (p,0,h) € ICI?"(; X Ki’é X 165‘3
(i) Then, the SDE(u, 0, h) admits a unique strong solution X (z), starting from z at time t = 0.
(ii) If in addition, the maps z — z + h(t, z,e) are homeomorphic, the map z — X;(2) is strictly
increasing with inverse flow X (t,x) satisfying the following second order SPDE,

dX(t,2) = [Xx(t,x)(—u(t,xw /R h(t,x,e)u(de)) +%6w(Xw(t,x)||a(t,a:)H2>

X(t2) + / Ut x.yude) dt — X, (1, 2)o (1, 2)dWV,
R
b [ (X @)+ X lt,0) V(e (2.8)
R

where Y(t, z, €) is the inverse map of z — z + h(t, z,e).

Remark . (i) We can also characterize the inverse process in terms of monotonic solution of a
stochastic differential equation (SDE). It suffices to use the following identities

1 Xow(t, X(t,x))

Xi(X(t,z)) =z, X (t,x)= X, (6 X () and Xy, (t,x) = (XL (6 X (1))

(i) To our knowledge, the dynamics of the forward flow given by equation (2.8)) has not been
established in the literature. For example in H. Kunita [Kunid] Theorem 3.7.1, p.108 or [Kun0jJ]

Theorem 3.13, only the backward dynamic is given.

Proof. Statement (i) is established in [Kun04, Theorem 3.1]. To show the second one, we use
the results of [Kun04, Theorems 3.3, 3.5, 3.11 and 3.13] which ensure the homeomorphic and
differentiability properties of the solution X (of class ICZQ(;i,VE < 0) and that its inverse flow X is

also a semimartingale. We thus proceed by identification. Assume that the dynamics of X is the

following

dX,(x) = [i(t, Xy (x))dt + G(t, Xy(z))dW, + /R h(t, X,- (z), e)N(dt, de). (2.9)
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Applying Itd-Ventzel’s formula to X (¢, X (¢, z)) = z, one gets

%Xm(t, X(t,2))||o(t, X (2))|

+ X.(t, X(t,x))oL(t,x)T(t, X(t, x))} dt + (cr(t7 z) + X (t, X(t,x))o(t, X(t,x)))dW,

AX(t, X (t,2)) = [t 2) + Xo (b, X (8, ) lt, X)) +

|
=

(Xo(t, X(t,@))h(t, X(t,z),€) + h(t,z,€))v(de)dt

+ / (Xp= (X (¢, @) + h(t, X(t7,2),e)) + h(t, X,- (X(t7,2) + h(t, X(t7,2),¢))) — z)N(dt, de)
R
= 0.

Which is equivalent, by identification, to

pt ) + Xo(t, X (t,2)) (Alt, Xi(2)) + 0u(t, 2)5 (8 X (E ) + %sz(t, X(t,2)) 5 (t, Xy ()]

X
- [
o(t,z) + X, (t, X (t,z))a(t, X(t,x)) =0, (2.11)
Xi- (X(t,2) + h(t, X(t",x),€)) + h(t, X~ (X(t,2) + h(t,X(t",2),€))) —z =0, (2.12)

(t, X(t,x))h(t, X(t,z),€) + h(t,z,e))v(de) =0, (2.10)

which hold Vz, e, dt ® dP a.s. At first, let us denote ¢(¢, z, €) the map z — X (¢, z) + h(t, X (¢, 2), e).
As z— z 4 h(t, z,e) is assumed to be monotonic, ¢(t, z, ) is monotonic with respect to z and we
denote by (¢, z, e) its inverse. Thus equation (2.12)) is equivalent to

o(t, Xy (X(t_, x) +h(t, X (t, ), e)),e) =z,

or equivalently, by inverting simultaneously ¢ and X;-

R(LX (7)) = —X(E,2) + X(E, b(t, 2, e)). (2.13)
Secondly, equation (2.11) implies 7 (¢, z) = —% Subsequently, using the identities
1 KXo (t, X(t, 2))
X (t, X(t = d = —X,.(t, x).
3?( ) ( 793)) Xm(t,QT) an X;z’(t,.’l,') Eiﬂ( "T)

It follows, arranging the terms

Xalt, ()0 (1,20 (1, X (1,2) + 3 Ko (1, X (8, 2) o (1, X))

1 1 X, (t, X(t,x))
= m(f‘xr(tvx)gx(tax) ( )+§m|‘a(t’x)||2)

- _m (ng(t,x)am(t,x)a(t, )+ %xm(t,x)llo(t,x)lf)
1 1

=3z 0 (At Do)

Injecting this identity in (2.10]), leads to

p(2) + 3 0 () = 5 70 (o) o0, )
1 _ - _
AT /R (—X(t ,2)+ X[, ¢t z,e)))v(de) — /Rh(t,x, e)v(de) = 0.
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2. Formulation and spaces

That is,

At X(t,7)) = Xx(t,x)(—u(t,x)—i—/h(t,:ue)y(de))+%8m(?(x(t,x)||a(t,x)||2)

R

+ / (=Xt 2)+ X(t,0(t,z,€))))v(de). (2.14)
R
The proof is now complete. O

The second result of this section consists in a [t6-Ventzel’s formula for a compound map Y o X

where Y is a regular SDE’s solution and X is the inverse flow of some monotonic SDE’s solution
X.

Corollary 2.5. LetY be a K?&i—semimartingale and X a K?&g—semimartmgale for some § €]0,1],

satisfying the dynamics

X1 (2) = plt, Xo(@))dt + o(t, X, (2))dW; + / h(t, X, (2), )N (dt, de), (2.15)
R
dYy(y) = u" (1, Ya(y))dt + o (1, Yi(y))dW; + / WY (Y, (y),e)N(dt, de).  (2.16)
R

Assume X to be monotonic with respect to its initial condition and let X denotes its inverse flow.
Then the compound map ®(t,x) := Y, (X (t,x)) satisfies the following second order SPDE

Ad(t,z) = (uy(t, B(t,)) — B, (t, 2) [ult,x) + o (8, ®(t,2))o(t,7)]
+19, (@I(t, 2)|o(t, a:)||2)>dt
+ / (H(t,z,e) Y (4, B(t, ), ) +<I>x(t,x)h(t,:c,e)>y(de)dt
R
+ (oY (t, ©(t,2)) — (¢, 2)o(t,2))dW, + / H(t,z,e)N(dt,de)
R

with H(t,z,e) == ®(t~,¢(t, z,e)) + BY (¢, (t7,¥(t, z,e)),e) — D(t™,z).

This result, established here in a general way, will be very useful to us in the sequel and will be

used several times.

Proof. From (2.8)), we know that the inverse flot X' evolves as

dX(t,z)

[Xx(t,x)<— u(t,z) + /R h(t,x,e)u(de)) T %aI (Xw(t,x)Ho(t,x)HZ)

X(t2) + /]R Otz e)v(de)]dt — Xy (t 2)o(t, 2)dW,

+ / (=Xt ,2) + X(t,¥(t,2,e)))N(dt, de).
R
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2. Formulation and spaces

It suffices to apply the generalized It6-Ventzel’s formula (2.4)), to get

dY (t, X (t, 7)) = (uy(t,Y(t,X(t,m))) + Yy(t7X(t,x))[XI(t7x)( —p(t,z) + /R h(t,x,e)u(de))

+10. (Xt 2o (t,0)]1?) - X(t,2) /w (t,z,¢) (de)} + Yyt X (@) X2(E @) o (t, @)
— X, (t,2) Yy (t, X (1, 2))0Y (8, Y (¢, X (¢, x) t,x))dt
+(oY (£, Y (£, X(t, 7)) — Xu(t, 7)Yy (¢, X (t,2))o(t, 2))dW;
+/R (Y (8 (t2,0)) = V(1 X (2) = Yy (8 X (8, 2)) (~X(E ) + X ({2, 0))) )v(de)dt
+/]R (WY (1Y (1, X Dt 3, ), 0)) = B (1Y (6 X (1,2)), ) )v(de)dt
+/R (Y (X (8, 2,0))) = Vi (X(E7, ) + Y (8 Y (X(E (Ut 2, €))), €) ) N(d, de).
Now using the identities,

Xr(ta x)Yy(ta X(tv x)) - afb(Y(ta X(tv x)))a
Yy (t, X (8, 2)) X2 (t, @) + Yy (8, X (8, 2)) Xoa(t, 2) = 02, (Y (L, X (L, 2))),

and the notation H (t,z,e) := @(t’, U(t,z,e), e)) —®(t,2)+hY (t,®(t,%(t,x,e)),e), the dynam-
ics of the random map ®(¢,z) := Y (¢, X (¢, z)), becomes, after simplifications

dd(t,z) = (MY(t, B(t, ) — Do (t, @) [ult, z) + 0 (£, D(t,2))o(t, 7))
+10, (tbx(t, 2)|o(t, x)||2>)dt
n / (H(t,x,e) —RY (t, (¢, x), ) —i-(I)m(t,m)h(t,x,e))y(de)dt
R

+(oY (t, ®(t, x)) — Pult,z)o(t,2))dW; + /]R H(t,z,e)N(dt,de).

