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Abstract

Using elements from the theory of ergodic backward stochastic differ-
ential equations, we study the behavior of forward entropic risk measures.
We provide a general represention result and examine their behavior for
risk positions of large maturities. We also compare them with their clas-
sical counterparts and derive a parity result.

1 Introduction

Risk measures constitute one of the most active areas of research in financial
mathematics, for they provide a general axiomatic framework to assess risks.
Their universality and wide applicability, together with the wealth of related
interesting mathematical questions, have led to considerable theoretical and ap-
plied developments (see, among others, [1, 12, 13, 14]). For dynamic convex risk
measures, we refer to [8, 22, 23, 38]; see, also, [2, 5, 16, 37] for their connection
with nonlinear expectations.

A number of popular risk measures are defined in relation to investment
opportunities in a given financial market like, for example, VaR, CVaR, indif-
ference prices, etc. As we discuss in the following subsection, such measures are
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tied to both a horizon and a market model, and these choices are made at initial
time with limited, if any, flexibility to be revised.

As a result, issues related to how the risk of upcoming positions of arbitrary
maturities can be assessed, model revision can be implemented, time-consistency
can be preserved, etc. arise. Some of these questions were addressed by one
of the authors and Zitkovic in [42], where an axiomatic construction of the so-
called “maturity-independent” risk measures was proposed. For the reader’s
convenience we provide their definition and some key motivational arguments
in the next subsection.

Herein we analyze an important subclass of maturity-independent risk mea-
sures, the forward entropic ones. They are constructed via the so-called forward
exponential performance criteria (see Definition 5) and yield the risk assessment
of a position by comparing the optimal investment, under these criteria, with
and without it. Like the forward processes, via which they are built, the forward
entropic measures are defined for all times.

We focus on a stochastic factor model, considering a multi-asset market
model and assuming that the dynamics of the assets depend on correlated
stochastic factors (see (3) and (4)). Stochastic factors are frequently used to
model the dynamics of assets (see, for example, the review paper [41]). In the
forward performance setting, the use of stochastic factors is discussed in [34],
where the multi-stock/multi-factor complete market case is also solved. The
incomplete market case with a single stock/single factor was examined in [35]
and, more recently, in [39] for a model with slow and fast stochastic factors.

Our contribution is threefold. Firstly, we provide a general representation
result for the forward entropic risk measures. We do so building on a recent work
of two of the authors ([25]), who developed a new approach for the construc-
tion of homothetic (exponential, power and logarithmic) forward performance
processes using elements from the theory of ergodic BSDE. This method by-
passes a number of technical difficulties associated with solving an underlying
ill-posed stochastic PDE (see (7)) that the forward process is expected to sat-
isfy. This SPDE plays the role of the Hamilton-Jacobi-Bellman equation that
the classical value function satisfies, but it is substantially harder to solve due
to infinite-dimensionality and ill-posedness.

For the exponential forward family we consider herein, the approach in [25]
yields the forward performance criterion in both a factor- and non-factor forms
(see (19) and (17), respectively). Furthermore, for the former case, the rep-
resentation is unique. Having these representation results, we use Definition 5
and solve the involved stochastic optimization problems. We then show that the
risk measure satisfies a BSDE whose driver, however, depends on the solution
of the aforementioned ergodic BSDE (see Theorem 6). The fact that the risk
measure is computed via a BSDE is not surprising since we are dealing with the
valuation of a risk position, which is by nature a “backward” problem. However,
the new element is the dependence of the driver of this BSDE on the ergodic
BSDE.

The second contribution is the asymptotic behavior of the forward entropic
risk measure when the maturity of the risk position is very large. For risk



positions that are deterministic functions of the stochastic factor vector, we
show that their risk measure converges to a constant, which is independent of
the initial state of the factors, and, furthermore, provide the convergence rate
(see Theorems 10 and 12).

We establish the convergence by approximating the solution of the BSDE
that yields the risk measure by the solution of an appropriately chosen ergodic
BSDE. The main difficulty comes from the interdependence of the two ergodic
BSDE (one used for the construction of the exponential forward process and the
other for the specification of the risk measure limit). As we show, this requires
different treatment for Markovian and non-Markovian forward exponential cri-
teria.

The third contribution is the derivation of a parity result between the forward
and the classical entropic risk measures. We show that the forward measure can
be constructed as the difference of two classical entropic measures applied to
the risk position and a normalizing factor related to the solution of the ergodic
BSDE for the forward criterion (see (50)).

We conclude with an example cast in the single stock/single stochastic factor
case. Using the ergodic BSDE approach, we derive a closed form representation
of the forward risk measure (see (56)). We also derive a representation of the
classical entropic risk measure (see (57)) and, in turn, compute numerically the
long-term limits of the two measures for specific risk positions.

The paper is organized as follows. In section 2, we introduce the stochastic
factor model and provide background results on exponential forward perfor-
mance processes. In section 3, we review the definition of the forward entropic
risk measures and provide their representation. In section 4, we study their
behavior for risk positions of large maturities and, in section 5, we derive the
parity result. We conclude in section 6 with the example.

1.1 “Maturity-independent” risk measurement

To facilitate the exposition and motivate the reader, we review the main ideas
in [42] and recall the definition of the maturity-independent risk measures.

Maturity independence is a fundamental feature of arbitrage-free pricing and
the aim in [42] was to investigate whether there also exist non-linear risk assess-
ment mechanisms preserving this property in a decision theoretic framework.

We start with some general observations on features of risk measures defined
in relation to a given market environment. A dynamic risk measure, say p; r, is
typically defined, for ¢t € [0,7T], where [0,7T] is a fized investment horizon with
the terminal condition pr 7 given. Therefore, at initial time ¢ = 0, two implicit
but crucial assumptions are made.

Firstly, it is indirectly assumed that all risk positions in consideration will be
both introduced and mature at times within this pre-chosen horizon. However,
in many applications, this is not a very realistic assumption. Indeed, we are
frequently faced with the valuation/risk assessment of sequential projects/risk
positions without, however, having at initial time ¢ = 0 complete knowledge
of when they will be introduced, when they will mature, what their sizes will



be, etc. (e.g. projects associated with different phases of clinical trials, oil
exploration, movie production, and others).

Secondly, at ¢ = 0, there is an indirect commitment to the market model
for the entire horizon [0,7T]. As a result, this model choice considerably affects
the risk measurement of all risk positions, no matter how short or long their
maturities are. Namely, even if a risk position matures at short time ¢, its risk
measure in [0, ¢] will be affected by the model choice for the entire [0,T]. This
is a direct consequence of the backward construction of p; r, which starts at the
end of the horizon T and, thus, naturally requires model specification in [0, 7] .
Therefore, any information of changing market conditions and/or modification
of the market model cannot be incorporated at any time beyond time 0, for this
will destroy the time-consistency of the dynamic risk measure, as computed
starting at time ¢ = 0.