2.3 The market model with jumps

The securities market which consists of d+ 1 assets, one of them being riskless. Their prices (S)%_,
are assumed to be positive semimartingales defined on the filtered probability space (€2, Fi>o, P).
The riskless asset evolves as dS? = SPrydt where r_is the short rate of the financial market. The
risky assets are also denoted by S = (S)4_;.

A self-financing portfolio is a pair (x, @), where z is the positive wealth invested in the portfolio
at time 0, and the column vector ¢ = (¢')1<;<4 is a predictable S-integrable process specifying
the amount of each asset held in the portfolio. The value process, also called wealth process,

X? = (Xf’ )i>0 of such portfolio ¢ is determined by the self-financing constraint,

Xy t b

Sa
== e d(== 2.1
S? SO + o Sg ( Y ( 7)

Sg)

In the following, to limit the purely technical difficulties, we only consider portfolios with positive
value. This naturally leads us to characterize portfolios by means of relative weights 7 in place of

the amounts ¢. The relation between these two notions is easy since ¢; = (12 X7 (z), .., 7¢X? (x))7,
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2. Formulation and spaces

where the transpose operator is denoted by 7. The advantage of the second formulation is that the
assumption of positive wealth is automatically satisfied, since the previous equation becomes with
the notation X™ in place of X ¢,

T

X ds
X; = Ttdt +7Tt.(?tt

— ry1dt), (2.18)

where the d-dimensional vector denoted by 1 is such all components are equal to 1.

Let us now recall that a probability measure Q ~ PP is called an equivalent local martingale measure
if, for any positive wealth process, % is a local martingale under Q. To ensure the absence of
arbitrage opportunities, we postulate that the family of equivalent local martingale measures is
not empty, (see [DS94] and [DS9§| for a precise statement and references). The existence of many

equivalent martingale measures implies the incompleteness of the market.

Ito’s Market Using vector and matrix notation, the dynamics of the vector prices S = (S%);=1, 4
under this probability measure is described by the following equation:
dSt = St_ [btdt + O'tth + / O'ths(t7 G)N(dt, de)]

R

b= (b");=1... a is a column vector d x 1 which belongs to £>¢(Q x R ), the coefficient b’ represents
the appreciation rate by time unit of the asset i. o is the volatility matrix n x d (n lines d columns)
which belongs to £2"X4(Q x R ), whose *" line is the vector o € R? of of the asset i. The jump
coefficient h*° is a column vector d x 1 s.t. oh® € L24(Q x Ry x R) and h%(¢,.) € LL4(R) for any
t.

In this model setup, the wealth process dynamics become,

dXT = X7 [(rt 4y (b — r)1)dt + oy, (AW + / S (t,e) N (dt, de))]. (2.19)
R

As usual, the basic risky assets family S is assumed to be non-redundant, (that is for any i € 1..d,
the asset S can not be replicated by an admissible portfolio). Therefore the matrix (co”)(t,w) is

non-singular.

The existence of an equivalent local martingale measure in this framework implies that the excess
of return vector belongs to the range of volatility matrix: in other words, there exists a F-non
anticipating process 7 € R™ such that b, — 7,1 = o n;. Additional integrability assumptions are
necessary to ensure that the exponential martingale generated by n.W is the density of some
probability measure. So, we assume that n € £L>¥(Q x R;) and r € L}1(Q x R,).
Herein, the dynamics of portfolios is

dX[ = X[ [rydt + oy (AWy + mydt) + oymy / hS(t,e)N(dt, de)].

R

As the key role is played by the volatility vector o, in order to facilitate the exposition, we denote
it by x := om. To fix the notation, let Ry C R" the range of oy, and R} the orthogonal vector
subspace. By assumption, x; is required to lie at any time ¢ in R;. Note that under market
assumptions (of o; non-singular) there exists a unique vector m; such that x; = oym;. Replacing

X7 by X", the above equation becomes

dX} = X[ [redt + ke (AW, + medt + / h(t,e)N(dt,de))], ki € Ry. (2.20)
R
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2. Formulation and spaces

Definition 2.2. (i) A positive process X" satisfying with Ky € Ry for any t a.s., is said
an admissible wealth process and xk the associated admissible strategy if k € L>(Q x Ry) and
kh% € L24(Q x Ry xR) .

(ii) The set of all admissible portfolios will be denoted by X.

The following short notations will be used extensively. Let R be a vector subspace of R™. For
any o € R", o is the orthogonal projection of the vector o onto R and at is the orthogonal

projection onto R*, the orthogonal linear space of R.

Remark . Without loss of generalities, since k.1 = k.0 and xk.h% = k.h3R, we can assume in
all the following that n and h° are in R.

State price density processes: In any portfolio optimization problem, adjoint processes,
also called state price density processes, play an important role. We give a definition and then

characterize all these processes by identifying their dynamics.

Definition 2.3. A positive semimartingale Y is a state price density process if and only if for any

portfolio process X", X"Y; is a local martingale. The set of such processes is denoted by Y.
Next result, characterizes the dynamics of any state price density process.

Lemma 2.6. Any state price density process Y € Y is necessarily a solution of a dynamic of the
form,

d}/tl/JL
Yv,h

= —rydt + (yt — 1 — / hY(t,e)hS(te)u(de))th + / hY (t,e)N(dt, de), (2.21)
R R

for some random vector v € R* and random jump hY € R such that v € L24(Q x R,), hYh%, €

L2940 x Ry x R) and hY € L21(Q x Ry x R).

We will come back to this dynamic in the continuation of this work and more particularly when

studying the dual problem.

Remark . If hY =0, we find the dynamics of standard states price density processes in a market

without jumps.
Proof. Assume the semimartingale Y to satisfies the dynamic,
dY; = p) dt + o} dW; + /R hY (t, e)v(de),
and let X* be an admissible wealth process satisfying the dynamics ,

AXT = X[ [redt + k. (dWy + medt + / h(t,e)N(dt,de))], ki € Ry.
R

According to Remark Y X" is a local martingale is equivalent to

Xpul + Yo (X[ + XPw(t, Xo)m) + X[kt Xe)oy

—|—/(Xffi(t,Xt)hS(t,e))hy(t, e)v(de) =0, VK € R dt @ P. (2.22)
R
Differentiating with respect to the vector X"k, follows
< L,Yim + o) + / hS(t,e)hY (t,e)v(de) >=0, VL € R dt @ P. (2.23)
R
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3. Progressive and consistent dynamic utilities

So that, for any t, o) + Yin: + / R (t,e)hY (t,e)v(de) € Ri. In other words, there exists an
R

optional process v € R+ such that;
of =Yi(vy —m) — / hE(t, e)hY (t,e)v(de). (2.24)
R

As a consequence we have necessarily, u) = —Y;r. O

3 Progressive and consistent dynamic utilities

In a dynamic and stochastic environment, the classical notion of utility is not flexible enough to
help us to make good choices in the long run. M. Musiela and T. Zariphopoulou [MZ03l MZ10bl,
MZ10a, MZ] were the first to suggest to use instead of the classical criterion the concept of pro-
gressive dynamic utility, consistent with respect to a given investment universe in a sense specified
below. The concept of progressive utility gives an adaptative way to include new information on
environment evolution available to economic agents. More recently, Fritelli [FM11] introduced very
closed notion called stochastic dynamic utility, in view of study the certainty equivalent. Since
these utility functions are stochastic, time dependent and moving forward, we consider them as a
family of [t0’s semimartingales depending on a parameter, the wealth of the agent in our economic

context.

Progressive utility and its Fenchel conjugate We start with the definition of a progres-

sive utility as progressive random field with concavity property.

Definition 3.1 (Progressive Utility). A progressive utility is a cadlag progressive random field on
RS, U={U(t,2);t >0,z > 0} such that,

(i) UtiLiTY PROPERTY: U is strictly concave, strictly increasing, and non negative

(ii) REGULARITY PROPERTY: U is a C2-random field, with continuous first and second deriva-
tives random fields U, and U,.

(ii) INADA CONDITIONS: U goes to 0 when x goes to 0 and the derivative U, goes to co when

z goes to 0, and to 0 when z goes to co.

Given its importance in convex analysis, we introduce together with any progressive utility U, its
convex conjugate U (also called conjugate progressive utility (CPU)), that is the Fenchel-Legendre
transform of the convex random field —U(, —.).

Definition 3.2 (Progressive conjugate utility). The convex conjugate of the progressive utility U
is the progressive random field U defined on ]Rg_ by U= {ﬁ(t,y);t >0,y > 0}, where

~ def

Ult,y) = Z>I()I}3€I>(Q+ (U(t,2) — zy).
(i) Under Inada condition, U is twice continuously differentiable, strictly convezx, strictly decreasing,
with U(.,07) = U(+00), U(.,+00) = U(0T), a.s.
(ii) The marginal utility U, is the inverse of the opposite of the marginal conjugate utility ﬁy,
that is Uy(t,.) "1 (y) = —U'y(t,y), with Inada conditions ﬁy(.,0+) = —00, ﬁy(.7+oo) =0.
(iii) The bi-dual relation holds true U(t, z) = infy~q yeo+ (C~7(t, y) +2y).
Moreover ﬁ(t,y) =U(t, fﬁ(t,y)) + ﬁy(t,y) y, and U(t, z) = ﬁ(t, U.(t,2)) + 2 U.(t, 2).

Version MM November 25, 2020 14



3. Progressive and consistent dynamic utilities

Consistent dynamic utility In the following, we are interested in the progressive utilities
which are consistent with the class X of admissible wealth processes. The definition of these utilities

is the same as in the continuous case.

Definition 3.3 (X-consistent dynamic utility). A X-consistent dynamic utility U = {U(¢t, z);t >
0,z > 0} is a progressive utility with the following additional properties:

CONSISTENCY WITH THE TEST-CLASS: For any admissible wealth process X € X,
EU(t, Xy)/Fs) <U(s, Xs), Vs <t a.s.

EXISTENCE OF OPTIMAL WEALTH: For any initial wealth x > 0, there exists an optimal wealth
process X* € X such that X§ = x, and for all s <,

U(s, X)) =EUt, X})/Fs) Vs <t a.s.

In short for any admissible wealth X € X, U(., X)) is a positive supermartingale and a martingale

for the optimal-benchmark wealth X*.

3.1 It6 Progressive Utility

In this paper, we focus on progressive consistent utilities U which are a collection of It6’s semi-
martingales: for any z, U(.,2z) is a It0 semimartingale, driven by the d-dimensional Brownian
motion W and the Lévy random measure N defined on the filtered probability space (2, F,F,P)
(see Section[2). In other words, for a given initial condition u(z) = U(0, z), U is assumed to satisfies

the dynamics
dU (t,z) = B(t, z)dt + (¢, z).dWy + / H(t,z,e)N(dt,de), U(0,z) = u(z), (3.1
R

where (8,7, H) = {(B(t,2),0(t,z), H(t,z,€e));t > 0,z > 0,e € R} are the local characteristics
of U assumed to be progressive random fields, with values in R, R? and R? respectively. /3 is
called the drift characteristic, v the diffusion characteristic and H the jumps characteristic. We
refer to the books of H. Kunita [Kun97, [Kunl9| for all technical results concerning the theory
of semimartingale random fields with and without jumps. The assumption of finite dimensional

Brownian motion greatly simplifies the theory.

3.2 Consistency and the utility HIB-SPDE

In this Section, we are concerned by establishing a sufficient condition on the characteristics
(8,7, H) of the utility random field U ensuring the consistency property. For this, we proceed
by verification in order to establish a HJB-type condition.
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To begin, let us apply at first the Ito-Venzel’s formula. The process U(t, X}*) evolves as follows,

aU(t, XF)

1
(Bt X5) + XEUL( XE ) + 508, X0 |1 X7

X[t XF) + ULt X)) t)dt

+ / Ut XF(1+ rhS(te))) — U(t, XF) — U (t, XF) X rg b5 (8, e))u(de)dt
R
o f

[
(H (t, XF(1 + kb (t €))) — H(t,X;,e))y(de)dt + (v + XFULR) (¢, X,)dW,
- / ( 1+ reh®(te) — Ut X5 ) + H(t, X[ (1+ ﬁt.hs(t,e))))N(dt,de)

ﬁ(t,Xf)—i—XfUz(t,Xf)n—/ (U X5) + 1 (1. X7 ¢) ) olde) + Q1. X7 ) )
R

=

+

(v(t, X¢) + XFU-(t, Xi)e)dWy
/ (U(t, X7 (L4 k5 (t,e)) — U, X2 ) + H(t, X[ (1+ kb5 (8, e))))N(dt, de).
R

_|_

Where, denoting by oy := [ h°(t,e)v(de), the quantity Q is defined by

O(t,z,k) = /]R (U + H) (£, 2(1 + ro-hS (2, 0))u(de) + %Uzz(t, 2|2k
+ 2R (v + ULt 2) (e — o)), (3.2)

which rewrites

Ot,z,k) := /R(U—l—H) (t, 2(1 + ke.h5(t,€)))v(de)

’Yz(t’ Z) + Uz(t’ Z)(Wt — at) ||2 _ || 'Yz(tv Z) + Uz(tv Z)(nt — at) ||2
U..(t,2) U..(t,2)

1
+ Ut )|l +

From this, observe that Optimizing over the class R of admissible policies kK € R, consists on
maximizing the quantity Q.

To ensure the existence of a finite maximum of this form, we make the following assumption for
the rest of this work.

Assumption 3.1. For anyt € Ry ande € R, U(t,.) + H(t,.,e) is strictly concave and there exist
two positive random fields C*(t,e) and C?(t,e) and a real number p > —1 such that

U.(t,z) + H.(t,z,e) < C1(t,e)z7P + Ca(t,e), Vz, (3.3)
/ (Cl(t, e) + Cq(t,e))v(de)dt < +o0,a.s. VT. (3.4)
Rx[0,T]

This assumption implies that Q is a strictly concave function of xx and goes to —oo when
||lzk|| — oco. Indeed, this hypothesis implies that U(t, z) + H(t, z,e) < ﬁCH (t,e)z' 7P+ Ca(t,e)z +
Cs3(t), Vz and then the behavior of Q in the neighborhood of infinity, because 1 — p < 2, is that of
§UZZ||ZI<V||2, U,. <0.

Consequently, the supremum of Q(¢,z,k) in the above expression is reached at the optimal

policy k* characterized by the following formula,

< V,.Q(t,zh%(t,e),xk*), L >

< / (Uz + H) (t, 2(1 + KBS (t,€))h5 (¢, e)v(de), L >
R
=+ < Uzz(t’Z)ZHr +72(t7’z) + Uz(t7z)(77f - Oét),L >= 07 VL € Ra
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3. Progressive and consistent dynamic utilities

which holds only in the case where the orthogonal projection onto R of the vector V,Q(t, z, k*) is

the null vector. In other words, the optimal policy is given by

* S S
)+ U ) o0+ D20 R G 0,0) 151 e
Uzz(t72) Uzz(taz)
: : AR (24U (82)ne 1 . :
We recognize here the policy R iy vy which corresponds to the optimal strategy in case
without Jumps, see [EKM13|. Plugging expression , we get after easy calculations

z2ry(2) =

. (3.5)

Qt2n’) = [0+ H) (b0 + i ()15t €))wlde) = g5 + Ut ) — )P
+ mn /R(Uz L)t 21+ k()B4 0)) B (¢, ) (de) . (3.6)

We are now able to state the following verification Theorem.

Theorem 3.1. Assume U to be a X-consistent dynamic utility of class ICi;i,

(8,7, H) denote its local characteristics. Suppose Assumption holds, then
(i) The characteristic coefficient B is given by the following HJB-condition

0 €]0,1[ and let

B(t,z) = =zU,(t, z)r: + /R(U(t, z)+ H(t,z,e))v(de) — Q(t, z, k). (3.7

(ii) The optimal policy is unique and is given by

ARt )+ UL — ) /R(UZ +H)(t,2(1 + w7 (2).h5(t,€)) h¥ (¢, e)v (de)

* = . (3.8
2 (2) U..(t, 2) U..(t, 2) (3:8)
(iii) Furthermore, its optimal portfolio is solution of the following SDE(k*) with jumps:
X7 = X7 [rodt + w7 (X7). (AW, + modt + / RS (t, )N (dt, de))]. (3.9)
R

As a direct consequence of this Theorem, we have easily the following result.

Corollary 3.2. Under Assumptions of Theorem |3.1, a market-consistent dynamic U is solution
of the following SPDE with Jumps,

dU(t,z) = (—zUz(t,z)rt+/R(U(t,z)+H(t,z,e))y(de)—Q(t,z,n*))dt
+ 'y(t,z)th+/RH(t,z,e)]\7(dt, de). (3.10)
Moreover, by regularity of U, its derivative, by Theorem[2.1], satisfies
aU(t2) = (= (Uat,2) + 2Usa(t 2))r +/R(Uz(t,z) + H(t, 2, 0))(de) = Qu(t, 2, ") ) dt
+ vz(t,z)th+/RHZ(t,z,e)N(dt,de). (3.11)

Remark . Note that the equation is a fully nonlinear SPDFEs driven by a Lévy noise., see
[PZ07]. There is few studies in the literature of this type of fairly complex equations, especially
concerning the existence, uniqueness and regularity properties of solutions. However, using similar
ideas as the characteristics method, we give, in what follows, sufficient conditions ensuring these
properties and the characterization of solutions for this class of SPIDEs. The key point is to link
this equations to two SDEs with jumps.
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3.3 DMarginal dynamic utility dynamics

In this section, we are particularly interested in the dynamics of marginal utility along the optimal
portfolio. We show in particular that the process U, (¢, X;°) is a state price density process (Defi-
nition . This allows us later to establish the link with the dual problem and then a connection
between the utility-SPIDE and two SDEs satisfied by the optimal processes (dual and primal
one) and finally to characterize the class of solutions, under some regularity conditions.