To put the above two issues in a more mathematical context, let us assume
that, at ¢ = 0, we have complete knowledge of all risk positions maturing within
[0,7]. A new risk position, however, may be introduced at a later time, say
s € (0,T] with maturity 7" > T. We then see that it is not possible to manage
this new risk position in the entire interval [s, T”] using the existing risk measure
pi, 7, for the latter is not defined for times t € (T, T']. Therefore, as soon as
the new position is introduced at time s, one needs to extend p,r, t € [s,T],
to a new measure, say pi 17, t € [s,T"], for the new longer horizon [s,T”]. How
can this can be done? If one requires that internal time-consistency is being
preserved, the new measure j; v must satisfy pyr = pi,1r, t € [s,T]. However,
it is not clear how to define p; 7, for s € [T,T']. To our knowledge, this is a
question that has not been satisfactorily addressed to date.

Note that in an arbitrage-free valuation setting, we do not encounter such
issues, since the pricing operator - given by the conditional expectation of the
position - is defined for all times, independently of the maturity of each claim in
consideration and without the need to know a priori what kind of claims/risk
positions will be introduced and what maturities they will have.

Additional difficulties might come from the aforementioned model commit-
ment at ¢t = 0 for the entire [0, 7]. As mentioned earlier, when a trading horizon
[0,T] is pre-chosen, one implicitly chooses the market model with regards to
which the construction of the risk measure will be done. Note that this is also
the case even in a robust setting, because one has to pre-commit to a family
of models for the entire horizon [0, 7] . Similarly, even when filtering is incorpo-
rated, one also needs to pre-commit to the dynamics of the process with respect
to which the filtering is done.

Therefore, even if, at ¢t = 0, we have complete knowledge of all risk posi-
tions within [0,77], it might be the case that after some time, say s € (0,77,
it is evident - due to new information - that the initial market model is not
adequately accurate and, thus, it needs to be improved for the remaining in-
vestment horizon [s, T|. Then, there are two choices. If time-consistency needs
to be preserved, one needs to continue working with the initial model which,
however, is now wrong. The second choice is to adapt to a new model but
accept that time-consistency is violated. This is by far the most popular choice



in practice.

In summary, it seems that dynamic risk measures defined for a fixed horizon
do not appear to be flexible enough to accommodate arbitrary upcoming risk
positions. Moreover, it appears that model specification is binding for the entire
horizon, which precludes dynamic updating as market evolves.

In [42] a class of dynamic risk measures, the so-called maturity-independent
ones, were axiomatically introduced to remedy the above issues. They are cast
in a general multi-dimensional semimartingale model, denoted by S, ¢ > 0,
and an associated filtration {F;},.,. We recall their definition next, assuming
without loss of generality that the risk position is introduced at time 0.

We first introduce the space of candidate risk positions,

where £2°(F;) is the space of uniformly bounded F;-measurable random vari-
ables.

Definition 1 A functional p : L —R is called a maturity-independent convex
risk measure if it has the following properties for all £,€ € L and o € (0,1) :

i) p (&) <0,Y€ > 0 (anti-positivity),

ii) p(a€+ (1= a)€) < ap (€) + (1 — ) pl€) (convesity),

iii) p(& —m) = p(§) + m,¥Ym € R (cash-translativity) and

i) for allt > 0 and admissible investment strategies ,

p(f)p(@r/otwsdis). (2)

As it is highlighted in [42], the properties that differentiate the maturity-
independent risk measures from their classical finite-horizon counterparts are,
from the one hand, the choice of the space £ and, from the other, the validity
of the “replication requirement” (2) for all possible times.

2 The stochastic factor market model

Let (2, F,F = {Fi}i>0,P) be a filtered probability space satisfying the usual
conditions, supporting a d-dimensional Brownian motion W. We consider a
market of a risk-free bond offering zero interest rate and n risky stocks, with

n < d. The stock price processes Si, t > 0, solve, for i = 1,...,n,
asi , ;
5 = V' (Vi)dt + 0 (V)dW,. (3)
t

The d-dimensional stochastic process V' models the stochastic factors affecting
the coefficients of the stock prices, and solves

avi = n(V;)dt + kdW,. (4)

We introduce the following model assumptions. Throughout, we will be
using the superscript A!" to denote the transpose of matrix A.



Assumption 1 i) The drift and volatility coefficients, b'(v) € R and o'(v) €
R4 v € R?, are uniformly bounded.

ii) The volatility matriz, defined as o(v) = (o (v),...,0"™(v))!", has full row
rank n.

i11) The market price of risk, defined as

0(v) == o (v)"[o(v)a(v)"] b(v), (5)
v € R4, is uniformly bounded and Lipschitz continuous.

Note that (v) solves o(v)f(v) = b(v), v € R? which admits a solution
because of (ii) above.

Assumption 2 i) The drift coefficients n(v) € R? satisfy a dissipative con-
dition, namely, there exists a large enough constant C,, > 0 such that, for
v,7 € R?,

(n(v) = 1(0))" (v = 0) < =Cylv - o]*.

ii) The volatility matriz x € RYX is positive definite and normalized to
|k| = 1.

The “large enough” property will be quantified in the sequel when it is
assumed that C,, > C, > 0, where the constant C,, appears in the properties of
the driver of an upcoming ergodic BSDE (see inequality (25)).

Under Assumption 2, the stochastic factor process V' admits a unique invari-
ant measure and it is thus ergodic and, moreover, any two paths will converge
to each other exponentially fast.

In this market environment, an investor trades dynamically among the risk-
free bond and the risky assets. Let @ = (7',--- ,7")!" denote the (discounted
by the bond) amounts of her wealth in the stocks, which are taken to be self-
financing. Then, the (discounted by the bond) wealth process satisfies

dxf =Y %db’j = 7" o(Vi) (0(Vo)dt + dWy)

i=1 "t

with Xo = z € R. As in [25], we work with the investment strategies rescaled
by the volatility,
7" =7 a (V).

Then, the wealth process satisfies
dXT =" (0(Vy)dt + dWy) . (6)

For any t > 0, we denote by A[g ; the set of the admissible investment strategies
in [0, ¢], defined as

A,n = {7 € LEr000.]: ms € I for s € [0, 1]},



where I is a closed and convex set in R%, and

LZ0l0,t] = {ns, s €[0,t] : 7 is F-progressively measurable and

¢
esssup Ep [/ 7r32ds|]:T] < oo for any F-stopping time 7 € [0,¢]}.

The set of admissible investment strategies for all ¢ > 0 is, in turn, defined as
.A - UtEOA[O,t]~

2.1 Exponential forward performance processes and rep-
resentation via ergodic BSDE

For the reader’s convenience, we start with some background results. We first
recall the definition of the forward performance criterion (see [28, 29, 30, 31])
and, in turn, focus on the exponential class. We then recall its ergodic BSDE
representation, established in [25].

Throughout, we use the notation D = R x [0,00).

Definition 2 A process U (x,t), (z,t) € D, is a forward performance process
if:

i) for each © € R, U (z,t) is F-progressively measurable,

i) for each t > 0, the mapping x — U(x,t) is strictly increasing and strictly
concave,

i11) for allme A and 0 <t <,

U (X[, t) > Ep [UXT, s)| 7,
and there exists an optimal ©* € A such that,
U (X7 t) = Be [UXT,9)|7

with X™, X™ solving (6).