Let us at first study the dynamics of marginal utility along the optimal portfolio X*.

Theorem 3.3. Under Assumptions of Theorem [3.1], the marginal utility along the optimal choice

X* is a state price density process.
AUL(t X[) = ~Us(t X7 )rodt + (106 X0) + Una(t, X0) X0 k7 (X)) ) AW, (3.12)
+ / H.(t, X7 ,e)N(dt,de), (3.13)
H.(t,z,e) = H;]z (t, 2(1+ k7= (2)h%(t,€))) — Us(t, 2) + Ho(t,2(1 + K} (2).1° (¢, €)), e).
Proof. The It6-Ventzel’s formula, combined with and (k = k*), implies

dU,(t, X]) = {— U.(t, X[ )re — X{U.(t, X )re + /R(Uz(t,Xt*) + H,(t, X[, e))v(de)

QU X R XU X U (8 X)X ()P
X0 P (1 X7) + U X000t (120, X0) + Ut X)X (X7) )Y,
[ [0 X0 R DR (€)= U X7) = Ut X7 @)X R (0)
+  H.(t, X (14 s; (XS (t,e)) — H.(t, X:,e)} v(de)dt
[ (O ) (X (U R (X 5(0,0)) = U0, X)) e,
Which becomes after a few simplifications and by arranging the terms
AU (4 X7) = | = Vot X7)re = Qult, X7, )
1

§Uzzz(t7X£k)||X£"ﬁZ‘(Xf)H2 + XKL (X])- (Yaw (8, X7) + Uz (8, X7) (e — at))}dt

(8 XD+ Uns, XX R (X)) W

+

+ /R (Uz (8, X7 (14 k7 (XD)RZ (8, €))) + H (8, X7 (14 k7 (XT)R (2, e))))y(de)dt
+ /R ((Uz + H. (., e)) (6 X, (1+ k7 (X2).h5(t,e))) — Us(t, X;_))N(dt,de)
where we have used the fact that
- /]R U (t, X)) X7 k7 (X7).B5 (8, e)v(de) = =U..(t, X[) X7 k{ (X]) v

To go further in the calculations, we now calculate the quantity Q. (¢, X}, x*). To do this, we start

from the definition of this operator;
Qi) = [ (U H) (b1 + 57 @S (1. e))w(de)
R

Ut )i @)+ ] (@) (0 (6 0) + U (t,2) (o — ).
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Differentiating with respect to x, one gets

Qultean) = [ (U +H) (tea(1+ mE@IS (D)1 + (o (@) kS 1))
S Ve (1,2) ot (@ + 257 (2) (0% + Vet ) — o)

(o (@) (Ve 2)a () + 4R (6, 2) + Ut ) (0 — ),

+

which equivalent, using (3.8)), to

- Qw(fwmaﬁ*)"’_/

A (UZ + HZ) (t,x(1+ K} (2).h5(t, €)))v(de)

1 * *
+ GUss(t2)l|znf ()7 + 267 (@) (VF + Usa(t 2) (0 — )

= (o} (@) (Uns(t, @) (2) + AR (5 2) + U, 2) (0 — )
+ / (UZ + HZ) (t,2(1 + £} (z)- RS (¢, e)))u(de)).
R
Now according to Theorem [3.1] the quantity in parenthesis in the last term is zero. So,

- Q.(t,x, k") + / (UZ + Hz) (t,z(1+ i (z).h5(t, e)))v(de)

R

1 * *
+ iUzZZ(tvx)Hx’it (m)llz + TRy (@(753 +U..(t, 37)(7715 - at)) =0.

Injecting this identity in the dynamics of U, (¢, X;) above, follows

AU(6 X)) = —Ua(t,X] redt + (72 (8, X7) + Usa (6, X0) X7 17 (X)) WV,

+

[ (Ve @ mi(x )5, 0) - U X7 )
R
o OHL(6 XE(1+ kE(XE).B5(e), e))N(dt, de).
This achieves the proof. O

We now interpret the dynamics (3.13]) as that of a state price density process by identifying it
with that of the form (2.21). We have the following characterization of U, (¢, X;).

Corollary 3.4. Under Assumptions of Theorem the positive process U,(t, X (x)), is a state

price density process YV, starting from the initial condition u(x), satisfying the dynamics

U ~
d;/;] = —rdt + (I/U(t,Y;U)—nt—/Rhs(t,e)hU(t,YtU,e)z/(de))th+/RhU(t,Y;U,e)N(dt7de)),
U
Lt _U ~
ity) = 20U e T = )2, ), (3.14)

Y
hU(tay7e) = Hz(t7 _ﬁy(t7y)7 6).

Proof. To show this corollary, simply combine the results of Theorem with those of Theorem
Indeed, from this last one, equation (3.8, the optimal strategy, recalling the notation oy =
Ja hS(t,e)v(de), is given by

AR(t2) + UL(ta)(n—a) /R(UZ + H) (21 + k7 ()R (¢, €)) B (¢, e)(de)

U,.(t,x) U..(t,x)

wri (@) =

Version MM November 25, 2020 19



3. Progressive and consistent dynamic utilities

That is, the volatility vector of U, (¢, X;) in the dynamics (3.13)) is

V= (t X{) + Uz (8, X)) X{ Ry (XY)
= '_Yj_(tht*) - Uz(t’X;)nt

[ (e B (X X RS 0,0) = U XD S el
R
= XD U XD~ [ (XS (el

= ’y,zl(ta _ﬁy(tv Uz(tv X;)) - Uz(ta Xt*)nt - / Hz (ta _ﬁy(tv Uz(tv X;)’ e))hs(t’ e)u(de),
R

where we have used the identity X; = —U, (¢, U, (¢, X])) in the last line. O

3.4 Duality

In this section we are interested in the Fenchel-Transform U of the consistent utility U. It is
a complementary but necessary study, since it enables us to better understand the role of the
volatility v and the jump characteristics H of U. Indeed, we know from the equation that
the orthogonal projection 4 of 7, partly characterizes the optimal strategy x*, but we know little
about the role of the orthogonal component ;. In [EKMT3|, the duality has allowed the authors to
show that v characterizes in turn the optimal dual and thus they have succeeded in characterizing
a large class of these utilities. The approach is thus similar to the one developed in this last paper.
First, we establish the dynamics of the marginal dual utility ﬁy using the fact that —ﬁy is the
inverse map of U, and then integrate to get that of U. Second, we study the dual optimization
program and the we show the main result of this section that states that the optimal dual process
is U, (t, X;(x)).

3.4.1 Dynamics of the conjugate of consistent utility

In this section, we are concerned with the dynamics of the U conjugate of consistent utility. This
allows us in the following to establish a link between the primal optimization problem and the dual
one. The proof of the following Theorem is based on the results of Theorem since —ﬁy is the
inverse flow of U, whose dynamic is given by . We first establish the dynamics of ﬁy and
then that of U by a simple integration.

3,0

loe With characteristics

Theorem 3.5. Let U be a regular consistent dynamic utilities of class K
(8,~, H) satisfying the HIB-SPDE and Assumption 3.1, Then

(1) The maps z — U,(t,z) + H,(t, z,e) is invertible for any t € Ry and e € R a.s. Let U(t,.,e)
denotes it inverse.

(ii) Let ®(t,y,e) denotes the primitive of —¥(t,y,e) and Q the quadratic operator defined by .
The marginal dual utility (71, satisfies the SPIDE

a0y(t.9) = 0, [u0ym = =Ty (b)) + [ (@(t30) = yD )]

Tyt )t —T (t ) AW + /]R 9, [®(t.y, ¢) — U(t,y)]| N(dt,de).  (3.15)
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3. Progressive and consistent dynamic utilities

(iil) The dual utility U satisfies the SPDE

d(ty) = [yl,r— Ot ~T,(t,y), ") + /R (®(t,y, ) — yT, (t, y))v(de) | dt
+ (¢, —ﬁ(t,y))th + /]R (®(t,y,e) — ﬁ(t,y))N(dt,de), (3.16)

Proof. From the definition of the Fenchel-transform, the marginal dual utility —ﬁy is the inverse

maps (with respect to the spatial parameter z) of the marginal utility U, which satisfies, from

Corollary [3:2]
dU,(t,2) = (f(UZ(t,z)JrzUzz(t, )+ /R (Uz(t,z)Jer(t,z,e))z/(de)me(t,z,/i*))dt
+ y.(t, 2)dW; + / H.(t, z,e)N(dt,de). (3.17)
R

It follows, using the fact that z = —ﬁy(t, U.(t,z)), from Theorem equation , that the
volatility vector and the jump coefficient of —ﬁy are given respectively by ﬁyy(ty)vy(—ﬁy(t,y)
and U'y + V. (t,2,e) a.s. for any ¢ and y.

Let’s now turn to the drift ,By of ,(j’y. Still according to Theorem combined with the

identity U, (¢, —U,(t,y)) = — = tt " gives, omitting for simplicity the dependance on (¢, y)
. ~ U, ~
“Bult:y) = ~Oplty)| = (= + 22+ [+ Helt, =Ty (t), )(de)
yy

— (09t ~Ty (L y), k") + / H. (1, ~Ty,e)w(de)] + 50,( = Tyl (t,~T,)I)
v T, +~/R\I'(t,y,e~)1/(de) ) ) ) )

= _(yUyy(t7 y) + Uy(t’ y))rt + yUyy(t7 y) + Uy(t> y) - Uyy(tv y)(aﬂf Q)(tv _Uy(t7 y)’ K‘*)
= 50 (Tt ~Tyt o)) + [ Wity evide).

If we now denote by ®(t,.,e) a primitive of —WU(t, .,e), it follows arranging the terms

—By(t,y)

_81/ [yﬁy(ta y)rt - yﬁy<t7 y) - Q(ta _ﬁy(t’ y)’ K*) + %ﬁyy(ta y)llVZ(ta _ﬁy(ta y))”2
+ /]Rq)(t, Y, e)l/(de)]

This achieves the proof of (3.15). The dynamics (3.16]) is obtained by a simple integration with
respect to y. O

3.4.2 The dual optimisation problem

Now we establish the main result of this section. It shows that the dual utility is consistent with the
class Y of state price density processes. For any Y € Y, the process U'(t, Y;) is a submartingale and
martingale for a certain Y*. The most important point is that this optimal process is characterized
by Y, = U,(t, X]). Recall, from Lemma that any Y € Y satisfies the dynamics

dY;V’h

W = —rydt + (I/t — 1 — /]Rhs(t, e)h(t, e)l/(de))th —I—/Rhy(t,e)N(dee)), (3.18)

with v € R+, hY € R.
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3. Progressive and consistent dynamic utilities

Theorem 3.6. Let Assumptions of Theorem hold and let Dt(Y;V’h, v, h) denotes the drift coef-
ficient of the semimartingale U(t, Y™, (v,h) € R+ x R.
(i) The optimization program

inf D h
(V,h)ler}RJ-XR dy. v 1),

is achieved at the following dual policies

yV: (y) = ’Yzl(tv _ﬁy(t7 y))a (319)
y+yh*(t,y,e) = (U, + H.) (ﬁ(t, y) + Uyy(t,y) /R yh* (t,y,e)h”(t, e)l/(de))) (3.20)
E(t,y) == —Uy(t,y) + Uyy(t.y) (yn + v F (8, ~Ty (L, )))- (3.21)

(ii) The pair (v*, h*) is linked with the optimal strategy k* (Theorem (13-8) as follows

o(vi = m = [ W em tpewlae)) = [ro(t.2) + 2vi()]
y+yh*(t,y.e) = (U, + H.) (2(1 + 55 (2)h(t,€))

=Ty (ty)’

z==Ty(t,y)"

(iif) The dual process Y;* := Yt"*’h* and U, (t, X]) satisfy the same dynamics as i.e. (3.14]), since
h* = RhY and v* = vY. Moreover, Y;*(u,(x)) = U,(t, X; (z)) if uniqueness of the solution holds.
(iv) CONSISTENCY WITH THE DUAL CLASS Y: For any Y"" € Y, the process U(t,Y,”") is a

submartingale and local martingale for YY" = Y*. The martingale property of ﬁy(t,Y;*), holds

under integrability conditions.

Proof. Applying the generalized It6-Ventzel’s formula (2.4) to the compound ﬁ(t,Yt), the drift
term is given by
Dy (Y;f%h’ v, h) = thhﬁy (t’ Y;t%h)rt - thhﬁy (t’ }/;V7h) - Q(t’ _ﬁy (t’ Ytl/’h)7 “{*)
1~ v, rr v v v,h17 v
+ U (Y ) et =0y (8, Y, ™) 1 + / (Y, e)v(de) = Y, Uy (8, Y )r
R

2

1 v rr v
+GOENR Y == [ SR (et P

"To (8. Y 2 (8 =T, (1, V). (v = e / RS (t, )h(t, €)v(de) )

v
+ / (ﬁ(t, YOP LYY (te) — U Y") — ViU, (¢, YA, e))u(de)
R
/ ((b(t, YO LY RY (te),e) + U Y™) — &t Y, e))u(de).
R

Which becomes, after simplifications
DY v k) = =Y, Y = Qt, — Uy (1Y), 67) + Ot V" v, ).

With the notation,

Q(t,y,v,h) = /R(é(t,y+yh(t,e),e) *yﬁy(t,y)h(t,e))V(de)

+ %ﬁyy(ta y)”y(l/t — M — / hS(ta e)h(ta e)’/(de)) - p)/z(ta _ﬁy(ta y))”2 (322)
R
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3. Progressive and consistent dynamic utilities

Therefore,

ol Dily k) = —yUy(ty) = QL =Uy(ty) k) +  inf Q(ty.v.h).
So, let us focus on inf(, p)ertxr Q(t,y,v,h). To do, the key point is to remark that ®(t,.,e),
defined as the primitive of —W(¢,.,e) (where U(¢, ., e) is the inverse of U,(t,.) + H,(t,.,e)), is the
Fenchel transform’s of the strictly concave (Assumption random field U(t,.) + H(t,.,e). So
®(t,.,e) is strictly convex and consequently Q(t, Y, v, h) is strictly convex in (v,h). In addition,
by Assumption Q goes to +oo if ||(v,h)|]| — oco. To summarize, there exist a unique pair
(v*,h*) achieving the infimum of Q(t,y,v,h) and satisfies V(%h)Q(t,y,l/*,h*) = 0. So, a basic

differentiation with respect to the pair (v,h), implies the characterizations given by equations

B19) and (B20).
(ii) Let now recall the optimal strategy £* given by (3.8) in Theorem as the unique solution
of

R+ Ut ) Jy T H 00 00 0) 0 vde)

xR (t,x) =

U.-(t, x) U.-(t, x) ’
with oy = [; h¥(t,e)v(de). Let us observe on the one hand that, using U.(t, fﬁy(t,y)) =y and
U..(t,—U,(t,y)) = —m, that —U,(t,y)x*(t, —U,(t,y)) is the unique solution of
“Uy(t )" (6, =Ty (ty) = —Uy(ty)s(t, =Ty (t,))

+

ijyy(tv y) /]R (Uz + Hz) (ta _ﬁy(t’ y) - ﬁy(tv y)K* (t7 _ﬁy(t7 y))’ e)”(de)a

where we have used the notation,

—Uy (6, )R (8, =Ty (,9)) == Uyy (£, ) (yn + 7= (8, =Ty (t,9)))
On the other hand, observe that the volatility 6*(¢,y) := ( fR (t,e)h*(t,y,e)v (de)) of
Y =y
- ﬁyy<t7 Y) (5*(t,y) - %(ta _ﬁy<t7 y))) =7, (t,y)/@o(t, _ﬁy<t7y)>
+ Tlte9) [ (O 1) (6= 0) = Do) (5 (1:9) = 128 =Ty 1. 9)) ) wtde)

The processes —ﬁy(t,y)ﬁ*(t, —ﬁy(t,y)) and Uyy(t y) (5% (t,y) —-(t, —ﬁy(t,y))) are therefore so-

lutions of the same equation which admits a unique solution. They are therefore equal.