A connection between the forward performance process U(z, t) and a stochas-
tic PDE was proposed in [33]. For the model at hand, this SPDE takes the form

O(Vi)Up(z,t) + ay (x, t))
Ugza ()

dU (z,t) = (—;Um(x, t)dist? (H, - (7)

LU (1) + (2,0
2 Upz(z,t)

) dt + a(z, )" dWy,

where dist (I, z) represents the distance function from z € R? to IT (see equation
(10) in [25]') and the volatility process a (z,t) € F;, t > 0, is an investor-specific

!n [25] the trading strategies are represented as proportions of the wealth.



modeling input. If, furthermore, a strong solution to the wealth SDE (6) exists,
say X[ ", when the feedback policy

" "
7; = Projp (—G(Vt) UalX; *’t) _ aalX :t) >7
U (X7, t)  Up( X7, 1)

is used, then this control process 7* is optimal. These arguments are not rig-
orous and a verification theorem is still lacking. Fundamental difficulties stem
from, the one hand, the ill-posed and possibly degenerate nature of equation
(7) and, from the other, the specification of the appropriate class of the volatil-
ity processes a (z,t), which remains an open question. In a related direction,
a connection between the forward performance process and optimal portfolios
was developed in [9].

The zero volatility case (a (z,t) = 0) was analyzed in detail in [32] (see, also,
[3]). The forward process is time-monotone (decreasing), represented as

U (x,t) =u(x, As), (8)

where u is a deterministic function and A a time-increasing process depending
on the (realized) risk premium.

When the volatility is not zero, forward performance processes may be clas-
sified as follows. One family can be constructed from the time-monotone process
using the transformation

U (2,t) = u (f,A,Em) Z, (9)
Y,

where Y is the price process of a tradeable asset and Z an exponential martin-
gale. This new class of criteria, though, need to be interpreted correctly because
they essentially correspond to modified risk premia, benchmarking and market
views in an auxiliary pseudo-market (see [33]), and thus do not constitute gen-
uinely new forward processes in the original market.

An entirely different class are forward processes that are represented as de-
terministic functions of underlying stochastic factors, say

Uz, t) =v(x,t, Vi, Ny), (10)

for some finite-dimensional function v, and V, N being vectors of processes, with
the former affecting only the dynamics of the traded assets, as (4) herein. Such
processes cannot be time-monotone and, furthermore, cannot be manufactured
by any transformation of type (9). For such performance processes, a random
Hamilton-Jacobi-Bellman (HJB) equation can be derived for the function v
above (see [31]), and questions about existence, uniqueness and regularity of its
solutions as well as about the nature of optimal feedback controls arise. Due
to the ill-posed nature of this HJB equation, these questions are much more
challenging than similar ones for the classical analogue. Note, however, that
even in the classical case, general existence, uniqueness and regularity results



for the solutions of the associated HJB equations as well as related verification
results are lacking (see, among others, [36]).

Existing works for this class include [35], where the single stock/single factor
case was analyzed, and [34] where the multi-stock/multi-factor complete market
case was studied. Recently, its incomplete analogue with slow and fast factors
was analyzed in [39].

We stress that there is a fundamental difference between the candidate for-
ward performance processes and the classical value function processes in stochas-
tic factor settings. In the classical case, there is a unique factor representation
of smooth value function processes, as it follows from their 1t6 decomposition.
In particular, if the terminal utility depends only on wealth, the value function
process depends both deterministically and exclusively on (z,¢, V). In the for-
ward framework, however, this is not the case. Forward processes do not have
to be of the functional form (10). Furthermore, even if they are modelled as
in (10), dependence on other processes (represented by the vector N; in (10)),
beyond the factors appearing in the asset dynamics, is allowed. For a discussion
on the economic interpretation of such forward performance criteria, we refer
the reader to [34].

Finally, a third class of forward processes are the ones that are infinite-
dimensional and cannot be constructed as extensions of neither (9) nor (10).
For this class, there is limited knowledge, if any.

For the stochastic factor model we consider herein, general representation
results for homothetic forward criteria (power, logarithmic and exponential)
were recently produced by two of the authors in [25]. They extend all previous
cases for this class of criteria, and provide the forward processes directly through
the solutions of an underlying ergodic BSDE2. This approach yields both the
Markovian and non-Markovian cases ((9) and (10), respectively), and bypasses
the aforementioned difficulties associated with solving the forward SPDE (7).
While the form of the involved ergodic BSDE (cf. (14)) is motivated by the
homothetic properties and the form of the SPDE (7), the resulting ergodic BSDE
is considerably simpler to solve. Moreover, it provides a unique representation
result for forward processes with local dependence of the stochastic factors.

For the reader’s convenience, we motivate the form of the underlying ergodic
BSDE next. To this end, we seek forward exponential criteria that are local
functionals of the stochastic factor process V, namely,

U(x,t) = —e 1ot Vet (11)

for (z,t) € D, with v > 0, and the function f : R¢x [0, 00) — R to be determined.
Then, using (informally) the SPDE (7), we deduce that f must satisfy the ill-
posed semilinear equation

ft+ Lf+F (v,5"Vf) =0, (12)

where L is the generator of the factor process,

Lf= %Trace (kE'"V2 ) + 1 (0)" V,

2For an introduction to ergodic BSDE, we refer to [6, 7, 15, 21] and the references therein.



and F : R? x R? — R is defined as

1 0 1 1
F(v,z2):= §nydz'st2 {H, z—f—’y(v)} - §|Z +0(v)|* + §\z|2, (13)

with 6 () as in (5). In Proposition 11 of [25], the following result was proved.

Proposition 3 Suppose that Assumptions 1 and 2 hold. Then, the ergodic
BSDE
dY, = (=F(Vi, Ze) + N)dt + Z;dWy, (14)

with the driver F(-,-) given by (138) admits a unique Markovian solution (Y, Zy, \),
t > 0. Specifically, there exist a unique A\ € R, and functions y : R — R and
z:R?T = R? such that

Ye, Z) = (y (Vi) , 2 (V) (15)

The function y(-) is unique up to a constant and has at most linear growth, and

2(+) is bounded with |z(-)| < 525, where C, and C,, are as in Assumption 2.
"—Co

Moreover,

Cy

< —r .
Vi) < o

(16)

We stress that while there exists a unique solution in factor form, equation
(14) admits multiple non-Markovian solutions. In particular, we may choose
Z; = 2°(V;), for any smooth function z°(-) with bounded derivatives of all
orders, and any pair (Y, \) such that (14) holds. Then, (Y, 2°(V;), \) is a non-
Markovian solution to (14). Such a non-Markovian solution will be used in
Section 4.2 (see (47)).

The next result connects the solutions of the ergodic BSDE (14), Markovian
or not, with the exponential forward performance process (11) and its associated
optimal policy. For its proof, see Theorem 12 of [25].

Proposition 4 Suppose that Assumptions 1 and 2 hold, and let (Y,Z,\) be a
solution to (14). Then the process U(x,t), (z,t) € D, given by

Uz, t) = —e 7@ Ye=AL (17)
1s an exponential forward performance process. Its volatility is
a(x,t) = —e VetV A 7
and the associated optimal strategy

6(2) Zt) . (18)

m; = Projy (’y + 5

From the above result and Proposition 3, we deduce that, while there exist
multiple exponential forward processes of the general form (17), there exists a
unique (in the appropriate class) such process in the stochastic factor form

Uz, t) = —e*WW(Vt)fAt’ 19)

10



with the pair (y (), A) as in Proposition 3.

We conclude mentioning that the most general result for exponential forward
processes can be found in [43], where an axiomatic construction is developed for
general semimartingale market models.

3 Forward entropic risk measures and ergodic
BSDE

Next, we recall the definition of the forward entropic risk measure in relation to
the exponential process (17). To simplify the presentation, we assume without
loss of generality that the generic risk position is introduced at time ¢ = 0, and
also remind the reader that D = Rx [0, 00).

Definition 5 i) Consider the forward exponential performance process U (x,t) =
—eT VYN (g )y €D (¢f. (17)). Let T > 0 be arbitrary and consider a risk
position &r € L (Fr), introduced at time t = 0.

Its (T-normalized) forward entropic risk measure, denoted by pi(ér;T), t €
[0,T7], is defined as the unique Fi-measurable random variable that satisfies the
indifference condition

ess sup Fp
TFE.A[t,T]

T
Uz + pi(ér;T) + / T (O(V,)du + dW,) + ép, T) | Fi
¢

(20)

=ess sup FEp
FEA[t)T]

for all (z,t) € R x [0,T].
ii) Let the risk position £ € L. Define Te = inf{T > 0: ¢ € Fr}. Then, the
forward entropic risk measure of § is defined, fort € [0,T¢], as

pe(&) = pe(§;Te). (21)
Hence, for & € £(Fy), we have pr(6r) = pi(€r:T).

Fi

)

Uz + /T 7 (O(Vy)du + dW,), T)

We stress that the performance criterion entering in Definition 5 is defined
for all t > 0, and thus one can price claims of arbitrary maturities. This is not,
however, the case in the classical framework.

We are now ready to provide one of the main results herein, which is the
representation of the forward entropic risk measure using the solutions of associ-
ated BSDE and ergodic BSDE. The main idea is to express the forward entropic
risk measure process as the solution of a traditional BSDE whose driver, how-
ever, depends on the solution of the ergodic BSDE (14); see (23) below. This
dependence follows from the fact that equation (14) was used to construct the
exponential forward performance process (17) that enters into (20) in Definition
5.

11



Theorem 6 Consider a risk position &p € L(Fr), with its maturity T > 0 be
arbitrary. Suppose that Assumptions 1 and 2 hold, and that the process Z in the
ergodic BSDE (14) is uniformly bounded. Consider, fort € [0,T), the BSDE

T T
Y = —gr+ / G(Vay Zu, Zy ) du — / (Z28) AW, (22)
t t

where the driver G : R x R x R* — R is defined as

Glo, 2, %) = % (F(v, 2 +75) — F(v, 2)) , (23)

with F(-,-) given by (13). Then the following assertions hold:
i) The BSDE (22) has a unique solution (YtT’g, ZtT’£> ,t€1[0,T], with YT+

being uniformly bounded and ZT¢ € L% ,000,T7.
it) The forward entropic risk measure of & (cf. (20)) is given, fort € [0,T],
by
puler) = V€. (24)

Proof. To facilitate the exposition, we eliminate the £-superscript notation in
the processes Y€, ZT:¢. We also recall that in the proof of Proposition 11 in
[25], two key inequalities were used, which follow from Assumption 1 and the
Lipschitz property of the distance function. Specifically, it can be shown that
there exist constants C, > 0 and C, > 0 such that

[F(v1,2) = F(vz, 2)| < Cp(1 + |z[)]or — val, (25)

and
|F(v,21) = F(v,22)| < Co(1+ |21] + |22]) 21 — 22, (26)

for any v1,ve, 21, 22 € R
(i) First note that, for ¢ € [0,T], G(v, Zy, 2) is locally Lipschitz continuous
in Z, since a.s.

G(v, Z1, 21) = G(v, Zy, 22)| < Co(1+ 2|2y + ]2 +v]22])[ 21 — 22,

with Z being uniformly bounded. Using, furthermore, that {r € £ (Fr), the
assertion follows from Theorems 2.3 and 2.6 of [24] and Theorem 7 of [20].
(ii) Using (17) and that p.({1) € Fi, t € [0,T], we have that

ess sup FEp Fi

T
Ulx+ prlér) + / w7 (B(V)du + dW,) + &7, T)
WEA[t,T] t

— o Pi(E) pgg sup Ep [_efy(erftT w7 (0(Va)du+dWy,) )+ YT —AT—vér |_7:t} . (27)
TEAR,T)

To solve the above problem, we work as follows. Define, for s € [t,T], the

process
R™ = —e (et m (0(Va)dutdW)) +Ys—As Y[ (28)

12



We will show that it is a supermartingale for any = € A[; 77, and becomes a

martingale for
Zs + 0(Vs)>

Tt =Py (ZST + (29)

Indeed, for 0 <t <r < s < T, observe that the exponent in (28) satisfies

—y (m + / 7 (0 (Vy,) du + qu)> +Y, = As +AY]
t
= <x + / 7l (0 (V) du + qu)) +Y, — M +qYT
t

—y (w/rswzr(@(vu)duwwu)) +(Ye=Yo) = A(s—r) +y (Y] - YT).

Using the ergodic BSDE (14) and BSDE (22), respectively, yields

V=YD -A-9 == [ FVuz)du+ [ zraw,

and
KT—YTT:—%/ (F(Vu,zu+723)—F(Vu,zu))dqu/ (20" dw,.

Combining the above yields

EIP’ [_e—'y(z-i-fts ‘n'ff(G(VM)du+qu))+Y5—)\s+'yYST

7]

— (@[T w (O(V) dutdW) ) +Ye =AY,

x Ep [ o2 (Al 0V = F(Vu, Zu A Z2]) ) dut [ (—mut Zuty 27 ) AW,

]-"7} .

For s € [0,T], consider the process Ny := [ (=vmu + Zy + ’ng)tT dW,. Be-
cause m, ZT € £%,,5[0,T] and Z is uniformly bounded, we deduce that N is a
BMO-martingale.

Next, we define on Fr a probability measure, denoted by Q™, by % =

E(N)rp. Then, % s = E(N)s, which is uniformly integrable due to the BMO-

martingale property of the process N. Therefore,

ef:(*’YﬂquZu%*’YZZ)trdwu _ (6% f,s |7'yfru+Zu+'yZ17;|2du) g(N>s

and, thus,
Ep [_e—v(x+ff 7 (O(Vi)durt-d W) )+ Y~ At YT

]—",}

— _o (@t [T w0V dutd W) )+ Y= Ay YT

13



x Ep {eff(—w;’"e(m—F(Vu,zu+wz$>)du+; J2 l=mut Zatr 2T 2au € EJJ\V] is | fT}

tn

= —e_’Y(x-i-f,T TE(O(Va) du+dWy,) )+ Y= Ar+yY,T

x B [ef:(—wf[e(vu)—F(vu,ZUMZE))du% I3 |—wu+z“,+vzz|2du|f7}

_ _677(”[[ Tl (0(Vi)dut+dWo,) )+ Y= Ar44Y, T
s tr T2 T
x Bgr [e.fr((*wu O(Vu)+ 3| —vmutZu 2T )7F(V,,“Zu+'yZu))du‘]_-r} )

In turn, if we can show that, for u € [r, ],
1
Yl 0Va) + 5| = vmu+ Zu 472 [ 2 F(Va, Zu +92y),
then

Egr el (-yml 00Vt 31-amut Zutn Z] \2>—F<Vuazu+vzrf>)d“|fr} > 1,

and the supermartingality property would follow. Indeed, after some calcula-
tions, we obtain that

2 2

1
= O(Va) + 5l = 9+ Zu + 92,
o

- (24 2 0060)
2 v

On the other hand, for any = € A} 1,

1 1
-5 |ZU+WZZ+9(Vu)|2+§ |Zu+21)

2

o (a4 )

> dist? {H, zr + Zut0(Vu) } :

v

and using the form of F(V,,, Z, +~vZL) (cf. (13)) we conclude.
To show that R™" is a martingale for 7%¢, defined in (29), observe that

= (7« Bt 00
Y

u ?