—Uy (t,y)" (t, Uy (t,y)) = —Uyy(t,9) (6" (t,y) — 72(t, —U, (£, 1))

which implies

u(vi —m - /R B OR (ty.ew(de)) = (2 +emi(a)] L (323)

z:—Uy(t,y)
y+yh*(ty.e) = (U. + H.) ([2(1 + 57 (2).0° (¢, ¢)] z:—ﬁy(t,y))‘ (3.24)

This shows (ii).
To show (iii), it suffices to remark that (3.24) is equivalent to

yh*(t,y,e) = |:(Uz + Hz) (2(1 + ﬁ;‘(z)hs(t,e)) - U.(t, Z)} a=—Ty(ty)

Version MM November 25, 2020 23



3. Progressive and consistent dynamic utilities

Compare this with the dynamics of U, (¢, X}) of Corollary we conclude that Y* = Y*"»" and
U.(t, X}) satisfies the same dynamics.
(iv) Let now show the martingale property of ﬁ(t,Yt*) To do, we focus on the drift coefficient

D (Y, v*, h*), which is from the previous calculations
DUV v ) =~V T (1Y) — QU ~Ty (1, Y,), 1) + O, Y, v %),
which rewrites, from equations and ,
Dy ) = =y (t9) = [ (U H) (b 20+ w7 LR ) (de)
— SO IP) g~ (2880 + et 2) e — )

z==U, (t,y)
[ (B4 o ,00.0) = 9T, () (0,0 ) v(de)
R
1~ * * 7
5Ol 7 =~ [ 1 en (6 ewde) 2. ~T, ()
Thanks to equations (3.8)), (3.23)) and (3.24)), we have

—zi7 (2)-(v2 + Un(t, 2) (e — ) = Uz (t, 2) 267 (2)]1?
+ m:;(z)(/R (Uz + Hz> (t, 2(1 + K7 (2).hS (1, €)))hS (¢, ) (de),

and

/ yﬁy(tv y)h* (tv Y, e)”(de) = ﬁy(tv y) ( -y + /(Uz + Hz)(ta Z(]- + K: (Z)'hs(tv 6)|Z:76y(t’y)))l/(d6))>.
R R

That is
Dyi(y,v*,h*) = —yﬁy(t,y) - /]R (U + H) (t,z(1+ Ky (2).h5(t, e))|Z:_ﬁy(t)y))V(de)
1 . \
— U=t DIP) .m0 + st D2ri (P) . 5,0,

n [m:(z)( /R (Uz+HZ)(t,z(1+m;(z).hs(t,e)))hs(t,e)u(de)}

zz—ﬁy (t,y)

+ /R(@(t,z(l+/ﬁ;‘(z).hs(t,e))|Z:_5y(t7y),e))y(de)—yﬁy(t,y)

- Uy(t,y)/R(UZ+HZ)(t,z(1+nf(z).hs(t,e)|Z:_ﬁy(t7y)))V(de)

(Uzz (t, .%') ||Z"€;IK (Z) HQ) 2=—Uy(t,y)’

DN =

which after simplifications, reduces to

Di(y. " h") = —/R(U+H)(t,z(1—|—n,’f(z).hs(t,e))|z:_ﬁy(t7y))y(de)

+

[m:(z>( /R (UZ —i—HZ) (t,2(1+ m;(z).hs(t,e)))hs(t,e)u(de)}
/R (B0t 20+ 5{ () B (1) oy 0) ) ()

_ ﬁy(t,y)/R(Uz+HZ)(t,z(1+/ﬁj(z).hs(t,e)|zz_5y(t7y)))u(de),

z:_[}y (t,y)

+
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or equivalently,

D" 1) = [ (B(.G0).0) = (U + HEG0)10) + G- + ) G- €) o)

Ce(y) = 2(1+ K (2).R°(t, e))|z=—z7y(t,y)'

The key point to conclude is to note, as outlined above, that ® is the Fenchel-Transform of the

concave function U + H, so we have necessarily the master equation
®(t,y,e) = (U+ H)(t,y.e) —y(U: + H:)(L, y,€), Vi, y,e.
Replace y by (;(y) in the last identity, we conclude that
Dy (y,v*,h*) =0, Vy a.s. for any t.

So, under integrability condition, if the solution Y* := Y* """ exists, the process U (t,Y) is
a martingale. Moreover for any Y*" € Y, U (t,Y"") is a submartingale since from the above
Dt(yal};h)th(yaV*vh*):O' O

3.5 Utility characterization

Until then, we have carried out a necessary study. Given a consistent regular utility U, we have
characterized the optimal processes of both problems, dual and primal one in terms of U, its deriva-
tives and its characteristics (8,~, H). Conversely, the following Corollary gives a characterization
of these characteristics (8,7, H), in terms of the optimal dual and primal policies. Based on this
result, we give in the following theorem a complete characterization of the X-consistent utilities in
terms of optimal processes. This result is the culmination of all the preceding results. It also shows
us how such utilities can be constructed (learned) if we observe the behavior of an agent. This

inverse problem will be the subject of the last section.

Corollary 3.7. Assume U to be a X-consistent dynamic utility of class K29, & €]0,1[ and let
(8,7, H) denote its local characteristics. Suppose Assumption holds, then
(i) The drift characteristic B is given by the following HJB-condition

B(t,z) = =2U,(t, 2)r, + /]R(U(t, z)+ H(t,z,e))v(de) — Q(t, z, k). (3.25)

(ii) Assume the z — z+zr}(2).k (2)h5 (L, e) to be homeomorhic and denote by 1(t, z, €) its inverse
map. The diffusion and the jump characteristics v, and H, are explained by the optimal policies

of the primal and dual problems
H,(t, z,e) = Uz(t,w(t,z,e))(l + h*(t, Uz(t,w(t,z,e)),e)) —U.(t,2),
ot 2) = —Us.(t, 2)2k%(2) + Us(t, 2) ( e+ g+ (UL (R, 2)) (3.26)

+ /R hi(t, Uz(t,z),e)hs(t,e)y(de)).

The following theorem gives a trajectory characterization, under some regularity conditions, of

the dynamics consistent utilities in terms of their optimal processes.

Theorem 3.8 (Main Result). Assume that (v*,h*) € Kg’l X ﬁg’i, s.t. Vt,e, y—=y+h*(t,y,e) is

homeomorphic a.s.

Version MM November 25, 2020 25



3. Progressive and consistent dynamic utilities

(i) Then the conjugate SDE(v*, h*),

aYi(y) _ ) )
Vily) (v (t’Yt(y))—m—/Rh (£ Yi(y), e)h5 (1, €)v(de) ) AW
+ Ah*(t,ﬁ—(y),e)N(dt,de)), Y(y) = . (3.27)

is uniformly Lipschitz and has a unique strong solution Y*(y), which is strictly positive, and strictly
monotonic, with range [0,00).
(ii) The optimal wealth process is the unique solution of the SDE(k*) (3.9)),

dX; () = X7 (2)[redt + 57 (¢, X7 (2)).(dW; + medt + / WS (t, )N (dt,de))], X3(x) =2 (3.28)
R

Moreover x — X[ (x) is also strictly increasing.
(iii) Denote X (x) the inverse flow of X*, the dynamic utility U is the unique solution of the SPIDE
(3.10) and is characterized as follows

U.(t, 2) = Y (u=(X(2))), uz(.) = U-(0,.),
Ut,z) = / Yy (ua (X (z)))dz, U(t,0) = 0.

20

CoMMENTS: Note that this result allows us to characterize these utilities if the optimal SDE
admits a monotonic solution. In [EKM13|, frame without jumps, we just have to assume,
a.s., that ||y (¢,2)| < KU.(t,2) and |75 (¢, 2)|| < Ki|U..(t,2)| for some process K € L2(dt),
because this implies that v* € ESJ. This can always be taken as a hypothesis, but the problem
in this framework is to find an explicit condition on h* which is not obvious because it is defined
from an integro-differential equation.

Note that this result also characterizes a class of solutions of the SPIDE , making a connection
with those of two SDEs and . From a numerical point of view we can then propose a
simple scheme to solve the SPIDE, by combining two Euler schemes to solve the optimal SDEs, as
established in the paper [GMIS].

Assumptions of this result give us the existence of a monotonic strictly positive strong solution
Y™ of SDE(v*, h*), and by local regularity, the existence of a monotonic solution X* of SDE(x*).
Obviously, we can interchange the roles of Y* and X*. Indeed, in line with Theorem Corollary
and (iii) of Theorem [3.6] given the existence of a solution of the SPIDE (B.10), the existence
of a solution X*(z) starting from z to the SDE(x*) implies that U,(t, X; (z)) is solution of the
SDE(v*, h*) and so is a state price density process Y;*(u,(x)), starting from u,(x). That means in
our context that the existence of a solution to SDE(x*) is equivalent to the existence of a solution
to SDE(v*, h*).

Otherwise, if we give ourselves X* monotonic solution of SDE(x*) with a semimartingale inverse
X and Y* a K2-regular solution to SDE(v*, h*) then the compound process Y;*(u.X (t,z) is an
obvious solution of the SPIDE , see Theorem below.

Proof. (i) is a classical result in the SDE’s theory, see Kunita’s book [Kuni9].

(ii) From Theorem [3.6] the process U.(t, X;(z)) is also solution of the SDE(v*, h*). By uniqueness
of the solution we have necessarily U, (¢, X;(z)) = Y;*(u.(z)). Assume that there is a second
solution to the SDE(k*) than X* which we denote by X. Applying the generalized Ito-Ventzel’s

formula, one can shows that U, (¢, X;(z)) is also solution of the SDE(v*, h*), which have a unique
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solution, then by monotonicity of U, we have that X;(z) = X*(z) a.s. for any t. Now as Y *(u,(x) =
U.(t, X/ (x)) is a not explosive, then obviously X* is a strong solution (non-explosive).