2
= dist? {H, zZr ¢

Zu + 9(%)}

and the martingale property follows. Note, moreover, that this policy is admis-
sible.

Combining the above, we obtain that Ep [R%| F;] < RT, and thus, for any
LS A[t,T]7

Ep [_677($+ftT ‘n'zr(G(Vs)ds+dW5))+YT7/\Tf’y£T

T
}-t} < e YA YT

where we also used that Y = —&p (cf. (22)). Similarly,

Ep {%ﬂ(ﬁ JE@2E)T(O(Va)ds+dWa))+Yr AT —3¢r | ;t} e vE YAt

14



In other words,

T __tr T
ess sup Ep _e—'y(r+ft 7t (O(Va)ds+dW,) )+ YT —AT—~Er ]_—t] — et AY
WEA[tYT]
which, by (20), implies
e peEn)=ya Y= Ay, —yad Y-t
b

and (24) follows. m

From the above representation, we also obtain the time-consistency property,

s,—YST’E

puler) =Y =TT =YD = ()

forany 0 <t <s<T < o0.

The fact that the forward entropic risk measure is obtained via a BSDE (cf.
(22)) should not suggest that it does not differ from its classical counterpart,
which is also given as a solution of a BSDE (see (51) herein).

Firstly, it is natural to expect that the risk measure will be represented
by the solution of a BSDE, since the pricing condition (20) is, by nature, set
“backwards” in time. On the other hand, the classical entropic risk measure
is defined only on [0,7], because the associated traditional exponential value
function is only defined on [0, 7. In contrast, the forward entropic risk measure
is defined for all times ¢ > 0, for the associated forward process U (z,t) (cf.
(17)) is defined for ¢ > 0.

Secondly, the BSDE (22) for the forward risk measure differs from the one
for the classical entropic measure, because its driver depends on the process Z;,
which solves the ergodic BSDE that yields the exponential forward criterion.

We conclude mentioning that in addition to the forward entropic measure,
one can define the “hedging strategies” associated with the risk position 7. As
in the classical case, they are defined as the difference of the optimal strategies
for the two optimization problems involved in Definition 5. We easily deduce
that the related hedging strategy, denoted by oy r,t € [0,T1], is given by

*
oy = &£

= Projp (ZtT’E + 2 6 +’;9(Vt)> — Projq <Zt +79(Vt)) .

Observe that the first term naturally depends on the maturity of the claim,
while the second is independent of it and defined for all times. This is not
the case in the classical setting, where both terms depend on the investment
horizon.

Ty (30)
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4 Long-maturity behavior

We study the behavior of the forward entropic risk measure when the maturity
of the risk position is long. We focus on European-type positions written only
on the stochastic factors, specifically, risk positions represented as

§r=—9(Vr), (31)

with g : R? — R being a uniformly bounded and Lipschitz continuous function
with Lipschitz constant C.

We recall from Theorem 6, the representation p; (§1) = Y;T’g, where Y;T’é
solves the BSDE (22), rewritten below to ease the exposition,

T T
Y9 = g(er) + / GV 2o, 279 ds — / (ZT9)raw,.
t t

To examine its long-term behavior, it is thus natural to relate the above
BSDE with an ergodic BSDE, given below, and investigate the proximity of
their solutions.

To this end, we consider the ergodic BSDE

~ ~ T/ ~ A~ T/ A
Y, = Vo +/ (G(Vs, Zo,24) — A) ds — / (Z)tdW, (32)
t t

for 0 <t < T’ < oo, and examine the approximation of YOT’g by Yo + NT, for
large T.

We stress that the driver of the ergodic BSDE (32) depends on the solution
Z of the ergodic BSDE (14) of the forward performance process. As we explain
next, this creates various technical issues and prompts to analyze the Markovian
and non-Markovian forward processes separately.

4.1 Markovian performance criterion

We first consider the case
Uz, t) = —e Yo tuV)=At (33)

(cf. (19)) where (Y3, Z;) = (y(V2), 2(V4), A) as in Proposition 3.

In this case, the driver G(v, z(v), 2) of the ergodic BSDE (32) depends on the
function z(v). Although, due to the boundedness of the function z(-), the driver
G satisfies the locally Lipschitz estimate (26) in £, it may not satisfy the locally
Lipschitz estimate (25) in v, and hence the existence and uniqueness result in
[25] might not apply. Moreover, it is not even clear whether the ergodic BSDE
(32) is well-posed.

The overcome this issue, we employ an auxiliary BSDE. Writing,

Y;T,g — (Y;/T,g + }/t _)\t> . }/t _)\If7
Y Y

16



we observe that the pair (Y;*9, Z9), defined as

N . Y — At Z,
(YtT’gvth’g) — (YtT,g + t . 7ZtT,g + ;) ,

solves the finite horizon quadratic BSDE

A Yr AT  [T1 R T s

700 = o) + Lk [ IR a2nds - [ (2tnyraw, ()

v t 7 t

with the driver F(-,-) as in (13).

We study this BSDE next, starting with some auxiliary results. We will be
using the superscript v, whenever appropriate, to denote the dependence on the
initial condition of the stochastic factor.

Proposition 7 Suppose that Assumption 2 holds. Then, the following asser-
tions hold, for allt > 0.

i) The stochastic factor process satisfies |V;¥ — V7|2 < e=2Cnt
R4

i1) Assume that the process V¥ follows

AV = (V") + H(V,")) dt + rd Wy,

v—10% v,0 €

where H : R* — R? is a measurable bounded function, Q¥ is a probability
measure equivalent to P, and WH is a QH -Brownian motion. Then, for some
constant C > 0, Egu [|[VP?] < C (1+ |v[?). Furthermore, for any measurable
function ¢ : R* — R with polynomial growth rate p > 0, and v, € R?,

|EQH [¢(‘/tv) - QS(‘/t@)H < C (1 —+ |’U|1+'U’ + |1—)|1+I—t) e*ént'
The constants C and C’n depend on the function H only through sup,cra |H(v)].

The proof of (i) follows from Grénwall’s inequality. The first assertion in (ii)
is an application of a Lyapunov argument (see Lemma 3.1 of [11]), while the
rest follows from the basic coupling estimate in Lemma 3.4 in [21].

Lemma 8 Suppose that Assumptions 1 and 2 hold, and that the forward per-
formance process U(z,t) is given by (33). Then, the following assertions hold:

i) There exists a unique solution (Y;"9,Z19) = (§79(Vy, 1), 279(V;, 1)), t €
0,7, to the BSDE (34).

ii) For (v,t) € R? x [0,00), we have that
979 (v, )] < Or(1 + Jvl) (35)
for some constant Cr (which may depend on T ). Moreover, 279 (v,t) is uni-

formly bounded, namely,

1CyCy + C, C,Cl

sT9(u,t)| < q with q= + ;
| (vl 'Y(C’r] - Cy) '7(017 - C,)?

(36)

where C,, is given in (25), and C,, and Cy in Assumptions 2 and (31), respec-
tively.

17



Proof. The linear growth of the function §7*9 follows from the boundedness of
the process YtT’g and the linear growth property of the function y(-).

Next, we only show the uniform boundedness of 27°9(v, t), since uniqueness
would then follow directly. To ease the notation, we drop the g-superscript no-
tation in the processes YtT’g, ZAtT’g. To this end, we first note that, for s € [¢t, T,
(YT 2Ty = (YTtw zTtwy = (§T(VEv, s), 2T(VEY, 5)) for some measurable
functions (37 (-,-), 27(-,-)), with V;"* = v.

With a slight abuse of notation, we introduce the truncation function g :
R? — RY,

e (37)

as well as the truncated version of equation (34),

- YU =T ("1 ; T
T gy T [P (28 ds - [ @y,
Y t 7 t
From the form of the driver (13) and (37) we deduce
[F(v,74(2)) = F(v,74(2))] < Co(1 +7g)|v -, (38)
[F(v,74(2)) = Fv,74(2))] < C=(1 + 2vq)72 - 2], (39)

for any v,7, 2, Z € R%. In turn,

% v 9 v v v 1 v v
PR Y = g(vr®) = gV + S (¥ = V)

T T
1 A _ ~ _ ~ ~ N\ tr
+/ ; |: ( st’va 'YQ(ZsT,t’v)) — I ([stw’ ’yq(ZST’tm))} dS—/ (ngtﬂ) - Z&Z—"tﬂ)) d $
t t

= g(VE) — (V") + %@(WJ) — y(VE)

T
1 . _ ~
+ [ 2 [P e Z) — P g 20 ds
t

T ~ ~ A\ tr
- / (Z;j”’” - ZST’“’) (dW, — M,ds),
t
where the process My, s € [t,T], is defined as

(F(Vst’ﬁv’yq(ZA,sT’t’v)) - F(ist,577q(23",t,5))> (Z;T,t,v - ZAZ’LT))
M, = ly.7t0 sTto .
s R B R 172 {ZS”—ZS*';AO}
V‘ZZ% —Zh

Note, however, that M; is bounded as it follows from inequality (39). Thus, we
can define WM = W, — fot Mds, for 0 < t < T, which is a Brownian motion
under some measure Q" equivalent to P, defined on Fr. In turn,

5Tt Tt " T
Y = = 19T (0,1) — 97 (0,0)]
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Eou [|Vr" = Vi" || 7]

d

Cy Cy(1 +’vq)> _
S C + + v =y,
< 7 (G, - Cy) O, | |

where we used the Lipschitz continuity conditions on g(v), y(v) and F(v,vq(2))
with respect to v (cf. (31), (16) and (38) respectively), and the exponential er-
godicity condition (i) in Proposition 7. From the relationship sV (Vi s) =
Zg’t’”, we further deduce that q(ZST) = ZST In other words, the truncation does
not play a role, and ¢ is the uniform bound of Z7. m

v v Cv
< CQEQM [|V7t«’ — VTtJ ||]:t] + m

(1
+C ( +vq)EQM

T —
/ |V9t’v - Vtet’v|d5
v t

Next, we establish some auxiliary estimates.

Lemma 9 Suppose that Assumptions 1 and 2 hold, and that the forward per-
formance process is giwen by (33). Then, the Markovian solution

(V19,259 = (y" 9 (Vi, 1), 279 (Vi, )
to the BSDE (22) has the following properties, for (v,t) € R? x [0,T] :
i) For some constant C, |yT9(v,t)| < C(1 + |v]).

i) With the constant q given in (36), |Vy©9(v,t)| < g+ ﬁ

iti) With the constant C,, given in Proposition 7, |y™9(v,t) — y79(3,t)| <

C(1 + [v]? + |5]2)e=Cn(T-).

Proof. To ease the notation, we eliminate the g-supersripct notation through-
out the proof.

Firstly, we recall that (Y1, ZT) = (YI:tv, ZTtv) = (yT(VEv,s), 2T (VEY, 5)),
for some measurable functions (y7(-,-),27(,-)), and that

T

1 o

}/tTJ,v _ g(v;,v) +/ ; (F(Vst’v,’}/Zg’t’U) _ F(‘/;t’U,Zz’v)> ds
t

T t,v tr
- / <ZTtZ> dWs. (40)
t

v

Moreover, the process Z7 is uniformly bounded, since

R Zt,v C
Zg",t,v - Zg",tﬂf - <+ —T .
1271 =] S T(eAr e

Therefore, the gradient estimate (ii) for ¥;""*” = 4T (v,t) follows from the rela-
tionship k" VyT (VE?,s) = ZT:tv,
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To prove (i), we introduce the quantity

A
R 2 5T t0  ZEY ’
y|Z5t - ZE’”M’ {zrer-2t s}
(41)
and observe that it is uniformly bounded due to (26) and the boundedness of
ZT:tv and Z%?. Then, equation (40) can be written as

Y;T,t,v = yT(Ua t)

HV) (F(V;t’”,stT’t’”) - F(V;’v,zgv)) (Zz,t,v B 27)

T to\ tr

v 7 v ZS’ v v

= g(Vp )*/ <ZsT’t’ - ) (AW, — H(V")ds) = Egu[g(VE")|Fil,
t

and the assertion follows from the linear growth property of g(-) and the first
assertion of part (ii) in Proposition 7.

Finally, for v,9 € R?, by the second assertion of (ii) in Proposition 7, we
deduce

ly" (v, t) =y (0,1)] = |Egu [g(VE") — (V)| F]|
= [Banlg(Ve2) = g(VRZ )| < C (1+ Jof? + [5f2) e=CnT=),
and we conclude. ®m

We are now ready for the second main result herein, which yields the asymp-
totic behavior of the forward entropic risk measure for long maturities. We show
that as T' T oo, the risk measure tends to a constant, which is independent of
the initial state of the stochastic factor process V. We also provide the rate of
this convergence. Recall that, without loss of generality, we have assumed that
the risk position is introduced at time ¢ = 0.

Theorem 10 Suppose that Assumptions 1 and 2 hold, and that the forward

exponential performance process is given by (33). Consider a risk position &

as in (31), introduced at t = 0, with T arbitrary. The following assertions hold:
i) For any T > 0, and some constant C,

lpo(ér)| _ C(A+[vl)
T - T ’
where v is the initial value of the stochastic factor, Vo = v. In turn,
po(ér)

lim ——= =0.
TlTIgo T 0

i1) There exists a constant L = L9 € R, independent of v, such that
. _ . T,g _ g
Hm po(&r) = lim y™9 (v, 0) = L7, (42)
Moreover, for all T > 0,
[y (0,0) = L] < C(1+ [o)e= T, (43)

with the constant C’n giwen in Proposition 7.
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Proof. Part (i) follows directly from part (i) of Lemma 9 and the representation
(24).