Still using the first-order optimality relation Y™*(u,(z)) = U, (¢, X/ (x)), the monotonicity of Y*
combined with that of U, and u,, implies that also X* is strictly increasing. The rest of the proof

is now obvious. O

3.6 Example

Now we give an example of these consistent dynamic utilities in the well known case where they are
of power type. We give a necessary and sufficient condition to guarantee the consistency property.

This is a very special case, but it shows the restriction imposed by this last property.

Proposition 3.9. Consider the dynamic utility of power-type, defined by

2170
U%t,2) = Ztm, 0 €0, 1], (3.29)
0z, = Z,- (uf dt +~f AW, + / Wt epude)). (3.30)
R

(i) Its local characteristics (3%,4%, H?) are, by Ito’s formula

Bt 2) = U (t, 2)uZ, AP(t,z) = UO(t, 2)7Z, HO(t,z,e) = U%(t, 2)hZ (e). (3.31)
(i) U? is X-consistent if and only if the SDE’s coefficient of Z depend on the risk aversion 6 and
are linked as follows

W2 o= —(1— 0+ /Ru ) [1 — (14 w0 RS, e))lﬂ v(de) (3.32)

*,0 9(1 — 6)

TSR T kil AE A+ —aw) > (3.33)

(ii) The optimal policies are given by

2hp? = g(%m o —ay) + g /(1 +hZ(t,e)(1+ k" h3(t,e) " hS (t, e)v(de) (3.34)
R
i (y) =il (3.35)

in particular K*° and v*? are independent on z and thus the optimal processes X*%(x) and Y*%(y)

are strictly increasing since they are linear with respect to their initial conditions.

Proof. Statement (i) being obvious, we focus on the second one. From the previous results, equation
(3.25), U is consistent if and only if its drift characteristics 5% (t, z) = U?(t, 2)uZ satisfies

Bt 2) = U(t, 2)uf = —2U.(t, 2)rs + /R(U(t,z) + H(t, z,e))v(de) — Q(t, z, k7). (3.36)

Where, from (3.2]),

Q(t, z,k*Y)

1
/ (U7 + H) (1,204 5775 (1, 0)) w(de) + UL (1, 2) 207
R

+ 2wy (V0 2) + UL (E 2) (e — ). (3.37)
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4. Reverse Engineering

Observe at first, that by definition we have U+ H = U(1+h%), U+ H, = U,(1+h%) = 2= (1+h?%).
Thus, if we focus on the optimal policy x*? associated with U? (assumed to be consistent), then

by (3.8) and identities zU, = (1 — 0)U(t, z), 2U,, = —0U., it is necessarily given by

ot = SO - a) + 5 /R<1+h2<t,e>><1+n:ﬂ.h%e>>*9h5<t7e>v<de>- (3.38)

This enables us to calculate the quantity Q(t, z, K*/%),

ot,z, k™) = Ua(t,z)A(1+hZ(t,e))(1+n:79.h5(t,e))1*"y(de)+ MU(t,z)HnZ‘QHZ
+ Ut 2)ky " (vF + e — o) (3.39)
= U’(t,2) [/Ra +hZ(t,e)) (1+ k0 hS(t €)' ™ w(de) + w\\nrﬂp
+ m (- at)}- (3.40)
Finally, the consistency equation (3.36), becomes
Ut )pZ = U0t ) +U9(t,z)/R(1 +RZ(¢, €))w(de) — Ot 2, k™7
= (=) U(t, 2 + Ut 2) /Ru +RZ(t, ))(de)
— U%t,2) [/R(l +hZ(te))(1+ K058, e))lfeu(de) + w\\@’elﬁ

+ ’1:’0-(%2 +ne — Oét)]

_ Ua(t,z)[— 1 - 6)r, +/

R
0(1—0)
_ #,0
< K7, 5

1+ hZ(t,e)) [1 — (14 w15 (¢, e))lﬂ v(de)
/{{’0—1—%2—}—17,5 — oy >]

Thus simplifying by U?, the necessary condition of consistency is

W = —(1— 0+ /(1 F 02 ()1 (1 w0 RS (1, e) " w(de)
R
«0 0(1—0) |
- < ﬁtﬁ’%ﬁt’0+7tz+nt —ap >
The proof is now achieved. U

4 Reverse Engineering

In view of the results of the previous section (Theorem and Corollary , given an initial
utility function w, the marginal dynamic utility along the optimal portfolio U, (¢, X (x)) is a state
price process Y* starting from the initial condition u,(z), i.e. U,(t, X} (x)) = V" (u.(2)).

If now, we assume that the optimal portfolio X;(x) is a monotonic random map with respect to
the initial wealth x, then necessarily y — Y;*(y) must be also monotonic given the monotonicity of
U, and that of X*. More interesting, denoting X (z) the inverse of X (x), one can characterizes le
marginale utility by the identity U, (¢, ) = Y;* (u. (X (x)).

In this section, we consider the reverse problem, i.e. we give ourselves two monotonic processes X

and Y in their initial conditions and we seek to build a dynamic utility consistent with our market
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model. X will play the role of the optimal portfolio X* and Y will play the role of the state price
density process Y*. In other words, we propose an explicit way to recover all consistent utilities U
generating this wealth as optimal process. In the classical expected utility framework, this reverse
engineering problem has been considered by He and Huang (1992) [HH94] in a complete market and
then in the framework of dynamic utilities in [EKM13| in an incomplete financial market without
jumps.

In what follows, we propose to study this problem within the framework of this paper. We are

concerned with two processes X and Y solutions of two regular stochastic differential equations.

dX(x) -0 = . S(t. )R .
T, () = Tl + RO )).(th+ntdt+/Rh (t, )N (dt, de)), (4.1)
dY:(y) - 5 Y RS (t Vo (de
Yy~ tdt+< (t,9:(y)) — me /Rh(t,%t(y), YR (t, e)v(d ))th
+ [ Rt Y (). )N ). (12)

for some random vectors 7 € R+ and & € R.

The advantage of starting from these equations is the abundance of results in the SDE theory (see
precisely [Kun19]). We can therefore use the existing results to put sufficient regularity assumptions
on the SDE’s coefficients which ensure the existence, regularity, uniqueness, monotonicity of a
strong solutions and particularly to ensure the semimartingale property of X the inverse flow of
the solution X of the SDE(R) .

The following result shows that the compound maps ®(t,2) := Y (v, (X (¢, 2)) (X for the inverse
flow of X) is the marginal of a dynamic utility (with initial data v) and satisfies the same dynamics

as the derivative of a consistent utility.

Theorem 4.1. Let § €]0,1] and assume the pair of processes (X,Y) belongs to ICIB(;i X ICZQO"Cs s.t.
r — x + xR(x).h%(t,e) and y — y + yh(t,y,e) are homeomorphic. For a given initial utility
function v € C%9, let V be the strictly concave random field satisfying V. (t,2) := Y (v, (X(t, 2)).

ThenV s a K?&i—semimartmgale and its marginal V, is solution of the second order SPIDE

AVi(t,2) = ~0. (2Valt. 2o + QV (1, 2.) - /

(V(t,2) + HY (t, 2, e))zx(de))dt
R

+7:(t, 2)dW; —|—/H;/(t,z,e)]§7(dt,de), (4.3)
R

HY (t,z,e) = Vz(t_,z/J(uz,e)) +V, (t‘,@b(t,z,e))ﬁ(t, ‘/;(t_71/)(t,2,€))),€) - V.(t™, 2),
VY (t,2) = 3 (t, Va(t, 2)) — Vao(t, 2)2Re(2), (4.4)

& (ty) = y((ty) —m - /R RS (t ) (L, y, e)v(de) ). (4.5)

where we recall, according to Theorem that ) (t, z, €) is the inverse map of z — z(l—i-f?at(z)hs(t, e))

and QV the quadratic form
QV(t, 2, k) = / (V+HV)(t,z(1 + R(2)h5 (¢, €))) v(de)
R

+ %sz(t, 2)lzre()|* + 2 (2). (72 (¢, 2) + Va(t, 2) (0 — o). (4.6)

Proof. To simplify the notations we use ¢ := zk. Since Y(.) and Y(u,(.)) obey the same dynamics,

one can apply the result of Corollary and gets the dynamics of the compound map V, (¢, 2) :=
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Y(t, u=(X (L, 2))),
dv,(t,z) = (f V.(t, 2)re — sz(t,z)[zrt +5¢(2).m + 5;/(@ V.(¢, z)).&t(z)]
+%8z(X/Zz(t,z)Ha't(z)HQ))dt
Vit z,e) —h Z),e z&tz.s,eue
b [ (HY (2.6) = BV 2).0) + Vs 0,207 0 1,0) ) (e
+7Y (t, 2).dW; —&—/H;/(t,z,e)l\?(dt,de),
R

where, also by Corollary the jumps and volatility characteristics (denoted resp. H, and ;)

are given by the following identities
HY (t,z,e) =V, (t,0(t,z,€)) + Va(t7, 0(t, z,€))h(t, Vo (t7, 0(t, 2, €))),e) — Va(t™, 2),
'Y;/(tv z) = 5tY(Vz(t’ z)) = Ves(t,2)0(t, 2).