To show (ii) we argue as follows. To ease the notation, we eliminate the
g-superscript notation throughout. From the first estimate (i) in Lemma 9, we
first construct, using a standard diagonal procedure, a sequence {T;}$2; such
that T; 1 oo, and limz,100 y77 (v,0) = LY (v), for v € D, where D is a dense
subset of RY, and some L9 (v).

Moreover, the second estimate (ii) in Lemma 9 implies that, for v, € R,

C

T T (~ v _

y (v,0) —y" (9,0 S(q+> v — 0. 44
v (0,0) = 47 (2,0)| @ eyl (44
Therefore, the limit L9(v) can be extended to a Lipschitz continuous function,

defined for all v € R%, and, moreover, we have that

lim y” =LY R%.
dm y (v,0) (v), ve

Indeed, for v € R4\ D, there exists a sequence {v; }321 € D such that v; — v.
Define L9 (v) := limjtoo LY (v;). Using the estimate (44), we have

C

T; T; v

v (v,0) =yt (v,0 <<q+>v—v-.
| ( ) ( J ) | ’Y(C'q _ C’u) | ]‘
Taking T; 1 oo and since lim ;o0 y7* (v;,0) = L9 (v;), we obtain

< <q_|_C’U> |’U—’U‘|
- ’Y(Cnfcv) o

Sending j 1 o0, we deduce that for any v € R%, limr, 100 y7# (v,0) = LI (v).
Next, we show that L9(v) = L9, a constant function. To this end, by the
third estimate (iii) in Lemma 9, we have, for any v,v € R?, that

lim y” (v,0) — LY (v;)

TL'TOO

Y% (0,0) — 4T (3,0)| < C (1 + |v]? + [9]?) e Te.

Letting T; 1 oo yields limy,100 y7# (v,0) = lim7,100 y7* (9,0), which means the
limit function L9(v) is independent of v. Thus, it is a constant, denoted as
L9. Moreover, such a constant L9 is independent of the choice of the sequence
{Ti}52, (see. pp. 394-395 in [21] for its proof). Therefore, limrtoo y? (v,0) =
L.

To prove the convergence rate (43), we argue as follows. For v € R? and
T > 0, we have, from the proof of Lemma 9, that

W7 0.0~ 2 = Jim 7 (0,0) — 7 (0,0)]
~ Jim [y7 (v,0) — Bgn [g(Vi")]|

= Jim |y" (0,0) — Equ [Egn [a(vVi")|Fr s ]|
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= Jim |y (0.0) = Egn [y (Vg T = T)]|
. 0,v
= ,11/1%0 ‘yT (v,0) — EQH [yT (VT’—Tv 0)} ‘

. 0,v
o s [ 000 (220

2 . .
< Jim CEgn [1+ lv® + ‘VQ;ZT‘ }e_C”T < C(1+[of)e T,
'too
where we used (ii) in Proposition 7 and (iii) in Lemma 9 in the last two inequal-

ities. m

Next, we establish the asymptotic behavior of the hedging strategy a; r (cf.
(30)) as T 1 oc.

Proposition 11 Under the assumptions of Theorem 10, the hedging strategy
satisfies, for any s € [0,T7],

lim Fp [/ |at7T|2dt} =0. (45)
T1oo 0

Proof. Again, we drop the superscript ¢ in the proof. We establish the conver-
gence of Z]' = Z]' — Z; /v, namely, that for s € [0, 7], limryeo Ep [ [y |28 2dt] =
0. Then, the convergence of the hedging strategy o4 r would follow from Theo-
rem 6 and the Lipschitz continuity of the projection operator on the convex set
II. To this end, we easily deduce, using (iii) in Lemma 9, that, for ¢ € [0,T),
ly" (v,8) = L9 < C(1 + [o]?)e T, (46)

Applying Ito’s formula to |yT (V;,t) — LI|? and using (40), we in turn have
o 0.0) - 0P+ e | 12T P
0

F(Vy,vZTY = F(Vy, Z,,)
v

du

= Eply" (Vi,s)—L9|*|+2Ep

[ 1 W - 2]
0

— Belly" (Vi.s) — L] + 2 [ [ nr g v —Lg|du]
0

1 s S
< Belly" (Vars) = L) + 5 B U thledf] Her U yT(Vmu)—Lng“}’
0 0

where the process H, introduced in (41), is uniformly bounded. Hence, (46)
further yields that

Ep [/ |ZtT|2dt} < e 26T (eZC‘nSEP[u +V|»)3] + / eQCnuEP[(l + |Vu|2)2]du) ,
0 0

and sending T T co we conclude. m
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4.2 Non-Markovian performance criterion
We consider criteria of the form
U(z,t) = —e VE YAl (47)

where the triplet (Y3, Z;, A) solves the ergodic BSDE (14) with Z;, = 2°(V}), for
an arbitrary smooth function 2°(-) with bounded derivatives of every order. To
differentiate these processes from the Markovian one in (33), we use U to denote
them.

In this case, the driver G(v, 2%(v), 2) of equation (32) satisfies the Lipschitz
estimates (25) in v and (26) in Z, respectively. In turn, using the Proposition
11 in [25], we deduce that the ergodlc BSDE (32) admits a unique Markovian
solution (Y, Z, \).

On the other hand, it is easy to verify that (C,0,0), where C is a generic
constant, solves equation (32). Therefore, (Yy, Z;,\) = (C,0,0) is the only
Markovian solution to (32). We then deduce that the large time behavior of
po(&r) is given by the constant ffb + AT =C. Furthermore, from Lemma 4.5
n [21], we obtain analogous estimates to the ones in Lemma 9, namely, that
T (v,0)] < CL+ o), [VyT (0,8)] < C and [yT (v,8) — yT (0,8)] < C(1+ [o]? +
|9]2)e=n(T=1) but for different constants.

Combining the above and using arguments similar to the ones used in The-
orem 10, we obtain the following.

Theorem 12 Suppose that Assumptions 1 and 2 hold, and that the exponential
performance process is given by U(;v,t) in (47). Consider a risk position &p
as in (81), introduced at t = 0, with arbitrary maturity T. Then, the following
assertions hold:
i) Its forward entropic risk measure satisfies limp oo
i1) There exists a constant K = K9 € R, independent ofv such that

Po(éT) —0.

. o g _ g
Hm po(ér) }lTrgoy (v,0) = K7.
Moreover, for all T > 0,
[y"9(0,0) — K9] < C(1 + [of2)e= ",

with the constant én gien in Proposition 7.
iti) The associated hedging strategy ou 1 satisfies, for s € [0,T],

lim Ep U at,T|2dt] =0.
T1oo 0

5 A parity result between forward and classical
entropic risk measures

In this section, we relate the forward entropic risk measure to its classical ana-
logue. In the latter case, the investment horizon is finite, say [0, 7], for some
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fixed T, and the terminal utility is given by
Ur(z) = —e 77, (48)

z € R, v > 0. We recall the definition of the entropic risk measure p. (&)
associated with this utility (see, among others, [4, 10, 17, 18, 19, 20, 26, 27, 40]).

Definition 13 Let T > 0 be fized, and consider a risk position introduced at
t =0, yielding payoff Er € Fr. Its entropic risk measure is defined as the unique
per(ér) € Fr , t €[0,T], solving the indifference condition

ess sup FEp

T
Ur(e + porlér) + / 7 (O(Va)ds + dW.) + &r)
ﬂGA[t,T] t

7| o

=ess sup Ep
‘n'E.A[t,T]

for all (z,t) € R x [0,T], with Ur(-) as in (48).