Let us focus on the drift term, which is, using the notation a; = [;, h¥(t, €)v(de), rewrites

D(t,z):= — 0.(2Va(t,2))re — Vau(t,2)5(t, 2) [ — o + 6;/(15, V.(t,2))]
+ %az (Ve (t 2)l20(2) 1) + / (HY (t,2.€) = Bt Valt, 2),€) Ju(de).  (47)

Differentiating with respect to z the identity;
’Y;/(t, Z) = 62/(‘/2(7"7 Z)) - sz(t7 Z)a-t(z)’
it follows,
Vau(t, 2)5;(@ Vit 2) = ’Y;/z(ta 2) + Veza(t, 2)01(2) + Va(t, 2)02 (2, 2).
Injecting this identity in (4.7]), one gets, on the one hand

D(t,2) = — 8.(2Valt,2))re — () [sz(t, e — ar) + YL (t 2) + Viss(t, 2)50(2) + Vis (£, 2)5. (¢, z)}

+ %szz(t,z)||6t(z)||2+sz(t,z)6t(z).6z(t,z)+ /]R (HY (1. 2.)  h(t.Vz.) ) v(de)

= 0.V = (2). [Vealt, ) — ) + 22 (1,2)] = 502 (Vaalt, 2o (2) )

+ sz(t,z)ﬁz(t,z)ﬁt(z)—&-/

| (H;/ (t,2,¢) — h(t, Va(t, 2), e))z/(de)

On the other hand, as
W(t,2) = 5 (Valt, 2)) = Vault, 2)0(2),
Y (Velt,2) = Valt, 2DVt ) = Valt 2 = Va(t.2) [ BVt 2), b5 (1 oo
with 7:(V.(t, 2)).0:(2) = 0, dt @ P, ‘

one can observes that

sz (t, Z)6z (t, Z)j—t(z) = —0; (tv Z) [VZ (ta Z) (nt - at) + ’Y;/(tv Z)]
V. (t,2)5,(t, 2). /R h9(t ) (1 + h(t, Va(t, z),e))v(de).

Consequently, it becomes obvious that
- v 1 _ 2
Dlt,2) = 0. (2Valt, )+ au(2). 0 (1,2) + Vol ) — )] + 5 Veelt 2) o (2)?)

+ /R (HZV(t, z€) — h(t, Va(t, 2), ) — Va(t, 2)7-(t, 2). 05 (¢, €) (1 + h(t, Va(t, 2), 6)))V(de)
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The idea from now, is to bring up the derivative of a quadratic form Q% equivalent to that appearing
in the optimization program of Section equation (3.2]), that is

8,QV(t,2,R) = /(Vz+H;/)(t,(z+6t(z).hs(t,e)))(1+6Z(t,z).hs(t,e))u(de)
R

+ 0. (%sz(t, oI +a(2). (0 (8,2) + Va2 = o). (48)

or equivalently, since & = zk

QV(t z,k) = /]R (V + HV) (t, (2 + &:(2).h%(t, €)))v(de)

1
+ Vet 25N + 1(2)- (7 (¢ 2) + Va(t, 2) (e = ). (4.9)
Adding and subtracting the quantity / (VZ —|—H;/) (t, (z+6:(2).h%(t,€))) (1+5.(t, 2).1° (¢, e))v(de),
leads to :
D(t,z) = —0.(2Vi(t,2))rs —0.QV(t,2,R)

+ /]R (H;/(t, z,€) — h(t,Vo(t, 2),e) — Vi(t,2)a.(t, 2).(h5(t, e)(1+ h(t,V.(t, 2),¢)))

+ (Vo + HY)(t, (2 4+ 6¢(2).05(t,€)) (1 + 5. (¢, 2).h° (¢, e)))u(de). (4.10)
To simplify, observe, from the definition of the process (¢, z, ) as the inverse map of z — X (¢, 2) +
a(t,z)h°(t,,e), that
Wtz z 4+ 54(2)) = X(t, 2), (4.11)
which implies, by definition of H?®, that
Vot z +54(2)) + HY (t, 2,2+ 64(2)) = Va(t, 2) + h(t, Vo (t, 2),e). (4.12)

Injecting this identity in (4.10]), we get after simplifications

D(t,2) = —0,(2Vi(t, 2))re — 0.QY (t, 2, k) + /R (Va(t,z) + HY (t, z,€))v(de),

which achieves the proof. O

Remark . Note that, according to the notations of this theorem we have by projecting on the space

of constraints R,

7 s
ey A V) /sz(t, 2)(1+ Bl Valt, 2), €))hS (¢, e)u(de)
we V..(t,2) V..(t,2)
Let us then observe that, the identity
H;/(tv Z, 6) = Vz (tiv w(tv 2, 6)) - Vz(ti, Z) + Vz (t77 Z/J(t» Z, 6))E(t, ‘/z (t77 w(tv 2, 6))), 6)

is equivalent since, ¢(t,x,e) is the inverse map of z — z(l + Fe(z

).h3(t,€)), to
HY (t,2(1 + Re(2)R5(t,€)), ) + Vo (t7, 2(1 + Re(2).05(t,€))) = Vo (7, 2) (L + R(t, Va(t, 2),€))
So that,
VYRt 2) + V(s 2) (e — o) /]R (Va4 HY ) (1.2 (04 R(2)-15(1.€)). )b (1, ) (de)

2hi(2) = Vou(t, ) - Voa(t,2)

(4.13)
This identity is the key point in to prove the next result.

Version MM November 25, 2020 31



4. Reverse Engineering

To conclude, the following theorem shows that V' (constructed in the previous result) is indeed

a X-consistent utility.

Theorem 4.2. Under Assumptions of Theorem the random field V (t, z) defined by its marginal,
V.(t, 2) := Ye(u (X(t, 2)) is a X-consistent dynamic utility.

(i) UTiLiTY-SPIDE: Using notations of Theorem[{.1, V satisfies

avitz) = —(Valt2)re+ QV (L zR) - /

(V(t,2) + HY (t, 2, e))y(de))dt
R

+ 'yv(t,z)th—F/Hv(t,z,e)N(dt,de).
R

(i) CONSISTENCY: For any admissible wealth process X € X, V(t, X;) is a supermartingale and
martingale for X = X.

Proof. (i) is immediate from Theorem Let focus on the second statement (ii), for this we
are concerned with the drift characteristics of the process V(¢, X["), which, by the generalized

It6-Ventzel’s formula, is given by

BY (4, X5) + XEVa(t, XP)re — /

(Ve XE) + HY (1, XF ) Ju(de) + Q(t, X', )
R

—QV(t, XF,Ry) + / (V + HV> (t, 2(1 + k.15 (¢, €)))v(de) + %sz(t, 2)|| 2k ||?

R

+  zhe (VY A Vit 2) (o — o))

(4.6) v z ke R (L e))) — v z Re(2).h%(t, e viae
it /R[(v+H )20+ kS (1)) = (V4 BY ) (621 + Ro(2)-h5 (1 €)) | w(de)
b gVt 2wl = Vel DRI + (m — 2Ru(2))-Y + Vet 2)me — o).

Now from the identity (4.13)), the quantity vY (¢, 2) + V. (¢, 2)(n: — i) in the last term is,
VR (4 )Vt 2) (1 —au) = — Vs (t, 2) 2R (2)— / (Vz—i—H;/ )(t,z(l—i—/%t(z).hs(t,e)),e)hs(t,e)u(de)
R

Injecting this in the last identity implies that the drift term in the dynamics of V (¢, X[*) is given,

after arranging the terms, by
/R [(V 4+ BY) (120 4 mehS(e) = (V4 HY) (4204 7(2) D5 (1, 0)) | u(de)
— (zRe— th(z))./R (v n HZV) (t,2(1 + Re(2).h5 (¢, €)), €) WS (£, e)w(de) + %sz(t, lzke — 25(2)]||?

For reasons of clarity, if we denote a; := z(1 + k¢.h%(t,e)) and by = z(1 + R4(2).h(t,€)) this

quantity is rewritten
/R{(V 1Y) (tare) = [(V HY) + (0= 0) (Ve + 1Y )] (001, 0) bo(de) + %sz(t,z)Hat b2

By concavity of V 4+ H" the integral is negative and by concavity of V the last term is also
negative. Thus the drift term in the dynamics of V (¢, X}*) is negative and is equal to zero if and
only if zk; = zFR(z). This is equivalent to: For any admissible wealth process X € X, V (¢, X;) is a

supermartingale and martingale for X = X. The proof is then complete. O
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