T
UT(x+/ mir (H(V.S)ds—i—dWs))‘]-‘t] ,

Next, we present a decomposition formula that relates the forward entropic
risk measure under Markovian performance criteria with its classical counter-
part.

Proposition 14 Assume that U(z,t) is given by (33), and let &r € L°(Fr)
be a risk position. Then, fort € [0,T], the forward p.(-) and classical per (+)
entropic risk measures satisfy

Yr — AT Yr — AT

5 ) (50)

pe(ér) = per(ér — ) — pe.1(—

where (Y, A) is the unique Markovian solution to the ergodic BSDE (14).

Proof. Let &p := &p — YT%AT Using arguments similar to the ones used in
section 3 of [20], we deduce that
ft]

ess sup Fp

T
u Ur(e + por(Er) + / AT (O(Va)ds + dW,) + éx)
TEA:,T] t

z T,€
— e rm=yper(Er) P T

where PT7 solves the quadratic BSDE
T T
= _ 1 — — tr
PR —grt [ 2P (VnQle)as— [ (@) aw., 6y
t ¢

with F(-,-) as in (13).
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The above BSDE (51) admits a unique Markovian solution (f@TjZAtT ) =

(97 (V4, 1), 2T (V;, t)) as stated in Lemma 8. Therefore, we have that P = VT,
and, in turn,

per(ér) = PIET — plo, (52)

By Theorem 6, we then have that p;(¢7) = VI = YtT — %, and in turn, that

3 Y — At
pulér) = P — 2= (53)
v
. _ YT AT
Taking &7 = 0, yields p(0) = P77 — %, and since p;(0) = 0, we
obtain that vy g
_ITTA —
p o = (54)
Y
Therefore, (53) and (54) yield
_ Yp-AT

_ T
pe(ér) = PtT’gT - B

5

T _Yr—AT

83 T, ) ¥ T,
=P 5T_Pto_(Pt - P 0)
_ Yr — AT
= pt,T(fT) - pt,T(_f)y

where we used (52) in the last equality. m

6 An example

We provide an example in which we derive explicit formulae for both the forward
and classical entropic risk measures. We also provide numerical results for their
long-maturity limits.

To this end, we consider a market with a single stock whose dynamics de-
pends on a single stochastic factor driven by a 2-dimensional Brownian motion,

namely,
dSt =b (V;g) Stdt +o (Vvt) Stthl,

dVy =0 (Vy) dt + k1dW} + kedWE,

for positive constants k1, ka.

We assume that |r1]? + |k2|? = 1, the functions b(-) and o(-) are uniformly
bounded, and that 7)(-) satisfies the dissipative condition in Assumption 2. We
also choose II = R x {0}, so that mo;, = 0. Then, the wealth equation (6)

becomes dX[* = 7y, (6(V;)dt + dW}) , where 0 (V;) = Z((“Z))

In turn, for z = (21, 22)'", the drivers in (13) and (23) become

1 1 1
F (117 (zl,zz)”) = —5\21 +0 () |* + §|zl|2 + §|22|2
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and, for 2 = (21, 22)'",

G (v, (21,22)", (31, 732)") = (F(v, (21 + V%1, 22 +v22)") — F(v, (21, ZQ)"))

=2 |~

= 0 (v) 51 + 2ab + %|;:«2|2.

Let Z{t = k1 Z7 and Z;t =: ko Z] for some process Z! to be determined.
Then, equation (22) becomes

2
dy;l = — ((—me(vt) + KoZoy) ZE + ’W;'|Zf|2) dt+Z] (k1 dW}! + kadWP)

with VI = g (Vz). Let Y, := elr2l”Ye and ZT = ~|ko 2V T ZT . In turn,
A" = Z] (k10 (Vi) — kaZay) dt + k1dW, + rodWE)

with YTT = elr2”9(Vr) | Since 0(-) and Z5 are uniformly bounded, the process
t
Bt = / (/110 (V;) - K2Z27S) ds + deVsl + KQde,
0
t > 0, is a Brownian motion under some measure QQ, equivalent to P, with

Q) _ (_ /0 (10 (Vi) — K2 Za.s) (K1 dW} +de§)>t. (55)

Hence, dY," = ZF'dW[', and, thus, YT = Ey [e”"'“?'zg(VT)U—}}.

In turn, the forward entropic risk measure has the closed-form representation

1 .
pulen) =Y = o By [ 90 7] (50

Similarly, for the classical entropic risk measure, we have the representation
pe.r(ér) = PFET — 0 with P17 being the unique solution to (51) with &r
replaced by &7. Direct calculations then show that

prr(ér) = PO — P
T T o
— g+ [ G(VnQ.QEer — @) ds— [ (@1 - QI)" aw.,
t t
Further calculations yield the closed-form representation

1
prr(€r) = PtT’gT - PtT7O =

ka|2g(V-
= S Ee [l E ] (57)
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where the measure Q7' defined on Fr, is equivalent to IP and satisfying

Q"
dP

=& (—/ (m19 (Vs) — /QQ’YQ;’S) (k1dW} + Hgde)) ) (58)
F 0 t

Note that in this single stock/single factor example, the only difference be-
tween the forward and classical entropic risk measures is their respective mea-
sures Q and QT (cf. (55) and (58)).

In the forward case, the pricing measure Q is determined by the component
Zy, appearing in the ergodic BSDE representation of the forward performance
process (17). It is naturally independent of the maturity 7. In the classical
case, however, the pricing measure Q7 is determined by the component Qg’o ,
coming from the exponential utility maximization (49) with zero risk position
(cf. (51)), which depends critically on the maturity 7. For ¢ € [0,T], the two

measures are related as
| \
7\ P17,

— ol K1IO(VORa(4Q5 0~ 25,0 )ds ¢ (/ Ko (szT;f - Z27s) (k1 dW} + @dwf)>
0

Finally, we conclude with numerical results for po({7) and por(é7), taking T
as large as possible, with n(v) = —aw, 8(v) = (Ka—|v|)+ and g(v) = (K1 —|v|)+
for two positive constants K;, Ko. The graphs in Figures 1 and 2 confirm the
large maturity behavior of both the forward and classical entropic risk measures.
However, it is not clear yet about the relationship between such two limiting
constants.

Q"
dQ

_ do¥
- P

F

t
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(a) R1 = 0.97 K2 = 0.1

(b) K1 = 0.5, Ko = 0.5

(c) k1 =0.0, ke = 1.0

Figure 1: Forward entropic risk measure against the maturity 7" with v = 1, a = 0.1,
K1 = K2 = 10; blue upward-pointing triangle for vo = 5, red circle for vo = 7.5, green
asterisk for vg = 10, black cross for vo = 12.5 and magenta square vg = 15.
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(a) R1 = 0.97 K2 = 0.1

(b) K1 = 0.5, Ko = 0.5

(c) k1 =0.0, ke = 1.0
Figure 2: Classical entropic risk measure against the maturity 7" with v = 1, a = 0.1,

K1 = K2 = 10; blue upward-pointing triangle for vo = 5, red circle for vo = 7.5, green
asterisk for vg = 10, black cross for vo = 12.5 and magenta square vg = 15.
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